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A B S T R A C T   

Scalable and sustainable photovoltaic technologies require low-cost and earth-abundant semiconducting mate
rials. Zinc phosphide is purported to be an absorber material with optimal photovoltaic properties. Herein we 
report the electrical properties of Zn3P2 thin films with different crystallinity grown on InP substrates. The room 
temperature electrical resistivity of the as-grown single crystal thin films is found to be in the range of 42–1050 
Ω cm. We correlate the crystalline quality and composition to the electrical properties. Capacitance-voltage 
measurements and secondary ion mass spectroscopy demonstrate the direct correlation between the carrier 
concentration and the Zn/P ratio. The highest hole mobility value (125 cm2/Vs) was obtained from high-quality 
single crystalline Zn3P2 thin films. The electrical characteristics of the heterojunction between the thin film and 
the substrate were also illustrated. This work sheds light on the electrical properties and conduction mechanism, 
thus providing a better understanding of the limitations and potentials of the electrical devices related to the 
material.   

1. Introduction 

A sustainable approach to large-scale deployment of photovoltaic 
technology must involve the utilization of earth-abundant solar cell 
materials. These materials can further reduce the cost associated with 
the terrestrial installation of solar cells, thus encouraging wide-scale 
deployment. Zinc phosphide (Zn3P2) is an earth-abundant photovol
taic absorber material with promising photovoltaic properties [1–4]. It 
exhibits a direct bandgap around 1.50 eV and a high absorption coef
ficient (104-105 cm− 1) in the visible light range near the band edge 
[5–11]. Additionally, it has a long minority carrier diffusion length 
(5–10 μm) and electrically passive grain boundaries [9,12]. All these 
characteristics are beneficial for its use in photovoltaic devices [13–16]. 
The highest reported efficiency for Zn3P2-based solar cells is approxi
mately 6%, demonstrated for Mg/Zn3P2 Schottky junction solar cells by 

Bhushan and Catalano in 1981 [15]. A major limitation of Zn3P2-based 
solar cells is the lack of controllability on doping. 

Zn3P2 is intrinsically p-type in nature due to the low formation en
ergies of the Zn vacancies and P interstitials, which act as p-type dopants 
[17–21]. Previous studies have shown growth conditions play an inte
gral role in the electrical properties of the samples [14,22,23]. Reported 
hole mobility values lie in the range of 10–300 cm2/Vs at 300 K for 
Zn3P2 thin films [14,21–26]. Suda et al. reported a hole mobility value of 
310 cm2/Vs for epitaxial Zn3P2 thin films grown on GaAs (001) sub
strates [21]. In contrast, epitaxial thin films synthesized by Bosco et al. 
exhibited hole mobility values of 10–45 cm2/Vs. For similar hole con
centrations (~4 × 1016 cm− 3) [14], the discrepancy in the hole mobility 
arises due to the difference in resistivity of the samples, which could be 
caused by the difference in the local microstructure and defect densities. 
These are largely dependent on the growth technique, growth condition, 
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and thermal history. A large variation has been observed in the room 
temperature resistivity of Zn3P2 thin films, resistivity values ranging 
from 0.1-106 Ω cm has been measured [16,22,27]. A systematic study on 
the effect of vapour composition during annealing showed the resistivity 
of the sample monotonically decreases with an increase in phosphorous 
partial pressure [22]. The corresponding Hall measurements showed an 
increase in the carrier concentrations (from 1012 to 1016 cm− 3) with no 
significant variation in mobility [22]. Thus, by regulating the compo
sition of the vapour during growth or annealing, the p-type carrier 
concentration in Zn3P2 can be modified. 

Doping the material n-type is challenging due to self-compensation 
by intrinsic acceptors. Studies indicate the introduction of the donor 
impurity is compensated by the formation of the intrinsic p-type defect 
in the crystal lattice [28,29]. Only a few instances of n-type doping of 
Zn3P2 have been reported. Suda et al. demonstrated the n-type doping of 
Zn3P2 thin films epitaxially grown on GaAs substrates [28]. Their results 
indicate that the presence of excess Zn during growth can lead to n-type 
doping of the material. The reported room-temperature electron 
mobility values were in the range 3000–7000 cm2/Vs and the carrier 
concentration values were in the range of 3-9x1010 cm− 3. Furthermore, 
the measured carrier concentration did not increase above a certain 
point, instead, Zn segregation occurred. Additionally, the resistivity for 
the Zn3P2 epitaxial thin films was ~103–104 Ω cm, the low carrier 
concentration and high resistivity are attributed to the 
self-compensation effect of Zn3P2. Whereas, the electron mobility values 
reported by Katsube et al. for n-type doping of bulk Zn3P2 were <10 
cm2/Vs [29]. Low carrier concentration values were measured even 
though the bulk dopant concentration was about 1020 cm− 3. 

