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Abstract 
Semiconducting organic-inorganic metal halide perovskites, reintroduced to the scientific community a decade ago, have 

become a potent game-changer in many areas, beginning with the photovoltaic industry. Armed with appealing physicochemical prop-

erties, we are witnessing a flood of publications showcasing its positive merits, and describing how we can implement them in a number 

of other optoelectronic devices. However, there are still some non-negligible challenges which stand in the way of its successful com-

mercialization. Its contact electrode instability is an important one to be mentioned. In this dissertation, carbon is proposed and evalu-

ated as one of the most versatile electrode materials to interface with halide perovskites. Carbon may offer good device performance, 

while providing improved stability due to its inert nature, as well as excellent mechanical and thermal stability. More speci fically, the 

core of my work is a unique architecture of carbon nanotubes called the vertically aligned carbon nanotube forest (VACNTs), in which 

the CNTs are self-assembled into a vertically oriented array during growth on a substrate.  

I start by discussing an unexpected discovery: that the single crystals of methylammonium lead perovskites (MAPbBr3 and MAPbCl3) 

grow directly on these VACNT forests. The peculiarity is that fast-growing single crystals engulfed the individual CNTs as protogenetic 

inclusions, resulting in a three-dimensional enlarged photosensitive interface. Sensitive photodetector devices were fabricated utilizing 

this “exotic” junction, detecting low light intensities (< 20 nW) from the UV range to 550 nm. Moreover, a photocurrent was recorded 

at zero external bias voltage, pointing to the plausible formation of a p-n junction between a MAPbBr3 single crystal and a VACNT 

forest. 

While attempting to push the I-V characteristics of these photodetectors to their limits, we made another unexpected discovery—that 

these devise have a bright green electroluminescence, even when observed at room temperature. Under an applied electric field, charged 

ions in the crystal drifted and accumulated near the electrodes, resulting in an in operando formed p−i−n heterojunction. The decreased 

interface energy barrier and the strong charge injection due to the CNT tip enhanced electric field resulted in a bright green light 

emission of up to 1800 cd m-2 at room temperature. 

The possibility of designing perovskite-based ultrasensitive, low cost detectors for high-energy radiation was demonstrated. MAPbBr3 

single crystal γ-ray detectors, equipped with carbon electrodes, were fabricated allowing radiation detection by photocurrent measure-

ments at room temperatures with record sensitivities (333.8 ± 0.4 µC Gy-1 cm-2). Importantly, the devices operated at low bias voltages 

(< 1.0 V), which may enable, future low-power operation in energy-sparse environments, including space. The γ-ray detector prototypes 

were exposed to radiation from a 60Co source at dose rates up to 2.3 Gy h-1 under ambient and operational conditions for over 100 

hours without any sign of degradation. We postulate that this excellent radiation tolerance stems from the intrinsic structural plasticity 

of the organic-inorganic halide perovskites, which can be attributed to a defect-healing process by fast ion migration at the nanoscale 

level.  

Since the sensitivity of the γ-ray detectors is proportional to the volume of the employed MAPbBr3 crystals, a unique crystal growth 

technique was introduced. Baptized as the ‘oriented crystal-crystal intergrowth’, or OC2G method, it yielded crystal specimens with a 

volume and mass of over 1,000 cm3 and 3.8 kg, respectively. Large volume specimens have a clear advantage for radiation detection, 

however, the demonstrated kilogram scale crystallogenesis coupled with future cutting and slicing technologies may have addit ional 

benefits, for instance, enable the development for the first time crystalline perovskite wafers, which may challenge the status quo of 

present and future performance limitations in all optoelectronic applications. 

Keywords 

Organic-inorganic halide perovskite, photovoltaics, photodetectors, carbon electrodes, vertically aligned carbon nanotubes, single crys-

tal, perovskite light emission, room temperature, switchable photovoltaic effect, field emission, light-emitting electrochemical cells, 

radiation detection, gamma detection, dose-rate measurements, kilogram scale perovskite growth, radiation hardness, self-healing, 

operational stability 
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Résumé 
Les pérovskites semi-conductrices organiques-inorganiques métalliques-halogénées, réapparues auprès de la communauté 

scientifique depuis une décade, pourraient aujourd’hui changer la donne dans l’industrie photovoltaïque et au-delà. Le nombre croissant 

d’articles scientifiques témoigne d’un réel engouement pour ces matériaux aux propriétés physico-chimiques attractives, et promeut 

leurs possibles utilisations pour plusieurs autres dispositifs optoélectroniques. Cependant, de nombreux défis barrent encore la route 

vers la commercialisation de ces derniers. En particulier, un défi de taille est la stabilité des électrodes de contact. Dans cette Thèse, le 

carbone est proposé et évalué comme l’une des électrodes les plus versatiles à l’interface avec les pérovskites hybrides. Le carbone 

pourrait offrir de bonnes performances dans les dispositifs tout en soutenant une stabilité améliorée grâce à sa nature inerte, ainsi qu’à 

son excellente stabilité thermique et mécanique. De manière plus spécifique, le cœur de mon travail réside dans l’architecture spéciale 

des nanotubes de carbone (CNTs), appelée forêt de nanotubes de carbone alignés verticalement (VACNTs), dans laquelle les CNTs 

sont auto-assemblés en un réseau orienté verticalement au substrat pendant leur croissance. 

Je commence par discuter une découverte inattendue, à savoir que des monocristaux de pérovskites de méthylamine de plomb (MAP-

bBr3 et MAPbCl3) croissent directement sur ces forêts de VACNTs. La rapidité avec laquelle les monocristaux englobent chaque 

nanotube de carbone, en inclusion protogénétique, est particulière et donne des interfaces photosensibles élargies. Des photo-détecteurs 

très sensibles ont été fabriqués en employant des jonctions « exotiques », permettant de détecter de faibles intensités lumineuses (< 20 

nW) de la gamme des UV jusqu’à 550 nm. En outre, un photo-courant est mesuré à un biais externe nul, ce qui indique la formation 

plausible d’une jonction p-n à l’interface entre le monocristal de MAPbBr3 et  la forêt VACNTs. 

En essayant de repousser les limites des caractéristiques courant-voltage (I-V) de ces photo-détecteurs, nous avons été surpris par une 

autre découverte : l’électroluminescence de ces dispositifs dans une couleur vert vif, observée à température ambiante. Soumis à un 

champ électrique, les ions chargés à l’intérieur du cristal dérivent et s’accumulent proches des électrodes, résultant en une hétérojonc-

tion p-i-n formée in operando. L’énergie de barrière de l’interface est ainsi diminuée, en combinaison avec l’amplification du champ 

électrique due à la forme de la pointe des CNTs, ce qui résulte en une émission de lumière vive verte jusqu’à 1800 cd m-2 à température 

ambiante. 

Pour aller plus loin, la possibilité de concevoir des détecteurs ultra-sensibles de rayonnements à hautes énergies, à bas coût et basés sur 

les pérovskites a été démontrée. Des détecteurs de rayons γ en monocristaux de MAPbBr3, équipés d’électrodes en carbone, ont été 

fabriquées et ont permis la détection de rayonnements grâce à la mesure de photo courants à température ambiante, avec des sensibilités 

record (333,8 ± 0,4 µC Gy-1 cm-2). Remarquablement, les dispositifs opèrent à des faibles tensions de biais (< 1,0 V), ce qui permettrait 

leur utilisation dans des environnements pauvres en énergie, espace interstellaire inclus. Les prototypes des détecteurs de rayons γ ont 

été exposés à des rayonnements émanent d’une source 60Co à des taux allant jusqu’à 2,3 Gy h-1 dans des conditions d’opération am-

biantes et pour des durées au-delà de 100 heures, sans aucun signe de dégradation. On postule que l’excellente tolérance aux radiations 

provient de la plasticité structurelle intrinsèque des pérovskites halogénées organiques-inorganiques, qui peut être attribuée à un pro-

cessus d’autoréparation des défauts par la migration rapide des ions à l’échelle nanométrique. 

Comme la sensibilité des détecteurs de rayons γ est proportionnelle au volume des cristaux de MAPbBr3, une technique spéciale de 

synthèse de cristaux a été introduite, baptisée « inter-croissance orientée cristal-cristal », ou méthode OC2G, donnant des spécimens 

aux volumes et masses respectivement supérieurs à 1000 cm3 et 3,8 kg. Les cristaux de grand volume ont un avantage certain pour la 

détection de rayonnements. De plus, la cristallogenèse démontrée à l’échelle du kilogramme, en conjonction avec des technologies de 

sciage et découpage futures, pourrait être à l’origine d’autres bénéfices, comme notamment celui de permettre pour la première fois le 

développement de wafers de pérovskites cristallines. Ce dernier avancement permettrait de bousculer le status quo des limitations 

actuelles et futures d’innombrables applications en optoélectronique. 
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Introduction 
The search for new materials is a never-ending task for the science community rooting back to the beginning of humankind. 

Whenever a craftsmen, manufacturer or scientist discovered a new material, it inspired the creation of new, better objects. Though our 

history is short when compared to biological evolution, the discoveries of new materials and their processing methods, such as textiles, 

silicon, stainless steel and lately grapheme, several periods of technological stepping-stones may be distinguished. It is not only by 

adding exciting basic science data to our fundamental knowledge, opening new research fields. It is also by laying down the foundation 

of the discovery of important innovations, which then triggered industrial revolutions. 

In the field of photovoltaics, and especially within the sub-filed of emerging solar technologies, such a game changing material came 

into focus recently: the family of metal halide perovskites. Although some members of this family of material had already been dis-

covered back in 1978, it was only in 2009 that the first attempts to fabricate a solar cell for energy generation were made. During the 

first few years after these attempts, there was still a dose of skepticism within the community working on emerging photovoltaic 

technologies, as the compound did not immediately show remarkable device performances. However, as more and more groups started 

to include this material into their research portfolio, the reported power conversion efficiencies of perovskite solar cells, as well as the 

number of publications describing the fundamental properties of the material itself, skyrocketed. One could say today that it has had 

an exponential growth.  

When I started my PhD in 2015, laboratory prototypes of perovskite based photovoltaic devices surpassed the 20% efficiency mark, 

approaching the common values of large modules of thin film and silicon solar cells. With these achievements, perovskite solar cells 

were officially recognized as the fastest growing photovoltaic technology ever. Importantly, due to their exceptional electronic prop-

erties, other applications beyond photovoltaics emerged as well. For instance, sensitive photodetectors, being able to detect very low 

intensities of visible light more than 1,000 times lower than the limit of the human eye have been developed. Various light emitting 

devices, emitting very bright light in all colors of the visible spectra (purple to red) with a brightness 40 times higher than a typical 

iPhone screen emerged. Last but not least, the utility of this material family has a demonstrated usefulness in other applications, such 

as gas sensing, thermoelectricity, data storage and even radiation detection. 

The majority of the above-mentioned applications have, and continue to be, within the wide range of topics found in my host laboratory, 

the Laboratory of Physics of Complex Matter (LPMC) at EPFL. As a group, we are especially proud of our pioneering works in 

thermoelectricity, data storage, X-ray detection, and the introduction of new crystal forms of perovskite, such as nanowire shape. 

Everyone touching this material faces some important challenges in the path to commercialization of perovskite solar cells. The biggest 

of these challenges was that the material itself, when sandwiched within a typical solar cell device, is very unstable under operational 

conditions. The most troublesome conditions to avoid in a solar cell working environment are high temperatures, UV illumination, 

humidity and oxygen. 

 

Figure 1. Illustrations of combining organic-inorganic halide perovskites and carbon nanotubes in an optoelectronic device. 

One of the major issues governing its unstable behavior is the choice and behavior of additional layers (electrode materials) in the 

optoelectronic devices multilayer stack, specifically the electrochemical and photo-electrochemical behavior of the interfaces between 

the perovskite material and selective electrode. The vast majority of candidate materials, from organic semiconductors to noble metals 

such as gold, besides offering good electronic characteristics, result in some deterioration of device performance or may lead even to 
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the degradation of the perovskite. We propose that there is at least one material that can at the same time provide exceptional device 

performance, while being completely inert towards the perovskite layer: carbon. 

Carbon is a cheap and abundant material, lacking photo and electro corrosion; and is completely inert, offering great chemical stability. 

Moreover, because of its good thermal properties, it can evacuate heat leading to great thermal stability as well. It has good mechanical 

stability and can easily be bent enabling the fabrication of flexible devices. Lastly, it may be applicable in various forms, called carbon 

allotropes that can be tuned chemically to appear as either metal or semiconductor. All of this makes them perfect candidates for any 

optoelectronic applications, but especially advantageous in perovskite-based devices.  

Some studies have shown a successful carbon incorporation in perovskite devices, solar cells and others. Graphene and carbon nano-

tubes (CNTs) have become the two most researched allotropes. A special set of reaction conditions allows carbon nanotubes to self-

assemble into vertically oriented cellular arrays during growth on a substrate. This special architecture of CNTs is called a vertically 

aligned CNT forest. Because of their perfect alignment, they exhibit an increased electrical conductivity compared to their non-aligned 

counterparts. Having the expertise and know-how to reach the “super-growth” conditions of carbon nanotube growth inspired us to set 

the goal of this dissertation: to merge these special type of vertically aligned CNTs with the perovskite material, studying their interface 

and potential application in various optoelectronic devices (Figure 1). 

In the current state of hybrid halide perovskite research, many devices use polycrystalline thin film layers. These layers are most often 

composed of mixed cation and anion layers due to their good chemical and band gap tunability. However, in this dissertation we 

primarily concentrated on single crystals of halide perovskites, due to their superior properties compared to thin films, such as lower 

defect densities, higher diffusion rates, etc. The compounds of interest were methylammonium lead triiodide (MAPbI3), -tribromide 

(MAPbBr3) and –trichloride (MAPbCl3). Most of the ingestions concerned the bromide version, as we found that by using the inverse 

temperature crystallization method, one may grow exceptional quality cube like single crystals, with full control of the growth. 

For example, we observed, that when inserting an object into a solution of MAPbBr3 prior to initiating the growth, the single crystal 

will grow around the surface, ultimately engulfing it as a protogenetic inclusion without undergoing polycrystallization. This unique 

property we used to our advantage by growing MAPbBr3 single crystals around vertically aligned CNT forests. The perovskite crystal 

grew around each individual CNT, creating a three dimensionally enlarged interface which could then allow increased charge collection 

or injection into the perovskite layer. Examples of such growth around a fly’s wing and the CNTs are shown in the optical images in 

Figure 2. 

 

Figure 2. Advancements in growth of methylammonium lead tribromide single crystals. 

We then introduced the “oriented crystal-crystal intergrowth” method, from now on referred to as the OC2G technique. It can yield 

giant perovskite crystals, far bigger than any halide perovskite reported until this date, surpassing volumes of 1 dm3 and masses of 

close to 4 kg. By aligning MAPbBr3 SC side-by-side along their facets precisely, similar to a craftsman making a mosaic or the structure 

of a Rubik’s cube, they will subsequently merge under the inverse temperature crystallization conditions (Figure 2). Repeating this 

procedure multiple times, one can continue increasing the size of the crystal, theoretically without any technological limitation. When 

paired with cutting and slicing techniques, these very large crystals can potentially lead to the development of crystalline perovskite 

wafers for various optoelectronic applications.    

The contact surface between the MAPbBr3 perovskite single crystal and the CNT forest was first studied as a charge-collecting elec-

trode in a photodetector device. The fabricated detectors sensed light illumination from UV to 550 nm (green light). Interestingly, it 

worked even when no external bias voltage was applied to the device, which points to the formation of a p-n junction during the single 

crystal inclusion into the vertically aligned CNT forest. The doped regions inside the single crystal (p-n) generated an internal electric 

field that can separate the charges created by incoming photons. Therefore, the device can work as a photovoltaic detector without the 

need of an external field. Moreover, the performance of the detector was on par with some of the best single crystal perovskite photo-

detectors. 
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Yet, the current-voltage (I-V) curve hysteresis effect was enhanced with the use of CNT electrodes. Generally, this is disadvantageous 

for a given optoelectronic device. Hysteresis is the dependence of the state of the system on its history. For example, in the case of our 

devices, the measured current depends on the electronic conditions prior to the measurement. This effect was shown to be very common 

in all perovskite-based devices. It’s a challenge to suppress this, as it not only degrades the devices performance, but also its long-term 

stability. Many studies have been done trying to understand the cause and the detailed mechanism behind this behavior. However, there 

is still a debate in the community about what are the governing means. The current consensus is that the migration of ions inside the 

perovskite material is the main contributor. 

With our samples, we sought to find how this generally “negative” effect could be used to our advantage. If the current characteristics 

of the device depended on the history of the measurement, we decided to purposely apply an external electric field before performing 

a quick measurement of the devices current-voltage characteristics. What we have found was that one can modify these current-voltage 

characteristics willingly by pre-applying a given electric field for a given time. By changing the polarity and value of the bias voltage, 

or just the time of preconditioning, one can achieve different characteristics – from a typical linear metal I-V curve, to a photodiode-

like I-V curve, able to detect light without any external applied voltage. Probably the most interesting feature is that if the time and 

voltage of the preconditioning is increased further, the MAPbBr3 single crystal will start emitting light even at room temperature.  

 

Figure 3. Illustrations of all applications of MAPbBr3 discussed in this dissertation, from visible light detecting and emitting to radiation sensing. 

According to our knowledge, the electroluminescence of perovskite single crystals has not been observed before, especially with such 

a simple architecture, equipped with two metallic carbon electrodes only. Usually perovskite-based light emitting diodes require a 

complicated device architecture with multiple layers of different materials. This not only makes the devices more complicated and 

expensive to fabricate, but increases the chance of instability under long-term operation. The bright green emitted light was in the form 

of flashes at room temperature due to a strong thermal fluctuation effecting the current. With a decrease of temperature, we eventually 

achieved a stable light emission with very high spectral purity and brightness.  

Finally, we also had the opportunity to test our devices to see if they could be used for future radiation detection applications. High-

energy radiation and its damaging effects have recently become clear to the everyday person, due to the increasing popularity of the 

HBO TV series “Chernobyl”. However, even the layman knows that radiation is not solely located in nuclear power plants. It has many 

other applications, thus making its detection essential. Radiation detections has been recently used in industry, homeland security and 

defense, environmental monitoring, academic research and healthcare. Medical radiation detection has especially shown immense 

growth in the recent years. This has been primarily driven by the increasing awareness for radiation safety, the increasing number of 

radio-diagnostic procedures, and the ongoing research aimed at developing new and advanced radiation detection, monitoring, and 

safety products. For example, gamma detection can be a comfortable tool for both, cancer development, osteoporosis detection, and 

their monitoring. However, there is still not a single material that can sufficiently satisfy the required conditions and performance in 

all of the aforementioned applications. Detection of high and low energies of radiation, high and low dose-rates, and detection that is 

fast and affordable are the most critical performance metrics. Surprisingly, halide perovskites may become this “all-in-one” material 

in the near future.  

For instance, our relatively rudimental devices managed to detect a Cobalt gamma source with the highest sensitivity published thus 

far. They were also able to detect various dose rates from 0.07 to 1.22 Gy/h (a yearly-absorbed dose limit is only 0.05 Gy) with similar 

performance as some commercially available gamma-detectors. Thanks to their carbon contacts, our devices were able to work under 

operational conditions for more than 100 hours, showing no sign of degradation and absorbing a dose equal to being placed near the 

open core of Chernobyl for 30 minutes. In this sense, perovskites offer many advantageous properties, to reach the technological 

performances of best-in-class radiation detection materials. Additionally, the simplicity of design, low production cost and stability 

make perovskite an economically viable candidate for a new generation of high-energy radiation detectors. 

This dissertations storyline is presented over the next hundred or so pages. In Sections 1 and 2 there is a detailed description of the 

perovskite material, listing its most notable applications and implementations. The remaining challenges which hinder it from reaching 
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market at this point will be also briefly mentioned. Why we believe that carbon can solve some of the roadblocks will be discussed. 

Section 3 will present the innovative growth methods used to obtain the perovskite single crystals which were later used for device 

fabrication. Finally, in Sections 4-6 the reader may find a detailed characterization of device performance for the three different appli-

cations previously mentioned: visible light detection, light emission, and radiation sensing (depicted in Figure 3). 

I hope that the reader of this dissertation will gain insight into the numerous possibilities which this incredible material offers, and see 

why it continues to inspire and motivate me.  
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1.1 Impact of hybrid halide perovskites 

Renewable energies are more and more globally establishing themselves as a mainstream source of electricity, increasing 

from 22% to 26% of total energy generation over the last 5 years.[1] This is in part due to their cost-competiveness when compared to 

conventional fossil-fuel-fired power plants. It was shown that by the end of 2018, electricity generated from new wind and solar 

photovoltaics (PV) plants became more economical than power from fossil fuel plants in many places.[1] Solar technology has shown 

an impressive increase in the last ten years, increasing its contribution of electricity production from 13.5 GW in 2008[2] to 505 GW 

in 2018, which now accounts to 2.4% of the total electricity production. Nevertheless, solar energy is still vastly unused, partly due to 

the limitations of the state-of-the-art photovoltaic technology, not being able to combine both high power conversion and low produc-

tion cost. Traditional solar cells are made from silicon, are usually flat-plate, and are generally the most efficient. However, they are 

also the most expensive, due to the high-purity grade of silicon needed.[3] The second-generation solar cells, also called thin film solar 

cells, use layers of semiconductor materials only a few micrometer thick, like CdTe, CuInGaSe2 (CIGS) and GaAs.[4] They can have 

high efficiencies of almost 30%, and they offer a reduction in price because they require a smaller amount of material. However, it is 

still required to have high-purity layers limiting the decrease in cost. The third generation solar cells combine all new types of PV 

devices using materials other than silicon. Dye-sensitized solar cells (DSSC) started this generation, with the first prototype by O’Regan 

and Grätzel in 1991.[5] It offered an extremely inexpensive and flexible solar cell, but was also less robust and efficient. This opened 

a completely new field of photovoltaics that eventually, due to the extensive research done on improving DSSCs and replacing con-

ventional dyes with more advanced absorbers, brought forth hybrid halide perovskite as material with great potential to be the solution 

of a cheap and efficient solar cell technology. 

 

Figure 1.1. (a) Earth map displaying in green all countries with at least one affiliation associated with an author of a publication on perovskite solar 

cells. (b) Pie chart displaying the top 7 countries and there ration of the total number of publications on perovskite solar cells. (c) Number of publica-

tions by year showing an exponential growth up to 2017. All data was based on the Web of Science (1.7.2019). 
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In 2009, Tsutomu Miyasaka and colleagues[6] in Japan reported an organic-inorganic lead halide perovskite compound as a light 

absorber in DSSCs. The device delivered a modest 3.8% power conversion efficiency with an active area of 0.24 cm2, yet it was stable 

only for a few minutes.[6], [7] The first results did not give much hope that perovskites would be the next leading material in the third 

generation PV scene. Nevertheless, given their interesting optoelectronic properties, many groups from the emerging solar cells com-

munity have begun researching this family of material as a solid-state sensitizer with the aim that it would help to overcome the poor 

stability of liquid and organic dye based DSSCs. In 2012 Michael Grätzel in Switzerland[8] and Nam-Gyu Park in South Korea,[9] 

demonstrated solid-state photovoltaic devices with efficiencies of up to 7.8 and 9%, respectively. This was quickly followed in the 

same year by Henry Snaith and his colleagues in the United Kingdom[10], showing that the perovskite layer can not only absorb light, 

but also transport electronic charges to the electrodes, enabling even higher efficiencies (10.9%). 

Since then perovskite solar cells became the frontrunner among new emerging photovoltaic technologies. From 6 papers published 

until 2012 in 5 different countries (USA[10]), today there are more than 12,000 papers published in hundreds of affiliations from 98 

different countries worldwide (depicted in green on the map in Figure 1.1a). The five pioneer countries mentioned, in addition to China 

and Germany, round up the top 7 countries by number of publications on perovskite solar cell, with more than 95% of the total number 

of published articles since 2009 (Figure 1.1b). 

The number of publications experienced an exponential increase in the first couple of years, as seen in Figure 1.1c. This is similar to 

the power conversion efficiency, quickly reaching 21.1% in 2016.[11] Since then, although the increase has slowed down, still more 

than 3000 papers on perovskite solar cells and other optoelectronic applications are published per year, meaning 10 reports every day. 

These numbers testify to the large-scale impact that organic-inorganic halide perovskites have had on not only the photovoltaic com-

munity, but also the semiconductor community as well. 

 

1.2 Brief history of perovskites 

The origin of the name perovskite comes from 1839, when a German mineralogist Gustav Rose discovered a new calcium 

titanate-based mineral (CaTiO3) in the Ural Mountains. He named it “perovskite” in the honor of a Russian mineralogist Lev von 

Perovski.[12] The name also applied to a whole class of compounds which had the same crystal structure as CaTiO3, known as the 

perovskite structure. It is interesting to point out that in the same year (1839), Edmond Becquerel demonstrated the photovoltaic effect 

for the first time.[13] In the following years many different compounds of the same perovskite material family were discovered by 

replacing the cations in the stable structure, producing materials with a vast range of physical and chemical properties. Members of 

this large family of materials were then used in many applications, e.g. condensers, electromechanical transducers or filters, fuel cells, 

etc., yet omitting photovoltaics.[12] The first halide perovskite, based on cesium and lead was reported prior to world war one,[14] and 

showed that it exhibited photoconductivity in the 1950s. Then in 1978, D. Weber[15] developed the first organic-inorganic halide 

perovskite, in which methylammonium ions replaced the cesium cations in the original compound introduced by Wells et al. in 1892. 

Mitzi and co-workers soon after started research on this new class of perovskite materials, to explore their electronic transport properties 

(Superconductivity)[16], [17] and applications as light emitting diodes (LEDs)[18] and thin-film field effect transistors (TFTs).[19] 

This all led to the first solar cell developed, as we mentioned, by Miyasaka and co-workers in 2009.[6]  

 

Figure 1.2. Timeline representing some important milestones in the history of organometallic hybrid halide perovskite.  
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1.3 Crystal structure and dimensionality 

A perovskite crystal structure follows the chemical formula ABX3, where A and B are two cations with varied sizes (A being 

larger than B) and X an anion that binds to both. In the ideal cubic structure the A cation reside at the eight corners of the cube, while 

the B cation body centered, surrounded by the six anions (located at the face centers) in an octahedral (BX6) cluster (Figure 1.3).[20]  

 

Figure 1.3. Crystal structure of a cubic perovskite with the general formula ABX3.[13]  

The organic-inorganic perovskite discussed in this dissertation are a sub-group of this broad family of compounds. They are part of the 

halide perovskite (ABX3 with X = Cl-, Br-, I-, F-) and consists of organic cations, A typically methylammonium CH3NH3
+ (MA), 

ethylammonium C2H5NH3
+ (EA) or formamidinium HC(NH2)2

+ (FA) and divalent metal cations, B = Pb2+, Sn2+, Mn2+, etc. The arche-

typical representatives of the organometallic halide perovskite family are the methylammonium lead triiodide, CH3NH3PbI3 (MAPbI3) 

and methylammonium lead tribromide, CH3NH3PbBr3 (MAPbBr3). 

 

Figure 1.4. Typical structures of 3D, 2D, corrugated 2D, 1D, and 0D perovskites as well as their corresponding conventional materials with different 

dimensionalities.[21] 

The exceptional structural tunability of these materials enables them to possess not just three-dimensional (3D), but also two- (2D), 

one- (1D) and zero-dimensional (0D) structures at the molecular level (Figure 1.4). 2D and quasi-2D halide perovskites, which have 

recently emerged as a more stable and more versatile material then their 3D counterpart, may be considered as layers ripped of a 

specific crystallographic direction of the 3D perovskite.[21]–[23] Single or multiple corner-sharing layers separated by organic cations 

are regarded as the Ruddlesden-Popper-type perovskites. The general chemical formula is An-1A’2BnX3n+1, where A’ is an organic cation 
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of different layers (usually large ligands with long alkyl chains) and n stands for the number of metal halide monolayer sheets in 

between the insulating A’ organic layers.[21] n = ∞ corresponds to a 3D structure, while n = 1 is the condition of a 2D perovskite 

monolayer. One example of the Ruddlesden-Popper-type of 2D perovskites can be seen in the work of Stoumpos et al.[24] in the case 

of CH3(CH2)3NH3)2(CH3NH3)n−1PbnI3n+1 (n =1,2,3,4). Recently, a new series of hybrid 2D perovskite that adopt the Dion-Jacobson 

structure type have also been documented.[25] In 1D perovskite, the metal halide octahedra are corner-, edge- or face-sharing to form 

a 1D nanowire surrounded by organic cation. Their chemical formula depends on the connecting method, an example of the corner-

sharing is (C10H21NH3)2PbI4.[26] Lastly, for 0D perovskite, individual metal halide octahedra are completely surrounded and isolated 

by organic cations. These molecular perovskites are embedded inside the crystal lattice periodically with the organic cations to form 

bulk materials. The general chemical formula is A4BX6.[21] 

Furthermore, organic-inorganic halide perovskites experience different phases depending on the change of temperature. In the case of 

MAPbX3 structural data was obtained first, back in 1987, by temperature dependent Guinier-Simon photographs of the powdered 

crystals.[27] This was later followed by a detailed study of variable temperature powder X-ray diffraction on MAPbI3,[28] where they 

confirmed that MAPbI3 has a tetragonal structure at room temperature which transforms into a cubic when heated to 327.5 K, and to 

an orthorhombic when cooled bellow 100 K. It is interesting to point out that the position of the MA+ is fixed only in the orthorhombic 

state at cryogenic temperatures, and is found to be disordered in the higher symmetry structures.[13] 

 

1.4 Key properties 

Tunable optoelectronic properties by ion substitution 

One of the biggest advantages of organic-inorganic halide perovskites is the possibility of tuning their electronic properties (e.g. band 

gap, carrier mobility) by modifying their chemical composition through the complete or partial replacement of one of the three constit-

uent elements. A diagram of some of the possible ion substitutions around the most common MAPbI3 compound are shown in Figure 

1.5. 

 

Figure 1.5. Schematic representation and optical images of various perovskites produced from MAPbI3 by ion substitution of one or more of the three 

main constituents, expressing their versatility and absorption tunability.[29] 

Firstly, the iodine in MAPbI3, as mentioned previously, can be replaced with chlorine and bromine. Experiments have shown that with 

smaller halide anions (Cl < Br < I) the bandgap increases. In the case of single crystals of MAPbI3, MAPbBr3 and MAPbCl3 these 
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values are 1.51, 2.18[30] and 2.82 eV,[31] respectively. By precisely controlling the halide composition, one can change the bandgap 

and optical absorption. This could potentially be utilized by light emitting devices to cover the entire visible spectrum.[32] 

On the other hand, in the case of the organic cations, the replacement of MA with FA will not play a major role in determining the 

band structure. However, the large FA does expand the lattice, changing the B-X bond length, resulting in a slight decrease of the 

bandgap.[33] Therefore, by mixing FA+ and MA+, the optical absorption onset of MAxFA1-xPbI3 can be redshifted when compared to 

MAPbI3, allowing enhanced light harvesting.[13] Moreover, the simultaneous exchange of both MA to FA, and I to Br, has been done 

as well, mapping completely the compositional space of MA/FA/Br/I-Pb as shown in Figure 1.5.[33]. While some FA and Br are 

favorable for the device performance, too much can lead to device instability.[29] Therefore, the addition of Cs cation was proposed 

to compromise the addition of FA and stabilize the material, revealing triple cation perovskites with a fairly complex generic form 

Csx(MA0.17FA0.83)100-xPb(I0.83Br0.17)3.[11] 

Finally, the replacement of the metal cation Pb would be beneficial. This is due to its toxicity, which could delay, or even block, 

perovskite solar cell commercialization. Much effort has been put into the development of tin based alternatives. However, so far the 

highest reported efficiency of a Sn-based perovskite solar cell is 9.6%,[34], although as this dissertation was written, the spin-off 

company Oxford Photovoltaics launched a press release about their commercialization plans for Sn based tandem panels.[35] Replacing 

Pb with other cations such as germanium, antimony and bismuth have shown even poorer results.[36] 

High absorption coefficient 

The key characteristic which an active component of a high-performance solar cell must possess is a strong optical absorption in the 

visible and near infrared range. This allows the use of thin absorbent layers, which facilitate photogenerated carrier charge collection. 

This enables them to not travel far before being collected, consequently limiting non-radiative recombination. A layer of MAPbI3 has 

a linear absorption coefficient in the range of 104-105 cm-1 for visible light illumination.[37] These values are higher than those from 

conventional semiconductors (GaAs, CdTe, CIGS) utilized in thin film solar cells or photodetectors (Figure 1.5). The reasoning behind 

this was found via the difference in the joint density of states between MAPbI3 and for example GaAs. Perovskites have a direct 

bandgap p-p transition due to lead and iodine p bands, whereas the lower part of the conduction band of GaAs is derived from the s 

band. As atomic p states have two more orbitals then the s states, and exhibit less dispersion, the density of state of the conduction band 

is significantly higher in halide perovskites, resulting in a higher joint density of states, creating a stronger optical absorption.[38] 

Long and balanced electron- and hole-transport 

A second essential property of a sensing semiconductor is its electron-hole diffusion lengths. Many groups have shown that in the case 

of perovskite these diffusion lengths are long and balanced, around 100 nm[39] for MAPbI3 layers and even over 1 µm for a mixed 

halide MAPbI3-xClx thin film,[40] which is an order of magnitude greater than the absorption depth. The electron-hole diffusion lengths 

of a material depend on the mobility (effective mass) and lifetime of the charge carriers. MAPbI3 based perovskites have very small 

effective masses of both photogenerated electrons and holes, me* = 0.23m0 and mh* = 0.29m0, respectively,[38] making them ideal 

candidates for solar cells having a p-i-n configuration. Whereas, materials like GaAs or CdTe have a much larger effective mass for 

holes than electrons, therefore devices fabricated with these materials rely on a formation of a p-n junction. The small effective masses 

have a direct correlation with the mobilities, resulting in very high values up to 2000 cm2 V-1 s-1 and 300 cm2 V-1 s-1 for electrons and 

holes, respectively, in the case of MASnI3 (66 cm2 V-1 s-1 for electrons in MAPbI3).[41] Additionally, using transient THz spectroscopy 

it was shown that perovskites have an extremely low recombination loss, consequently long carrier lifetimes. This was surprising and 

offers a significant advantage as compared to conventional semiconductors that require specific and costly processing steps to assure 

low defect density to limit recombination. Moreover, in perovskite single crystals, due to much smaller trap densities compared to 

polycrystalline thin films, diffusion lengths were found to exceed even 175 µm (MAPbI3).[42]  

Low excitation binding energy 

Exciton binding energies between 37[43] and 50 meV[44] have been reported for MAPbI3 in its low temperature phase (orthorhombic, 

5 K), which is significantly weaker, 6 meV at room temperature (tetragonal, 300 K).[45],[46] These exciton binding energies lower the 

absorption threshold, but also increase the strength of above bandgap absorption that generates unbound electron-hole pairs. This offers 

a comparable or even stronger optical absorption above the bandgap than many direct-bandgap III-V semiconductors (GaAs). Yet, the 

binding energy is still sufficiently low. Therefore, following photoexcitation, both free charge carriers and excitons may be present. 
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1.5 Organic-inorganic halide perovskite applications 

Thanks to their exceptional optoelectronic properties, organic-inorganic halide perovskites not only revolutionized the field 

of emerging photovoltaics technologies, but are also showing potential to be a potent game-changer material for other optoelectronic 

applications beyond photovoltaics. In the following sub-sections, we will introduce some of the applications where perovskite materials 

have been successfully implemented already, and are gradually approaching best-in-class performance (Figure 1.6). 

 

Figure 1.6. Most successful optoelectronic applications of hybrid halide perovskite.[47]–[53]  

 

1.5.1 Photovoltaics 

Metal halide perovskite gained so much popularity in the field of photovoltaics, that the community refers to this family of materials 

with the perovskite structure as photovoltaic perovskite. In 2009, when Kojima et al. fabricated the first solar cell utilizing this material, 

the MAPbI3 and MAPbBr3 were intended to be used only as sensitizers in a liquid-electrolyte-based DSSC.[6] The follow-up research 

adopted a similar structure but thinner TiO2 layer, which increased the efficiency from 3.8 to 6.5%.[54] Perovskite nanoparticles ex-

hibited better absorption than standard N719 dye sensitizers, but they have been quickly dissolved in the liquid electrolyte, degrading 

the device performance within a matter of minutes.[55] A breakthrough in the field arrived with the introduction of the first solid state 

hole transport layer (Spiro-OMeTAD). It replaced the liquid electrolyte,[9], [10] offering better stability and opening the field for 

further research.  

Device configuration has not changed substantially since then. A transparent conducting glass serves as a substrate, where an electron 

selective (n-i-p configuration) or hole selective (p-i-n) contact is deposited, followed by the deposition of the perovskite absorbing 

layer, and finally topped by the hole- or electron-selective layer and a metal contact.[56] Mesostructured solar cells (Figure 1.7a), based 

on thick alumina and titania nanostructures infiltrated with the perovskite layer were initially the most efficient. However,  these mes-

oporous cells require a high-temperature sintering step, which excludes the use of some material with low melting points. Therefore, a 

different configuration—planar solar cells—was designed, where the perovskite served solely as the light absorber without TiO2 assis-

tance (Figure 1.7b).[10],[57] To date, both structures are in use and have achieved efficiencies above 20%, as seen in Figure 1.7c. In 
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the first few years, many record power conversion efficiencies were published in high impact factor journals. However, in the majority 

of the cases important details were lacking, resulting in non-certified numbers. For example, we often didn’t know under which con-

ditions they were actually obtained. Since 2014, an improved and standardized measuring protocol was suggested and agreed for 

defining certified record efficiencies.[29] Two examples of certified efficiency records are shown for the best performing mesopo-

rous[58] and planar[59] solar cells in 2016, in Figure 1.7d and e, respectively. A J-V hysteresis curve at slow scan rates accompanied 

with maximum power point tracking is required. 

With the outstanding growth in single-junction perovskite solar cells, scientists began combining them with other known photovoltaic 

technologies in two-junction or tandem configurations. In 2018, Oxford PV announced a monolithic perovskite/silicon tandem solar 

cell with a certified 28.0% power conversion efficiency, outperforming both perovskite and silicon single junction cells.[4], [7] This 

can be compared with the current record efficiency for a tandem cell of 32.8% held by LG Electronics (InGaP/GaAs), which are much 

more costly than perovskite or silicon.[7]  

 

Figure 1.7. Typical device configuration of a (a) mesoporous and (b) planar perovskite solar cells.[56] (c) Power conversion efficiency rise over the 

years with the introduction of standardized testing at 2014. a = [6]; b = [54]; c = [10]; d = [60]; e = [61]; f = [62]; g = [58]; h = [10]; i = [63]; j = [64]; 

k = [65]; l = [59]. (d,e) Standard current–voltage and maximum power point tracking characteristics of the highest published efficiency cells until 

2017.[29] 

Nevertheless, there are still major challenges remaining. Device stability under realistic operational conditions, environmental impact 

of modules potentially containing lead and tin, efficiency loss when upscaling to large area devices, and still unexplained questions in 

the fundamental materials physics, are but a few. 

 

1.5.2 Sensitive photodetectors 

With the explosive growth of perovskites in the field of photovoltaics, interest as a novel material for sensitive light-signal detection 

was a natural progression. All the aforementioned properties advantageous for light harvesting make perovskites great for light detec-

tion, when compared to crystalline silicon and other III-V semiconductor based photodetectors. GaN photodetectors are the most widely 

used, despite their not negligible costs and low quantum efficiency (< 40%, responsivity < 0.2 A W-1).[66] For instance, in the area of 

detecting extremely weak light, there is still room for other materials than Si to emerge. Notably, Si requires a low temperature operation 

mode in order to reduce the dark current. Preamplifiers are also needed in order to prevent the additional noise issues in ultra-weak 

light detection. Therefore, further development is needed to produce a new photodetector technology for high sensitivity detection. 

The first metal halide perovskite photodetectors were reported in 2014 by Hu et al.[67] They fabricated a detector by depositing MAPbI3 

film on a flexible substrate, demonstrating detection from the UV to visible light range. The device exhibited a responsivity of 3.49 A 

W-1 and 0.0367 A W-1 at 365 and 780 nm, respectively, with a voltage bias of 3 V. Afterwards, a number of laboratories in the perovskite 

photovoltaic community followed up by using solar cells under reverse bias as photodetectors. Duo et al.[68] first designed a photode-

tector similar to the vertical PV configuration (Figure 1.8a), able to detect light from 300 to 800 nm with high detectivity (1014 Jones). 

Fang and Huang[69] further improved the performance through interface engineering detecting low light intensities down to 1 pW cm-

2. 
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The second common approach for perovskite-based photodetectors is a lateral configuration, in some cases as a field effect transistor 

(FET). Lee et al.[70] first showed the photo detection by combining a single-layer graphene with MAPbI3 perovskite film. The devices 

exhibited high responsivity of 180 A W-1 at a relatively high illumination power of 1 µW. The high performance of this hybrid photo-

detector was attributed to the efficient charge transfer from the graphene to the perovskite layer. Wang et al. [71] and Spina et al.[48], 

[72] later improved this device architecture by depositing MAPbBr2I islands and MAPbI3 nanowires on the monolayer graphene (Figure 

1.8c), respectively. Both of the detectors resulted in record responsivities, of 6.0 × 105 A W-1 for the perovskite islands and 6 × 106 A 

W-1 in the case of the MAPbI3 nanowire/graphene device (Figure 1.8d). Since then, an increasing number of reports confirmed the 

peculiar detection possibilities of halide perovskite phototransistors.[73], [74] 

 

Figure 1.8. Comparison of a vertical and lateral configuration in highly sensitive perovskite photodetectors. (a) Device structure of a PV configuration 

and its (b) current density–voltage curves as a photodetector, with and without the hole-blocking layer.[68] (c) Diagram of a parallel gra-

phene/MAPbI3 nanowire device architecture and it (d) responsivity for different incident light intensities.[72] 

Lastly, perovskite single crystal photodetectors have been tested.[31], [75]–[78] Theoretically, they should perform better than their 

polycrystalline counterparts. However, their external quantum efficiency (EQE) remains very low (2% compared to 100% in thin-film 

photodetectors).[66] A probable reason behind this discrepancy can be the limited charge collection due to the increased crystal size 

and imperfect electrode design. 

 

1.5.3 Light emission 

While the research community was captivated by the potential of perovskites in photovoltaics, their application as light emitting ma-

terials likewise advanced rapidly. For solar cells, the detailed balance equation requires an external luminescence efficiency close to 

100% to attain the Shockley-Queisser limit of ≈33.5%, thus implying that an excellent solar cell material must also be an excellent 

light emitter. As a result, perovskites have quickly transitioned from breakthrough materials in photovoltaics, to exceptional semicon-

ducting materials with a wide range of applications in light emission.[79] High photoluminescence—combined with compositional 

flexibility—place perovskites as robust technological candidates distinguished by their high color purity (FWHM ≈ 20 nm), bandgap 

tunability to cover the entire spectrum of visible light[80], and low-to-moderate ionization energy (IE) to form stable functional inter-

faces.[81] 
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The first reports of light emission[82], [83] and lasing[84] from hybrid perovskites were published back in the 1990s. However, at that 

time electroluminescence was only achieved at liquid-nitrogen temperatures. It was in 2014, that the first room temperature light emis-

sion from solution-processed MAPbX3 perovskite was demonstrated.[49], [85] One possibility was implementing perovskites in light-

emitting diodes (LEDs). In these devices, the emitter layer was comprised of either 3D, layered, or nanostructured perovskite, sand-

wiched between electron- or hole-transport layers and injecting contacts (Figure 1.9a). The performance of the LEDs increased im-

mensely over the years from the first device with a 0.1% EQE and 364 cd m-2 luminance to now EQEs over 20% and luminance in the 

104 range.[86] This now brings the performance of perovskite LEDs on par with more mature technologies such as organic LEDs. 

However, improvements in device stability, and ways to suppress ion migration, remain needed. 

 

Figure 1.9. Schematic representation of a perovskite LED (a) laser device concept (b). 

A second application of halide perovskite in light emitting devices was in lasers (Figure 1.9b). Optically pumped room temperature 

amplified spontaneous emission and lasing was first demonstrated in 2014 in the MAPbX3 perovskite with a broad wavelength tena-

bility covering the entire visible range (390-790 nm), with an extremely low lasing threshold of 12 ± 2 µJ cm-2.[85] This was followed 

by the lasing of single crystal perovskite nanowires with even lower thresholds (220 nJ cm-2).[87] Recently the mechanism behind 

lasing in perovskites was explained more in detail, showing that it originates from the stimulated emission of an electron-hole 

plasma.[88] 

Lastly, electroluminescence was also observed in perovskite-based field effect transistors[89] and light emitting electrochemical cells 

(LECs).[90] In both devices, the active layer has to possess ionic conductivity as one important prerequisite for the light emission 

mechanism. Ion conductivity has been reported to exist for MAPbI3. The emission spectra is consistent with the perovskite bandgap, 

signifying a direct recombination of injected electrons and holes in the emitter.[79] In LECs, the perovskite emitter is sandwiched 

between two electrodes of similar work functions. Because of an external electric field, ions will drift in the perovskite layer creating 

p-i-n or n-i-p structures, thus facilitating carrier confinement. Perovskite-based LECs where a composite film consisting of MAPbBr3 

and poly(ethylene oxide) is used as the emissive layer achieved EQE up to 1.1% and luminance intensities over 20,000 cd m-2.[90] 

These types of light emitting devices will be discussed more in detail in Section 5. 
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1.5.4 Gas sensing 

Fang et al.[91] demonstrated for the first time the effect of environmental gases on MAPbBr3 single crystals. They measured the change 

of the surface recombination velocity and photoluminescence (PL) intensity while exposing the samples to different gaseous environ-

ments (e.g. dry O2, N2, CO2, Ar). Interestingly, the measurements were highly reproducible and independent of the sample history, 

implying their potential use as gas detectors. Mantulnikovs et al.,[50] used the same technique of tracking the PL signal to sense 

oxygen, nitrogen and argon. This was done by MAPbI3 perovskite micro- and nanowires deposited by one-step solution casting on 

cylinder-shaped quartz rods with diameters in the range of 80 to 1800 µm. The longitudinal geometry of the cylinder-shape substrate 

allows for easy PL measurements during exposure to the flow of various gas media. Rapid and pronounced changes in PL intensity 

could be visible, shortening the response time from 1,000 to around 20 seconds (Figure 1.10). These times approach those of sophisti-

cated devices with heated substrates, whereas the perovskite gas-detectors work at room temperature.[50] Furthermore, by doping 

halide perovskite with thiocyanate ions, high performance gas sensors can be fabricated. Able to selectively detect acetone and nitrogen 

dioxide at room temperature with high sensitivities of 5.6 × 10-3 and 5.3 × 10-1 ppm-1, respectively.[92] However, stability issues still 

limit the full implementation of halide perovskites for gas sensing applications. 

 

Figure 1.10. SEM images of microcrystalline MAPbI3 deposits on cylinder-shaped quartz substrates with varying diameters: (a) 80 μm, (b) 330 μm.  

(c) Experimental setup for acquiring PL spectra of the quartz rods coated with MAPbI3 under exposure to a flow of various gases. (d) Change of the 

PL signal in time during intermittent exposures to N2 and O2.[50] 

 

1.5.5 Thermoelectrics 

Amongst the most challenging issues of our times is climate change, which is directly aided by energy loss in the form of heat. Physi-

cists are in a unique position to find a thermoelectric material that can take advantage of this thermal energy, and convert it to electricity, 

thus improving the efficiencies of the primary energy sources and reducing the released heat to the environment.  Halide perovskites 

may be these potentially new thermoelectric materials. Solar thermoelectric generation is an emerging technology producing electricity 

by converting the temperature gradient generated by sun light into electricity.[93] The performance of this technology is strongly 

governed by the efficiency of the thermoelectric material used. This efficiency is determined by a dimensionless parameter called figure 

of merit (𝑍𝑇). 𝑍𝑇 is defined as (𝑆2𝜎/𝜅)𝑇, where 𝑇 is the absolute temperature, 𝑆 the Seebeck coefficient (or thermoelectric power), 𝜎 

is the electrical conductivity, and 𝜅 is the thermal conductivity. Although in conventional power generators the 𝑍𝑇 of thermoelectric 

materials should be at least 2, for solar thermoelectric generators values larger than 1 may already be advantageous.[51] 
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Figure 1.11. Evolution of the figure of merit 𝑍𝑇  for perovskite at room temperature with doping. The dashed line marks ZT = 3, a value attractive for 

applications.[51]  

Because of an extremely large Seebeck coefficient, concomitant with unusually low thermal conductivity,[94] MAPbI3 and MASnI3 

have been proposed as excellent thermoelectric materials. Theoretical calculations done by He and Galli[95] predicted that with suitable 

doping the 𝑍𝑇 value of these two compounds could approach unity. Mettan et al. measured this and showed that the 𝑍𝑇 of MASnI3 at 

room temperature could be enhanced more than three orders of magnitude by chemical doping, reaching a value of 0.13 (Figure 

1.11).[51] Contrary to the theoretical predictions, the carrier density was lower by four orders of magnitude then the one needed for 

𝑍𝑇 > 1. The dependence with charge density was later confirmed by additional theoretical modeling finding an optimal density of 1019 

cm-3.[96] Nevertheless, because of the possibility of synthesizing MASnI3 from solution, allowing cheap and massive production, 

perovskites could be regarded as promising thermoelectric materials. 

 

1.5.6 Optically switched magnetism 

New magnetic materials and efficient, faster ways of controlling the magnetic bit are a neverending goal of scientist in order to sustain 

the need for ever-increasing density and speed of information storage and manipulation.[52] A well-known example of such a techno-

logically relevant material is the (La:Sr)MnO3 perovskite where magneto-resistive properties of the material can be controlled by fine-

tuned chemical substitution.[97] Hybrid halide perovskites also offer the possibility of controlling magnetic interactions, however in 

an alternative way using visible light illumination. Náfrádi et al.[52] showed that it is possible to modulate the carrier concentration, 

and thus magnetic order in a magnetic perovskite MA(Mn:Pb)I3 by virtue of photodoping (Figure 1.12a-c). This offers a clear advantage 

towards chemical doping, as it is continuously tunable by light intensity, spatially addressable and provides fast switching times. 

Magnetic photovoltaic perovskites were obtained by substituting 10% of Pb2+ ions with Mn2+ ions, resulting in a unique combination 

of ferromagnetism (Tc = 25 K) and high efficiency of photoelectron generation. By a low-power visible light illumination, one can melt 

the ferromagnetic state and a small local field can set the direction of the magnetic moment. The photoelectrons tune the local interac-

tion between the magnetic moments, changing the magnetic ground state. This observed optical melting of magnetism could be of 

practical importance, for example, in the magnetic thin film of a hard drive, where a small magnetic guide field will trigger a switching 

of the ferromagnetic moment into the opposite state via the light-induced magnetization melting.[52] A schematic representation of the 

writing is shown in Figure 1.12d. 
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Figure 1.12. (a) Photo and (b) sketch of the crystal structure of a typical MA(Mn:Pb)I3 crystal. (c) The experimental setup of high-field ESR measure-

ments. (d) Schematic illustration of the optically switched magnetism effect and its potential use in quantum computing. 

 

1.5.7 Radiation detection 

Lastly, halide perovskites have been identified as potential semiconductor materials for ionizing radiation detection. This means that 

we can exploit them as candidates for future X-ray imaging and γ-ray spectroscopy. Many key requirements are needed for a material 

to be suitable for ionizing radiation detection, limiting the choice of effective materials. Halide perovskites meet most of them and 

show many advantages as compared to materials such as high-purity germanium or CZT, which are the current best-in-class radiation 

detection materials.[98] 

Large light absorption coefficient, tunable band gap, large mobility, and long carrier lifetimes all make perovskites exceptional photo-

detectors. It also makes them very desirable for radiation detection. Furthermore, in halide perovskites, the atomic numbers are very 

high. For example, Cs+ (55), Pb2+ (82), I- (53) and Br- (35), associated with relatively large densities of around 4 g cm-3, allow for a 

substantial attenuation of high-energy photons. Moreover, the ability to form double perovskites, such as Cs2AgBiI6 and Cs2AgBiBr6, 

favors the incorporation of many other high Z elements into the perovskite structure.[98] 

For efficient high-energy-photon harvesting, one of the essential requirements is a high mobility-lifetime product (𝜇𝜏). This requires 

high crystal quality, a low charge trap density, and as little of impurities and high resistivity as possible.[99] The mobility and charge 

recombination lifetime of good quality perovskite single crystals exhibited values of the 𝜇𝜏 product as high as 1.2 × 10-1 cm2 V-1 for a 

Cs0.1FA0.9PbI2.8Br0.2 SCs,[100] corresponding to long diffusion lengths of over 175 µm.[42] These values are comparable with the 

market leading CZT crystals for radiation detection.[101]–[103] However, the bulk resistivity of perovskite crystals is one of the chal-

lenges remaining to institute them as one of the leading materials for radiation detection. Typical MAPbI3 and MAPbBr3 perovskites 

have a resistivity in the range of 107-108 Ω cm,[99] which is orders of magnitude lower than those of CZT or TlBr. Nevertheless, 

unintentional doping of these materials have been documented increasing the resistivity up to 1010, satisfying the requirement for γ-

spectroscopy.[98]  

X-ray detection 

The first perovskite-based radiation detectors were polycrystalline thin films of MAPbI3. These very common devices in the photovol-

taic field were repurposed for X-ray detection.[104] Yakunin et al. successfully demonstrated an X-ray image of a leaf (Figure 1.3a) 

using this device. Despite the still imperfect image it showed great potential for application in medical diagnostics, especially if better 

quality thin films or single crystals will be used.[105] Shrestha et al.[106] developed millimeter-thick wafers of sintered MAPbI3 for 

X-ray detection, with 𝜇𝜏 products and sensitivities comparable to those of CZT. Moreover, printable large-area devices were fabricated 

using polyimide (PI)-MAPbI3 and (PI)-MAPbBr3 composites.[107] By using hole-transporting and hole-blocking layers, they managed 

to reduce the dark current of the detector and achieve high sensitivities of up to 11 µC mGyair
-1 cm-2. 

Solution-growth perovskite SCs offered even more advantages when compared to their polycrystalline counterparts. Náfrádi et al.[53] 

first demonstrated the high mass attenuation coefficient of 14 ± 1.2 cm2 g-1, and large charge collection efficiency of 75 ± 6% for a 

MAPbI3 bulk single crystal under unfiltered X-ray radiation in the 20-35 keV range. This work was closely followed by X-ray detectors 

fabricated from 2-3 mm thick MAPbBr3 SCs with record high 𝜇𝜏 products (1.2 × 10-1 cm2 V-1) able to detect dose rates as low as 0.5 
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µGyair s-1 with a sensitivity of 80 µC mGyair
-1 cm-2.[108] With the required dose-rate for medical diagnostics being 5.5 µGyair s-1,[105] 

this would allow to reduce the radiation dose applied to the human body for many medical and security operations. Later, the same 

group of Huang and coworkers[109] monolithically integrated these perovskite SC onto different substrates, from silicon wafers to 

glass, through facile, low-temperature, solution-processed molecular bonding. The dipole of this bonding molecule at the interface of 

perovskite and Si significantly reduce the dark current at higher optimum bias, enabling the Si-integrated MAPbBr3 single crystal 

detector to reach a sensitivity of 2.1 × 104 μC Gyair
-1 cm−2  under 8 keV X-ray radiation. In addition, the low noise current led to a 

decrease in the lowest detectable X-ray dose rate (36 nGyair s-1).[109] A representation of the working device can be seen in Figure 

1.13b where an image of “N” logo was obtained by linearly scanning the detector under a 247 nGyair s-1 X-ray radiation. 

 

Figure 1.13. Examples of successful X-ray detection by metal halide perovskite. (a) X-ray image of a leaf obtained with a MAPbI3 photovoltaic de-

vice.[104] (b) Si-integrated MAPbBr3 single crystal detector.[109] (c) Real-time X-ray diagnostic imaging of biological samples by a scintillation 

platform covered with CsPbBr3 quantum dots.[110] 

Additionally, all-inorganic halide perovskites CsPbBr3,[111], [112] Cs3Bi2I9[113] and double-perovskite Cs2AgBiBr6[114]–[117] are 

also positioned as a promising candidates for X-ray detectors. Cs2AgBiBr6 have a large resistivity (over 1010 Ω cm), high sensitivity 

(105 μC Gy−1 cm−2) and extremely low detection limits (59.7 nGyair s-1).[117] 

Lastly, all inorganic perovskite nanocrystals have been shown to work as scintillator X-ray detectors.[110] These nanocrystals exhibit 

strong X-ray absorption and intense radioluminescence at visible wavelengths, allowing fabrication of flexible and highly sensitive X-

ray detectors with a detection limit of only 13 nGyair s-1. They showed that the color-tunable perovskite nanocrystal scintillators could 

provide a convenient visualization tool for X-ray radiography, as the associated image can be directly recorded by standard digital 

cameras. A real example of X-ray diagnostics imaging of a biological sample with CsPbBr3 nanocrystals can be seen in Figure 

1.13c.[110]  

γ-ray detection 

Compared to X-rays, gamma photons have a much higher energy, meaning stronger penetration capabilities. Although perovskite 

materials have high linear attenuation coefficients, thicker devices will be needed for sufficient stopping of γ-rays. Stoumpos et al.[112] 

initially proposed centimetre size SCs of all inorganic CsPbBr3 for X- γ-ray detection due to their high attenuation, high resistivity, and 

significant photoconductivity response. Dong et al.[42] then introduced, for the first time, a photodetector based on a MAPbI3 SC to 

monitor an intense γ -ray radiation from a 137Cs source, with photon-to-electron conversion efficiency of 3.9%.  

Then, Kovalenko and coworkers[118] demonstrated γ-energy resolution capabilities with various hybrid lead halide perovskite SCs, 

mainly with FAPbI3 SCs exhibiting high 𝜇𝜏 products in the range 10-2 cm2 V-1. However, FAPbI3 SC proved to be thermodynamically 

unstable at room temperature and higher energies of the γ-ray spectrum could not be acquired. Therefore, the same research group later 

developed a prototype of a gamma counting dosimeter based on CsxFA1−xPbI3−yBry (x = 0–0.1, y = 0–0.6) SCs.[100] Since Cs+ and Br- 

can stabilize the migration of ions inside the crystal. However, despite the record 𝜇𝜏 product (0.12 cm2 V-1), a poor signal-to-noise ratio 

was visible, probably due to the low bulk resistivity and large dark current. 
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If a large bias voltage is applied to the device, ion migration is expected inside the perovskite layer, leading to high dark currents and 

noise. Wei et al.[99] attempted to solve this issues by using a p-type MAPbBr3 SC via dopant compensation of Cl-. By further sup-

pressing the crystal surface/edge leakage current with a guard ring electrode (Figure 1.14a), a ten-fold improved bulk resistivity to 3.6 

× 109 Ω cm was documented for the MAPbBr2.94Cl0.06 sample. The best photopeak energy resolution reached 6.5% as the first demon-

stration of γ-ray energy spectrum collection was demonstrated by halide perovskite as seen in Figure 1.14b.[99] He et al.[119] improved 

that by growing centimeter-sized single crystals of CsPbBr3 (inset of Figure 1.14d) with extremely low impurity levels (below 10 p.p.m 

for total 69 elements) that can resolve the 59.5 keV (241Am γ-ray), 122 and 136 keV (57Co γ-ray), 511 keV (22Na γ-ray), and 662 keV 

(137Cs γ-ray) lines with best spectral resolution of 3.8% (Figure 1.14c,d).  

 

Figure 1.14. High-energy radiation detection by perovskite. (a) CH3NH3PbBr2.94Cl0.06 single-crystal gamma detector with a guard electrode, and its (b) 
137Cs energy spectrum.[99] (c) Optical images of a large CsPbBr3 single crystal ingot and smaller crystals (d) with their responses to different radia-

tion sources exhibiting good energy resolution.[119] 

Most recently, photodiodes based on a p-n junction formed in the MAPbI3 crystallization process without any additional organic layers 

were reported, by controlling the location of the dopant, selenium (Se). These photodiodes with gold electrodes exhibited good sensi-

tivity for a 60 keV X-ray and 1.25 MeV γ-ray 60Co source of 21 μC mGyair
-1 cm−2 and 41 μC Gyair

-1 cm−2, respectively.[120] Lastly, 

detection of an alpha spectrum of an 241Am source was obtained using a MAPbBr3 single crystal detector.[121] 

Two main properties of halide perovskite separate themselves from the competition. The first is low-cost raw materials for crystal 

growth. The estimate material cost of halide perovskite single crystals is < 0.3 USD per cm3, which is 3 to 4 orders of magnitude 

cheaper than CZT crystal.[98] Large and high-quality perovskite single crystals can be grown from low-cost solution processes[30], 

[122] at relatively low temperatures (< 150 °C) compared to high purity Ge or CZT, which are grown at temperatures around the 

materials melting point. However, very large crystals of more than a couple centimeters thick have yet to be grown. Therefore, ad-

vancements in low-temperature solution-grown crystal growth of large perovskite SCs would be a major stepping-stone to stimulate 

further research and reduce the technological barriers for a successful implementation of halide perovskite in high-energy radiation 

detection.  

The second advantageous property is good radiation hardness. Halide perovskites have a relatively better tolerance to defects then other 

semiconductor materials, as they already possess natural defects in their crystal structure which are known to not interfere with detec-

tion sensitivity. Therefore, additional defects introduced with radiation damage will not influence the performance of a perovskite-
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based detector significantly. Lang et al.[123] reported an only 20% drop in current density after exposing a perovskite solar cell (η = 

12.1%) to 68 MeV protons until a total dose of 1.02 × 1013 p cm-2 was reached. Interestingly, when the proton irradiation is finished a 

self-healing process of the perovskite begins restoring the previous device performance after 10 days of shelf-storage. Yang et al.[124] 

tested the stability of perovskite solar cells under continuous irradiation of γ-rays and visible light for 1,535 h, where γ-rays accumulated 

a dose of 23 kGy. The perovskite active layer retained 96.8% of its initial power conversion efficiency, while the glass substrate showed 

obvious loss of transmittance under the same irradiation conditions. In striking contrast, CZT detectors lose their performance severely 

after a total of 30 kGy γ-ray exposure, indicating the good γ-ray hardness of perovskite materials.[98]
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2.1 Perovskite solar cells scalability 

Organometallic halide perovskite definitely stormed the semiconductor field offering many advantages compared to con-

ventional optoelectronic materials and displayed immense potential in many applications, mainly in photovoltaics but also beyond. 

However, with the rapidly expanding field and the continuous fight for record efficiencies, many important non-trivial questions re-

mained. Nowadays, as the field matures and approaches potential commercialization, these challenges to solve became necessary, so 

as perovskite-based optoelectronic devices to enter the market. Therefore, recently more and more groups started to address these 

demands studying in detail the toxicity of the perovskite material, device stability, especially in real operation conditions and scalability 

in the case of perovskite solar cells. 

All of the certified perovskite solar cells with record efficiencies over 20% have been measured with a small area illumination (≤ 0.1 

cm2). These lab cells when upscaled to larger surfaces (> 1 cm2) show a significant decrease of efficiency as depicted in Figure 2.1, 

being a bottleneck towards industrialization. One of the main issues is that the main method of depositing the perovskite layer – spin 

coating, tends to produce non-uniform layers over larger areas, decreasing the device quality.[56] Therefore, other fabrication tech-

niques have been proposed to be used, such as screen-printing, slot-die coating, spray coating, and soft cover coating methods and 

others.[125], [126] 

 

Figure 2.1. Evolution of record solar cell efficiencies with time and device area.[126] 

Recently, several PV companies progressed in this direction manufacturing large-area perovskite solar cell modules. For example, 

Solliance from the Netherlands demonstrated perovskite modules fabricated by a sheet-to-sheet slot die coating process with a 12.5 × 

13.5 cm2 surface area and 10% total efficiency.[127] However, it is still unclear which fabrication method will become dominant for 

potential large-scale perovskite solar cell commercialization. 

 

2.2 Toxicity 

One of the most important downsides of the materials itself is that it contains heavy metals. Lead it seems is an essential 

part of all high performance perovskite based optoelectronic devices, which raises many concerns about the potential health hazards, 

as lead is known as a highly toxic material. Studies have demonstrated that acute and chronic lead exposures of humans, laboratory 

animals and plants result in bioaccumulation and poisoning.[128] In the case of MAPbI3, not only human exposure during device 

production is a concern, but also its environment impact in the case of potential structural break down in operation (lead leakage). 

These present issues of perovskite devices can be correlated with the similar disadvantages of CdTe, due to the toxicity of Cd, and in 

lesser extent Te. The European Union follows the Restrictions on Hazardous Substances (RoHS) directive, restricting the use of sub-

stances such as lead (Pb), mercury (Hg), cadmium (Cd) to less than 0.1% by weight in any layer of an electronic device.[55], [129] 

However, solar cell technology benefits from an exception of the RoHS directive, allowing CdTe modules to access the market regard-

less of whether or not they meet these requirements. It is not unrealistic to assume that lead halide perovskite solar cells may benefit 

from the same exception rule, since lead is 10% of their total weight. However, one often neglected important aspect is the solubility 

of the material in water. CdTe is a thermally and chemically stable compound with a low solubility product, resulting in a relatively 

low toxicity. On the other hand, MAPbI3 and other perovskites used in PV are very unstable. They can easily degrade to Pb compounds 

with a solubility product 29 orders of magnitude higher than CdTe, thus significantly increasing their toxicity and environmental 

impact. 
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Figure 2.2. Schematic illustration of the life cycle of perovskite solar cells, indicating the most important hazards (red) and strategies for their control 

(green).[130] 

Three routes of intake for lead-containing compounds must be considered: gastrointestinal, respiratory and dermal uptake.[130] Ben-

messaoud et al.[128] first simulated a scenario of MAPbI3 exposure to the human body via inhalation by exposing human lung adeno-

carcinoma epithelial cells (A549) to halide perovskite. The effect of lead halide perovskites appeared to be cell type dependent. Primary 

neurons and neuroblastoma cells (SH-SY5Y) sustained apoptotic cell death after exposure, whereas human lung adenocarcinoma epi-

thelial cells (A549) did not. However, the exposure dramatically affected their kinetics of proliferation, metabolic activity and cellular 

morphology. This was followed by the work of Babayigit et al.[130], [131] testing the environmental impact of PbI2, as the main 

degradation product of corresponding perovskite devices, by means of the model organism zebrafish. They showed that the degradation 

product PbI2 would eventually convert to hydroiodic acid (HI), introducing new perspectives of the possible toxicity routes. Further-

more, it was documented that at equal concertation, a higher lethal response was found when the zebrafish embryos were exposed to 

SnI2, than to PbI2. These results were surprising, as many groups suggested tin-based perovskite compounds as the solution for low-

toxicity lead-free solar cells.[36] 

Therefore, any kind of commercial application of perovskite devices has to be approached with caution. The most important hazards 

and strategies of control are depicted in Figure 2.2. for the fabrication process, use and final decommissioning. Recently, prevention 

through encapsulation has been taken under consideration. It was found that an epoxy resin-base polymer, when sandwiched between 

a perovskite solar module and a top glass cover, effectively reduces Pb leakage rates from 30 to 0.08 mg h-1 m-2 under simulated sunny 

weather conditions, compared to the standardized encapsulation techniques.[132] Further work in this or other directions (Pb-free, self-

healing materials) would be needed to secure a safe use for perovskite-based products on a large scale. 

 

2.3 Stability 

Solar cell competitiveness is measured by the “Golden Triangle”, constructed of the three major parameters that gauge the 

technical feasibility for commercialization of a PV technology (Figure 2.3a).[133] More than 90% of the current PV market is taken 

by silicon solar cells, as a fully rounded product with a decent module of 21% efficiency, 25 year lifetime and low cost of 0.30 $ W−1. 

Perovskites have in recent years closely approached these high efficiencies, offering an extremely competitive cost of half that of 

crystalline Si. However, the last parameter of the triangle, the stability of perovskite solar cells (Figure 2.3b), for now remains one of 

the biggest problems preventing commercialization. The lifetime is affected by many factors; from the crystal structure of the materials 

itself, environmental elements (temperature, moisture) to maybe the most critical, the interface between the perovskite and charge 

transport layers. All these stability issues concern also other perovskite-based devices at least to some extent.  
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Figure 2.3. (a,b) Comparison of silicon and perovskite solar cells based on the performance golden triangle. (c) The state art of power conversion 

efficiency vs lifetime.[133] 

With stability being the bottleneck for commercialization, every recent work on perovskite devices is accompanied by a stability test. 

Unfortunately, a wide range of non-standard testing protocols are used, making it impossible to compare lifetimes between different 

labs. Besides the varying aspects of the ambient environment (humidity, temperature), different lamps are used from AM1.5 xenon 

with or without an UV filter, metal halide, sulfur plasma, halogen to UV-free LED lamps.[126] Therefore, the perovskite PV commu-

nity should develop and follow standardized protocols to accelerate testing and correctly predict the lifetime of perovskite solar cells. 

For example, in the case of Si or thin film solar cells, well-established standards are used (IEC 61215 or 61646), such as 85 °C and 

85% relative humidity for 1,000 h of operational lifetime.[133] In Figure 2.3c the best-published lifetimes of perovskite solar cells in 

dependence of their efficiency are shown. The longest lifetime achieved thus far is 10’000 hours for a 12% efficient solar cells utilizing 

a multidimensional junction made of 2D/3D perovskite,[134] while for devices with >20%, the measured lifetime was only 1’000 

hours.  

    

2.3.1 Crystal structure stability 

Crystal structure and phase transitions largely affect a given materials properties. For example, in the case of APbI3, a perovskite 

containing lead and iodide, there are only a limited number of A cations that could be implemented into the structure to form the 

photoactive “black phase” needed for light harvesting. The stability of an ABX3 perovskite material is described by the empirical 

measure for lattice distortion, the Goldschmidt tolerance factor (𝑡):[135] 

𝑡 =
𝑟𝐴+𝑟0

√2(𝑟𝐵+𝑟0)
             (4.1) 

where 𝑟𝐴, 𝑟𝐵 and 𝑟0 are ionic radius for organic cation A, inorganic cation B and halide anion X, respectively. Most stable photovoltaic 

perovskite materials have to satisfy a tolerance factor 𝑡 in-between 0.8 and 1.0 (black-phase) as shown in Figure 2.4. Only Cs, MA and 

FA fall within this “established” category.[56] Perovskites at the edge of the limit (FAPbI3 and CsPbI3), have a distorted lattice resulting 

in a yellow phase at room temperature, whereas MAPbI3 (𝑡 ~ 0.9) does not. As FA offers other advantages compared to MA-based 

perovskite (thermal stability), mixed cations MAFA were created to have a more stable black phase, while retaining the advantageous 

properties. Consequently, small amounts of Cs were added to substantially supress the yellow phase.[11] Recently, even Rb has been 

introduced in the multication approach although not satisfying the tolerance factor requirement by itself (RbPbI3 has no photoactive 

phase).[58]   
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Figure 2.4. Dependence of the tolerance factor of an APbI3 perovskite with different possibilities of the A cation. Empirically, perovskites with a 

tolerance factor between 0.8 and 1.0 (dotted lines) show a photoactive black phase (solid circles).[56] 

 

2.3.2 Intrinsic degradation factors 

One more important factor associated with the perovskites, which limits the PV device performance, are the hysteretic current-voltage 

(J-V) characteristics (Figure 2.5a). Hysteresis behavior is when a photocurrent response exhibits a discrepancy between two sweeping 

directions.[136] The manifestation of the hysteretic effect depends on various conditions, from the perovskite material itself, to the 

types of electrodes or the simple scanning parameters (scan rate, external electric field, preconditioning, etc.). A few different mecha-

nisms responsible for the effect have been proposed recently: ferroelectricity, charge trapping/detrapping and ionic migration.[136] 

The current consensus within the community is that ion migration is the main contributor governing this hysteresis.  

Ferroelectricity is a characteristic of a material which relies on the hysteretic switching of its ferroelectric domains by an electric field. 

The presence of these ferroelectric domains, and possible reversible switching by applying direct current biases, was first demonstrated 

in organic-inorganic halide perovskites using piezo electric force microscopy (PFM).[137] Wei et al.[138] quickly after attributed the 

I-V curve hysteresis to the ferroelectric effect, also showing its dependence on the scan range and rate, explained by a ferroelectric 

diode model. However, there are still arguments that question if ferroelectricity is the only effect governing the hysteresis. Mainly, that 

the reported effect is too small, and that there is a fast decay of the polarized switching behavior resulting in a disagreement between 

the timescales of the switching and the J-V curve hysteresis.[136] 

Low-temperature solution processing of perovskite films brings defects into the structure that can influence charge separation/recom-

bination and transfer. These defects can be either located energetically at the conduction and valance band edges, or deep-level defects 

within the band gap.[139] The later can serve as potential trap sites for the charge carriers, filling and releasing charges, ultimately 

resulting in a hysteretic behavior. It was shown that by defect passivation, charge trapping can be avoided, enhancing the device 

performance and decreasing the hysteresis.[140] However, it was also documented that the time interval for charge trapping and de-

trapping ranges within mili- or even nanoseconds, again much shorter than the typical hysteresis effect time, which is in the second 

range.[136] Therefore, still additional factors, such as ion migration, have to be taken into account to explain the hysteresis. 
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Figure 2.5. (a) Typical J-V curve representing the hysteresis behavior in a perovskite device. (b) Illustration of the ion migration pathways.[141] 

Motion of ions inside the perovskite layer have recently been demonstrated to be the main origin of device current hysteresis by a series 

of studies. For example, by measuring the potential distribution across a device[142] and its band bending at the electrodes[143] by 

Kelvin probe microscopy (KPFM) or capacitive measurements,[144] displaying the accumulation of charges at the interfaces. How-

ever, ion migration apart from inducing hysteresis in the I-V curves also influences the emission properties of perovskites, which has 

proven advantageous for some applications, as in our case of room temperature electroluminescence discussed in Section 5. 

Principally, the external electric field drives ions towards the opposite interfaces, resulting both in a change of the internal field and 

simultaneously a modulation of the interface barriers. This ultimately generates a hysteretic behavior in the I-V characteristics. Yet 

there is still no consensus on which ions are migrating. In the case of MAPbI3 films, it was documented that multiple ions, I-, Pb2+, 

MA+ and even H+, may migrate.[141] These ions originate from defect states during low-temperature fabrication, and can later mediate 

by the same defects inside the perovskite layer. An illustration of all possible ion migration pathways is shown on Figure 2.5b. 

Thy hysteresis issue is still a problem in many optoelectronic devices, most notably solar cells, despite the progresses done on sup-

pressing it. Three different approaches of suppressing ion migration, therefore the hysteresis, were assessed. Reducing the overall 

concentration of defects, for example utilizing single crystals compared to polycrystalline films; hindering the motion of particular ions 

and finally by avoiding interfacial barrier, i.e. enhancing the charge-transfer process.[136]; and by reducing the device hysteresis. One 

will not only improve the device performance, but more importantly increase its long-term stability. 

 

2.3.3 Extrinsic degradation factors 

Beside the intrinsic degradation factors of the material there, it is important to understand the external environmental  factors that may 

induce device degradation when it is under operation. Many of these extrinsic factors tend to be irreversible and result in quick deteri-

oration of device performance and lifetime. The two main environmental conditions producing device instability are high temperatures 

and humidity. 

Humidity 

Organic-inorganic halide perovskite have a hygroscopic character, meaning they are extremely sensitive in humid environments as 

they easily absorb water. When exposed to moisture, their chemical composition is effected, not only during fabrication but also when 

exposed to air with a relative humidity above 50% at room temperature.[145] When exposed to this humid air with a water vapor 

content above 50%, water condensation occurs on top of the perovskite, resulting in a structural transformation from a MAPbI3 phase 

to a PbI2 phase. The degradation is accompanied with a decomposition into HI (soluble in water) and CH3NH2, either released in gas 

or dissolved in water (Figure 2.6).[146] Moreover, the authors identified a new hydrated crystalline phase the (CH3NH3)4PbI6∙2H2O 

that forms as an intermediate step in the degradation process. However, his phase can revert back to the original MAPbI3 perovskite 

phase after a short period of time. The degradation of perovskite is clearly visible by naked eye as a color change. In the case of the 

MAPbI3 perovskite, it goes from a sliver/black single crystal or brown thin film to the yellow hydrated phase, the typical color of PbI2. 

Beside the color change, exposure to water vapor can leave mechanical signatures on the material, decreasing both the Young’s mod-

ulus and hardness of the material, as was documented by Spina et al in the case of MAPbI3 single crystals.[147]  
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Figure 2.6. Schematic illustration of a MAPbI3 cubic/tetragonal single crystal in its intermediate hydrated phase.[13] 

Due to such side effects of moisture, the preparation of perovskites, especially solar cells, is usually conducted inside a glove box. 

However, some studies has shown that a proper relative humidity could be advantageous, enlarging the perovskite crystal size and 

creating better connections among crystals during the two-step fabrication.[57] During operation, despite different new strategies re-

cently employed to prevent degradation due to humidity, the main solution seems to be a proper device encapsulation.  

Temperature 

The second external impact on the perovskite material is heat. MAPbI3 undergoes structural changes when heated above 60 °C either 

during high temperature testing (85 °C) or in operation under constant light illumination. MAPbI3 is the most problematic as it under-

goes a phase transition from cubic to tetragonal around 55 °C, which is in the range of a common solar cell operating during summer. 

Changes to the electronic band structure reduce device performance, and furthermore cycling between the day and night cycles, over 

the phase transition temperature, is likely to lead to material fatigue and shorter device lifetimes.[136] 

Furthermore, Pisoni et al.[94] studied the thermal conductive properties of MAPbI3, and found an ultralow thermal conductivity of 

both single and polycrystalline samples. Such a low thermal conductivity prevents the rapid spread of light-deposited heat, which can 

induce mechanical stress and limit the lifetime of a perovskite-based optoelectronic device. 

Other perovskite materials, such as MAPbBr3 and MAPbCl3. have their phase transition at lower temperatures, not in the operational 

range.[27] However, their use in photovoltaic devices is limited due to their large band gaps. 

 

2.3.4 Stability issues of non-perovskite layers 

Apart from the perovskite material itself, many stability issues of perovskite-based optoelectronic devices originate from the additional 

layers in the common multilayer device architecture. Recently, many studies have addressed the instability of both electon- and hole-

transport materials (ETM/HTM), even to the metal electrodes. 

The hole transport layer was from the beginning based on organic compounds. The first significant increase in PV efficiency was 

discovered with the implementation of a solid-state HTM (2,2’,7,7’-tetrakis(N,N-di-pmethoxyphenylamine)-9,9’-spirobifluorene, i.e., 

spiro-OMeTAD), rather than a liquid HTM.[10] However, with its beneficial properties towards efficiency comes many stability issues. 

Firstly, fully symmetrical spiro-OMeTAD tends to be easily crystallized at temperatures > 60 °C, which can affect the perovskite/HTM 

interface, degrading the device performance.[148] Local asymmetry was introduced into the spiro-OMeTAD to suppress this growth. 

Silolothiophene linked methoxy triphenylamines (Si-OMeTPAs) were proposed as an alternative, offering much better thermal stabil-

ity, increasing the device half-lifetime from 1,000 to 6,000 hours. 

Furthermore, two typical additives, 4-tert-butylpyridine (TBP) and bis(trifluoromethane)sulfonamide lithium salt (Li-TFSI) are added 

to the HTM. TBP to enhance the contact between the perovskite and the HTM, leading to increased performance. However, at the same 

time the polarity of TBP enhances the risk that the TBP dissolve the perovskite material, leading to corrosion and degradation.[149] 

Similarly, Li-TFSI promotes oxidation in the HTM, increasing hole mobility and device efficiency, but as it is a hygroscopic ion 

additive it may deteriorate the device stability.[150] Consequently, many other HTM layer materials have been implemented and tested 
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to replace spiro-OMeTAD, such as amine derivatives, oligothiophene derivatives to composites containing single wall carbon nano-

tubes, as we will discuss more in the next sub-section.[57], [151]  

The electron transport material is most notably TiO2 in mesoscopic perovskite solar cells. This device architecture was utilized from 

the first perovskite solar cells until today, surpassing efficiencies of over 20%. However, TiO2 as a material is known for photocataly-

sis[152], and is very sensitive to UV light. Therefore, perovskite devices with TiO2 exhibited a much shorter lifetime when exposed to 

UV light illumination. Leijtens et al.[153] studied the photoinduced instability of perovskite solar cells and put forward a degradation 

mechanism. They also show that by introducing mesoporous Al2O3 instead of TiO2 into the perovskite structure, long-term stability of 

over 1000 hours at 40 °C can be achieved. Other ETM have also been tested, as well as UV filters, offsetting this effect. Furthermore, 

coatings of UV fluorophores have been applied, down converting UV photons to visible photons, boosting the photocurrent, i.e. device 

performance.[154]    

 

Figure 2.7. (a) SEM image of a cross section of a triple cation perovskite solar cell. (b) Reconstructed elemental 3D map displaying the diffusion of 

gold through the layers at 75 °C (c) Improvement in the aging of the device with the addition of a Cr layer, preventing the Au diffusion.[155] 

Very few groups studied the stability of the metallic contact bottom layer inside a typical optoelectronic device. Today, perovskite 

solar cells have a back metal electrode, either gold or to a lesser extent silver (Figure 2.7a). Up to recent, it was not thought that the 

behavior of those electrodes are one of the contributing factors leading to the degradation of the device performance, especially pro-

nounced when operating at higher temperatures (> 70 °C). Domanski et al.[155] showed by time of flight secondary ion mass spec-

troscopy, that at temperatures exceeding 70 °C cause considerable amounts of Au ions to diffuse from the back electrode across the 

HTM into the perovskite layer. This surprising phenomena, illustrated as a 3D distribution over a 100 µm2 region in Figure 2.7b, was 

for the first time captured in a perovskite device, but already previously observed even for other metals Ag, Ni, Cu and Fe in inorganic 

semiconductors.[155] However, they further showed that by inserting a thin Cr interlayer between the HTM and Au electrode, the 

thermal degradation can be nullified (Figure 2.7c). 

Similar instabilities were discovered when using silver contacts in an inverted perovskite solar cell structure.[156] In this case, a dif-

fusion of MA+ and I- ions was observed through the ETM towards the Ag internal surface under high temperatures of 85 °C. This led 

to a generation of PbI2 gaps inside the perovskite layer, lowering the conductivity of the sample. Furthermore, at the metal electrode 

interface AgI was forming, a barrier was created, further degrading the device performance. 

There is still no dominant solar cell architecture and layer selection that will allow us to achieve the extremely high efficiencies while 

having at the same time long-term stability under ambient atmospheres (40 % RH) and high operational temperatures (up to 85 °C). 

Still much work is being done on finding the right electrode material that could satisfy both needs.  

 

2.4 Carbon as a potential solution  

A material that might overcome all aforementioned challenges, while preserving the exceptional device performance, is 

carbon. When used by itself, the term “carbon” should only mean the element with the symbol C. However, unlike most elements, 

carbon has a whole class of materials with different forms, which are known as its allotropes. They are composed entirely of carbon, 

but with different physical structures, resulting in a wide variety of physical properties. The structure of the five most known allotropes 

– graphite, graphene, carbon nanotubes, fullerene and diamond, can be seen in Figure 2.8. 
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Figure 2.8. Allotropes of carbon[157] 

Graphite is a crystalline form of carbon with its atoms arranged in a stacked parallel layer hexagonal structure. It occurs naturally in 

this form, and is the most stable in standard conditions. Graphite has good thermal and electric conductivity, and is one of the most 

chemically inert materials. Therefore, it can find many applications from a simple pencil tip, through strong carbon fibers for reinforce-

ment, to electrical device electrodes.[158] 

One single layer of graphite is graphene, which has attracted a lot of attention in nanotechnology over  the past 15 years.[159] This is 

mostly due to its exceptional properties, such as high carrier mobility,[160] high thermal conductivity,[161] great flexibility and trans-

parency.[162] It was immediately implemented into a wide-range of devices – chemical sensors, medical devices, photodetectors, and 

so on. 

Honeycomb lattices rolled up into a cylinder form carbon nanotubes (CNTs). They can be single- (SWCNT) or multi-walled 

(MWCNT), depending on the number of nested carbon cylinders. Again, by possessing similar properties to graphene these materials 

are expected to be highly valuable in many areas of technology. In addition, single-wall CNTs offer the advantage to be either metallic 

or semiconducting, depending on its diameter and chirality, and does not require doping. Moreover, its band gap can be varied contin-

uously from 0 to 1 eV by changing their geometric structure, making them attractive for many electronic applications.[163]  

Therefore, already in the early stages of the perovskite field, carbon electrodes became of interest, especially graphite, graphene, CNTs 

and fullerenes.[164] Their chemical tunability offered the possibility to use them as contact electrodes (metallic) and selective layers 

(semiconducting). They simultaneously provide exceptional chemical stability due to their inert nature and lack of electro or photocor-

rosion. Moreover, due to their good thermal conductivity they can efficiently evacuate heat, resulting in good thermal stability. Fur-

thermore, because of their excellent mechanical properties, they can be utilized in flexible devices broadening the field of applications. 

Lastly, carbon is the 15th most abundant element in the Earth’s crust, making it easily available and cheap.[165] 

The first time carbon materials were used in perovskite PV was 2013, when Ku and coworkers used carbon black/spheroidal graphite 

in a mesoscopic MAPbI3/TiO2 solar cell, obtaining a power conversion efficiency of 6.64%.[166] Since then the efficiency increased 

to values of 18.2% for graphene-perovskite solar cells[167], and 11.9% for all-carbon electrode perovskite PV devices.[168] 

The main layers of a perovskite optoelectronic device (most often solar cells) are the two selective layer (HTM and ETM), the trans-

parent conductive layer usually oxide (TCO), and the back metallic contact. Through the years, different carbon materials were utilized 

in all of these layers, either substituting the most commonly used materials entirely (Au/Ag for CNTs/Graphite), or by mixing with 

them enhancing the device performance and stability (spiro-OMeTAD + SWCNTs). A visualization of the possibilities for implement-

ing carbon materials in all layers is illustrated in Figure 2.9. 

TCO 

Transparent conductive oxides are doped metal oxides used in many optoelectronic devices from solar cells to light emitting diodes 

and photodetectors. Typically, for these applications, high electric conductivity accompanied with greater than 80% transparency is 

needed. The industry standard for TCO materials is indium tin oxide (ITO). Beside ITO, many other layers, such as indium zinc oxide 

(IZO), aluminum zinc oxide (AZO) or fluorine tin oxide (FTO) have been tested. However, all of them come with their disadvantages, 

from their tendency to break in the long-term due to mechanical fatigue, making them unsuitable for flexible device purposes, to in the 

case of ITO and IZO, the shortage of the rare earth element indium. Graphene and CNT could be a viable alternative, satisfying all 

requirements, further offering great flexibility and cheaper costs. Both have already been successfully implemented into perovskite 

solar cells as the transparent electrode layer[168]–[170], maintaining > 90% efficiency after 1000 bending cycles compared to the drop 

to 20% efficiency when using ITO.[171]   
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Figure 2.9.  Examples of carbon materials replacing or enhancing different layers in a typical perovskite optoelectronic device multilayer architecture. 

TCO [168], ETM [172], Perovskite [173], HTM [174], Metal contact [175]. 

ETM 

The most common electron transport material in perovskite solar cells is TiO2. It was reported that perovskite solar cells fabricated 

with TiO2 layers doped with graphene quantum dots,[176] graphene flakes[167] or graphene oxides,[172] have increased power con-

version efficiencies. The introduction of graphene mitigates large recombination at the TiO2 boundaries, improving charge collection 

at the TiO2/TiO2 or TiO2/MAPbI3 interfaces. However, the amount of graphene oxide inside the ETM is important as an increased 

amount can absorb some of the visible light, decreasing the overall device performance. [177] 

Perovskite 

Perhaps the most surprising implementation of carbon in a perovskite-based device is in the perovskite layer itself. However, it was 

demonstrated by coupling embedded single wall carbon nanotubes with a MAPbI3-xClx perovskite thin film. CNTs tend to bundle due 

to strong van der Waals attraction, however, the DMF solution used for perovskite growth is an excellent stabilizer for the homogenous 

dispersion of semiconducting SWCNTs. Therefore they will able to marry the great light absorbing characteristics of the perovskite 

material with the extraordinary physical properties of SWCNTs, achieving composites with record high hole and electron motilities of 

595.3 and 108.7  cm2 V-1 s-1, respectively.[173] 

HTM 

Carbon nanotubes with their inherent p-type nature under ambient conditions made them immediately potential candidates as HTM for 

solar cells. The main advantage of CNTs compared to common HTM in perovskite PVs is their exceptional chemical stability. This is 

especially due to them not requiring additional doping with dopants such as lithium salts, which were shown to deteriorate perovskite 

devices.[178] Furthermore, they offer good mechanical resilience (flexible devices) and thermal stability. They were implemented both 

solely[175], [179] and in combination with already well-known HTM.[174] Moreover, other carbon allotropes were also tested in 

various composites (graphene oxide,[180], [181] MWCNTs,[182] fullerene[164]) Although lower efficiencies were achieved using 

solar cells with carbon, HTM exhibited significantly higher stability, addressing thermal and humidity issues. 
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Metal contacts 

Lastly, gold and other noble metal contacts are still part of all state-of-the-art devices, but noble metals should clearly be replaced due 

to their chemical instability and high cost. Carbon materials in all forms can definitely replace this device layer, offering the same 

quality of performance with much improved stability,[166], [180], [183], [184] noticeably at higher temperatures, and offer the possi-

bility of fabricating flexible devices. 

Therefore, to reach the market, an electrode redesign will be needed. Carbon electrodes are already part of some scaled up prototypes, 

and this proves that they could be a potential solution. Due to their exceptional properties, they can retain high power conversion 

efficiencies, while simultaneously overcoming all issues of now commonly used layer materials. With still further research and im-

provements, carbon-based perovskite solar cells could ultimately be the first to achieve commercialization. 

For instance, beyond photovoltaics, carbon materials have already been successfully implemented in other perovskite optoelectronic 

devices. Field effect phototransistors were fabricated based on individual CNTs or graphene sheets achieving record high responsivity 

of up to 6 × 106 A W-1. [72], [127], [185] However, also utilizing simpler and cheaper carbon form (carbon cloth) to fabricate high-

performance flexible detectors are easily scalable with a good responsivity (≈103 A W-1) from the ultraviolet to near-infrared. Further-

more, CNTs were also used in perovskite light emitting diodes as transparent metal electrodes.[186] This offered the possibility to have 

flexible perovskite LEDs with a 5 mm radius of convex curvature under operating conditions.[90] 

Therefore, in our work we opted to use carbon electrodes. Particularly, a special architecture of CNTs, the vertically aligned carbon 

nanotubes described in detail in Section 3, was used. Employing them as contact electrodes in MAPbBr3 single crystals devices, we 

were able to: detect visible light to low light intensities (nW range), Section 4; achieve electroluminescence at room temperature with 

high luminance (up to 1800 cd m-2) and exceptional spectral purity (< 10 nm FWHM), Section 5; and detect radiation, both X- and γ-

ray, exhibiting for the first time dosimetry measurements using perovskite-based devices, Section 6. 
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3.1 Advantages of perovskite single crystals 

The record efficiency of perovskite based solar cells, currently at 25.2%, is still far from their theoretical Shockley-Queisser 

limit, which is around 30.5% for a single-junction cell based on methylammonium lead triiodide.[187] One of the limiting aspects of 

device performance that will allow approaching this limit is the device’s fill factor, the ratio of maximum obtained power to the product 

of the open-circuit voltage and short-circuit current.[188] The fill factor is probably the most challenging figure of merit to improve, 

due to nonradiative bulk and interface carrier recombination governing its losses. Perovskite solar cells are predominantly fabricated 

using polycrystalline films. These thin films have significant parasitic nonradiative carrier recombination due to their inherent grain 

size and surface defects.[189]  

On the other hand, single crystal (SC) perovskites have orders of magnitude lower defect densities, and higher carrier diffusion lengths, 

compared to their polycrystalline counterparts. In theory, they could offer a solution to overcome the limitations of polycrystalline thin 

films. Unfortunately, the complete understanding of perovskite single crystal growth is still limited today, and therefore there is an 

important knowledge gap to be filled. Challenges such as thickness control, aligned growth, crystallogenesis of large single crystals 

are just a few topics, where significant progress is sought. Therefore, advancements in low temperature solution-grown crystal growth 

of metal halide perovskite SCs may be a major stepping-stone to reduce the technological barriers for a successful implementation of 

perovskites in commercially viable solar cells and other optoelectronic devices. 

 

3.2 Inverse temperature crystallisation 

The reported solution crystallizations for perovskite single crystals up to 2015 suffered from slow growth rates and no 

shape control over the resultant crystals.[41], [190] The highest reported growth rate at that time was around 1 mm3 h-1, based on a 10 

mm × 10 mm × 8 mm MAPbI3 SC that required a month to grow.[191] Therefore, a radically faster crystallization technique is needed 

to achieve larger crystal size and well defined crystal geometries. 

 

Figure 3.1. Schematic representation of the inverse temperature growth method. The vial containing the solution is immersed in to an oil bath, which 

is heated with a hot plate. Below are optical images of the gathered single crystals of methylammonium lead triiodide, -tribromide and –trchloride, 

respectively. 

In 2015 Kadro et al.[192] and Saidaminov et al.[30] showed that MAPbX3 (X = I, Br, Cl) perovskites exhibit inverse temperature 

solubility behaviour in certain solvents. This important observation lead to an innovative crystallisation method, baptized as the inverse 

temperature crystallisation route. The method allowed the growth of high-quality size- and shape- controlled single crystals rapidly, at 

a rate that is an order of magnitude faster than previously reported methods. 

It is generally the norm that solutes tend to have higher degree of solubility at higher temperatures. Hence, a good solvent for crystal-

lisation will dissolve more precursors when hot, while cooling down induces supersaturation, commencing the crystallisation. How-

ever, in perovskites this unusual decrease in solute solubility in solvents is seen with increasing temperature. Specifically, the solubility 
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of MAPbBr3 in N,N-dimethylformamide (DMF) drops markedly from 0.80 ± 0.05 g ml-1 at room temperature to 0.30 ± 0.05 g ml-1 at 

80 °C. This inverse solubility phenomenon was used to crystallize MAPbX3 rapidly in hot solutions.[30] 

In the course of this dissertation, MAPbBr3 single crystals were synthesised using the inverse temperature crystallisation method from 

its saturated solution in DMF. 0.8 g MAPbBr3 was dissolved per cm3 of DMF at room temperature. Crystal growth was initialized by 

increasing the temperature of the solution from room temperature to 40 °C with a heating rate of 5 °C per hour as depicted in Figure 

3.1. Nice cubic-like, centimetre-size single crystals can be harvest after only couple of hours of crystallogenesis. Besides the bromide 

version, MAPbI3 and MAPbCl3 can be grown using the identical method, with γ-butyrolactone (GBL) and 50 v/v% DMF / 50 v/v% 

dimethyl sulfoxide (DMSO) in the case of perovskites containing iodide and chloride, respectively. 

 

3.2.1 Low dimensional growth 

In order to fabricate perovskite solar cells, only a very thin perovskite layer is needed. Precise thicknesses control of single crystals has 

still been a daunting task, which is probably the reason why today only a handful of groups are developing single-crystal perovskite 

solar cells. The most common thin film making technique in laboratories is the spin-coating process, followed by a post deposition 

annealing treatment. Minor alterations of the applied processing parameters may lead to dramatically different device performances. 

In the quest for quasi single crystalline perovskite thin film with precise thickness control, an alternative approach might be the use of 

1D-perovskite nanowires. Horvath et al.[48] reported for the first time the synthesis of MAPbI3 nanowires with mean diameters down 

to 50 nm and lengths up to 10 µm. They were prepared through a simple slip coating approach technique. In a nutshell, a saturated 

solution of MAPbI3 DMF was dropped onto a glass microscope slide and covered with a second glass slide so that the excess yellow 

solution squeezed out; the remaining solution formed a homogeneous liquid film between the glass plates (Figure 3.2a-c). The excess 

of MAPbI3 solution was carefully removed from the sides by soaking with a tissue. Next, the bottom substrate was held in place while 

gradually sliding the upper glass plate, exposing the thin liquid film to the atmosphere. Solvent evaporation from the uncovered surface 

caused an instantaneous yellow to brown-red color change.[48] Interestingly, instead of a film composed of isotropic, granular crystal-

lites, a network of several micron long wire-like objects was observed, some of them pointing in the direction of sliding of the two 

glass slides (Figure 3.2d,e). Importantly, the original recipe allowed little or no control of the aspect ratio and orientation of the nan-

owires. However, a follow-up research of Spina et al.[72] documented the growth of these nanowires in predesigned open nanofluidic 

channels, which then offered the fabrication of mm2-sized surfaces composed of perovskite nanowires having controlled sizes, cross-

section shapes, aspect ratios and orientation at will. The automation of this nanochannel guided nanowire crystallization strategy could 

lead to wafer-scale perovskite nanowire thin films well suited for solar cells and other optoelectronic devices. 

 

3.2.2 Suspended growth 

The detection of higher energy photons requires above micron sized thick active layers in order to attenuate those highly energetic 

photons and enhance the detected signal. Especially, in the case of gamma ray irradiation, centimeter-sized crystals will be needed. 

Perovskite SCs grown by inverse temperature crystallization start to grow in all “free” directions, towards where there is no obstacle, 

in space. If the crystal is, as in most cases, placed at the bottom of a vial, it will grow in all five available direction, except downwards. 

However, if the crystal could be located in the solution floating, this may allow the growth in all six directions.  

The closest approach to reach these conditions was to tie a previously grown, seed single crystal of MAPbBr3, to a string and suspend 

it in a saturated solution of MAPbBr3, as in the case of the inverse temperature crystallization method (Figure 3.3). Applying a tem-

perature gradient to the solution and maintaining the concentration of the precursor, this “suspended seed crystal” technique allows the 

seed to grow in all directions, easily reaching sizes of 3 cm. However, the single crystal will grow upwards too, engulfing the string 

itself. This has to be controlled correctly, otherwise unwanted polycrystallization will be triggered. 
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Figure 3.2. Schematic illustration of the low temperature slip-coating process for the fabrication of filiform lead-methylammonium iodide perovskite 

thin films (a-c). Photo of the coating formed on a microscope glass slide (d). Optical microscopy image of filiform crystallites grown on SiO2/Si sub-

strate (e).[48] 

 

Figure 3.3. Schematic illustration and images of the growth of large crystal by the suspended seed crystal technique. 

 

3.3 Growth on surfaces 

The growth of methylammonium lead tribromide (MAPbBr3) single crystals by inverse temperature crystallization undergo 

growth in all “free” directions. As discussed in the previous section if the seed single crystal is suspended on a string it will grow 
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downwards, as well as upwards around the string itself. If the speed of the growth is slow enough and carefully controlled, there will 

be almost no polycrystallization induced. New crystals may appear at the edges, but they can be easily removed. Herein, the growth of 

MAPbBr3 SC was studied, when foreign objects were introduced into the solution.  

 

Figure 3.4. Schematic illustration of the growth of a MAPbBr3 single crystal on a silicon wafer with 400 nm sized parallel channels. After the growth, 

a negative pattern of the channels is left on the crystal resulting in a diffraction grating. Optical images of the crystal having the nano-patterned sur-

face, which produces typical iridescent colors at different illumination angles. 

First, a silicon wafer with channels of around 400 nm widths was inserted into the saturated solution of MAPbBr3 precursors in DMF, 

prepared previously at room temperature. A small MAPbBr3 SC was then placed atop the wafer. Crystal growth was initialized by 

increasing the temperature of the solution from room temperature to 40 °C with a heating rate of 2 °C per hour. The fast growing seed 

single crystal gradually protruded and engulfed the wafer. These type of inclusions, when the original form of the included mineral is 

preserved in the host crystal is categorized as a protogenetic inclusion in mineralogy. The slow heating rate suppresses the formation 

of new seed crystals in the supersaturated solution, allowing the MAPbBr3 seed crystal can grow rapidly on the substrate. When the 

required crystal size was reached, the MAPbBr3 SC now firmly attached to the wafer was removed from the solution, wiped and dried. 

Finally, the perovskite SC was mechanically detached from the silicon wafer. To our surprise, a negative pattern of the optical grating 

remained on the surface of the single crystal. As seen in Figure 3.4, the nanometric channels on the SC behave as a typical diffraction 

grating, showing angle dependent iridescent colors.  

 

Figure 3.5. Schematic illustration of the growth of a MAPbBr3 single crystal around a fly’s wing. The SC grows completely around the wing encapsu-

lating it. Optical images of the final crystal with the wing embedded inside. 

To demonstrate this peculiar feature that perovskite SCs grow around foreign objects, a fairly irregular shape object was chosen, the 

wing of a fly. The wing was, as prior, immersed into the perovskite solution with a seed crystal on top of it. The inverse temperature 

crystallization was started by a slow heating rate to suppress the creation of new seeds. The crystal again started to grow around the 

wing, absorbing it entirely as a protogenetic inclusion. The result was a perfect cube like MAPbBr3 SC containing the entire fly’s intact 

wing inside, visually similar to insects found in million year old ambers (Figure 3.5). Magnified images clearly show the details of the 

undamaged wing and more importantly no visible polycrystallization at the contact surface. This interesting property of perovskite SC 

grown by inverse temperature crystallization could be exploited for better quality contact design in SC-based devices. 
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3.3.1 CNTs as protogenetic inclusions 

As mentioned in Section 2.3, carbon materials have recently begun to be considered as potential electrodes in perovskite optoelectronic 

devices, especially carbon nanotubes (CNTs), due to their outstanding electronic and mechanical properties. However, in these suc-

cessful implementations, the carbon layer is predominantly constructed of laterally, random, mesh-like, non-aligned nanotubes. 

Special set of reaction conditions allow carbon nanotubes to self-assemble into vertically oriented cellular arrays during growth on a 

substrate. It has been demonstrated that this special architecture of CNTs, i.e. of a vertically aligned carbon nanotube (VACNT) forest, 

can grow extremely fast (millimeter-scale height in a 10-min. growth time). Therefore, its preparation protocol has been named the 

super-growth (SG) method.[193] In fact, the SG method has recently come to the focus of research in nanoscale science because it 

enables rapid synthesis of high-purity CNTs with a high degree of order and aspect ratio, thus allowing for good controllability and 

easy manipulation.  

The most efficient way to produce VACNTs is by catalytic chemical vapor deposition (CVD). Transition metals, such as Fe, Co, Ni or 

their alloys are commonly used as catalyst, while Al2O3, MgO and SiO2 are the predominant oxide supports.[194]–[197] It has been 

shown that aligned CNTs have a large number of short transfer paths for electrons and ions, therefore exhibiting a decrease in charge 

transfer resistance compared to their non-aligned counterparts.[198] Moreover, electrical conductivity values registered in parallel to 

the nanotubes are 50 times higher compared to those obtained in the perpendicular direction.[199] These traits may be appealing in 

applications for energy conversion and storage devices. For instance, Li et al.[200] reported that VACNTs can be efficiently used as 

counter electrodes in dye-sensitized solar cells, exhibiting a superior fill factor, short-circuit photo-current density and open-circuit 

voltage when compared to tangled CNT electrodes. 

These VACNT forests can grow up to 2.5 mm in height as seen on Figure 3.6a. They contain single- and multi-wall CNTs with 

diameters of approximately 5 nm (Figure 3.6b). Interestingly, the space between individual nanotubes is in the range of tens of nm. In 

fact the occupational volume of vertically aligned CNTs represent only around 5 vol%.[196] Therefore, the fast growing MAPbBr3 SC 

could potentially fill up this space, creating an enlarged contact surface between the perovskite and the VACNT electrode. The subse-

quent technological steps corresponding to a direct growth MAPbBr3 SC on the VACNT forest are schematically depicted in Figure 

3.7a. 

 

Figure 3.6. (a) A 2.5 mm thick carpet of CNTs produced from ethylene at 750 °C over Fe2Co nanoparticles supported by basic alumina surface. (b) 

SEM micrographs of the carpet at two different magnifications show that CNTs are well aligned.[198]  

Prior to the process of crystallogenesis, a saturated solution of MAPbBr3 precursors in DMF was prepared at room temperature. Sub-

sequently, the VACNT forest grown on a silicon substrate was immersed in the solution. A small MAPbBr3 single crystal (1 mm3) was 

used as a seed crystal and was placed atop of the VACNT forest. The inverse temperature crystallisation was initialized as before by 

steadily increasing the temperature (5 °C per hour). In addition to the crystal growth on the VACNT canopy surface, the fast-growing 

crystalline fractions also gradually protruded into the CNTs forest, thus interpenetrating and engulfing the individual carbon nanotubes. 

The presence of such protogenetic inclusions in the form of vertically aligned CNTs within the MAPbBr3 crystals resulted in a 3-

dimensionally enlarged photosensitive interface.[78] In Figure 3.7b, a series of photographs taken at different time intervals of the 

progressive volumetric growth of MAPbBr3 crystals on the vertically aligned CNTs are shown. 
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In the final technological step, the CNTs were mechanically detached from the silicon substrate leading to a neat MAPbBr 3 and CNT 

junction, as shown in Figure 3.7c. The inverse temperature crystal growth was performed also with the MAPbCl3 compound (Figure 

3.8). Similar to MAPbBr3 perovskites, the single crystals of MAPbCl3 grew around the CNT forest, engulfing individual CNTs. This 

indicates that the protogenetic inclusion of carbon nanotubes and other foreign objects might be feasible for the entire halide perovskite 

family, which grow by inverse temperature crystallization. 

 

Figure 3.7. (a) Schematic representation of the subsequent technological steps of the growth of MAPbBr3 single crystals on a VACNTs forest. (b) 

Photographs of the growth acquired at different time intervals. (c) Image of the single crystal grown on top of the VACNT forest as well as a detached 

sample with two VACNT electrodes. 
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Figure 3.8. Image of a MAPbCl3 single crystal grown on top of the VACNT forest. 

In order to confirm the protogenetic nature of CNTs inside the perovskite single crystals, scanning electron microscopy (SEM) images 

of the interface were acquired (Figure 3.9). There is a clear difference in the color contrast between the perovskite (light grey) and 

carbon nanotubes (black). One can see from the lowest magnification image a thick layer of CNTs, uniform thickness of almost half a 

millimeter, protruding above the surface of the MAPbBr3 single crystal on both sides. Higher magnification images reveal that the 

individual CNT are well embedded within the crystalline matrix. 

 

Figure 3.9. Scanning electron microscopy images of the junction between the VACNTs and the MAPbBr3 single crystal. 
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However, purely from the SEM images one cannot determine precisely how deep the CNTs are embedded into the single crystal. 

Therefore, energy-dispersive X-ray (EDX) analysis was chosen to visualize the interface (Figure 3.10). From left to right, the first 50 

μm thick region contains CNTs only, then a mixed region of approximately 120 μm thickness follows, where both carbon as well as 

lead and bromide atoms are detected. In the third zone, the amount of carbon drops drastically, showing the depth profile until the CNT 

are engulfed in the perovskite single crystal. 

 

Figure 3.10. Elemental analysis by EDX of the VACNT/MAPbBr3 interface showing clearly the engulfed, overlapping region between the CNTs and 

the perovskite SC. Inset: EDX map and SEM image of the scanned region. 

 

3.4 Oriented crystal-crystal intergrowth - OC2 growth 

Upscaling of perovskite based optoelectronic devices remains a challenge for the whole community. There is still no reli-

able technique to grow perovskite crystals in a controlled manner on a large scale. Nevertheless, laboratory prototypes of perovskite 

optoelectronic devices are posting record performance numbers, surpassing some well-established semiconductor materials such as 

silicon. Before 1915, monocrystalline silicon was at this stage of development. About a 100 years ago, it has started to be implemented 

in various electrical applications with great success, however there were some limitations regarding the growth and purification meth-

ods and producible quantities. Nowadays, in the well-established silicon industry, up to 2 m large ingots of monocrystalline silicon are 

routinely grown and sliced into thin wafers. Today these are the basis of most of our modern solid-state electronic devices, from 

transistors to solar cells. The question then arises, whether or not one day a Czochralski-type growth will be a routine method of large-

scale crystallogenesis for perovskite single crystals as well.  

To the best of our knowledge, the largest perovskite SCs grown until this date are up to 10 cm3 in volume. We introduce in this study 

the “oriented crystal-crystal intergrowth” method, hereinafter referred to as the OC2G technique, which can yield solution-grown 

MAPbBr3 crystals with volumes and masses over 1,000 cm3 and close to 4 kg, respectively. 

In the OC2G technique, nice cubic shape SCs of MAPbBr3, that were previously solution-grown by the inverse temperature crystalli-

zation method, serve as building blocks for the final large crystal. They are then precisely aligned side-by-side along their facets, like 

a mosaic or a 3D Rubik’s cube pattern, as illustrated in Figure 3.11a. It is not required to have SCs of the same size, however, attention 

should be on the perfect alignment of the edges to achieve a nice and fast intergrowth. After immersing them into a solution of MAPbBr3 

in DMF, they can be fused together by an inverse temperature crystallization (Figure 3.11). Under controlled and slowly increased 
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temperature, the solution will gradually reach saturation, and the growing crystals fill up the space between the aligned facets, resulting 

in a very firm connection without inducing any unwanted polycrystallinity. 

  

 

Figure 3.11. (a) Schematic representation of the OC2G technique, fusing together individual single crystals into a larger crystal. (b) Illustration of the 

intergrowth at the molecular view. 

From 2 to up to 4 crystals can be intergrown by OC2G at the same time, depending on the size and weight of the individual single 

crystals. Each additional added crystal increases the time of a single growth cycle, which is limited due to the concentration of MAPbBr3 

in the solution. Repeatable cycles, from room temperature to for example 80 °C, can be done to achieve a better junction. It is interesting 

to point out that under an applied force the final crystal will break at random places, and not along the merged facets. This breaking 

behavior of the OC2G crystal indirect proof of crystallinity and grain boundary quality, if it exists at all at the created junction. 

After studying in detail the OC2G technique and learning its possibilities and limitations, our goal was set to grow a 10 cm thick crystal 

with a mass of over 1 kg. Over thirty-five small MAPbBr3 seed single crystals, from a couple of millimetres to centimetre large, were 

first grown using the inverse temperature crystallization method. Together, their weight reached about 500 grams. The seed single 

crystals were then fused together in a multiple step OC2G to form the large crystal. A series of time lapse images depicting every cycle 

during the growth are showed in Figure 3.12.  

Three by three seed single crystals were firstly grown together to make crystal ‘lines’. Subsequently, 3 of these lines were grown 

together to obtain crystal plates weighting approximately 200 grams and having a top surface area of about 8 x 8 cm2. Four of these 

plates containing nine seed single crystals were merged simultaneously over 2 weeks. Two by two crystal plates were then fused 

together by precisely aligning their flat surfaces. Due to the increased contact surface, a longer period was needed for this stage. 

Similarly, the same step was repeated to attain a full-connected MAPbBr3 crystal with more than 5 cm long edges, weighting close to 

2 kg (about 1 month of total growth). Repeating the growth cycles for additional weeks, while simultaneously introducing a fresh 

solution, the crystal continued to grow, increasing in size and weight. More than 300 g per week would be added to the mass of the 

crystal. Finally, the product of 10 weeks of total growth was a 1,000 cm3 and 3.82 kg crystal of MAPbBr3, shown in Figures 3.12 and 

3.13. 
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Figure 3.12. Photographs of consecutive steps of the OC2G method took at different milestones. Full process from starting from 36 single crystals of 

a total mass of 500 grams to a 3.8 kg crystal. 
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Figure 3.13. The record size crystal of MAPbBr3, reaching an average baby weight at birth of 3.8 kg. 

To the best of our knowledge, this is by far the largest hybrid perovskite crystal produced so far, reaching the average baby birth weight 

of 3.8 kg. It is also worth mentioning that, in principle, there are no technological limitations to further exceed these impressive crystal 

sizes in the future. Likewise, with a complete understanding of the OC2G technique, the growth time could be cut at least in half, if 

not even more.  

One potential application for an increased crystal volume may be high-energy radiation detection. High-energy gamma rays can pene-

trate deep into the material, therefore a very thick sample will attenuate more of the rays, allowing more interaction and likewise a 

dramatically increased detection signal. Our calculations have forecasted that, because of the presence of heavy atoms such as lead and 

bromide, these large crystals may stop up to 90% of the radiation from some very high activity sources (hundreds of GBq), meaning 

that these larger crystals can be potentially used as a shielding for radioactive sources, while simultaneously detecting their activity. 

This will be discussed in more detail in Section 6. 

Lastly, the OC2G coupled with future cutting and slicing technologies could enable the development of crystalline perovskite wafers 

for various applications, contributing to the goal of the perovskite community for upscaling and commercialization. 

 

3.5 Conclusion 

Here we demonstrated that MAPbBr3 single crystals could be grown around foreign objects without inducing polycrystal-

line regions in the single crystal. By controlled and slow inverse temperature crystallization, the MAPbBr3 single crystals grew around 

various protogenetic inclusions such as channels on a silicon wafer leaving a negative print in this case an optical grating, VACNT 

forests perturbing the forest itself and engulfing individual CNTs, and even the entire wing of a fly. 

In the case of the VACNT forest, a seed crystal was positioned on top of the forest while emerging them in the solution. After increasing 

the temperature, the fast growing single crystal started growing into the forest, interpenetrating and engulfing the individual carbon 

nanotubes. The presence of such protogenetic inclusions in the form of vertically aligned CNTs within the MAPbBr3 crystals resulted 

in a 3-dimensionally enlarged photosensitive interface. The protogenetic nature and depth profile of the CNTs was confirmed by SEM 

images and EDX spectroscopy of the junction. The CNTs penetrated up to 120 µm into the SC. The same growth method was repeated 

with a MAPbCl3 single crystal, showing that it might be feasible for the whole halide perovskite family, which grow by inverse tem-

perature crystallization. 
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Lastly, a new growth technique was developed called oriented crystal-crystal intergrowth, or OC2G. This new technique successfully 

produced a very large MAPbBr3 crystal of over 1 dm3, and close to 4 kg. In the OC2G MAPbBr3, single crystals are aligned side-by-

side along their facets, similar to a Rubik’s cube pattern, and fused together by the inverse temperature crystallization method. The 

formed crystals showed great solidity. In repeated attempts to break them they cracked randomly, and not along the fused facets. These 

large crystals, technologically not limited in size, could offer many possibilities in the field of radiation detection where detection 

material volume is crucial. Alternatively, paired with slicing techniques the OC2G can enable the development of crystalline perovskite 

wafers for various optoelectronic applications. 
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4.1 Photodetector characteristics 

Photodetectors capture optical signals with a wide range of incident photon flux density and convert them to electrical 

signals instantaneously. They have many important applications including imaging, optical communication, remote control, chemi-

cal/biological sensing and so on. A semiconductor material is essential to absorb the incident photons and create electron and hole pairs 

upon photo-excitation. In addition, a built-in or applied electric field is necessary to separate the electrons and holes to produce an 

electric current.[201] Therefore, one can divide detectors into photoconductors (electric field supplied from an external source, Figure 

4.1a) and photovoltaic detectors (electric field generated internally by a Schottky or p-n junction, Figure 4.1b).[13] Semiconducting 

organic-inorganic lead halide perovskite have recently showed to work both as photovoltaic detectors, most famous examples are solar 

cells, and very sensitive photoconductors as discussed in Section 1.4.1 and 1.4.2, respectively.  

 

Figure 4.1. (a) Schematic illustration of a photoconductor device and its energy band diagram. An external voltage applied between the two metal 

electrodes separates the photogenerated charges. (b) Schematic illustration of a photovoltaic device (solar cell) and its corresponding energy band 

diagram. Charge carriers separated by the internal electric field originated from the different doping level of the junction. Фb – work function; V – 

bias voltage; HTM/ETM – hole/electron transport material; TCO – transparent conductive oxide 

Inorganic semiconductors such as Si and GaN are the most widespread photodetectors especially for UV‐light detection. Although, 

they offer many superior characteristics, they have disadvantages such as high cost, low quantum efficiency and poor detection of very 

weak light illumination.[66] Perovskites, on the other hand, fit these requirements and are recently proving themselves as an excellent 

candidate for the development of future photodetector devices. To evaluate their performance and compare them to the commercially 

available best in class detector technologies, several parameters are important. Although certain application require different features, 

the key figures of merit are photocurrent (𝐼𝑝ℎ), responsivity (𝑅), detectivity (𝐷∗), noise equivalent power (NEP), linear dynamic range 

(LDR) and response speed.  

 

Photocurrent 

When a photon with an energy E larger than the bandgap of a sensing material is absorbed, an electron-hole pair is generated. These 

created charges, if separated with a high enough electric field can contribute to the overall current of the device. This increase in current, 

composed of the photogenerated electro-hole pairs is called photocurrent and is defined as:  
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𝐼𝑝ℎ = 𝐼𝐿𝑖𝑔ℎ𝑡 − 𝐼𝐷𝑎𝑟𝑘            (4.1) 

With 𝐼𝐿𝑖𝑔ℎ𝑡 being the total current passing through the device under illumination and 𝐼𝐷𝑎𝑟𝑘 the current of the device in the dark. 

Responsivity 

Responsivity indicates how efficiently a photodetector responds to an optical signal and is defined as the ratio of the photocurrent to 

the incident light intensity, 𝑃𝐿𝑖𝑔ℎ𝑡: 

𝑅 =
𝐼𝐿𝑖𝑔ℎ𝑡−𝐼𝐷𝑎𝑟𝑘

𝑃𝐿𝑖𝑔ℎ𝑡
=

𝐼𝑝ℎ

𝑃𝐿𝑖𝑔ℎ𝑡
            (4.2) 

Detectivity 

Detectivity characterises the minimum possible irradiation power that a detector can sense. It is governed by the responsivity and the 

noise of the dark current of the photodetector. When the dark current is dominated by shot noise, 𝐷∗ can be expressed as:[66] 

𝐷∗ =
𝑅√𝐴

√2𝑞𝐼𝐷𝑎𝑟𝑘
             (4.3) 

Where, 𝐴 is the active area of the device, area of the photosensitive region. Clearly, the dark current of a diode should be reduced as 

low as possible to distinguish very weak optical signals. 

Noise equivalent power 

However, it is usually important to demonstrate that a photodetector can detect light intensity as low as the noise equivalent power 

(NEP) to verify the high specific detectivity. NEP is the incident optical power that generates a photocurrent equal to the noise current. 

𝑁𝐸𝑃 =
𝐼𝑛

𝑅
=

√𝐴𝑓

𝐷∗
             (4.4) 

Where, 𝐼𝑛 is the noise current and 𝑓 the electrical bandwidth. The noise current can be the results of several noise sources (shot noise, 

thermal noise, power lines, etc.) 

Linear dynamic range 

One of the desirable characteristics of a detector is to have an identical responsivity over a wide range of light intensity, which is known 

as the linear dynamic range (LDR). It can be expressed as the logarithm of the ration between the highest and lowest detected photo-

currents (𝐼ℎ𝑖𝑔ℎ, 𝐼𝑙𝑜𝑤) or light power intensities (𝑃ℎ𝑖𝑔ℎ, 𝑃𝑙𝑜𝑤) in the linear range:[13], [66] 

𝐿𝐷𝑅 = 20 log
𝐼ℎ𝑖𝑔ℎ

𝐼𝑙𝑜𝑤
= 20 log

𝑃ℎ𝑖𝑔ℎ

𝑃𝑙𝑜𝑤
           (4.5) 

The LDR indicates that within a certain range, the photocurrent has a linear response as the incident light intensity changes . Beyond 

this range, the intensity of the light signal cannot be detected and calculated precisely.[66]  

Response time 

The last important performance benchmark of sensing devices are the response times, i.e. the rise time, 𝑡𝑟𝑖𝑠𝑒  and the fall time, 𝑡𝑓𝑎𝑙𝑙. 

The former indicates the time elapsed for the rise of the current intensity from 10% to 90% of the peak output current amplitude (under 

illumination), with respect to the initial current (dark current), while the latter is the time elapsed from 90% to 10% of the maximum 

current.  

 

4.2 Current-voltage characteristics 

The current-voltage characteristics (from here on I-V characteristics) of an electrical component define the behavior of this 

electronic device within an electric circuit. As its name suggests, I-V characteristic curves show the relationship between the current 

flowing through an electronic device and the applied voltage across its terminals.[202] They provide insight in how the device operates 

and helps us know how to operate a device in a way that enables the required functionality.[203] 
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Most frequently, for devices that do not supply power, I-V curves are obtained using linear voltage sweeps. During a voltage sweep, 

the applied bias voltage is linearly varied in time (Figure 4.2a), as it is impossible to physically sweep through the whole voltage range 

instantaneously. The output current is therefore acquired during the time interval of the sweep, which depends on the scan speed. On 

the other hand, for a device that supplies voltage or current, such as a battery or a solar panel or a regular power supply, it is not possible 

to alter the voltage in the device, because there is a specific voltage or current being generated by the device. For these devices, I-V 

curves are obtained by load switching.[203] 

 

Figure 4.2. (a) A linear sweep of the bias voltage (Vb) with respect to time (t) of a typical measurement of I-V characteristics. (b) Typical I-V charac-

teristics of a resistor (blue), semiconductor diode (red) and a solar cell device (green). 

The simplest I-V curve is that of a resistor. This component is represented by a linear relationship between the applied voltage and 

measured current, dictated by the Ohm’s law, i.e. 𝑉 = 𝐼 × 𝑅. The graphical representation is a straight line passing through the origin, 

depicted as the blue line in Figure 4.2b. Semiconductor devices such as diodes or transistors are usually fabricated using junction of a 

P- and N- type semiconductor (p-n junction). The I-V characteristics will therefore, reflect the operation of the p-n junction resulting 

in non-linear relationship between the voltage and current. In this case, the junction will pass current in one polarity (forward biased), 

while blocking it for the opposite polarity (reverse biased), as shown by the red line in Figure 4.2b. The same diode I-V characteristics 

can be obtained by a semiconductor-metal junction, i.e. Schottky diode. As mentioned in the previous section, perovskite photodetec-

tors are usually fabricated either by these Schottky junctions, exhibiting diode I-V characteristics or by containing a p-n junction (solar 

cells), having a short circuit voltage as seen in the green curve of Figure 4.2b. 

 

4.2.1 Dry-pressed heterojunctions 

It has been shown that perovskite crystallites efficiently sinter together exposed to various range of pressures. For instance, Mettan et 

al.[51] demonstrated that MASnI3 crystallites compressed into pellets allow reliable transport measurements and achieve high ZT 

values of 0.13 at room temperature. Moreover, Pisoni et al.[94] demonstrated that the resistivity of a polycrystalline samples obtained 

by pressing together an assembly of microcrystallites is only a factor of 2 higher than that of a high quality single crystal. Therefore, 

the first approach of fabricating detector devices was the pressure-assisted mechanical junction creation method. A typical heterojunc-

tion was achieved by dry pressing 5 mm MAPbBr3 SC against the surface of the VACNT forests. This resulted in the formation of 

numerous direct contacts of the crystal with the CNT terminations. Two point resistivity measurements were performed with tungsten 

probe needles as electrical leads. As shown in Figure 4.3a,b, one of the needles was positioned directly on the SC, whereas the second 

one touched the silicon substrate. A Keithley 2400 source meter allowed us to measure the current with < 0.1 nA resolution. The 

devices showed diode characteristics both in the dark and under illumination with a white light source of 1.02 mW cm-2 intensity, 

typical for a metal-semiconductor heterojunction (Figure 4.3c).  
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Figure 4.3. (a) Schematic illustration of the measurement setup with two tungsten needles as electrical leads[204] as well as (b) optical images of the 

MAPbBr3 SC (orange) positioned on two VACNT forest of different heights. (c) I-V measurements of the devices in dark and under visible light 

(intensity 1.02 mW cm-2). The voltage was swiped from 0 V to +5 V/-5 V and back, with a scan speed of 0.5 V s-1. When increasing the voltage, the 

current is lower than while decreasing it. 

Furthermore, the same MAPbBr3 SC was tested on two VACNT forests of different CNT heights (Figure 4.3b). Interestingly, an 

increase in both dark and photocurrent was observed with the use of taller CNT forests. The reason behind this observation is that 

higher forests accommodate better the actual crystal shape, thus leading to larger contact areas. However, when trying to append a 

single MAPbBr3 SC atop the VACNT forest, higher mechanical stress was exerted on the CNTs. Consequently, the CNTs plastically 

deformed and numerous pinholes were formed within the VACNT forest. Such pinholes allowed the MAPbBr3 SC to get in direct 

contact with the silicon substrate, thus excluding the CNTs from the electrical circuit. 

 

4.2.2 Three dimensionally enlarged photoelectrodes 

Therefore, a radically different approach had to be explored towards designing an efficient and operationally stable photo-detecting 

device based on the combination of vertically aligned CNTs and MAPbBr3. Our focus was turned to the photodetectors fabricated by 

growing the MAPbBr3 SC directly on VACNT forests described in detail in Section 3.3.1. Because of this observed unprecedented 

growth of MAPbBr3 SC interpenetrating the VACNT forest a three-dimensionally (3D) enlarged perovskite-carbon photoactive inter-

face was obtained.[78] 

Two point resistivity measurements with tungsten probe needles as electrical leads (Figure 4.4a) were firstly performed. However, the 

pressure of the needles on to the crystal and CNTs can influence the contact resistivity significantly. Therefore, to eliminate this pa-

rameter the approach was changed to using golden wires contacted with DuPont 4929 silver epoxy as the electrical leads, as seen in 

Figure 4.4b,c. One of the contacts was positioned directly on the perovskite single crystal, whereas the second one touches the CNT 

forest only.  

 

Figure 4.4. Optical images of the measurement setup with (a) two tungsten needles or (b) two gold wires as electrical leads. (c) Schematic illustration 

of the device contacted with gold wires between which a bias voltage is applied. (d) Spectral responsivity of the MAPbBr3 single crystal-based photo-

detector: photoluminescence (PL) spectrum excited with λexc = 470 nm (blue trace) and spectral evolution of the photocurrent (golden trace). 
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Firstly, the spectral responsivity and photoluminescence (PL) spectra of the MAPbBr3 single crystal-based photodetector were meas-

ured as shown in Figure 4.4d. The spectral responsivity was acquired by measuring the current response of the device under light 

illumination of various wavelengths. A 2 V bias voltage was applied to the device while sweeping over wavelengths (2 nm s-1) with a 

monochromator (Horiba Micro HR), while the PL spectra was obtained using a custom-designed setup, which was based on a combi-

nation of an inverted biological epi-fluorescent microscope (TC5500, Meiji Techno, Japan) and a spectro-fluorometer (USB 2000+XR, 

Ocean Optics Inc., USA). The PL signals were recorded upon excitation at exc= 470 nm. This excitation light wavelength was filtered 

out from the emission of the microscope’s Mercury vapor 100 Watt lamp by implementing a dedicated set of Meiji Techno filters, 

Model 11001v2 Blue.[205] A characteristic drop of spectral sensitivity at around 540 nm is observed, which corresponds to the 2.3 eV 

band gap of MAPbBr3.[30]  As shown in Figure 4.4d, the observed drop in the photocurrent coincides spectrally with the peak of green 

PL emission, located at 540 nm. This PL peak corresponds to the near-edge band gap emission of MAPbBr3 and is consistent with 

previous literature reports.[206] 

Device Encapsulation 

Toxicity due to the presence of the lead compound and instability under atmospheric conditions (high humidity), which results in 

degradation of the perovskite, are still among the major concerns of lead halide perovskite as mentioned in Section 2.1 and 2.2, respec-

tively. Therefore, the photodetectors designed herein were encapsulated into polydimethylsiloxane (PDMS) as shown in the inset of 

Figure 4.5. PDMS is optically transparent, inert, nontoxic, non-flammable, well-known for its flexibility and chemical resistance.[207] 

After encapsulation, the devices were easy to handle and proved to be stable for more than 4 years. PDMS did not have any influence 

on the spectral responsivity because the results do not differ from those obtained before encapsulation (Figure 4.5). 

 

Figure 4.5. Spectral responsivity (at 2 V bias) of the MAPbBr3 single crystal-based photo-detector done before and after encapsulation into polydime-

thylsiloxane (PDMS). The same characteristic drop of spectral sensitivity at around 540 nm is observed. 

Diode characteristics 

I-V photocurrent characteristics were obtained under illumination of a white fluorescent light source with intensity of 1.02 mWcm-2. 

As can be seen in Figure 4.6a, the MAPbBr3/VACNT composite samples reveal again a diode-like behavior, with a forward onset at 

≈1.0 V and an almost complete saturation of current in the reverse bias direction. The dark current follows the same behavior  (inset of 

Figure 4.6a). Both the photocurrent and diode ideality factor increased by orders of magnitude compared the pressure-assisted mechan-

ical junctions discussed in the previous Section. Interestingly, sweeping the applied voltage in a fixed range but at different scan rates 

leads to different currents. This is the result of electrical poling of the perovskite crystal: when a bias voltage of 1.5-2.0 V is applied, 

the current increases before saturating. The slow response suggests that ionic migration under an applied electric field (poling mecha-

nism) is likely the reason of such behavior.[208] 
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Figure 4.6. (a) I-V measurements of the embedded device under visible light (intensity 1.02 mW cm-2) and in the dark (inset). (b) I-V characteristics 

under visible light for different scan rates. The voltage was swiped from 0 V to +2 V/-2 V and back. When increasing the voltage, the current is lower 

than while decreasing it. 

 

4.2.3 Short circuit photocurrent 

Besides the observed photocurrent at higher bias voltages (> 1 V), when analyzing in detail the region around 0 V bias, a finite photo-

current was detected, even when no voltage was applied. In the inset of Figure 4.7a, one can observe that this photocurrent, Iph, is of 

23 nA at zero bias, thus pointing to the possibility of the formation of a p-n junction. Photocurrent measurements performed before 

encapsulation revealed similar results. 

Carbon nanotube forests are a mixture of single-, double-, and triple-wall CNTs[198] that are either true metals or a semiconductors. 

Multiwall CNTs have been reported to reveal metallic behavior, thus acting as ballistic conductors.[209] Therefore, they can form 

Schottky or metal-semiconductor junctions with the semiconducting perovskite single crystals. The Schottky barrier formed at the 

interface allows the flow of thermally excited electrons over the barrier under forward bias, while preventing flow under reverse 

bias. This explains why the device designed herein revealed diode-like I-V behavior. 

  

Figure 4.7. (a) I-V measurements of the embedded device in the dark and under visible light (intensity 1.02 mW cm-2) from 2 V to -2 V with a scan 

speed of 0.0125 V s-1. Inset: Magnified view of the region around zero bias voltage. Schematic illustration of the interface between MAPbBr3 and 

VACNTs, highlighting the photo induced charge transfer mechanism under reverse or zero bias voltage.  

Nevertheless, the behavior of a photocurrent generation without application of external voltage is still not explained. Moreover, it was 

not observed for the devices prepared using the “dry contact” method. Therefore, we speculate that the in situ growth of the crystal on 

the CNTs enables the formation of this p-n junction, either by functionalizing the nanotubes, turning them to p-type semiconductors, 
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or by forming chemical bonds at the junction interface. For instance, bromide, as well as other halides, have been documented to 

chemically dope single-wall and multi-wall CNTs.[210]–[213] This might provide a significant driving force for the hole injection 

from the perovskite layer to the CNT forest (Figure 4.7b), thus collecting and transporting holes to the external circuit.[214] Further-

more, recently a vast number of publications present the use of SWCNTs or MWCNTs as p-type contacts in perovskite devices without 

relying on functionalization.[133], [156], [174], [178], [183] 

 

4.3 Low-light intensity detection 

Measurements of the photocurrent at ambient conditions were done under low light intensities to determine the responsivity 

of the light sensing device. A wavelength of 550 nm was chosen, within the spectral response of our device, and with which we are 

able to achieve high enough intensities of light that can be detected. The wavelengths were set with the monochromator, while different 

intensities of light were achieved by closing and opening slits in the light path. On-off measurements were performed for light intensi-

ties ranging from 18 to 250 nW. The corresponding on-off characteristics of the transient photoresponse, collected at bias voltages of 

2 and 0 V, are shown in parts a and b, respectively, of Figure 4.8. 

 

Figure 4.8. (a) Transient photoresponse on-off characteristics of the photodetector under illumination with 550 nm light at different light intensities 

(18 nW, 74 nW, 149 nW, 193 nW, 225 nW and 250 nW), at bias voltage of 2 V, after encapsulation and (b) at bias voltage of 0 V, before encapsula-

tion. 

Upon applying the bias voltage of 2 V, under illumination, the photocurrent increased stepwise, thus corresponding to a fast regime 

(Figure 4.8a). However, the photocurrent continued to increase for longer times of illumination until it saturated at a finite value. In 

contrast, such behavior was not observed for the bias voltage of 0 V (Figure 4.8b). We infer that the ion migration within the perovskite 

crystal (poling), could be responsible for this type of the photocurrent response. On-off measurements at 0 V bias were performed 

before encapsulation of the detecting device. Measurements performed for all fabricated photodetectors before encapsulation revealed 

the same characteristics with different absolute values of the photocurrent depending on the geometry and quality of the sample. 

 

4.3.1 Figures of merit 

From the measured photocurrent responses at different intensities of light the responsivity R of the device can be calculated. As 

shown in Figure 4.9a the responsivity R of the device is of the order of magnitude of 10-1 and 10-3 A/W, at 2 and 0 V bias, respectively. 

For both bias voltages, the responsivity increases rapidly with lower intensities of light.  
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Figure 4.9. (a) Responsivity of the perovskite photodetector at bias voltage of 2 V (main plot) and at bias voltage of 0 V (inset). (d) Single normalized 

photocurrent response on-off cycle of the photodetector at bias voltage of 2 V, under visible light of intensity 1.02 mW cm-2. 

Our device exhibits a rise time of 0.4 s, while the fall time is 0.53 s as seen in Figure 4.9b. To put these numbers into perspective, a 

comparison to state-of-the-art photodetectors is compiled and shown in Table 4.1. The MAPbBr3/VACNT photodetectors have 

achieved technological progress in terms of the operational voltage (low bias or zero-bias mode) as well as lowering the detection limit 

to 18 nW light power. 

Device structure Spectral 
window 

(nm) 

Incident 
power 

Responsivity 
(A/W) 

Photoresponse 
times (tr/tf) 

Bias voltage 
(V) 

Reference 

ISC  MAPbBr3/ITO 520 3.8 μW 4 x 103 25 μs 30 
Saidaminov 

et al.[75] 

Pt/ISC MAPbCl3/ 
Ti/Au 

365 1 W/cm2 46.9 x 10-3 24/65 ms 15 
Maculan et 

al.[31] 

FTO/MAPbBr3/ 
MAPbIxBr3-x/Au 

450 5 μW 11.5 x 10-3 2.3/2.76 s 0 
Cao et 
al.[76] 

Au/CsPbBr3 450 1 mW 28 x 10-3 90.7/57 ms 5 
Ding et 
al.[77] 

IDT Au 
/CH3NH3PbBr3−xIx 

films 
475 1 mW 55 x 10-3 < 20 μs 10 

Wang et 
al.[215] 

Au/MAPbI3-xClx/ 
Au/Al2O3 

770 
10 

mW/cm2 
≈10-2 180/150 μs 10 

Wang et 
al.[216] 

CH3NH3PbI3−xClx/ 
SWCNTs 

400 
10 

mW/cm2 
1.17 × 104 738/912 µs 5 (VG = 5V) Li et al.[74] 

PEDOT:PSS/ 
CH3NH3PbI3-xClx 
PCBM/PFN/Al 

550 
10 

μW/cm2 
2.4  × 104 180/160 ns -0.1 

Dou et 
al.[68] 

CH3NH3PbI3 based 
phototransistor 

White 
light 

10 
mW/cm2 

320 < 10 μs 
30  

(VG = -40V) 
Li et al.[73] 

CH3NH3PbI3/ 
graphene hybrid 

520 1 μW 180 87/540 ms 0.1 
Lee et 
al.[70] 

Pt/MAPbI3 NWs 633 340 nW 5 x 10-3 < 500 μs 1 
Horvath et 

al.[48] 

CVD-SLG/MAPbI3 
NWs 

633 ≈3 pW ≈2 x 106 55/75 s 0.01 
Spina et 
al.[72] 

SC MAPbBr3/ 
VACNTs 

550 18 nW 
290 x 10-3  

(3 x 10-3) 
0.4/0.53 s 2 (0) 

Andričević 
et al. [78] 

 

Table 4.1. Comparative table of the performances of the best-in-class perovskite based photodetectors. 
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4.4 Photocurrent temperature evolution 

The temperature dependence of the I-V characteristics of the junction was also studied. By mounting our photodetector 

device inside a close cycle cryostat with optical windows, we could perform voltage scans at various temperatures down to 30 K, in 

the dark and under white light illumination (intensity 0.77 mW cm-2). The photodetector device showed the same diode characteristics 

at all temperatures both in the dark and under light as seen in Figure 4.10a. Moreover, we observed that under illumination with visible 

light the photocurrent at a bias voltage of 2 V increased at lower temperatures. Furthermore, the hysteresis of the I-V curves, depicted 

in Figure 4.10a (inset), disappears upon lowering the temperature, supporting the presence of mobile ions. Indeed, the kinetics of ion 

migration is slowed down at lower temperatures. The current was also measured under light at a bias voltage of 2 V, while continuously 

sweeping the temperature from 300 to 20 K and back (Figure 4.10b). The standard transition from the orthorhombic to the tetragonal 

phase was observed around 148 K[217] as well as a residual resistivity increase at lower temperatures. 

 

Figure 4.10. (a) The temperature evolution of the I-V plots collected for the photodetector under visible light (intensity 0.77 mW cm-2). (inset) Magni-

fication of the lower current region for I-V plots at higher temperature. (f) The temperature dependence of the photocurrent at bias voltage of 2 V 

under illumination with visible light (0.586 mW cm-2). 

 

4.5 Conclusion 

The purpose of this study was to integrate VACNTs into perovskite based photodetector devices. To this end, we combined 

highly efficient light absorbers in the form of single crystal MAPbBr3 with a forest of vertically aligned CNTs. In particular, we 

observed unprecedented growth of MAPbBr3 single crystals interpenetrating the VACNT forests, engulfing individual nanotubes as 

protogenetic inclusions, thus leading to the formation of a 3-dimensionally enlarged photosensitive interface.  

Millimetre-sized photodetector devices were obtained with diode like characteristics, able of detecting light illumination from UV to 

550 nm. Importantly, photocurrent was measured at zero external bias voltage, which points to the formation of a p-n junction during 

the single crystal inclusion into the vertically aligned carbon nanotube forest. 

Moreover, the light sensing device could detect low light intensities (20-200 nW) at 550 nm with a responsivity as high as 3 × 10-1 and 

10-3, at 2 V and zero bias voltage, respectively. With these low bias voltages and fast response times (< 0.5 s) these detectors rank 

among the best in class single crystal perovskite photodetectors.  

Therefore, pristine or functionalized VACNTs are potential candidates for fabrication of metallic or selective semiconducting, p or n-

type, electrodes, thus leading towards future operationally stable perovskite-based optoelectronic devices. 
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5.1 Introduction 

Organic-inorganic halide perovskite rapidly transitioned from breakthrough materials for solar cells to exceptional semi-

conducting materials with wide-range of applications in light emission. Until this date, they were successfully integrated into many 

light-emitting optoelectronic prototype devices, from lasers, light-emitting field effect transistors, to light emitting diodes (LEDs) from 

the infrared to bright green range as mentioned in detail in Section 1.4.3. 

A typical state-of-the-art perovskite LEDs possess a complex, multilayer device architecture, which usually consist of: a hole-transport 

layer, a light-emitting sheet of 3D layered[49], [218] or nanostructured[219], [220] perovskite, an electron-transport layer and electrical 

contacts. The use of electron- and hole-transport layers is considered crucial for perovskite LEDs, because it lowers the electron/hole 

injection energy barriers, resulting in low operation voltage and high electroluminescence (EL) efficiency.[221] However, fabrication 

of such devices is more complicated, necessitates utilization of orthogonal solvents and air-sensitive transport layers. Finding alterna-

tive material for electrodes is therefore essential for commercial applications of perovskite based optoelectronic devices. 

We proposed a simple architecture for a light emitting device, which consists of only of two components, methylammonium lead 

tribromide (MAPbBr3) and vertically aligned carbon nanotube (VACNT) forests as contact electrodes. The same device architecture 

already introduced in Section 3.4 and 4, based on a single crystal as the emitter layer, exhibited bright green light emission in ambient 

conditions with an unprecedented color purity.[222]  

 

5.2 Device current voltage characteristics 

Two types of device architecture were studied. The asymmetric device architecture, which was used as a photodetector 

previously, with VACNTs as an electrode on one side of the MAPbBr3 single crystal and a silver epoxy electrode on the other, depicted 

in Figure 5.1a. In addition, a symmetric device architecture with double VACNT contacts on opposite sides of the crystal as shown in 

Figure 5.1b. The fast-growth method of a perovskite single crystal engulfing individual CNTs, detailed in Section 3.4, was used to 

fabricate the asymmetric devices. By repeating the growth on the opposite side of the same crystal, two VANCT electrodes can be 

attached on the perovskite, hence obtaining a symmetric electrode device architecture.  

Current-voltage (I-V) characteristics have been determined, for both types of devices, by two-point resistivity measurements, using 

golden wires contacted with Dupont® 4929 silver epoxy as electrical leads. A Keithley 2400 source meter allowed us to measure the 

current with < 0.1 nA resolution, while tuning the applied bias voltage, under visible light illumination of an 1.02 mW cm-2 intensity. 

The acquired I-V characteristics were different for the two device architectures because of the differences in the work function (𝜙) of 

silver and CNTs (Figure 5.1). Silver has a 𝜙 of 4.2 eV,[223] whereas that of CNTs is 5.05 eV.[224] Therefore, it is expected that the 

asymmetric Ag/MAPbBr3/VACNT device (Figure 5.1a) has diode like characteristics, allowing current to flow in the forward bias 

direction while suppressing the flow at reversed polarity due to the high Schottky barrier. While the symmetric VACNT/MAP-

bBr3/VACNT device (Figure 5.2b) has a symmetric I-V curve with Schottky characteristics for both positive and negative bias voltages.  

One may notice that hysteresis is present in the I-V characteristics for both devices. Specifically, for the asymmetric device, a very 

weak increase in current is visible up to ≈ 3 V, where then we can see an exponential increase, as it is the case in typical diode I-V 

curves. However, in the reverse sweep direction the decrease in current is less abrupt, returning to bellow nA currents only at 1 V. This 

effect was already visible and discussed in the Section 4.1.2 and associated with the inertia of ion migration or so called poling mech-

anism. 
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Figure 5.1. Schematic illustration of the device architecture and energy levels of a (a) asymmetric device with VACNT and silver electrodes and (b) 

symmetric device with two VACNT electrodes. I-V characteristics of the two device architectures at ambient conditions under visible light illumina-

tion (intensity 1.02 mW cm-2). Inset: Optical images of the single crystal devices. 
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5.2.1 Field emission 

Field emission (FE) is the emission of electrons from the surface of a conductor into a vacuum, air, a fluid, or any non-conducting or 

weakly conducting dielectric under the influence of a high electric field. It is an elementary effect comparable with thermionic emission, 

photoelectric emission, or secondary emission.[225] Field emission occurs when electron tunnel through a potential barrier under a 

bias voltage lower than the breakdown voltage. 

Among many exceptional mechanical and electrical properties of CNTs, they are also rank as one of the best electron field emitters. 

Mainly due to the small radius of curvature of the nanotube tip, which results in an extremely large field amplification factor. Further-

more, it has been shown that to obtain low operating voltages, as well as long emitter lifetimes, the nanotubes should be multiwall and 

have closed, well-ordered tips.[226]  Our VACNT electrodes meet all of these requirements. Because of their alignment and positioning 

inside the crystal as protogenetic inclusions, they can work as field emitters within a dielectric matrix, in our case the MAPbBr3 single 

crystal. 

 

Figure 5.2. The I-V characteristics of a MAPbBr3 SC with two VACNTs electrodes (symmetric device) at (a) 290 K and (b) 23 K. The inset shows the 

Fowler-Nordheim plot of the I-V characteristics, where the linear dependence of ln(I/V2) in 1/V supports efficient charge injection from the CNTs by 

field emission. 

Experimentally, the signature of FE is observed in the I-V measurements, as provided by the empirical Fowler and Nordheim equa-

tion:[227] 𝐼 = 𝐴𝑉2 exp(−𝐵/𝑉), where 𝐴 and 𝐵 depend on the geometry and local environment of the field-emitters, and on the di-

mensions of the device. 

Therefore, to see if in fact FE is happening at our CNT tips, the I-V characteristics of the symmetric device architecture were studied 

at room temperature (293 K, Figure 5.2a) and cryogenic temperatures (23 K, Figure 5.2b). The linear relationship between ln(𝐼/𝑉2) 

and 𝑉−1 seen in the inset of Figures 5.2a and b thus supports field emission from the VACNTs into the MAPbBr3 SC, at low and 

ambient temperatures. Interestingly, the slope (𝐵) in the inset varies with the sweep direction, pointing towards a change of the geom-

etry of the tunneling barrier. 

The coefficient 𝐵 can more explicitly be defined as  
𝜈𝑏𝜙

3
2

𝛽𝑑
, where 𝑑 is the inter-electrode distance, 𝜈 a unitless barrier-form-correction 

factor taking into account the local energy landscape, 𝜙 the work function, 𝛽 the field-enhancement factor and 𝑏 = 6.93 ∙ 108 eV3/2 V-

1 m-1 a constant. It is important to point out that the field-enhancement factor does not relate to an enhancement compared to another 

material but to the local enhancement of the electric field at the tip of a CNT compared to the electric field in absence of the protrusion. 

Whereas, 𝑑 can be measured (~3 mm) and 𝜙 is the difference between the bottom of the perovskite conduction band and the CNTs 

fermi level, 𝛽 and 𝜈 are challenging to estimate from the value of 𝐵 obtained from the fit on the Fowler-Nordheim plot. For CN emitters, 

the shape of their tip and the space between them affects the field-enhancement factor. The barrier-form-correction factor is largely 

influenced by the energy landscape at the emitter interface. 
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5.2.2 Switchable I-V characteristics 

Further characterization of both types of devices were performed by I-V measurements before and after performing bias voltage pre-

conditioning, called poling, i.e. creating space charge regions.[143], [208] We apply a bias voltage to the sample for a short duration 

of time after which we immediately do a quick voltage sweep (2 V s-1) to document the current I-V characteristics directly after poling. 

When using slower scan speeds, the sourced voltage induces ion migration also during the I-V sweep itself, increasing the overall 

current values and hysteresis in the I-V curves. Our aim was to ensure that the ionic distribution is not disturbed during the sweeps 

such that they probe the electrical properties of the system. Therefore, we decided for fast scan speeds .  

 

Figure 5.3. I-V characteristics of the (a) asymmetric device and (b) of the symmetric device before and after preconditioning (poling) with external 

bias voltages of different polarities. The schematic representation of the energy level of the contacts and the position of the ions in open circuit condi-

tions and under an applied external electric field is given below the I-V curves. They were collected under visible light illumination (intensity 1.02 

mW cm-2 ). The voltage was swept from 0 V to +/- 5 V and back. The current intensities through the device attain lower or higher values, while in-

creasing or decreasing bias voltage, respectively. Inset (a): Suppression of diode characteristics of the asymmetric device a fter reverse bias poling. 

After applying bias voltages as short as 30 seconds before the voltage sweeps, the I-V characteristics evidently change compared to 

the one before poling (black curve, Figure 5.3). When the asymmetric device (Figure 5.3a) is poled under forward bias, the diode 

characteristics are preserved with an increase of current from 2 µA up to 32 µA at 5V (red). Interestingly, when a constant bias voltage 

of the opposite polarity is applied, the diode characteristics are suppressed (blue) and even nullified (green) in the applied field range 

(from 2 µA falls to 2 nA at 5V), obtaining symmetric I-V characteristics after 180 s of poling with the reverse bias voltage (inset Figure 

5.3a).  

The modification of the I-V characteristics is even more pronounced for the symmetric device architecture with two VACNT electrodes 

(Figure 5.3b). If a constant positive bias voltage is applied for 30 s before a quick voltage sweep (2 V s-1), the I-V characteristics 

completely change from the symmetric double Schottky I-V characteristics (black), to a typical diode-like behavior (red), with the 

forward bias region for positive voltages. Interestingly, when repeating the same preconditioning with the opposite voltage polarity (-

50 V), the diode characteristics completely flip, changing the polarity of the forward bias region (blue). 
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In open-circuit conditions, ions of opposite signs are uniformly distributed within the active layer (Figure 5.3a). After a high enough 

constant bias voltage is applied, the ions drift towards their respective electrodes and they accumulate at the perovskite/metal interface 

forming p-i-n heterojunction structures, increasing the injection rate of electrons and holes from the electrodes to the perovskite layer. 

This is then governing the devices I-V characteristics changing them drastically compared to their open-circuit state. 

This effect was also visible, but in much less extent, when using noble metal electrodes, such as silver or gold. With carbon electrodes 

in general, but especially vertically aligned carbon nanotubes the switching of I-V characteristics is very pronounced and much quicker 

compared to other electrode configurations (30 second compared to multiple minutes). 

 

5.2.3 Switchable photovoltaic effect 

As was the case for the asymmetric device architecture photovoltaic activity, detecting light at 0 V, was exhibited also for the symmetric 

device with double VACNT electrodes. The development of this short circuit photocurrent was therefore studied after preconditioning 

the sample with different external bias voltages. After a constant voltage was applied for 30 seconds, current was measured in time at 

0 V, while switching on and off a white light source (intensity 1.02 mW cm-2) every 20/10 seconds (On-Off measurements). As seen 

in Figure 5.4a, after applying positive bias voltages the short circuit photocurrent increases in value from 10 nA up to 40 nA for the 

first “On” signal. However, this increase is short lasting. Already after a minute and our third “On” signal, only a slight increase of a 

couple nA is visible. On the other hand, when a negative bias voltage is applied prior to the On-Off measurements, the photocurrent is 

suppressed, 10 nA down 1 nA. Interestingly, with sufficiently high voltage (> 10 V) it is possible to switch the photovoltaic effect 

achieving negative open circuit currents (bottom graph in Figure 5.4a). It is important to mention that this effect again lasts only for a 

short period, in this case 90 seconds, until the migrated ions return to their open circuit positions. This switchable photovoltaic and 

memristive effect is also visible directly on the I-V curves of Figure 5.3b, now magnified in Figure 5.4b, done immediately after the 

poling. 

 

Figure 5.4. (a) On-off measurements showing the increase of short circuit photocurrent or its change of polarity depending on the value of the precon-

ditioned voltage. (b) Magnified section around 0 V of the I-V characteristics of the symmetric device before and after preconditioning (poling) with 

external bias voltages of different polarities. A switchable photovoltaic and memristive effect is visible on the I-V curves measured immediately after 

poling by opposite voltage polarities. All measurements were performed under visible light illumination (intensity 1.02 mW cm-2) at room tempera-

ture and ambient conditions. 

The switchable photovoltaic effect can be explained by the formation of a reversible p-i-n structures, induced by the ion drift inside the 

perovskite single crystal. Similar results have already been documented, for instance, Yi et al.[208] showed that electric poling of these 

highly insulating materials leads to their self-doping, likely due to ionic migration that occurs in situ, and results in a significant increase 

in the samples conductivity, by as much as four orders of magnitude. Furthermore, Xiao et al.[143] exhibited the same switchable 

photovoltaic effect in perovskite solar cells, attributing it to the motion and accumulation of ions inducing a doping effect. By doing 

Kelvin probe force microscopy in situ, during the poling of the device, they managed to measure the changes in the work function 

along the sample, supporting their proposed doping mechanism. However, they haven’t completely ruled out the possibility of ferroe-

lectricity[138] of the photoactive layer or charge traps[228] in the active layers surface to be the reason of this switchable photovoltaic 

effect. This simple, easily reproducible and microscopic model system may offer a good opportunity to study this effect in more detail. 
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5.2.4 Effect of different poling schemes 

To get a better understanding of the effect of ion migration on the I-V characteristics and to see if there is a possibility to control it, 

different poling schemes were applied to the devices.  

 

Figure 5.5. (a) The time evolution of the current during the poling treatment of the VACNT/MAPbBr3 symmetric device at the bias voltage of +10 V 

observed for 13 consecutive poling cycles. (b) Change of the device I-V characteristics after multiple poling intervals. Inset: Voltage evolution in time 

during the poling intervals and I-V sweeps. (c) Tracking the relaxation of I-V characteristics of the device immediately after the 13 poling intervals to 

its symmetric open circuit conditions. (d) Tracking the relaxation of I-V characteristics after a single 30 seconds poling interval at bias voltage of 100 

V. (e) Dependence of the I-V characteristic changes as a function of time of poling and (f) poling voltage.  

By applying a bias voltage of 10 V, the current increases in 30 seconds from 3 µA to 5 µA. A quick voltage sweep performed at this 

moment, gradually changes the I-V characteristics from the initial symmetric curve to a diode-like behavior. Repeating these 30 seconds 

poling intervals for 12 times in a row, with the quick I-V sweeps in between, the current through the device reached a plateau of 23 µA 
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(Figure 5.5a). This continues to modify the I-V characteristics, increasing the forward bias current constantly after each consecutive 

poling interval as well as enhancing the diode quality of the devic. In the inset of Figure 5.5b the detailed voltage scheme of the 

experiment is showed.  

Importantly, this improved diode characteristics are not permanent and long lasting. After the 13 repeated poling intervals, voltage 

sweeps were performed at 0, 10, 20, 40 and 60 minutes. As showed in Figure 5.5c the current at 2 V drops by half just after 10 minutes, 

reaching back its original symmetric open circuit conditions after an hour of non-operation. A similar experiment was performed after 

a 30 second poling interval with an external bias voltage of 100 V. A significant increase, accounting for one order of magnitude was 

initially measured. However, again, even after just 30 seconds the increased current (at 20 V) drops from 363 to 228 µA (Figure 5.5d). 

This decrease in current continues to 44 µA after 300 seconds and drops to only 14 µA after 1200 seconds. The dependence on different 

poling times (10 seconds to 10 minutes) and poling voltages (1 V to 200 V) were also studied as shown on Figure 5.5e and f, respec-

tively. As expected the higher the poling time or applied voltage, the bigger increase in current was measured. 

 

5.3 Asymmetric architecture light emission 

As a consequence of high enough bias voltages (> 5 V), a substantial current increase was observable. In a couple of 

minutes, the current may increase more than three orders of magnitude, from the nA to the µA range, before it eventually saturates. 

Remarkably, once the current reaches around 30 µA, a bright green light emission may appear at ambient conditions. This was first 

observed for the asymmetric device architecture as seen in Figure 5.6. When applying a high voltage of 100 V to the CNT electrode, 

which is the forward bias region of the diode, bright flashes of green light started to be visible. Interestingly, the current follows the 

first flashes with jumps in value (Figure 5.6a), later fluctuating rapidly as more flashes appear from different spots in the crystal. At 50 

µA the green light is emitted in the form of repetitive flashes of 100-120 Hz. Yet, the occurrence and intensities of flashes are unstable 

and the light emission is not continuous at room temperature. This is presumably because of the space charge created by the migrated 

ions in electric field exposed to thermal fluctuations. The fluctuations change the barrier structure in time, resulting in a fluctuating 

injected current and light intensity. Current instability at a constant voltage has been common for MWCNT field emitters.[226] How-

ever, these emitters observe switching between discrete current levels, until reaching stable emission at a critical current. Whereas, the 

perovskite light emitting device exhibits random fluctuations increasing with the value of current. Nevertheless, this is still an open 

question and further research is needed to understand the main governing mechanism.      

 

Figure 5.6. (a) Time evolution of the current during a poling treatment of the VACNT/MAPbBr3 device at 30 V and room temperature. Bright green 

flashes of emitted light correspond in time with the sudden peaks in current. (b) Images of the asymmetric device acquired at room temperature under 

light and in the dark during the light emission. The spots of carrier recombination emitting most of the bright green light are located close to the elec-

trode with the lower voltage. 

Voltages much larger than the band gap were used to achieve this critical current for light emission. Regardless, because of the large 

thickness of our single crystal devices (> 1 mm), the external electric field never exceeded 200 V mm-1. Furthermore, it is interesting 

to point out that the region where the bright light emission is observed is always near the silver electrode (in the case of the asymmetric 

device architecture, Figure 5.6b), that is near the interface with the lower potential. Here the depletion region arises due to the self-

doping of the crystal by the high electric field (> 10 V mm-1). 
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5.3.1 Room temperature emission 

To do precise spectral analysis of the light emission (LE) at various temperatures, the device was mounted inside a close cryostat with 

optical windows. A Keithley 2400 source meter was used to apply voltage to the sample and measure current with < 0.1 nA resolution. 

The spectra of the emitted light were measured using an Ocean Optics QE65 Pro Spectrometer. The light was collected using a series 

of lenses to an optical fiber, positioned on the cryostat optical windows. The spectra were acquired using the Ocean Optics SpectraSuite 

software. Care was taken to limit the current (max. 2 mA). 

 

Figure 5.7. The EL spectra recorded for the VACNT/MAPbBr3 asymmetric device acquired at room temperature. (a) The typical EL spectrum fitted 

with a Gaussian function (black solid line). (b) The spectral responsivity of the MAPbBr3 crystal (gold trace), the photoluminescence (PL) spectra 

under excitation at λexc = 470 nm (blue trace) and the EL spectra (red trace). (c) The EL spectra acquired at different bias voltages and currents. (d) 

The dependence of the peak wavelength, λmax, and full width at half maximum (FWHM) of the Gaussian fits of EL spectra as a function of the current 

through the device. 

Even though the emitted light was in the form of flashes at room temperature, we were able to acquire spectra curves by using longer 

acquisition times. The spectra were fitted with a Gaussian function as depicted in Figure 5.7a. The emission peak is cantered at around 

569 nm wavelength with a full width at half maximum (FWHM) of 31.5 nm. Furthermore, an asymmetry in the peak with a tail towards 

higher wavelengths can be observed. This may be due to self-absorption of higher energy photons by the perovskite single crystal itself. 

When comparing the spectra with the photoluminescence (PL) and spectral responsivity curve (Figure 5.7b) one can clearly see the 

sharper cut of the spectra at the band gap energy of MAPbBr3.[30] 

Figure 5.7c shows spectra acquired at different bias voltages and currents through the device. As the current is not stable during the 

measurements, the written values are an average during the spectra acquisition. All curves were fitted with a Gaussian function and 

the dependence of the peak center and FWHM vs. the current is shown in Figure 5.7d. With the increase of current, a broadening 

and red shift of the spectra is visible. At higher currents, more flashes contribute to the spectra resulting in the broadening, especially 

towards larger wavelengths, considering the self-reabsorption by the single crystal. 
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Figure 5.8. Luminance-current versus voltage at room temperature calculated from the EL spectra of the VACNT/MAPbBr3 asymmetric device. 

From the obtained spectra, the luminance (𝐿) of the light emitting device was calculated: 

𝐿 =
𝑑𝜙𝑣

𝑑𝑆𝑑Ω cos 𝜃
             (5.1) 

Where 𝑑𝑆 is the emission area [m2], 𝑑Ω the infinitesimal solid angle [sr] containing the direction, 𝜃 the angle to the detector and 𝑑𝜙𝑣 

the luminous flux [lm]: 

𝑑𝜙𝑣 =
𝐴×𝑠

𝑡𝑖𝑛𝑡
× 𝑉(𝜆)             (5.2) 

Where 𝐴 is the area under the spectra (inset of Figure 5.8), 𝑠 = 5.3 × 10−18 J/counts the sensitivity of the spectrometer at 555 nm, 𝑡𝑖𝑛𝑡  

the integration time which was in our case 10 second and 𝑉(𝜆) = 683 lm W-1 the spectral luminous efficiency at 555 nm. A half sphere 

emission was taken as the sample was laid down on a surface. 

As the light was emitted in the form of flashes with an average emission surface of 250 µm2, a ten time larger surface was taken as the 

device emission area. The obtained values of luminance would still be much lower compared to direct measurements of intensity done 

later for the symmetric device architecture. 

 

5.3.2 Temperature evolution 

In the cryostat, the temperature dependence of the light emission was mapped. With decreasing temperature, the current fluctuations 

have decreased. This was expected, as the current fluctuations were now damped, because of the mobility of mobile ions is strongly 

reduced at cryogenic temperatures. This resulted in a steady injection of current and a continuous emission of light. Therefore, the 

voltage and acquisition times had to be carefully adjusted, in order not to surpass a 2 mA current limit and count limit of our spectrom-

eter. 
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Figure 5.9. (a) The normalized EL spectra of the VACNT/MAPbBr3 asymmetric device collected in the temperature range 40 – 250 K. (a) The EL 

spectra fitted with a Gaussian function around the phase transition of MAPbBr3. (c) The temperature dependence of the peak wavelength, λmax, and 

full width at half maximum (FWHM) of the Gaussian fits of the acquired EL spectra for every 50 K. 

While decreasing the temperature, electroluminescence spectra were acquired every 5 K. As depicted in Figure 5.9a the spectra peak 

moves to lower wavelengths, getting narrower simultaneously. The blue shift can be credited to the temperature dependence of the 

energy bandgap of semiconductors. With the decrease of thermal energy, the interatomic spacing increases, increasing the potential 

seen by the electrons in the material, consequently rising the size of the energy bandgap. Whereas, the narrowing of the peak could be 

due to a more stable light emission. Interestingly, around the temperature of the phase transition of MAPbBr3, at 148 K, a second peak 

appears as a shoulder on the spectra at lower wavelengths (Figure 5.9b). The same peak disappears after the phase transition, while the 

trend with the main peak is not changing drastically. Six spectra, approximately 50 K apart, were fitted with Gaussian functions to see 

the exact trend of the centre of the peak and the FWHM. It astonishes the degree of the FWHM narrowing upon cooling, from 30 nm 

at room temperature down to only 3 nm at 40 K, which represents an extremely high spectral purity. This can be due to the high 

crystallinity of the sample. In polycrystalline perovskite based light emitting devices, the spectra are broader multiple times due to the 

inherent disorder.[229] 
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5.4 Light emission – symmetric contacts 

In order to assess, whether light emission can be achieved on both polarities, our focus was shifted to the symmetrical 

architecture devices, employing VACNTs as electrodes on opposite sides of the perovskite single crystal. The as prepared devices were 

first conditioned by high external bias voltages, in order to obtain diode like I-V characteristics. As a result of continuous poling in the 

forward bias region, the current surpassed a critical threshold upon which light emission at room temperature and ambient conditions 

was induced, similarly to the devices having asymmetric contacts. However, the peculiarity of the symmetric contacts, double VACNT 

devices, is that one can apply an external field of the opposite polarity, switching the I-V characteristics at will and thereby triggering 

light emission at the opposite sides of the device. Therefore, the same device can work for both polarities of bias voltage as shown on 

Figure 5.10. The switching time between the two operation conditions depends on the applied bias voltage and time of poling. 

 

Figure 5.10. Schematic representation of the light emission of the symmetric VACNT/MAPbBr3/VACNT device as well as optical images of the 

device under operation in ambient conditions. The spots of carrier recombination emitting most of the bright green light are located close to the elec-

trode with the lower voltage. 

In Figure 5.10, visualization is given that the emitted light does not necessarily have the same characteristics for the two opposing 

polarities. First important observation is that, the depletion region, which arises due to the high electric field (≈10 V/mm), the region 

where the bright light emission is observed, is always near the interface with the lower potential, as was the case for the Ag/MAP-

bBr3/VACNT device. Second important observation is that, despite the fact that the contacts are symmetrical, the actual color of light 

emitted from the opposite regions may be slightly different. When a positive bias voltage of a 100 V is applied, the bright green light 

is generated from an area very near the CNT electrode. On the other hand, when a negative bias voltage is applied (-100 V), the light 

emission region is further away from the junction and appears in a smeared green to yellow color. Nevertheless, three brighter spots 

can be located where the recombination of charges is taking place. The crystal is then used as a light guide towards the camera acquiring 

the image, resulting in a partial reabsorption of the spectra and a more yellowish color. This will be studied in detail later from the light 

emission spectra. 

 

5.4.1 Room temperature emission 

The light emitted at room temperature was again in the form of repetitive flashes (100-120 Hz). To measure these low light intensities 

and calculate the luminance of our device, a Thorlabs PM100D Compact Power and Energy Meter Console with its corresponding 

software was used (detects flashes of light with < 0.1 nW resolution). The photodetector was positioned 1 cm from the sample at a 

small angle, allowing us to simultaneously capture optical images or videos of the bright green light with a Canon EOS 600D DSLR 

camera (ISO1600). The light emitting device was contacted with two tungsten needles as electrical leads. In addition, a Keithley 2400 

source meter was use to apply voltage to the sample and measure current. All measurements were done at room temperature and in 

ambient atmosphere. 

A 20 V bias voltage was applied to the device to reach the critical, turn on current of 50 µA and keep it constant within fluctuations 

not exceeding 10 %. In 20 seconds of acquiring light intensity and simultaneously measuring the current through the device, more than 
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40 excitations were detected from multiple locations near the active surface of the device. As seen from the luminance-current depend-

ence in time in Figure 5.11a the current of the device is constantly fluctuating which gives rise to many light emission events (flashes) 

with luminance spikes up to 120 cd m-2. This yields an average luminance of 60 cd m-2 for current at about 50 µA. However, if higher 

voltages are applied (40 V), the current of the device will continue to increase rapidly reaching values over 2 mA. With an increased 

number of charges injected to the crystal, brighter and more frequent flashes occur, as seen on Figure 5.11b. The luminance of these 

flashes can reach values as high as 1800 cd m-2 (2.8 mA current) but with an average value well over 100 cd m-2.  

 

Figure 5.11. (a) Luminance-current in time for an applied bias voltage of 20 V at room temperature. Inset: Optical image of > 40 flashes of light of 

light during 20 seconds at room temperature. (b) Luminance-current in time for an applied voltage of 40 V (> 2 mA current) at room temperature. 

Inset: Screen shot of a video of the light emission at room temperature showing the emitting surface of less than 250 μm2. 

The luminance was calculated using the luminous flux determined as 𝑑𝛷𝑣 = 𝑃𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 × 𝑉(𝜆) and equation (5.1). 

 

5.4.2 Low temperature emission 

At 20 K, a stable and intense light emission was achieved for both polarities of bias voltages. At positive bias voltages, the operation 

conditions were in the range from 100 to 200 V. The spectra were acquired at an increase of 5 V, while sweeping the voltage with a 

scan speed of 0.1 V s-1. With the stable light emission, acquisition times of one second were needed to yield spectra with over 20 000 

counts. From Figure 5.12a, it is visible that the intensity does not follow the increase in voltage as it first increases and then decreases 

again. However, this progression agrees closely to the change in current depicted in the inset of Figure 5.12a, meaning that the current 

governs the light emission intensity and not the voltage. The spectra were fitted with a Gaussian function to follow the evolution of the 

center of the peak and FWHM with voltage (Figure 5.12b). No clear dependence can be concluded, however it is important to point 

out the very small FWHM, showing a great spectral purity of our device at low temperatures. The average λmax for all spectra in the 

100 to 200 V range is 541.9 ± 0.7 nm, while the average FWHM is only 6 ± 1 nm. 

For the opposite bias voltage polarity, much lower voltages were needed to achieve a very stable and bright emission. Spectra were 

taken in the range of -30 to -40 V every 1 V. Here, there is a very nice correlation of the intensity with the change in voltage. However, 

this is because of the constant increase in current during the voltage sweep (0.05 V s-1, inset of Figure 5.12c). The center of the peaks 

and FWHM of the spectra are showed in dependence of the voltage in Figure 5.12d. With an increase in voltage, the spectra move to 

lower wavelength (blue shift) while constantly getting narrower. Taking into account all the spectra from the range the average peak 

position is at 562.2 ± 0.6 nm and their average FWHM is 7.4 ± 0.7, once again showing extremely good color purity. 
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Figure 5.12. The EL spectra collected at 23 K in vacuum as a function of the bias voltage for positive (a) and negative (c) bias polarities. Inset: The I-

V characteristics measured during acquiring spectra. The dependence of the peak wavelength, λmax, and full width at half maximum (FWHM) ex-

tracted from the Gaussian fits of the EL spectra as a function of the voltage for positive (b) and negative (d) bias polarities. (e) Images of the device 

and light emission inside a vacuum chamber at 23 K as a function of the applied bias voltage. The intensities of the resulting current across the device 

are also indicated. 

The FWHM of both polarities is similarly, in both cases showing good spectral purity. However, the wavelengths of the center of the 

peaks are significantly different. The negative bias voltage peaks are red shifted for more than 20 nm compared to the operation at 

positive voltages. This is also clearly visible in the optical images taken by a microscope USB camera, positioned just outside the 

optical windows of the cryostat (Figure 5.12e). At negative bias voltages, it seems that the whole crystal is emitting a bright yellow 

light. Whereas, at positive voltages a few bright green spots are visible mostly contributing to the obtained spectra. 
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5.4.3 Spectral shift 

To study this spectral shift more in detail, two sets of spectra with similar intensity count numbers (and currents) were chosen of both 

polarities and fitted with a Gaussian function (Figure 5.13). When applying 150 V, bright green spots with an emission peak cantered 

at 542 nm wavelengths have the energy of the band gap. While the -40 V biased case gives a red-shifted signal at 562 nm. It is likely 

that the different colors are due to different locations of recombination of the electron-hole pairs in the crystal. Our conjecture is that 

the yellowish emitted light, for negative bias voltages, is coming from the bulk of the single crystal. Deep in the crystal, after recom-

bination, the light is absorbed and re-emitted in cascades before reaching the spectrometer, and during this process the slight energy 

loss results in a redshift of the spectra. Furthermore, as the light is propagating in all directions it gives the nice optical image of the 

complete crystal glowing light yellow. On the other hand, for positive voltages the recombination takes place near the surface, the light 

is directly emitted towards the spectrometer at a wavelength of 542 nm. Similar arguments were put forward for red-shifted spectra in 

photoluminescence measurements by Wenger et al.[230] As well as the effect of self-absorption documented in the work of Kaihovirta 

et al.[231] in light emitting electrochemical cells based on an ionic transition metal complex. 

 

Figure 5.13. Two normalized EL spectra recorded at 20 K in vacuum, at positive (red, +150 V) and negative (blue, -34 V) bias voltages (current kept 

similar), fitted with Gaussian functions (dashed lines). Inset: Schematic illustration of the measurement setup with the photos of the light emission for 

the associated EL spectra. 

The shift in spectra during different polarizations was also seen in other type of light emitting devise, such as in the case of the work 

of Slinker et al.,[232] EL of cyclomethylated iridium complexes. They proposed that it occurs due the polarization effect of molecular 

orbitals under high electric field. We disagree that this is our case and maintain the opinion that it is the result of different locations of 

exited states. However, this effect should be studied more in detail and by fabricating thinner devices it can be neglected, possibly 

additionally lowering the value of the FWHM, resulting in an even better spectral purity.  

 

5.4.4 Temperature evolution 

In order to obtain a more complete picture, about the limiting factors of the EL phenomenon in the symmetric architecture, light 

emission were collected with increasing temperatures from 23 K to 40 K for the -40 V biased case. Optical images were taken every 5 

K (Figure 5.14a), simultaneously performing the spectral analysis (Figure 5.14b).  
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Figure 5.14. (a) Optical images of the light emission with -40 V of bias voltage as a function of temperature, highlighting the redshift.(b) Spectral 

analysis of the EL spectra reveal an emission peak at 562 nm and at 592 nm at 23 K, which have different temperature dependences. (c) The tempera-

ture dependence of the wavelength and FWHM extracted from a Gaussian fit. 

At 23 K two EL emission peaks were detected: one at 562 nm with a FWHM of about 7 nm, which is the same as in Figure 5.12c, and 

a second broad peak at 590 nm with a FWHM of 10 nm. With increasing temperature, the intensity of the peak located at 562 nm 

weakens with no significant shift in wavelength and FWHM, while the peak cantered at 590 nm increases in intensity, simultaneously 

undergoing a redshift and broadening, achieving a FWHM of 30 nm at 40 K (Figure 5.14c). We suspect that this peak emerges from 

radiative recombination at trap states in the perovskite single crystal. The increasing intensity with temperature corroborates with this 

attribution, as the population of these trap-states grows with temperature. With further increase in temperature, higher absolute values 

of bias voltages and longer spectrometer integration times were needed to acquire spectra curves. This was possible only for the second 

peak at 590 nm up to 60 K, later the intensity of light was too weak to acquire readable spectra. The redshift and the increasing FWHM 

is coming from the interaction of the created photons with lattice vibrations. These features were also visible on the asymmetric device 

temperature dependent spectra shown in Figure 5.9a and confirm the same conclusions. 
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5.4.5 Current-Luminance-Voltage characteristics 

From the gathered spectra at negative bias voltages (-30 to -40 V, Figure 5.12c) the luminance was calculated, in the same way as for 

the asymmetric device emission at room temperatures, using equations (5.1) and (5.2). However, in this case, an emitting surface of 1 

mm2 was taken, even though most of the intense light is arriving from much smaller recombination spots. Due to this and the losses 

with the optical windows, the luminance values are much lower than the one directly measured at room temperature.  

 

Figure 5.15. Luminance-current versus voltage at 23 K calculated from the EL spectra for negative bias voltages of the VACNT/MAPbBr3/VACNT 

symmetric device. 

Therefore, to have a more precise measurement of the light intensity and its dependence with voltage and current a Thorlabs FDS100 

silicon photodiode was used. It was positioned approximately 5 cm from the sample behind the optical window. Unfortunately, we 

could not measure the intensity power directly. Only the dependence of the intensity with current and voltage was obtained as shown 

in Figure 5.16a. To calculate these values, the difference in EL intensity (spectrometer) at room and low temperature and the intensities 

of light flashes at room temperature (Thorlabs PM100D photodetector) were used as follows: 

𝑃25𝐾 = 𝑃293𝐾 ×
𝐿25𝐾(𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟)

𝐿293𝐾(𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟)
          (5.3) 

At 0.23 mA of current an average light intensity of 1 nW was measured at room temperature which will then correspond to 360 nW at 

25 K. Finally, from the intensity-current dependence we can calculate the LIV curve at cryogenic temperatures. 
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Figure 5.16. Dependence of the current through the VACNT/MAPbBr3/VACNT device and normalized intensity of light emission with negative 

(blue) and positive (red) bias voltages at 25 K. (voltage sweep speed 0.45 V s-1). (b) Luminance-current versus voltage at 25 K. Inset: Screen shot of a 

video of the light emission showing stable light emission with an active emitting surface of 1 mm2. 

Voltage sweeps were done from 0 to +/- 50 V with a slow scan speed of 0.45 V s-1 while simultaneously measuring the current through 

the device and the photocurrent on the silicon photodiode. Since the light emission comes from the recombination of electrons and 

holes in the perovskite, it is expected that the EL intensity correlates with the injected current in MAPbBr3. This is fully confirmed 

from the dependence of the diode current, i.e. intensity, to the voltage and device current showed on Figure 5.16a.  However, it is 

visible that for the positive bias case that the device still needs a critical current to start the light emission. This is the reason for the 

delay of the EL intensity curve (red) compared to the current curve (black) in the forward sweep direction. 

Using equation (5.3) the luminance was estimated at 25 K and plotted in dependence to the current through the device and applied 

voltage as shown in Figure 5.16b. As seen in the inset a bright green to yellow light was emitted thought the voltage sweep with a 

surface area of approximately 1 mm2. The luminance followed the current closely as previously and reached values up to 1000 cd     m-

2, which is much more accurate compared to the luminance estimated from the EL spectra. 

 

Figure 5.17. Temperature dependence of normalized EL intensities of the light emission and current through the device for negative bias voltages. 

Furthermore, the EL intensity was followed with an increase in temperature as seen in Figure 5.17a. Voltage scans were done every 5-

10 K up to 100 K, while measuring the current and silicon diode photocurrent. The normalized EL intensity shows an immediate drop 

to below 10% of its initial value after 40 K (Figure 5.17b). The rapid exponential decrease continues up to 100 K, after which continuous 

light emission stopped. However, flashes of light with quick changes of intensities could be followed up to room temperature. Never-

theless, the dependence of the maximum values of current and intensity at a given temperature show in Figure 5.17b once more confirm 

the close correlation between intensity and device current. 
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5.4.6 Device stability 

In order to examine the durability of the device and to eliminate the possibility that the quenching of the device is due to the passing 

of time and not the change in temperature, measurements of light intensity were done at 21 K every 5 minutes for an hour. (Figure 

5.18) They showed that during an hour both the normalized intensity and current fell only to 90% of their initial value (Figure 5.18b), 

eliminating the possibility that this had a significant influence to our prior temperature dependent measurements. However, pointing 

out that the perovskite light emitting material loses its intensity in time, and is something that should be studied more in detail.  

 

Figure 5.18. Time dependence of normalized EL intensities of the light emission and current through the device for negative bias voltages. Measure-

ments were done every 5 minutes for 1 hour. 

Furthermore, this device under operational conditions is in vacuum, hence not being exposed to ambient atmosphere and high temper-

atures which is one of the bigger challenges for perovskite stability as mentioned in Section 2.2. Nevertheless, the shelf-life stability 

of these samples are extremely good. More than 2 years after fabrication, no significant decrease of device performance is visible. 

Lastly, it is once more important to point out the role of carbon electrodes on the operational stability of the device. When applying 

high voltages, as in our case sometimes above 100 V, most electrode materials, especially noble metals, undergo electrical corrosion 

degrading the junction and sometimes the perovskite crystal itself. Resulting in a deterioration in device performance and eventually 

termination of the light emission. That is the practical reason why we appreciate more the symmetric all carbon electrode devices, 

rather than their asymmetric counterpart with a silver electrode. 

 

5.5 Light emitting electrochemical cells 

The underlying mechanism behind the light emission is based on ion migration inside the perovskite single crystal generated 

by electrical poling. The external electric field drives ions towards their respective electrodes creating a in operando p-i-n heterojunction 

that allows free charges to tunnel through the injection barrier up to the perovskite layer. The injected electrons and holes then recom-

bine in the crystal resulting in light emission. Furthermore, we take advantage of the strong electric field enhancement at the nanotubes 

tip for increased charge injection (up to 3 mA) into the crystal. The basic principle of our device is very similar to the mechanism of 

light-emitting electrochemical cells (LECs),[90], [144], [229], [233]–[241] especially the device structure and the involvement of mo-

bile ions for efficient electroluminescence.  

LECs are one of the simplest kinds of electroluminescence devices. Compared to typical organic light emitting diodes that possess a 

complex multilayer device architecture (hole- and electron-transport/injecting layer, emitting layer and electrical contacts) LEC devices 

are formed from only one active layer containing an emitter with ionic conductivity, sandwiched between two metallic electrodes as 

shown in Figure 5.19.[240] However, the underlying physics is far from simple. Measurements have been interpreted in either of two 

models: the electrodynamic model (ED) and the electrochemical doping model (ECD). In the ED model ions collect near the interfaces 

creating electric double layers (EDLs), enhancing the carrier injection and screening the bulk of the layer from the external electric 

field, allowing a diffusion-dominated current in the bulk. The ECD predicts the formation of EDLs as well, but only as much to form 

ohmic contacts at the interface. This allows further p- and n-type regions to be formed in the bulk, with a narrow intrinsic region in-

between where the reminder of the applied potential drops and where electron-hole recombination takes place, that is the light emission. 

Both models have been supported by experimental data and today a consensus mechanism has been used involving both of them.  
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Figure 5.19. Schematic representation of the multilayer device architecture of an organic light emitting device (OLED) and a light emitting electro-

chemical cell (LEC).  

As is in the case of the aforementioned LECs the building up of space charge layer near the contacts, which facilitate the charge 

injection into the crystal is primordial for the devices performance. To have a better insight into the timescale of this phenomenon, the 

time-dependence of the current increase upon applying a constant external voltage of 10 V during 10 hours to the VACNT/MAP-

bBr3/VACNT sample was studied (Figure 5.20). From this poling scheme, one can observe the response of the ions inside the perovskite 

single crystal. Since the ions feature different diffusion activation energies, as stated by Puscher et al.,[241] differences in their motion 

rates, which are independent of the poling scheme, can be expected. The monotonic increase of current visible in Figure 5.20 was fit 

by a tri-exponential function: 

𝑦 = 𝑦0 + 𝐴1𝑒
−(𝑥−𝑥0)

𝑡1 + 𝐴2𝑒
−(𝑥−𝑥0)

𝑡2 + 𝐴3𝑒
−(𝑥−𝑥0)

𝑡3           (5.4) 

This is a typical feature of LECs and can be attributed to the slow enhancement in charge injection processes due to the formation of 

the EDLs at the electrode interface and the sub- sequent growth of the doped regions. Time constants t1, t2, t3 were calculated and are 

63.6 ± 0.4 s, 35.23 ± 0.02 min, 7.482 ± 0.007 h respectively. The shortest of the three processes is the fast formation of electric double 

layers (EDLs) by halide drift due to the lowest diffusion activation energy. This is in good agreement with other studies, where the 

effect of the diffusion of the halides was observed within a few seconds. Given that MA+ cations have higher diffusion activation 

energies than halides, the second time constant is presumably caused by their alignment and migration toward the electrode interface. 

The third and slowest process is attributed to the growth of the charge carrier doped layers as it has been observed in LECs. It has to 

be mentioned that no detectable degradation of the device was observed during the 10 working hours of operation at ambient atmos-

phere.  

A further characterization of the device is done by measuring its capacitance (C) via the discharge current (similarly to Zhang et 

al.[144]) after poling of the VACNT/MAPbBr3/VACNT sample (thickness 1 mm, surface area 10 mm2). A certain bias (e.g., 2 V) was 

applied for a short period of time (≈15 s) in dark to accumulate the ions at the perovskite/CNT interfaces, that is to charge the Ci, which 

represents the areal capacitance from the blocking of ions at the electrode interfaces.[144] The device was then rapidly switched to 

zero bias to measure the discharge current (inset of Figure 5.21a). The accumulated charge density is the time integral of the discharge 

current. From the measured charge densities of the accumulated ions at the interfaces under various biases (Figure 5.21a), one can 

extract a value of Ci ≈1 µF cm−2. This large areal capacitance exceeds that of conventional electrostatic capacitors[242] with a typical 

value of 0.1 µF cm−2. These results suggest that the organic–inorganic perovskites could serve as potential solid-state supercapacitors. 

Furthermore, the dependence of the areal capacitance to the time of poling was measured. In Figure 5.21b we can clearly see an increase 

in capacitance with poling time. 



Single crystal light emitting devices 

82 

 

Figure 5.20. The time evolution of the current during the poling treatment of the VACNT/MAPbBr3/VACNT symmetric device at the bias voltage of 

10 V. The color code represents the three formation processes. The electric double layer formation by halide drift (blue), imbalance in the electrode 

potentials and/or organic cation diffusion (gray) and the growth of charge carrier doped layers (yellow). The tri-exponential fitting is given as the 

solid black line. 

 

Figure 5.21. (a) Interface charge densities of the VACNT/MAPbBr3/VACNT device at different bias voltages. Inset: Discharge process in time after 

charging the device for 15 s with 10 V. (b) Areal capacitance of the device for different time of poling at 2 V. Inset: Discharge process dynamics for 

different time of poling. 

In general, the electroluminescence devices are very popular, using a broad range of active layers which possess the ionic conductiv-

ity.[240] Mostly these are conjugated polymers, ionic transition-metal complexes, small-molecules, quantum-dots, to recently used 

perovskite nanoparticles.[237] The latter one was used by Aygüler and co-workers,[235] using MAPbBr3 and FAPbBr3 perovskites 

mixed with an ion polyelectrolyte to increase the ionic conductivity. Following up this contribution, light emission was achieved in 

mixtures of perovskite nanoparticles with poly(ethylene oxide) (PEO) polymers,[229] composite films[90] or as thin films using 

ITO/PEDOT:PSS and MoO3/Au electrodes. And now with our work for the first time in MAPbBr3 single crystals at room temperature 
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using symmetrical metallic electrodes without electrolyte or additional n-or p-type selective layers. For the sake of completeness, the 

best-in-class perovskite-based LECs and LEDs are shown in Table 5.1. 

 

Device 

structure 

Single  

compound  

or 

Composite 

Selective 

electrodes 

Polycrystalline 

or 

Single Crystal 

Light  

emitting 

mechanism 

Turn-on 

Electric 

field 

(V/m) 

Luminescence 

Max (cd/m2) 
Reference 

ITO / PE-

DOT:PSS / 

PKNP:TMPE

:LiCF3SO3 / 

Al 

Composite No Polycrystalline LEC 1.1 x 108 1.3 
Aygüler et 

al.[235] 

ITO / PE-

DOT:PSS / 

PK NP / Al 

Single  

compound 
No Polycrystalline LEC - - 

Aygüler et 

al.[235] 

ITO /Pero-

PEO com-

posite / In 

(Ga,Au) 

Composite No Polycrystalline LEC ≈1.5 x 107 4064 
Li et 

al.[229] 

ITO / PE-

DOT:PSS / 

Perovskite 

/ MoO3 / Au 

Single  

compound 
Yes Polycrystalline LEC 6 x 106 - 

Zhang et 

al.[144] 

ITO / Pero-

PEO com-

posite / Ag 

NW 

Composite No Polycrystalline LED/LEC 8.7 x 105 21014 
Bade et 

al.[90] 

Polymer 

substrate / 

SWCNT / 

Pero-PEO 

composite 

/ Ag NW 

Composite ≈No Polycrystalline LED/LEC 8.7 x 105 360 
Bade et 

al.[90] 

ITO / TiO2 / 

Perovskite 

/ F8 / MoO3 

/ Au 

Single 

 compound 
Yes Polycrystalline LED 1.7 x 108 364 

Tan et 

al.[49] 

Glass / 

SOCP / 

MAPbBr3 / 

TPBI / 

LiF / Al 

Single  

compound 
Yes Polycrystalline LED ≈7.5 x 106 ≈15000 

Cho et 

al.[243] 

ITO / PE-

DOT:PSS / 

MAPbBr3 / 

SPB-02T / 

LiF / Ag 

Single  

compound 
Yes Polycrystalline LED ≈5 x 106 3490 

Yu et 

al.[244] 

VACNT / SC 

MAPbBr3 / 

VACNT 

Single  

compound 
No Single Crystal LEC 

≈1.3 x 104 1000 (0.5 mA) 
Andričević 

et al.[222] 
≈5 x 104 1800 (2.8 mA) 

 
Table 5.1. Comparative table of the performances of the best-in-class perovskite based LECs and LEDs. 

 

 

 



Single crystal light emitting devices 

84 

5.6 Conclusion 

Here we demonstrated the operation of new, simple light emitting electrochemical cells based on MAPbBr3 perovskite 

single crystals and VACNTs. The VACNT electrodes showed to enhance the ion migration inside the single crystal, modifying the I-

V characteristics of the device by preconditioning the sample with an external bias voltage. In the case of the Ag/MAPbBr3/VACNT 

device, with a Schottky diode configuration in open circuit conditions, one can strengthen or completely suppress the diode character-

istics by electrical poling with different polarities of voltage. On the other hand, from the symmetric device configuration 

(VACNT/MAPbBr3/VACNT), it is possible to achieve diode characteristics with a forward bias region in the direction of the polarity 

of the pre-applied voltage. Furthermore, by changing the polarity of the forward bias region, the direction of the short circuit photocur-

rent will follow, resulting in a switchable photovoltaic effect. 

Under the applied electric field charged ions in the crystal drift and accumulate in the vicinity of the electrodes, resulting in an in 

operando formed p-i-n heterojunction. Apart from this modifying the samples I-V characteristics, the space charge at the contacts 

reduces the barrier for charge injection. Concomitant with the strong electric field enhancement at the nanotubes tip this allows an 

increased injection of holes and electrons, which later recombine in the crystal resulting in light emission.  

Both the symmetric and asymmetric device architecture exhibited light emission in the form of flashes of bright green light at room 

temperature. After a critical current of around (50 µA) is reached, repetitive flashes of different intensities start to appear with an 

average luminance of roughly 60 cd m-2. With a further increase in current, more charges are injected to the crystal, resulting it brighter 

and more frequent flashes. The luminance can amount to values up to 1800 cd m-2 at a 2.8 mA current. Importantly, stable and contin-

uous light emission has not been observed at ambient conditions. Probably due to thermal fluctuations of the migrated ions that change 

the barrier structure in time. These fluctuations are damped by cooling the system down to cryogenic temperatures, achieving a stable 

current, producing a continuous light emission. At these low temperatures, a stable luminance of up to 1000 cd    m-2 can be achieved. 

Due to the single crystalline nature of the active material, the spectral purity of the emitted light is very high, especially at low temper-

atures. The full width at half maximum ranged from 30 nm at room temperature down to just 3 nm at 20 K. This is an unprecedented 

color purity for an LEC device. Furthermore, different spectra were acquired for different polarities of bias voltage. At positive voltages 

the emission peak is centered at 542 nm, which is the energy of the bandgap. Whereas, at negative voltages the spectra is redshifted 

for 20 nm. We attribute the different colors of the emission to the different locations of recombination of the electron-hole pairs in the 

crystal. Our assumption is that the green light is coming mostly from the crystal surface. The light is directly emitted towards the 

spectrometer. While the yellowish light is originating from the bulk of the crystal. The light is absorbed and re-emitted in cascades 

before reaching the spectrometer, losing its energy and resulting in a redshift of the spectra. 

Since the light emission comes from the recombination of electrons and holes in the perovskite, it is expected that the EL intensity 

correlates with the injected current in MAPbBr3. This is fully confirmed by the luminance-current measurements at 25 K as well as 

their dependence with temperature. However, continuous light emission stopped at 100 K, but flashes of light with quick changes of 

intensities could be followed up to room temperature. The device exhibited an operational stability for up to one hour with a shelf life 

stability for over 2 years when kept in ambient conditions. 

The basic principle of our device is very similar to the mechanism of light-emitting electrochemical cells (LECs). Light emitting devices 

employing a broad range of active layers with ion conductivity from polymer to recently perovskite/ionic electrolyte composites. Our 

perovskite-based devices are the first room temperature single crystal LECs using metallic electrodes without electrolyte or additional 

n-or p-type selective layers. The use of VACNT as electrodes embedded in the single crystal itself showed to be paramount as they 

intensify the effect of ion migration in the crystal, needed for the light emission. As well as allowing a stronger injection of charges 

due to the CNT tip enhanced electric field. Furthermore, because of their inert nature towards the perovskite layer to offer better 

operational and shelf life stability.  
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6.1 Ionizing radiation 

Radiation is the emission or transmission of energy in the form of waves or particles through space or material medium. 

Radiation is often categorized as either ionizing or non-ionizing, depending on the energy of the radiated particles as seen in Figure 

6.1. Non-ionizing radiation refers to any type of electromagnetic radiation that does not carry enough energy per quantum (photon 

energy) to ionize atoms or molecules, that is, to completely remove an electron from an atom or molecule.[245] Examples of non-

ionizing radiation are near ultraviolet, visible light, infrared, microwave, radio waves and low-frequency radio frequency (long wave). 

On the other hand, ionizing radiation is the radiation that carries a sufficient energy to detach electrons from atoms or molecules, 

thereby ionizing them. Ionizing radiation is made up of energetic subatomic particles, ions or atoms moving at high speeds usually 

greater than 1% of the speed of light, and electromagnetic waves on the high-energy end of the electromagnetic spectrum (Figure 6.1), 

such as higher ultra violet, X-rays and gamma rays. While, typical ionizing subatomic particles from radioactive decay include alpha 

particles, beta particles and neutrons. Almost all products of radioactive decay are ionizing because the energy of radioactive decay is 

typically far higher than that required to ionize. Although the region between non-ionizing and ionizing radiation is unclear as different 

atoms and molecules ionize at different energies, the conventional boundary is defined as 10 eV or 33 eV. 

 

Figure 6.1. Electromagnetic spectrum sorted by ionisation potential.[246] 

In this Section the emphasis will be on ionizing radiation, and more precisely indirectly ionizing radiation. This type of radiation is 

electrically neutral and therefore does not interact strongly with matter. The bulk of the ionization effects are due to secondary ioniza-

tions. The first and most notable example is photon radiation, i.e. gamma and X-rays. Photon radiation is defined as gamma rays if 

produced in the nucleus, otherwise called X-ray if produced outside the nucleus. X-rays usually have a lower energy then gamma rays 

and an older convention was to define it at 100 keV. There are three main ionization mechanisms for photons on organic matter.  The 

photoelectric effect is dominant for energies bellow 100 keV, typical for X-rays. After that the photons ionize matter increasingly 

through the Compton effect, and then indirectly through pair production for energies beyond 5 MeV.    

One more example of indirectly ionizing radiation are neutrons. Neutrons are emitted from nuclear fusion or fission, or from other 

nuclear reactions such as radioactive decay. As they have zero electrical charge, neutrons often do not directly cause ionization when 

interacting with matter. However, neutrons interactions are largely ionizing. In inelastic scattering with a nucleus, neutrons are readily 

absorbed in a reaction called neutron capture. This results in neutron activation and radioactive nuclei, which in turn may trigger further 

neutron radiation.  

Ionizing radiation is harmful and potentially lethal for living beings. Especially gamma radiation as arguably the most dangerous type 

of radiation, as it can penetrate virtually every part of the human body. Small amounts of radiation can result in mild cases of radiation 

poisoning short term, as fast-growing cells that are usually shielded from other types of radiation can be exposed to ionization. These 

lower doses also carry with them risks of cancer, in virtually any system of the body. Higher doses of gamma radiation can cause more 

severe forms of radiation sickness, sometimes resulting in death within hours. 
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Figure 6.2. Radiation dose chart. Some of the most common radiation dose people encounter as well as the extreme cases of radiation.[245] 

Sources of radiation are all around us, generating ionizing radiation through nuclear reactions, nuclear decay, by very high tempera-

tures, or via acceleration of charged particles in electromagnetic fields. Some come from natural sources, such as the sun, lightning and 

super nova explosions. Others from artificial sources, including nuclear reactors, particle accelerators and X-ray tubes. 

The activity of radioactive material is given in the SI unit of becquerel (Bq). One becquerel stands for one decay per second. For 

example, a household smoke detector with 30,000 Bq contains enough americium to produce that many disintegrations per second.  A 

kilogram of coffee or granite might have 1000 Bq of activity, and an adult human 7000 Bq. Each atomic disintegration produces some 

ionizing radiation. However, if imagined as a point source, the energy of the radiation decreases with the square of distance it travels. 

Moreover, the intervening medium can also absorb and scatter the radiation. Finally, if the radiation is detected, the measured quantity 

is dose. Physical dose is measured in grays (Gy), and the biological dose in sieverts (Sv). However, depending on the application, it 

can also be determined as particle counts, per second or minute.  

Various doses of radiation, ranging from trivial to lethal, are shown in Figure 6.2.[245] One interesting value seen on the chart is the 

background radiation of an average person in one day of 10 µSv. Background radiation is naturally and inevitably present in our 

environment. Most of it occurs from radioactive minerals in the ground, soil and water and can vary greatly at different locations in the 

world. About 15% of the background radiation contributes from cosmic radiation, energetic particles from the sun and stars that enter 

the Earth’s atmosphere. With higher altitudes, the amount of cosmic radiation increases. This is why during a flight from New York to 

Geneva a passenger can be attain a dose of approximately 60 µSv. The remaining radiation is from man-made artificial sources. Most 

of it, actually, from use in medicine applications; whereas only a slight contribution (< 0.1%) is from nuclear power plants, weapon 

tests or accidents like the one at the Chernobyl nuclear power plant in Ukraine.  

The one-year dose limit for a radiation worker is 50 mSv. Until these values, the body can still regenerate any damaged cells. However, 

doses over 100 mSv can be directly linked to increased cancer risk. There are three standard ways to limit radiation exposure. The 

already mentioned distance, due to the inverse-square law dependence, time of exposure and lastly shielding. Air and skin can suffi-

ciently attenuate alpha and beta radiation. However, for gamma and neutron radiation barriers such as lead, concrete or water are 

needed. 
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6.2 Importance of radiation detection 

Besides all the negative effects of radiation, scientist have found many ways in which it can benefit greatly humankind. 

Radiation is used in medicine, academics, industry, as well as generating electricity. It has found further applications in areas such as 

agriculture, archaeology, space exploration, law enforcement, geology and many others.[247], [248] Accompanying all these applica-

tions is always radiation detection. Precisely because of the dangers mentioned in the previous section, there is a need to control and 

monitor radiation constantly, especially since humans do not have a direct way of recognizing it. Some of these applications will be 

explained more in detail. 

Medical uses 

Hospitals, doctors and dentist use a variety of nuclear materials and procedures to diagnose, monitor and treat a wide range of medical 

conditions in humans. Diagnostic X-rays and radiation therapy has been administered to about 7 out of every 10 Americans and saved 

thousands of lives through the detection and treatment of conditions ranging from hyperthyroidism to bone cancer.  

The most known of these procedures is the use of X-rays, for example to see if a bone is broken, as bone is denser then the skin. 

Moreover, there are more specialized techniques also employing X-rays, such as mammography and computerized tomography (CT). 

They can help doctors locate and identify tumors or other organ problems. Beyond X-rays, gamma rays are also used in medical 

imaging, for example in single-photon emission computerized tomography (SPECT) or Positron Emission Tomography (PET).[249] 

SPECT is a type of medical imaging, useful for identifying the presence and size of tumors as well as to track blood flow (Figure 6.3). 

A radioactive tracer usually consists of glucose attached to a radioactive isotope such as iodine-123. Tumors require a large amount of 

glucose, so the radioactive tracer travels through the blood and is mostly absorbed in the site of the tumors. The isotope will then begin 

to decay, releasing gamma rays made up of gamma photons. The gamma photons that are emitted from the patient can be collected by 

a detector placed around the body which can build an image of where it came from, enabling the location and the shape of the tumors 

to be determined. Likewise, in the PET scan, the premise is the same, the system detects pairs of gamma rays emitted indirectly by 

a positron-emitting radioligand, most commonly fluorine-18, which is introduced into the body on a biologically active molecule. 

 

Figure 6.3. Image and schematic illustration of the working principles of a SPECT.[249]  

Radiation is also used as a treatment of a disease or cancer, and is then referred to as radiotherapy. Gamma rays are directed at a tumor, 

directly damaging the DNA of the cancerous cells or producing free radicals in the cells that can damage the DNA. While this is useful, 

gamma radiation can also damage healthy cells, causing side effects. The amount of radiation a healthy tissue can absorb is well known, 

so when all is taken into account a proper course of radiotherapy can be given. There are two forms of radiotherapy: brachytherapy 

which is less common, involving taking the radioactive substance orally or injected into a vain; and external-beam radiation therapy, 

given in the form of gamma beams. 

Academic and scientific applications 

Universities, colleges, high schools and other academic and scientific institutions use nuclear materials and radiation detection in var-

ious different projects. For example, just as doctors can label substances inside people's bodies, scientists can label substances that pass 

through plants, animals, or our world. This allows researchers to study such things as the paths that different types of air and water 

pollution take through the environment. 

Security devices 

X-ray systems are one of the more common devices used for security. They are mostly found in airports to monitor luggage or to scan 

cargo coming in on planes or ships. Radiation is used to image what is inside containers without opening them. Furthermore, as there 
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is always a danger of nuclear terrorism, radiation detectors have been used for area and air monitoring, detecting any chemical or 

nuclear explosives. 

Industrial uses and nuclear power plants 

There are many industrial uses of radiation. One example that could be given is the irradiation of food, medical equipment and other 

substances to kill germs without harming the substance that is being disinfected — and without making it radioactive. When treated in 

this manner, foods take much longer to spoil, and medical equipment (such as bandages, hypodermic syringes, and surgical instruments) 

are sterilized without being exposed to toxic chemicals or extreme heat. Finally, one of maybe the most known application is the 

generation of electricity in nuclear reactors by nuclear fission. Around the world there are between 400 and 500 reactors producing 20 

percent of the world’s electricity. Radiation detection monitoring in power plants is essential to protect the security of its workers and 

neighbors.  

 

6.3 Materials for radiation detection 

A wide variety of detectors exist to measure and quantify ionizing radiation. The key process by which radiation is detected 

is ionization, where the incident ray gives part of its energy to an electron, which then collides with other atoms liberating many more 

electrons. These electrons are then collected either directly using proportional counters or solid-state semiconductor detectors, or indi-

rectly via scintillation detectors, in order to register the presence of radiation and measure its energy.[250] The final result is an elec-

trical pulse whose voltage is proportional to the deposited energy. 

In this work, we will study solid-state detectors based on semiconductor materials, which first started to appear in the 1970s. Their 

main advantage towards commonly used scintillator detectors is that the charge produced by the photon interaction is collected directly. 

Therefore, the energy resolution of these detectors is dramatically better, so great spectral detail can be measured. Moreover, the need 

of photomultipliers and other accompanying electronics is not needed which drastically lowers their fabrication costs. 

Multiple distinct characteristics of a semiconductor material are required for an efficient high-energy-photon detection. For example, 

a large detecting volume to intercept radiation, a large linear attenuation coefficient, large and balanced carrier mobilities (𝜇) concom-

itant long charge carrier lifetimes (𝜏) thus resulting in high values of their product (𝜇𝜏) are all important for efficient charge collection. 

And finally, a high resistivity accompanied by a low charge trap density, to avoid charge trapping under a single-event analysis.[251] 

The product 𝜇𝜏 attains the highest values in crystalline semiconductor materials, in which carrier transport is not limited by scattering 

and trapping at grain boundaries. However, the availability of such semiconductors, especially with high atomic numbers (high-Z), in 

sufficiently large, single-crystalline forms which would also be both chemically and mechanically robust, is still limited.[112] 

High-purity germanium crystals possess the most ideal electronic characteristics in this regard.  They are the most widely used semi-

conductor materials in solid-state-based detectors. However, due to a small band gap of germanium, to perform a high-resolution 

spectroscopy a liquid nitrogen cooling system is necessary for germanium-based solid-state detectors. Therefore, to achieve a high-

resolution detection at room temperature, there have been applications of semiconducting materials other than germanium and silicon, 

such as CdTe, HgI2, and GaAs.[250] 

Zinc-alloyed CdTe (Cd1−xZnxTe, denoted CZT for 0 < x < 0.2) single crystals produce the best resolution of γ-ray spectra among the 

non-cooled semiconductor radiation detectors, due to their large band gap of above 1.6 eV, a high resistivity up to (108∼109) Ω cm at 

room temperature and a large 𝜇𝜏 product.[gamm6] However, important limitations can be identified for the application of CZT detec-

tors, such as the cost-restricted crystal manufacturing at a scaled-up level, the incompatibility of high-temperature crystal growth with 

read-out circuits, and a low hole mobility.  

The linear attenuation coefficient and its corresponding penetration depth of all aforementioned radiation detector materials as well as 

that of the MAPbBr3 SCs used in this work are shown in Figure 6.4. 
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Figure 6.4. Linear attenuation coefficient and corresponding penetration depth as a function of photon energy for different radiation detection materi-

als from x to γ-ray. Inset: Optical images of high purity Ge[252] and CZT[253] single crystals. Values taken from [254]. 

 

6.3.1 Mobility-lifetime product (𝜇𝜏) calculation 

The fundamental figures of merit for radiation detectors are the linear attenuation coefficient, energy resolution, material band gap, 

resistivity, and most notably the mobility-lifetime product (𝜇𝜏). It provides the estimate of the ability of charge carriers in a SC of a 

given size to reach the current collectors before recombination.[gamma6] The 𝜇𝜏 product can be extrapolated from the voltage depend-

ence of the photocurrent under radiation exposure according to the Hecht equation:[103], [255] 

𝐼 =
𝐼0𝜇𝜏𝑉

𝐿2

1−𝑒
(−

𝐿2

𝜇𝜏𝑉
)
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𝐿𝑠

𝑉𝜇

             (6.1) 

where 𝐼0 is the saturated photocurrent, 𝐿 is the thickness, 𝑉 is the applied voltage and 𝑠 represents the surface recombination velocity 

that directly affects the charge collection efficiency. A comparison of the 𝜇𝜏 products and other figures of merit for the best in class 

radiation detection materials are given in Table 6.1.  

Material Band gap 
(ev) 

Bulk resistivity 
(Ω cm) 

𝝁𝝉 product 
(cm2 V-1) 

Energy resolution 
(%) 

Temperature 
(K) 

Reference 

Ge 0.67 102-103 > 1 0.2 77 [256] 

GaAs 1.42 106-107 0.1 5.3 – 12 255 – 300 [257] 

HgI2 2.13 1010 0.01 0.85 – 1.3  300 [258] 

CZT 1.5-1.6 1010 0.004 – 0.01 0.5 300 [259] 
Perovskite 1.5-3.1 107-1010 0.001 – 0.01 3.9 300 [99] 

 
Table 6.1. Comparative table of the fundamental figures of merit of radiation detection for different materials. 

 

6.4 X ray detection by perovskite 

The recently rediscovered metal halide perovskites have been found to meet all aforementioned key requirements for high-

energy radiation detection. The high-Z chemical elements, such as lead (Pb), iodine (I) and bromine (Br), concomitant with relatively 

large densities of perovskite (4.0 g cm-3), allow for a substantial attenuation of high-energy photons. They possess large proper 
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bandgaps to reduce thermal noise, and high resistivities to suppress dark current and device noise. Moreover, a great mobility-lifetime 

product for efficient charge collection has been calculated (e.g. for Cs0.1FA0.9PbI2.8Br0.2 SCs the µτ product is of about 1.2 × 10-1 

cm2/V).[100] However, unlike the market leading crystals, these perovskite SCs may grow from abundant and low-cost raw materials 

in solutions at near room temperature without using high capital demanding infrastructures. As mentioned more in detail in Section 

1.4.7, perovskite-based X-ray detection exhibited great detection properties with sensitivities as high as 2.5 × 104 μC Gy−1
air cm−3[104] 

and sensing low dose-rates down to 0.36 μGyair s-1,[117] much lower than the typically required in medical diagnostics (5.5 µGyair s-

1). 

 

6.4.1 MAPbBr3 single crystals 

The first step of our study of radiation detection with perovskites was to investigate the X-ray detection properties of MAPbBr3 SC 

using a standard fine-focus copper X-ray tube (CuKα; =1.541874 Å; Take-off angle (°): 6.0) mounted in a PANalytical Empyrean 

diffractometer, energized from 15 kV to 45 kV and 5 mA to 40 mA. A commercial diffractometer detector (FLUKE Biomedical - 

VICTOREEN Advanced survey meter 990S) was used for calibration of the X-ray intensity. A Keithley 2400 source meter allowed 

us to measure the current with <0.1 nA resolution, while tuning the applied bias voltage, in the dark and under X-ray irradiation. All 

measurements were done in ambient conditions at room temperature.   

 

Figure 6.5. Performance of the Ag/MAPbBr3 SC/Ag photodetector exposed to 8 keV X-rays. (a) Dark current and photocurrent stability under an X-

ray source for different bias voltage. (b) Photocurrent response and (c) its dependence with positive bias voltage. Inset: Image of the MAPbBr3 SC 

with Ag contacts. 

A large centimetre-sized MAPbBr3 SC (inset of Figure 6.5c) was positioned in the direct beam path of the 8 keV X-ray source. A 

shutter was used to close and open the X-ray beam. In Figure 6.5a, one can see the current flow in dependence of different bias voltages 

from 0.5 to 10 V, while opening and sealing the beam shutter. The baseline current shows great stability for all bias voltages. Exposed 

to a 21.5 mGy s-1 dose-rate photocurrents of the perovskite device ranged from 1 to over 150 nA, depending on the value of the bias 

voltage (Figure 6.5b,c). The low power operation mode (0.5 V) would enable using these single crystal detectors in other specific 

market segments, for example space applications. 
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6.5 Gamma detection by perovskite 

Perovskite have been already studied substantially as X-ray photodetectors, even reaching industrial players. Samsung 

electronics developed a detector that can decrease radiation exposure to less than 1/10th of the normal amount typical for medical 

imaging such as fluoroscopy, digital radiography, CT and other radiology equipment.[107] On the other hand, for detection of gamma 

rays only a handful of studies have been made, described in detail in Section 1.4.7. One of the reasons is the need for a much thicker 

device even compared to X-ray photodetectors, not mentioning solar cells. Simultaneously, requiring high crystal quality to reduce trap 

density in the sample. Therefore, the majority of the perovskite-based gamma detectors employ single crystals as the detecting layer. 

Nevertheless, to date the volume of laboratory grown metal halide perovskite dedicated for gamma detecting purposes did not exceed 

1.2 cm3. In this work, we will present the detection of γ-rays with MAPbBr3 SCs with different volumes ranging from 0.1 to 1,000 cm3, 

employing different electrode designs from silver epoxy to various carbon allotropes. 

 

6.5.1 Experiments in the irradiation cavity Lotus 

Gamma irradiation measurements were done inside an irradiation cavity “LOTUS” in the Laboratory for Reactor Physics and System 

Behavior at EPFL.[260] The experimental cavity is 3.6 m long, 2.4 m wide and 3 m high, with a 2.2 m concrete shielding, which makes 

it adapted to irradiation with strong sources. It is equipped with a 60Co radiative source and a shielded irradiator that allows safe usage 

of the source and irradiation with a horizontal collimated beam (Figure 6.6).  The 60Co source has an activity of 269 GBq and produces 

γ-rays with energies of 1.173 and 1.332 MeV. It is doubly encapsulated in stainless steel and hermetically sealed. It is held by a steel 

and tungsten source rod, and incorporated in the irradiator. 

 

Figure 6.6. Vertical cross section of the irradiator with the source in storage position, dimension in inches. Perspective outer view of the irradiator, 

with beam port and warning stack light.[260] 

In the storage position, the lead and tungsten shielding is made so that the dose rate at 30 cm of the irradiator stays under 50 µSv h-1. 

Therefore, users can safely enter the cavity and approach the irradiator. The tungsten rod, driven by a pneumatic system, travels inside 

the irradiator, allowing it to lift the source into the top exposed position in less than a second. In this position, the source is held in front 

of the beam port allowing a flow of γ-rays to directly enter the cavity. A removable collimator, made of several tapped tungsten and 

lead disks is inserted in the beam port in order to limit scattering and provide a horizontal radiation beam with a 15-degree opening 

angle. 

The perovskite γ-ray detector devices were positioned in the beam line at various distances from 25 cm to 125 cm from the source. By 

varying the distance, we were able to change the exposed dose-rate of the samples, due to the inverse-square law, from 2.3 to 0.07 Gy 

h-1. Long coaxial cables were used to connect the detectors through tunnels in the concrete shielding with the measuring setup outside 

the cavity. The cavity is kept in ambient conditions, thus the samples were encapsulated in PDMS, as done in our prior work (Sections 

4 and 5), to preserve them from humidity. All light sources were removed from the inner part of the cavity not to have any interference 

to the signal while under gamma exposure. This included dismantling the warning stack light seen in Figure 6.6. 
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6.6 Device architecture 

For the resistively detected γ-radiation, the elaboration of stable and low resistive contacts is very important. Our detector 

devices were initially assembled using copper wires as electrical contacts glued to the surface of MAPbBr3 SCs with conductive adhe-

sives, like, e.g. Dupont 4929 silver epoxy (Figure 6.7a) as was the case for the previously shown X-ray detection. However, it has been 

recently recognized that perovskite-based optoelectronic devices implementing silver electrodes exhibited stability issues over long-

term operation. Notably, silver and other noble metal-based electrodes undergo electro-corrosion, thus degrading and weakening the 

electronic properties. Therefore, lately, carbon-derived components such as carbon nanotubes, graphene, reduced graphene oxide, full-

erenes, and graphite have been proposed (Section 2.3). Here, three types of carbon electrodes were investigated. The first type was the 

vertically aligned carbon nanotube (VACNT) forest, where the perovskite single crystal engulfed the individual nanotubes as protoge-

netic inclusions (Figure 6.7b), thus leading to the formation of a three-dimensionally enlarged interface.[gamma 24] Identical device 

architecture used in our work in Sections 4 and 5. The second kind of electrode was a graphite spray covering the whole surface of the 

MAPbBr3 single crystals, allowing large electrode surfaces (Figure 6.7c). Lastly, the third type was a graphite paper in pressed MAP-

bBr3 polycrystalline sample in the form of pallets (Figure 6.7d).  

 

Figure 6.7. Images of the samples contacting different electrode strategies: a: silver paste contacts, b: aligned carbon nanotube contacts engulfed by 

the crystal, c: graphite spray contacts and d: pressed carbon paper on the surface of compressed polycrystalline sample.  

 

6.6.1 Silver electrodes 

The first electrode configuration that was tested was the same device architecture measured previously under an 8 keV X-ray source, 

and that is a large MAPbBr3 single crystal (12 × 12 × 6) mm3 with just simple silver epoxy electrodes. Despite knowing that silver and 

other noble electrode are probably not the solution for a future commercial device design, it was the easiest start to prove the possibility 

of γ-ray detection. 

To characterize and compare any radiation detecting material, there are two fundamental figures of merit that should be calculated. 

The resistivity (𝜌) and mobility-lifetime product (𝜇𝜏 product). Both 𝜌 and 𝜇𝜏 can be estimated from the current-voltage characteristics 

of the device. For the resistance, current was measured while sweeping the bias voltage from 0 to ± 10 V and back in the dark. Due to 

the more or less linear dependence of the I-V curve, a resistance of the order of 1 GΩ can be estimated from the linear fit following the 

Ohm’s law as shown in Figure 6.8a, which results in a resistivity of 1.2 GΩ cm. 
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Figure 6.8. (a) Resistance calculated from the liner fit of an I-V curve for a device with two silver electrodes. (b) Photocurrent under gamma irradia-

tion versus voltage measured at room temperature for the extraction of the mobility-lifetime product for holes according to equation (6.1). 

To calculate the 𝜇𝜏 product the photocurrent under gamma irradiation (2.3 Gy h-1, 60Co source) was measured while scanning the bias 

voltage from 0 to 100 V. It can then be extrapolated from the fit using the Hecht equation (6.1). In the case of silver electrodes a value 

1.6 × 10-3 cm2 V-1 can be estimated, which is comparable to products of the best perovskites as well as the highest quality CZT SCs of 

0.91 × 10-2 cm2 V-1.[gamma 29] However, the actual advantage of MAPbBr3 over CZT is that it collects efficiently both types of 

charges, while CZT has a low hole mobility. 

 

Figure 6.9. Performance of the Ag/MAPbBr3/Ag γ-ray photodetector. (a) Dark current and photocurrent stability under a 2.3 Gy h-1 dose-rate for dif-

ferent bias voltage. (b) Photocurrent response at different positive voltages as well as (c) its dependence with voltage for both bias polarities. 

The MAPbBr3 SC detector was then positioned inside the cavity, directly in the gamma beam. Current was measured in time while 

moving the 60Co source from its storage to its exposed position, which we were in future reference call gamma off and gamma on, 

respectively. The on-off radiation cycles were done for different bias voltages, from 0.5 to 10 V, for both bias voltage polarities as seen 
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in Figure 6.9a. It is well known that perovskites, including MAPbBr3, are prone to ion migration under applied electric fields, altering 

the electronic response of these materials. This is visible in Figure 6.9a as drifts in both the on and off current. Nevertheless, the device 

showed good operation over a wide range of voltages, yielding photocurrents from 0.1 to 3 nA (Figure 6.9b,c). A fast response time of 

less than one second was measured, similarly as in the case of visible light detection. Although there is still a drift in the photocurrent, 

at the rising edge the photocurrent is still capable of precise radiation detection. This could be improved even further if the time during 

which the sampling voltage is applied is reduced to, for example, a couple of seconds or less.  

 

6.6.2 Vertically aligned carbon nanotube electrodes 

With the goal to achieve even better γ-ray detector performance, we moved to the devices architecture, which showed exceptional 

visible light detection, studied in detail in Sections 4 and 5. That is the MAPbBr3 SC with two VACNT electrodes. These devices 

managed to detect low intensities of visible light, down to 18 nW, operating even without external bias voltages. Firstly, the two 

fundamental figures of merit were calculated. A resistivity of 33 MΩ cm and 𝜇𝜏 product of 0.5 × 10-3 cm2 V-1 were estimated in the 

same way as for the previous device with silver contacts (Figure 6.10).  

 

Figure 6.10. (a) Resistance calculated from the liner fit of an I-V curve for a device with two VACNT electrodes. (b) Photocurrent under gamma irra-

diation versus voltage measured at room temperature for the extraction of the mobility-lifetime product for holes according to equation (6.1). 

The substantially smaller resistivity of this device offered us the possibility to work at very low bias voltage. On-off responses in time 

were measured as before but for much lower voltages in the range from 0.01 to 0.5 V. However, it is important to mention that the 

electrode distance in this device is only 1 mm. Therefore, even these low voltages produced high enough electric field to induce ion 

migration inside the single crystal. This can be seen in Figure 6.11a as a strong drift in the baseline current, especially for voltages over 

0.2 V. Furthermore, as we demonstrated previously in Section 5, the implementation of vertically aligned CNTs additionally contrib-

uted to strengthening this effect. Photocurrents from 20 nA at 0.5 V to 0.05 nA at 0 V were measured as shown in Figure 6.11b and the 

inset of Figure 6.11c, respectively. The short circuit photocurrent was again as in the case for visible light attributed to the probable 

formation of a p-n junction during the interpenetration of the MAPbBr3 SC into the VACNT forest. Moreover, the now switchable 

gamma-voltaic effect could be induced. 

Even though increased photocurrents were measured compared to silver electrodes, especially with just a small volume of the SC, we 

believe that this architecture is not completely viable for a future γ-ray detector. Besides the already mentioned issues of sever ion 

migration, elevated by the addition of CNTs, the upscaling of this type of device could be very challenging. 
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Figure 6.11. Performance of the VACNT/MAPbBr3/VACNT γ-ray photodetector. (a) Dark current and photocurrent stability under a 2.3 Gy h-1 dose-

rate for different bias voltage. (b) Photocurrent response and (c) its dependence with bias voltage. Inset: On-Off characteristics at 0 V. 

 

6.6.3 Carbon spray electrodes 

Therefore, we turned back to a truly simple device architecture, and that was covering the large MAPbBr3 SCs with graphite spray. A 

(17 × 17 × 15) mm3 SC was sprayed on two sides leaving a small 3 mm line as seen in the inset of Figure 6.12b. A resistivity of 212 

MΩ cm and a high 𝜇𝜏 product of 2.4 × 10-3 cm2 V-1 were calculated (Figure 6.12).  

 

Figure 6.12. (a) Resistance calculated from the liner fit of an I-V curve for a device with two graphite spray electrodes. (b) Photocurrent under gamma 

irradiation versus voltage measured at room temperature for the extraction of the mobility-lifetime product for holes according to equation (6.1). 

The on-off characteristics of the graphite electrodes device again showed good detection of the 60Co source for various bias voltages 

of both polarities (±0.1 to 5 V), as seen in Figure 6.13a. Once again, a change of the off current (γ-source shielded) is visible at higher 



Radiation Detection 

98 

external electric fields, due to the ion migration. However, compared to the previous samples much higher photocurrents were obtained. 

Form 0.43 nA at 0.1 V up to 88.15 nA at 5 V (Figure 6.13b,c). At first, one can attribute this to the increased volume of the crystal 

itself, as well with the enlarged junction between the crystal and the graphite spray electrode, allowing charge collection from all sides 

of the MAPbBr3 SC. 

 

Figure 6.13. Performance of the C/MAPbBr3/C γ-ray photodetector. (a) Dark current and photocurrent stability under a 2.3 Gy h-1 dose-rate for differ-

ent bias voltage. (b) Photocurrent response at different positive voltages as well as (c) its dependence with voltage for both bias polarities. 

 

6.6.4 Pressed pallets with carbon paper electrodes 

Lastly, γ-ray detection was tested on polycrystalline samples, in our case pressed pallets of MAPbBr3 powder. The devices were fab-

ricated by pressing MAPbBr3 powder in-between two graphite papers. At first, smaller pallets were formed with a height of 6 mm and 

graphite paper electrodes with a radius of 28 mm2. They exhibited a quite lower than expected resistivity of 154 MΩ cm and a high 𝜇𝜏 

product of 1.0 × 10-3 cm2 V-1 for a polycrystalline sample (Figure 6.14).  
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Figure 6.14. (a) Resistance calculated from the liner fit of an I-V curve for the MAPbBr3 pressed pallet device with two carbon paper electrodes. (b) 

Photocurrent under gamma irradiation versus voltage measured at room temperature for the extraction of the mobility-lifetime product for holes ac-

cording to equation (6.1). 

However, when exposing to γ-rays, much weaker and more unstable responses were detected. As seen in Figure 6.15a, the on-off 

characteristics were measured at various bias voltages from 0.5 to 10 V for both polarities. Photocurrents of less than 1 nA were 

measured, and they variated notably in time as displayed in Figure 6.15c.  

 

 

Figure 6.15. Performance of the pressed pallet γ-ray photodetector. (a) Dark current and photocurrent stability under a 2.3 Gy h-1 dose-rate for differ-

ent bias voltage. (b) Photocurrent response at different positive voltages as well as (c) its dependence with voltage for both bias polarities.  

The weak device performance was in the beginning associated to the small volume of the pallet. However, when increasing the device 

size, specifically the area of the graphite paper electrode, the device became a capacitor. We have observed that these devices suffer 
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from baseline current stabilization issues, which ultimately increases the noise of the device to the same or higher order of magnitude 

than the detected signal itself. 

 

6.6.5 Comparison 

During all measurements the devices were positioned precisely 25 cm from the source, exposing them to a 2.3 Gy h-1 dose-rate. The 

cavity was kept in the dark and all samples were encapsulated to exclude the possibility of degradation. To compare the different device 

types, their I-V curves as well as photocurrent responses were normalized by the detectors volume and electrode distance. However, 

this cannot be taken for granted, as the dependence with detection volume is not linear as would be discussed later in Section 6.8.  

 

Figure 6.16. The electric field dependence of photocurrent under a 2.3 Gy h-1 dose rate for the 4 device architectures, showing an excellent resolution 

even at low electric fields, as well as time dependence of the photocurrent responses at 1 V mm-1 electric field. 

From Figure 6.16 it is clearly visible that the device configuration of a MAPbBr3 SC grown around VACNTs has the best γ-ray 

detection properties, similar to visible light. Presumably, due to the large contact area between the CNTs and the perovskite and to the 

field enhancement factor at the nanotube tips. However, due to the complexity of the device fabrication with the VACNT carpet as 

well as scalability, we would opt for the second-best performing device manufactured with the graphite spray electrodes. 

 

6.7 Dose-rate measurements 

Dose rate-dependent measurements, usually neglected in most of the reports, are important for the characterization of the 

device performance. In the case of a fixed activity γ-source, the dose could be changed by the distance between the device and the 

irradiation source, this way varying the number of γ-photons reaching the detector in a unit time. Hence, our detector was positioned 

at different distances from the 60Co source, ranging from 25 to 125 cm. Corresponding values of dose rates are ranging from 2.30 to 

0.07 Gy h-1, which were measured by a calibrated γ-sonde. 

On-off characteristics were measured for all aforementioned device architectures, for multiple distances from the source. The bias 

voltage for each device was chosen to give a predominantly stable and constant baseline current. This is crucial for calibrating the 

device properly to perform dosimetry measurements, and will be one of the main challenges to overcome. Furthermore, the value of 

the photocurrent at the leading edge of the γ-ray on was plotted as a function of distance from the source. These two types of curves 

are shown in Figure 6.17 for the MAPbBr3 SCs with silver (a,b), VACNT (c,d) and graphite spray electrodes (e,f). As well as in the 

case of the pressed powder pallets with graphite paper in Figure 6.17g,h. 

The photocurrent measurements plotted as a function of distance, especially the SCs with carbon electrodes (Figure 6.17d,f), are in 

good agreement with the theoretical inverse-square law behavior. All curves are fitted to the �̇�0/𝑟𝑥 function, where �̇�0 is the dose rate 

at the distance 𝑟 and 𝑥 is the power-constant. The extracted value of the exponent ranged from (1.0 ± 0.3) to (2.45 ± 0.06) for the 

pressed pallet to the vertically aligned CNT electrode configuration, respectively.  
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Figure 6.17. On-off characteristics and photocurrent dependence on the distances from the source fitted to the �̇�0/r
x function for the sample with (a,b) 

silver, (c,d) VACNT, (e,f) graphite electrodes and the (g,h) pressed pallet γ-ray photodetector device. 
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6.7.1 Comparison to commercial devices 

However, it is important to mention that because the irradiator with the 60Co radioactive source is placed in a concrete irradiation cavity 

of reduced dimensions (3.6 × 2.4 × 3 m3), the shielding geometry has to be taken into account. An intense scattering of gamma particles 

from the concrete walls affects the theoretically estimated inverse-square law behavior of dose rates for a point-like source in open 

space. 

Therefore, to further prove that MAPbBr3 γ-ray detectors can perform dose rate measurements, the devices were compared with two 

types of commercially available detectors for gamma dose rate measurements: a thermoluminescent dosimeter (Harshaw TLDs-700, 

4.38% 7Li-doped), and a calibrated γ-sonde (Berthold LB 6414). The commercial devices were positioned at the same distances from 

the source as our detectors, and measured in the same conditions. The distance dependent curves are shown in comparison to our 

graphite spray and VACNT electrode samples in Figure 6.18. All measured values show a strong correspondence. This is once more a 

confirmation of the advantages of using MAPbBr3 SC devices with carbon electrodes, proving they can be applied in dosimetry appli-

cations. 

 

Figure 6.18. Comparison of the detector photocurrents at different distances from the source (graphite and VACNT electrodes) with commercially 

available and calibrated gamma detectors. 

 

6.7.2 Sensitivity 

From the measurements of the photocurrent taken for different dose-rate, one can calculate the sensitivity of detecting gamma irradia-

tion for the devices. A figure of merit more commonly used for X-ray detection. The dose-rates corresponding to the distances of the 

detectors from the 60Co source were read by the γ-sonde. From a liner fit of the photocurrent dose-rate dependence the sensitivity values 

were calculated. For our two best samples, with VACNTs and graphite spray contacts (Figure 6.19a,c), a sensitivity of 112 ± 3 µC Gy-

1 cm-2 and 2.6 ± 0.2 µC Gy-1 cm-2 were determined, respectively. It is important to point out how these sensitivities are achieved for 

low bias voltages (< 1 V) and are enhanced by increasing the voltage. In Figure 6.19b and d the dependence of the photocurrent density 

and sensitivity of the two devices with different bias voltages can be seen. Reaching sensitivity values as high as 333.8 ± 0.4 µC Gy-1 

cm-2 for the VACNT/MAPbBr3/VACNT gamma detector device when exposed to our strongest dose rate of 2.3 Gy/h at a 0.5 bias 

voltage. 
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This value is one order of magnitude higher than the best reported so far for sensitivity of perovskite detectors when exposed to gamma 

rays, of 41 µC Gy-1 cm-2.[120] As well as in the same order as that of CZTs used as X-ray detectors for medical imaging.[98]  

 

Figure 6.19. Calculated sensitivity from the photocurrent dose-rate dependence and its change with voltage for the γ-ray photodetector devices with 

(a,b) VACNT and (c,d) graphite spray electrodes. 

 

6.8 Long-term operational stability 

Radiation damage is one of the major concerns of commercially available state-of-the-art detectors. It is well known that 

neutrons, protons, electrons, and even γ-radiation can lead to displacement damage in solid-state detectors (Si, CZT, etc.).[261] In the 

case of high-energy particles, the displacement damage is a cascade-type process involving multiple interactions, resulting in an ex-

tended damage region or defect clusters. In contrast, in the case of γ-radiation, the displacement damage is caused by high-energy 

Compton electrons (around 1 MeV) that only produce point defects. These displacement damages lead to an increase of the leakage 

current and damage the sensor. Conventional materials for γ-rays detection can be made more radiation-resistant by a purposeful 

introduction of known impurities. Conceivably, certain impurities, by their interaction with the primary defects caused by radiation, 

vacancies and interstitials, can neutralize them without significantly altering the material properties. For example, silicon detectors 

with enhanced oxygen content exhibited better radiation hardness, being almost insensitive to γ-rays radiation up to 6 MGy.[261] 

As compared to the robust Si and CZT, hybrid halide perovskites are considered even more prone to degradation when exposed to 

various environmental factors. Consequently, performance deterioration of the perovskite-based γ-rays detector can clearly be expected 

in long-term operation. Therefore, since the detector stability is in general an important factor for perovskite optoelectronic devices, 

we performed test measurements on different time scales ranging from 1 hour to up to 100 hour of operation.  

The first γ-rays detector that was investigated was the simplest configuration, a MAPbBr3 single crystal with silver epoxy electrodes. 

The device was positioned inside the irradiation cavity in front of the γ-beam exposing it to a constant dose-rate of 2.3 Gy h-1 for 24 
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hours, resulting in a total dose on the SC device of around 55 Gy. Moreover, a constant bias voltage of 5 V was applied constantly 

during the 24 hours, simulating continuous operational conditions.  

 

Figure 6.20. Comparison of (a) current and (b) photocurrent response of the Ag/MAPbBr3/Ag detector before and after 24 hours under 5 V bias volt-

age and 2.3 Gy/h γ-irradiation. Initial degradation of detection properties, as well as complete regeneration (after 60 hours) is visible.  

On-off measurements done in the same way as previously to test the γ-detection performance of the device were performed before and 

after the 24 hour irradiation. From Figure 6.20 it is clearly visible that immediately after the long-term exposure (red curve) the gamma 

response degrades to 10% of its initial value (black curve). These results did not come as a surprise, because as we mentioned previ-

ously, silver and other noble metal electrodes have shown many stability issues in all perovskite-based optoelectronic devices. This is 

quite logical as halides are widely used to etch metal layers as copper, silver, aluminium and gold.[262]  

However, recently it has been documented that degradation in performance of perovskite solar cells, due to illumination and load, can 

be recovered when leaving the device in the dark for a comparable amount of time. We attempted the same for gamma detection, 

measuring the on-off curves at different time intervals after the 24-hour irradiation. During the first hour, no regeneration was visible. 

Yet, when the sample was left for 60 hours in the dark under no external bias voltage, an almost complete recovery was made. The 

baseline current did not return to its initial value (Figure 6.20a), but the photocurrent response fully restored, as seen in Figure 6.20b. 

Nevertheless, due to the initial degradation, our interest moved the samples fabricated with carbon electrodes. Carbon compared to 

other metal electrodes lacks electro and photo corrosion, is cheap and abundant, and provides excellent chemical stability and tunability 

offering the possibility of selective electrodes. We concentrated mainly on the MAPbBr3 SCs with graphite spray contacts. Long-term 

operation measurements were performed in the same way as for the previous silver electrode device, exposing it to a constant 2.3 Gy 

h-1 dose-rate and under a bias voltage of 1 V. The measurements were done for different irradiation intervals from 10 minutes to 100 

hours, as seen in Figure 6.21a. The current was normalized by the initial baseline current value before bringing the 60Co source to its 

exposed position, and plotted over a normalized time interval to be able to compare the start and end of the gamma irradiation for all 

different time intervals. One distinctive characteristic, which can be visible with all-time intervals, is that immediately after exposing 

the detector to the source we see an almost instantaneous increase in current (< 1 s), followed by a decrease in current. Fast in the first 

couple minutes later saturating to a more or less constant value. This effect appears as well with visible light, and can be associated 

with the capacitive effect due to the pre-applied voltage before exposure. However, in the case of gamma irradiation, this drop in 

current can last up to 1 hour and more. This can be seen in Figure 6.21a, as the baseline current after the exposure reduced compared 

to the one before, in the case for the short exposure times. For example, after 10 minutes of exposure the current drops to 75% of its 

initial value, while in the case of a 2 hours exposure after the first quick drop the current recovers and returns back to 95% the original 

baseline. This recovery, or increase in current after the initial drop is probably due to the ion migration that starts to govern the change 

in baseline current for longer time intervals. The 24 hour and 100 hour exposures confirm this, as the current in their case continues to 

increase constantly in time after the initial drop, doubling in value for the longest duration (Figure 6.21a). 
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Figure 6.21. (a) Normalized current of the C/MAPbBr3/C device showing the beginning and end of irradiation for different exposure intervals. Shaded 

area corresponds to the time under a 2.3 Gy h-1 dose-rate exposure. A constant bias voltage of 1 V was applied throughout the measurement. (b) Nor-

malize current responses before and after the different exposure intervals. Inset: Multiple on-off curves took before and after a 100-hour exposure 

showing no degradation in detection performance. 

 

Figure 6.22. Long-term stability improvement of the C/ MAPbBr3/C γ-ray photodetector by pulsing the bias voltage. (a) Different bias voltage 

schemes. (b) Comparison of photocurrent stability in time for different bias voltage schemes under a 2.3 Gy h-1 dose-rate exposure for 1, (c) 12 and 

(d) 100 hours. 

Although the baseline current changes during these long-term exposures under operational conditions, no visible degradation of the 

sample or its detection properties is visible. Photocurrent response measurements were done before and after each of the irradiation 

intervals and are depicted on Figure 6.21b. When normalized to the baseline current, because it changes during operation, the detectors 

exhibit a very similar response before and after the exposure (< 5% difference). 
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The constant bias voltage applied to the detector is the main reason for the substantial current drift in long-term operation. Ions inside 

the single crystal migrate due to the external electric field governing the current characteristics. This effect is even more pronounced 

for carbon electrodes, especially CNTs as seen in Section 5, which is the reason why we opted for graphite spray electrodes. However, 

if one could apply a pulsing voltage with time intervals in-between at open circuit conditions, this poling effect could be supressed. A 

pulsing voltage scheme, applying 1 V every 60 seconds (as shown in Figure 6.22a), was tested for the C/MAPbBr3/C device. For all 

cases (1, 12, and 100 hours, Figure 6.22b-d) the dark current variation was reduced substantially allowing changes of 10% or even less 

for the 100-hour exposure. After the initial decrease in photocurrent, commonly seen in perovskite devices, the value saturates and 

shows remarkable stability (red curve). Most likely, even beyond 100 hour, which was just the chosen time scale of our experiment. 

Very small peaks of decrease in current visible throughout the curves could appear from different electronic effects during the pulsing 

of the voltage. These could later be removed with even more improved electronics. Therefore, the weak variation of the photocurrent 

in time, which is caused by ion migration inside the perovskite single crystal, can in principle be suppressed by using a low-frequency 

pulsed voltage source to operate the detector. 

It is important to remember that all devices are encapsulated into PDMS, an inert polymer, which protects the perovskite single crystal 

from ambient conditions, most notably humidity and oxygen. Therefore, all changes in current are in direct correlation with either the 

bias voltage or gamma radiation. Photodetector devices were furthermore tested 1 year after their fabrication and initial measurements. 

They continue to perform in the same manner, confirming an excellent shelf-life stability of 1 year and more. During all measurements 

the same γ-detector device was exposed to more than 300 hours accumulating an absorbed dose of more than 600 Gy, and it still 

remains enacted with no degradation either visible or in device performance. This demonstrates that hybrid halide perovskites could 

be a viable radiation detection material with great hardness. 

 

6.8.1 Self-healing 

The physical mechanism behind the radiation hardening of perovskites is currently unknown. It has been reported that perovskites 

possess natural defects, which are known not to interfere with detection sensitivity. These defects may act in the same way as the 

aforementioned purposely-introduced impurities in Si, likewise improving the radiation hardness of perovskite single crystals. Another 

more important feature is that, unlike the robust semiconductors Si and CZT, perovskites are “soft mixed ionic and electronic semi-

conductors” which undergo “self-healing” after photoinduced damage. Migration of the charged defects[263] or their (trans)formation 

by chemical reactions[123] are postulated to be the cause of this self-repairing behavior (see sketch of Figure 6.23a).  

 

Figure 6.23. (a) Schematic representation of the self-repairing behavior of the perovskite under gamma irradiation. (b) Demonstration of a solvent 

free, solid state PbBr2 and MABr reaction and a formation of MAPbBr3 obtained by mechanical grinding, as a possible reason for a fast self-healing 

of the material after radiation damage. 

As a proving example, experiments showed that perovskite solar cells survived accumulated dose levels up to 1016 and 1015 particles 

cm-2 of electrons (1 MeV) and protons (50 keV), respectively. These are known to completely destroy crystalline Si-, GaAS-, and 

InGaP/GaAs-based solar cells.[264] Yet, long-term γ-radiation stability under operational conditions and very high irradiation dose 

rates has not been addressed. The structural plasticity of organic-inorganic halide perovskites, fast ion migration, and the thermody-

namically favorable chemical reaction of “radiation-damage-phase-separated” components (MABr and PbBr2) to perovskite product, 

stimulate the reversible self-healing process on the nanoscale. To demonstrate the affinity of these components to enter into a solid 

state reaction without solvent, just by steric proximity promoted by mechanical mixing, is shown in Figure 6.23b. One can see that 

after several minutes of grinding macroscopic quantities, the orange-yellow color of MAPbBr3 is obtained. At microscopic scales, in a 

confined space of the crystal, we believe that this reaction is responsible for the materials self-healing after radiation damage. 
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6.9 Effect of size on detector capabilities 

One of the main challenges of the perovskite photovoltaic field is upscaling. Managing to retain the same cell efficiency 

while increasing the active area. However, for ionizing radiation in general, but especially γ-rays it is not the surface of the crystal that 

is important but actually the thickness or volume. This can be seen nicely from Figure 6.4 as the penetration depths for photons with 

energies above 100 keV become larger than 1 cm. A simple experiment was done to prove this claim.   

 

Figure 6.24 (a) Schematic illustration of the MAPbBr3 SC-based detector exposed at different orientations to the incident visible light illumination or 

γ-irradiation. (b) Photocurrent dependence as a function of the exposed surface. Inset: On-off characteristics under gamma (purple) and white light 

(green). 

Firstly, a simple detector device fabricated using a (7.0 × 7.4 × 2.7 mm3) MAPbBr3 SC with silver epoxy contacts and copper wires as 

electrode leads, was exposed to both visible light illumination and γ-rays at different crystal orientations. Allowing for exposure of 

different crystal surfaces, as visualized in Figure 6.24a. As expected, under visible light illumination the photocurrent markedly in-

creased when a larger active surface of the MAPbBr3 SC was exposed. In contrast, the photocurrent response to γ-irradiation exhibited 

a negligible difference for the two orientations, even a slight decrease (Figure 6.24b). Therefore, while the photocurrent response under 

visible light is definitely dependent on the surface area, it is completely independent for high-energy radiation (1.25 MeV γ-ray).  

Additionally, detectors designed around larger MAPbBr3 SCs, having the same spacing between the silver electrodes were fabricated 

and exposed to the γ-source, as schematically shown in Figure 6.25a. This approach allowed us to measure the responsivity of γ-ray 

detectors as a function of volume of the MAPbBr3 SCs in range of 141 to 16’800 mm3.  

As shown in Figure 6.25b, the photocurrent is markedly growing with the increasing crystal volumes of MAPbBr3 SCs. Initially, for 

MAPbBr3 SCs of smaller sizes up to about 2,000 mm3, the photocurrent increases linearly with growing crystal volumes, thus confirm-

ing both a high photo-carrier extraction efficiency, and the sensitivity dependence on the crystal volume. As might be expected, how-

ever, due to the finite value of the 𝜇𝜏 product, as well as simplicity of our detector which employs just two electrodes placed on one 

crystal facet, this dependence becomes sublinear with further increasing the crystal volumes. Clearly, the herein observed loss of 

photocarriers, which cannot be harvested by the electrodes due to recombination or trapping within the active crystal volume, can be 

eliminated by designing a more volumetric detection pattern in the future. 
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Figure 6.25. (a) Schematic illustration of the configuration of volume dependence measurements of the photocurrent (b) Photocurrent dependence as a 

function of the crystal volume. Blue line = guide for the eye. Inset: On-off characteristics at different crystal volumes. 

 

6.10 Potential for nuclear energy conversion and radiation shielding 

With the impressive radiation detection capabilities of organometallic halide perovskites, one can anticipate their quick 

application in nuclear reactor environments. We believe that this could not just be as detectors, but also for current generation as a 

gammavoltaic device, as well as a shield for the outside environment.[265] 

To prove this, the current response of perovskite single crystal devices was measured in a highly energetic nuclear radiation environ-

ment, the Training Reactor (TR) of the Budapest University of Technology and Economics (BME). The reactor was shutdown after 

1.35 h 100 kW operation. This type of operation produces a pure gamma radiation field around the core, with a time and spectral 

evolution similar to that of a nuclear power plant after shutdown. However, some structural components of the TR are made of alumi-

num. To avoid the effect of γ photons from the aluminum structural components, the experiments started after 20 minutes of cooling 

of the core. This cooling time ensured that the 28Al isotope practically totally decayed (28Al half-life is 2.24 min). 

All three types of methylammonium lead perovskite (MAPbI3, MAPbBr3 and MAPbCl3) were tested by fabricating devices from single 

crystals connected to cooper wire electrodes with silver epoxy (Figure 6.26a). The samples were placed in a small transparent plastic 

holder, which was sealed to prevent air and humidity degradation (Figure 6.26b). For irradiation, both the detectors and calibrated dose 

meters were fixed on an irradiation probe in close vicinity to each other. A Thermo Scientific FHZ-312 detector was used to perform 

the in situ active dose-rate measurements, with a Rotem AMP-200 dose-rate meter as a backup. The irradiation probe was then inserted 

into the vertical dry irradiation channel of the reactor (Figure 6.26c). The probe was lowered until the measured dose rate of the detector 

reached its limit (100 Gy h-1). Then the probe was fixed in a higher position, 72.1 cm above the bottom of the irradiation channel to 

keep the dose rate meters under their detection limit. 

The measured dose-rate and γ-induced photocurrent of the MAPbI3 detector as a function of time is shown in Figure 6.26d. The fit of 

the dose-rate gives an exponential decay, as expected in a shutdown state with a time constant of 𝜏𝛾  = 3750 ± 20 s, (red line in Fig-

ure 6.26d). The trend of the measured photocurrent decay followed that of the γ dose-rate, however, with a slightly reduced time 

constant 𝜏𝑃𝐶  = 2290 ± 13 s (blue line in Figure 6.26d). The reason for the decreased 𝜏𝑃𝐶  relative to 𝜏𝛾  could be due to the energy 

spectrum change as a function of time. The origin of this time variation is the presence of multitude of radioisotopes in a nuclear fission. 

In the nuclear reactor fueled with 235U, in the sequence of fission, over 50 major radioisotopes with different half-lifetimes are created. 

Accordingly, due to the different half-lifetimes, the spectrum of the γ radiation field, in parallel with the decreasing dose-rate, changes 

with time. In our case, the radiation field softens, there are relatively more photons at lower energies at longer cooling times. The 

perovskite-based devices more efficiently absorbed the low-energy photons, resulting in a higher photocurrent. 
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Figure 6.26. (a) A MAPbI3 single crystal attached with conducting silver paste to Cu electrodes. (b) The hermetically encapsulated and blindfolded 

samples are fixed to a γ-ray detector (indicated by the yellow arrow) prior to inserting the setup into the irradiation channel near the reactor core (or-

ange arrow). c) Schematic view of the reactor core model with the dry irradiation channel, and the probe head in the irradiation position. MAPbBr3, 

MAPbCl3 and MAPbI3 samples were irradiated simultaneously.[265] 

For current generation purposes, the output power density can be calculated. At a dose-rate of 48.9 Gy h-1 in the 𝑚 = 0.14 g sample the 

radiation would generate a 42.054 nA photocurrent with a bias voltage of 1 V. Therefore, the extracted power density from: 

  𝑃𝑒 =
𝐼𝑃𝐻×𝑉

𝑚
              (6.2) 

is 0.3 mW kg-1. Knowing the deposited power density (or dose-rate) 13.58 mW kg-1 one can also estimate an efficiency of 2.2%. This 

is a rather significant energy harvesting potential. Near the core of nuclear power reactors dose-rates up to a few million Gy h-1 can be 

present,[266] which extrapolates to a few kW kg-1 energy production, assuming the conversion efficiency remains unchanged. For 

example, if a 10 cm thick MAPbI3 layer would be placed around a nuclear reactor in a cylindrical surface where a 50 Gy h-1 dose-rate 

gamma field is present, one could end up with about 0.05 kW electric power. The 0.3 mW kg-1 output power density means also a four 

times higher efficiency in respect to the state-of-the-art Si-based photovoltaic cells where 0.34 mW kg-1 was achieved at four times 

larger ~200 Gy h-1 energy deposition rates from a 60Co source.[267] 

Furthermore, the perovskite material could potentially be used as radiation shielding, due to the already mentioned high-energy ab-

sorption coefficient and relatively large density. With a Monte Carlo N-Particle (MCNP) code[268] elaborated for calculating shielding 

properties, we were able to perform realistic calculations, and compare the performance of MAPbI3 perovskites with various structural 

concretes for radiation shielding. 

 

Figure 6.27. Radiation shielding properties of MAPbI3 a) Comparison of normalized dose rate shielded by 10 cm thick slab of MAPbI3, BA type bar-

ite concrete and ordinary concrete calculated by MCNP. Different colors represent initial photon energy. b) Calculated 10th value layer, i.e. the layer 

where over 90% of the radiated energy is absorbed, for MAPbI3, Si and GaAs (materials for photon-detection) and various concretes used as shielding 

materials.[265]  

In these calculations, γ photons were sent through a shielding layer. The initial photon energy was varied in the 100 keV – 4 MeV 

range. The shielding performance was obtained from the photon spectrum on the other side of the material which was converted to 
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dose rate. By this MAPbI3, ordinary concrete, and concrete with barite content were compared (Figure 6.27a). Additionally, we ran 

calculations for the 10th value layer, i.e. the average amount of material needed to absorb 90% of all radiation, a typical indicator for 

shielding efficiency. The calculated values were compared to those of other materials commonly used for photodetectors, such as Si 

and GaAs, to check their shielding capabilities (Figure 6.27b). All these calculations show the most efficient shielding for MAPbI3 at 

the most applied energies. This indicates the possibility of multifunctional use of MAPbI3 for example, as a radiation shielding capable 

of backup energy production. 

  

6.11 Conclusion 

Detectors based on MAPbBr3 SCs demonstrated detection of both x and γ-rays from a copper tube (8 keV) and 60Co (1.173 

and 1.332 MeV) source, respectively. Four different device configurations have been studied: simple copper wires as electrical leads 

glued to the SC by silver epoxy contacts; VACNTs engulfed inside the perovskite SC itself as a three-dimensionally enlarged electrode; 

graphite spray around the whole MAPbBr3 SC as a large surface electrode; and “low budget” device consisting of pressed and sintered 

polycrystalline perovskite with graphite paper. All detector configurations were positioned inside an irradiation cavity directly in line 

with a gamma beam of the 269 GBq cobalt source, exposing them to a dose-rate of 2.3 Gy h-1. They managed to clearly detect a 

photocurrent response while moving the source from shielding to the exposed position and back. Directly from the photocurrent under 

γ-exposure the 𝜇𝜏 products were obtained ranging from 0.5 × 10-3 to 0.3 × 10-2 cm2 V-1, which are comparable to those of the highest 

quality CZT SCs.  

Furthermore, γ-radiation dose rate measurements were performed by varying the distance of the detectors to the gamma source and in 

that way changing the amount of γ-photons reaching the crystals in a unit of time. For distances from 25 cm to 125 cm, dose-rates of 

2.30 to 0.07 Gy h-1 were achieved on the sample. All devices exhibited an expected decrease of photocurrent response with the increase 

of distance from the source, while in the case of the SC device with carbon electrodes, the decrease of photocurrent of the leading edge 

of an on-off signal was in good agreement with the theoretical inverse-square law behavior. When fitted with a �̇�0/𝑟𝑥 function, where 

�̇�0 is the dose rate at the distance 𝑟 and 𝑥 is the power-constant. The extracted value of the exponent ranged were (1.95 ± 0.05) to (2.0 

± 0.3) for the VACNT and graphite spray electrode configuration, respectively. Moreover, the measured dose-rates showed a good 

correlation with commercially available thermo-luminescent dosimeters (Harshaw TLDs-700, 4.38% 7Li-doped), and a calibrated γ-

sonde (Berthold LB 6414), exhibiting the possibility of utilizing perovskites in dosimeter device. 

Although, the VACNT electrode device configuration showed the best responsivity in sample volume dependence, the design, which 

we believe could have the best commercial application potential is the graphite spray electrode configuration, as it requires less device 

fabrication complexity, and has a much more stable baseline current under long-term operation. Whereas the current of the VACNT 

detector increases constantly in time, due to the strong ion migration already present in all perovskite optoelectronic devices, it was 

further enhanced when using carbon nanotubes. The simplest architecture of just silver epoxy electrodes not only doesn’t allow a big 

enough surface for increase charge collection, but more importantly has proven to have very weak stability degrading the device γ-

detection performance to only 10% of its initial value after a 24 hour exposure at a 2.3 Gy h-1 dose rate under operational conditions 

(constant bias voltage 5 V). 

The MAPbBr3 SC device with graphite spray electrodes demonstrated good stability when irradiated from the 60Co source under am-

bient and operational conditions for a testing period of 100 hours. Utilizing a pulsing voltage scheme of applying 1 V every 60 seconds, 

the baseline current was stabilized, not changing more than 10% during this long-term operation. No degradation or deterioration of γ-

radiation detection capabilities is observed during the testing period. We attribute the observed excellent radiation tolerance to the 

intrinsic structural plasticity of hybrid halide perovskites, as well as the fast ion migration accompanying a reversible component phase 

separation based defect-healing process, on the nanoscale.  

Lastly, device photocurrent responses to γ-radiation are directly proportional to the active volume of MAPbBr3 SCs, contrary to the 

active surface, as is the case for visible light illumination. A linear increase in detection performance was measured up to volumes of 

around 2,000 mm3. For higher crystal volumes the increase because sublinear, partially due to the finite value of the 𝜇𝜏 product, but 

even more so because of our detectors simplicity (two silver epoxy dots on one facet). A more volumetric detection pattern design 

would be needed in the future for better charge collection. 

The simplicity, low-cost solution based fabrication process, and operational stability under γ-irradiation of the crystalline MAPbBr3 

make this material a good candidate for a new generation of high-energy radiation detectors. 
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General conclusion and outlook 
During my four years of work at EPFL LMPC, I devoted myself to studying methylammonium lead tribromide perovskite 

singe crystals, and their interactions with carbon electrodes. Besides addressing some up-to-date and very interesting questions and 

challenges that emerged in the perovskite community. I believe that these new contributions may be the seeds of further studies in the 

near future. Therefore, below, a short overview of the main results and outlook is given. 

The crystallization of perovskites, and especially single crystals, is still a subject which is today vastly neglected by the perovskite 

community in their race for higher solar cell efficiency. By understanding the crystal growth, one could potentially not only offer better 

stability and repeatability in device fabrication, but also use the growth for advantageous device design, resulting in increased perfor-

mance. As our first major result, we showed that MAPbBr3 single crystals have the possibility to grow around foreign objects without 

inducing polycrystalline regions in the single crystal matrix. Under controlled and slow inverse temperature crystallization, the MAP-

bBr3 single crystal grew around different objects, most notably a vertically aligned carbon nanotube forest. The crystal penetrated 

inside the forest engulfing the individual CNTs as protogenetic inclusions. This resulted in a 3-dimensionally enlarged photosensitive 

interface. 

This new and very interesting junction offered us many possi-

bilities for optoelectronic device design. First sensitive photo-

diodes were fabricated. Due to the aligned CNTs inside the 

single crystal, an increased extraction of charges was possible. 

This allowed the device to detect light illumination from UV 

to 550 nm at low bias voltages, and most interestingly, at zero 

bias voltage. Indicating the possible formation of a p-n junc-

tion during the perovskite inclusion into the vertically aligned 

CNT forest. Moreover, the photodetectors could sense low 

light intensities down to 20 nW, with responsivities in the 

range of the best single crystal detector devices. 

 

Figure A. Optical image of a MAPbBr3 single crystal with two verti-

cally aligned carbon nanotube electrodes. 

One drawback observed during the measurements was a strong hysteretic behavior very common in perovskite optoelectronic devices, 

which could possibly limit their commercialization. This effect, caused by ion migration inside the perovskite layer, was even enhanced 

with the use of the CNT electrodes. Nevertheless, we found conditions in which we can utilize it to our advantage. The strong ion 

migration inside the single crystal modifies completely the current-voltage characteristics of the device. Depending on the precondi-

tioned external electric field, one can customize these characteristics to their advantage. For example, in a symmetric device architecture 

with VACNTs as both electrodes, we observed it is possible to switch from an expected symmetric double Schottky behavior to diode 

characteristics with a forward bias region in the direction of the polarity of the pre-applied voltage. Furthermore, by changing the 

polarity of the forward bias region, the direction of the short circuit photocurrent will follow, resulting in a switchable photovoltaic 

effect. 

The mobile ions drift due to the applied electric field accumulating near the electrodes, modifying the samples current-voltage charac-

teristics, forming an in operando p-i-n heterojunction inside the perovskite single crystal. Testing the limits of this effect, we arrived at 

our second major result: these accumulated space charges at the contacts, reduced the barrier for charge injection. Adding to this the 

strong electric field enhancement at the nanotubes tip this allowed an increased charge injection of holes and electrons into the perov-

skite layer, which later recombined at the p-i-n junction resulting in single crystal light emission. 

This electroluminescence was never-before-observed in perovskite single crystals. At room temperature the exhibited emission was in 

the form of bright green light flashes. After a critical current of around 50 µA was reached, repetitive flashes of different luminance as 

high as 1800 cd m-2 started to appear. Unfortunately, this bright light could not be stabilized at ambient conditions due to the thermal 

fluctuations of the migrated ions that changed the barrier structure rapidly in time. However, by cooling the system down to cryogenic 

temperatures, one can achieve a stable current, resulting in continuous light emission. Due to the single crystalline nature of the active 

material, the spectral purity of the emitted light was very high. Especially at low temperatures (20 K) where the full width at half 

maximum of the emission spectra reaches only 3 nm. This is an unprecedented color purity for any perovskite light emitting device. 
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The basic principle of this device is very similar to the mech-

anism of light emitting electrochemical cells. LECs are one of 

the simplest kinds of electroluminescence devices. They em-

ployee an active layer with a strong ionic conductivity sand-

wiched between two metallic electrodes. The mobile ions in 

this layer can drift under an external electric field accumulat-

ing at the electrode interfaces, allowing increased charge in-

jection, ultimately resulting in a light emission. They offer a 

big advantage towards typical LED devices, as they do not re-

quire a complicated multilayer structure with selective elec-

trodes for the charge injection. In the field of perovskite LECs, 

these active layers have so far been formed from perov-

skite/ionic electrolyte composites. Our perovskite device was 

the first room temperature single crystal LEC using metallic 

electrodes without electrolyte or additional n- or p-type selec-

tive layers. Vertically aligned CNTs as electrodes were em-

bedded into the single crystal itself. This intensified the effect 

of ion migration in the crystal needed for the light emission, as 

well as allowing a stronger injection of charges due to the CNT 

tip enhanced electric field. 

 

Figure B. Optical image of the MAPbBr3 single crystal electrolumi-

nescence at room and cryogenic temperatures

My last endeavor was to use these and other MAPbBr3 devices in radiation detection applications. Ionizing radiation and its detection 

is being use in various domains, including industry, nuclear power plants, homeland security and defense, environmental monitoring, 

academic research, and most recently extensively in healthcare. With the recent publications on X-ray detection with perovskite mate-

rials, and their current implementation in commercial devices by high industrial players such as Samsung, we wanted to jump on that 

same train, mainly the detection of gamma rays. 

Four different device architectures were studied. One with simple silver epoxy contacts, and three devices employing carbon contacts: 

VACNTs, graphite spray and carbon paper in pressed pallets. Here even more than before, a stable electrode material is needed due to 

the harsh working environment of the device. All detectors were positioned inside an irradiation cavity directly in line with a gamma 

beam from a cobalt source, exposing them to a dose-rate of 2.3 Gy h-1. While all of the devices managed to detect the gamma radiation, 

only the devices with carbon electrode showed good operational stability not degrading over long-term operations (> 24h). 

Although several papers report gamma detection with perovskites, in this work we report for the first time dose-rate measurements, 

which is a quantity of prime importance for potential commercialization. By varying the distance of the samples to the source, we could 

screen a number of different dose-rates from 2.3 to 0.07 Gy h-1. The photocurrent followed the theoretical inverse-square law behavior, 

but even more interestingly displayed excellent correlation with commercially available and calibrated gamma detector devices, ex-

hibiting the possibility of utilizing perovskites as dosimeter devices. 

Operational stability is one of the major road blocks for many perovskite optoelectronic applications, however many of the issues 

arising in solar cells are completely negligible for radiation detectors. For example, the devices can be completely encapsulated without 

attenuating the incoming gamma beam, while still protecting them sufficiently from heat, light and humidity. This was especially the 

case for the carbon electrode samples, as silver contacts then to deteriorate due to electro corrosion. Moreover, the strong ionizing 

radiation can lead to notable damage of typical detecting materials (such as Si or CZT), decreasing the device performance. We demon-

strated that this is not the case for MAPbBr3 perovskite detectors. Our devices exhibited an operational stability of over 100 hours (the 

testing time cut-off), and all together more than 400 hours under irradiation accumulating almost 1,000 Gy. No degradation or deteri-

oration of detection capabilities is observed after all measurements. The unexpectedly high tolerance of MAPbBr3 crystals to gamma 

radiation can be attributed to the non-electro corrosive nature of carbon allotropes vs. metals and their intrinsic compositional plasticity 

allowing re-diffusion of ions in the event of gamma ray induced displacement, resulting in a defect-healing process at the nanoscale. 

The photodetector fabricated with vertically aligned CNTs as the contact electrodes displayed the best detection properties. Achieving 

a record sensitivity of 333.8 ± 0.4 µC Gy-1 cm-2, which is one order of magnitude larger than the best reported thus far. It works for 

low bias voltages (< 0.5 V) offering an enormous advantage in respect to conventional detectors. However, these samples as al ready 

mentioned, have an increased ion migration resulting in an unstable baseline current under long-term operation. Furthermore, the level 

of complexity in fabrication limits the growth of larger crystals, which we showed to be advantageous for radiation detection. A linear 

increase in detection performance was measured for up to volumes of around 2,000 mm3. For higher crystal volumes the increase 

because sublinear, partially due to the finite value of the 𝜇𝜏 product, but even more because of the simplicity of the detectors tested for 

volume dependence (two silver epoxy dots on one facet). A more volumetric detection pattern design would be needed in the future 

for better charge collection. 
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With this idea in mind we come to the last radically new result 

of this dissertation: the growth of a huge MAPbBr3 perovskite 

crystal with a volume over 1,000 cm3 and a mass of around 3.8 

kg. This is by far the biggest perovskite crystal ever grown. It 

was made by the newly developed oriented crystal-crystal in-

tergrowth or OC2G technique. MAPbBr3 single crystals are 

aligned side-by-side along their facets, like a Rubik’s cube pat-

tern, and fused together by the inverse temperature crystalliza-

tion method. The formed crystals show great solidity, unable 

to break at the junction.  

Figure C. Optical image of the 3,821.1 g MAPbBr3 crystal

As mentioned in the begging, many of these interesting findings actually opened more questions and problems for further research. 

The interesting growth possibility off perovskite single crystals around foreign objects not only can be utilized as in our case on a 

vertically aligned CNT forest, but also other potential electrode materials. This can allow the fabrication of stable and enlarged photo-

active junctions, not only on the surface of the perovskite materials, but through the bulk of the single crystal itself. In the case of 

VACNT, they showed to be an exceptional charge collector and injector electrode, contriving stable optoelectronic devices. With the 

nowadays exceedingly studied doping techniques of carbon nanotubes, one could obtain functionalized VACNTs as potential candi-

dates for selective semiconducting, p or n-type, electrodes, leading to other operationally stable perovskite-based optoelectronic de-

vices, potentially even solar cells. 

Moreover, regarding the electroluminescence, further work should be dedicated to improving its efficiency, and more importantly to 

achieving continuous room temperature light emission. Efforts to stabilize by pulsing the external bias voltage should be explored as 

well by nanofabricating the samples, further improving the color purity. 

The large crystals obtained with the OC2G technique are, technologically, not limited in size. This could offer many possibilities in 

the field of radiation detection where the material volume is crucial for detection. Furthermore, mostly due to their large thickness and 

attenuation, these crystals could be used as shielding for highly radioactive sources, simultaneously detecting their activity. However, 

many questions still remain open: from the impact of grain boundaries between the building blocks of the crystal, to the method of 

extracting all the radiation created charges. Combining this technique with the possibilities of growing around objects, possible elec-

trodes could be positioned within the crystal, allowing charge collection from the entire volume. Nevertheless, due to the simplicity, 

low-cost solution based fabrication process and operational stability under gamma irradiation of the crystalline MAPbBr3 make this 

material a good candidate for a new generation of high-energy radiation detectors.  

Additionally, the above demonstration of kilogram scale crystallogenesis of halide perovskites, coupled with future cutting and slicing 

technologies, will enable the development of crystalline perovskite wafers for various optoelectronic application, for example radiation 

tolerant solar cells with a low amount of grain boundaries for space applications. 

It is important to point out once again the advantageous use of carbon electrodes in perovskite optoelectronic devices documented 

throughout the dissertation. Carbon is a cheap and abundant material offering incredible electrical, mechanical and thermal properties. 

Most importantly, it overcomes many stability issues connected with perovskite-based devices, which are at this moment a limiting 

factor for their commercialization.
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