Despite these previous attempts, Zn3P2 still lacks a reliable n-type 
doping route. Additionally, the literature is sparse for extrinsic p-type 
doping of Zn3P2. Even though there is a consensus about the intrinsic p- 
type nature of Zn3P2, there is a wide variation in mobility and resistivity 
values for similar types of materials. We believe that the limited effi
ciency of Zn3P2-based solar cells is largely due to the limited control of 
the electrical properties of the material, such as the minority carrier 
mobility and the carrier diffusion lengths. For a p-type absorber, the 
electrical behaviour of the minority carrier to a large extent determines 
the electrical performance of the solar cell. Furthermore, Stutz et al. 
recently highlighted the compositional tolerance of the Zn3P2 tetragonal 
unit cell. Compound compositions largely off-stoichiometric do not 
imply significant changes in the material phase or crystalline quality 
[30]. Still, variations in composition would impact the transport prop
erties of the material and should be investigated. 

In this work, we investigate the electrical properties of poly
crystalline and monocrystalline Zn3P2 thin films grown on InP (100) 
substrates and correlate them to their chemical composition and 
microstructure. We demonstrate a device fabrication technique that 
circumvents challenges arising from micro-cracks present in mono
crystalline thin films. We measure and compare the resistivity, carrier 
concentration, and mobility between polycrystalline and mono
crystalline Zn3P2 thin films. Temperature-dependent measurements 
elucidated the defect states and their contribution to the transport in 
Zn3P2 thin films. We thus show that the growth conditions play a vital 
role in determining the electrical properties of the given thin films. 
Finally, we describe the junction behaviour between Zn3P2 and InP (n-, 
p-, and i-type), which gives an understanding of Zn3P2/InP-based de
vices. Our study provides an insight into the influence of composition on 
the electrical behaviour of Zn3P2 thin films, which in turn can help 
bridge the gap between the structural quality and functionality of Zn3P2 
and provide the base to improve Zn3P2-based solar cell devices. 

2. Materials and methods 

2.1. Material growth and device fabrication 

Zn3P2 thin films were grown on InP (100) substrates using a 

molecular beam epitaxy (Veeco GENxplor MBE) system equipped with 
separate zinc and phosphorous sources. Prior to the growth, the sub
strates were degassed in the MBE in three steps. In the first two steps, the 
substrate was degassed at 150 ◦C and 300 ◦C for 2 h, respectively. The 
third degassing step was carried out at 580◦C under phosphorous beam 
equivalent pressure (BEP) > 1 × 10− 6 Torr for 10 min (in the case of 
polycrystalline Zn3P2) and 30 min or longer (in the case of mono
crystalline Zn3P2). During the growth, the manipulator temperature was 
set in the range of 240–270 ◦C. Additionally, the BEP of zinc and 
phosphorous fluxes were set to control the Zn/P ratio between 1.5 and 
0.72. The detailed growth method is further explained in our previous 
paper [31]. 

Multiple electrical devices were fabricated on the samples to inves
tigate the electrical properties of the as-grown monocrystalline Zn3P2 
(mono-Zn3P2) and polycrystalline Zn3P2 (poly-Zn3P2) thin films with 
different techniques. The devices include structures for Hall Effect 
measurements, transmission line measurements (TLM), and 
capacitance-voltage (C–V) testing. Thin films grown on the undoped InP 
substrates allowed for the investigation of charge transport in Zn3P2. 
Whereas doped InP (both n-and p-type) and undoped (i-type) InP sub
strates were used to examine the current-voltage characteristic of Zn3P2/ 
InP heterojunction. 

Fig. 1a shows the schematic representation of the device fabrication 
steps. First, a 30 nm of Si3N4 layer is deposited on the Zn3P2 thin film 
using a plasma-enhanced chemical vapour deposition (PECVD) system. 
The samples underwent several electron beam lithographic (EBL) steps. 
The first EBL step defined the alignment markers, which are settled by 
metal (Cr/Au) sputtering. The second EBL step defined the device ge
ometry: for this work, we chose a Hall bar geometry with varying di
mensions (the lengths of the hall bars were in the range of 50–100 μm 
while keeping the geometrical proportions constant) to accommodate 
the micro-cracks forming in some of the mono-Zn3P2 samples due to the 
differential thermal expansion (as shown in Supplementary Fig. S1). 
Afterwards, reactive ion etching (RIE) was performed to remove the 
Si3N4 from the defined Hall bar structures. The final EBL step was per
formed to pattern the micro-contacts and subsequently, the metal con
tacts were deposited using sputtering. Au, Ag, or Pt allowed to obtain 
ohmic contacts, as these metals showed linear behaviour with Zn3P2 (as 
shown in Supplementary Fig. S2). Prior to any metal deposition, 30–45 s 
of Ar milling (at Ar flow of 50 sccm and 100 W power) was performed to 
remove the native oxide of the Zn3P2 to ensure good contact quality. As a 
final step, the devices were electrically isolated from the surrounding 
thin film using focused ion beam (FIB) milling. This approach allows to 
probe the charge transport via parallel and perpendicular paths in 
samples containing micro-cracks without the need for the correction 
factors required in the Van der Pauw approach for non-uniform 
continuous films [32]. For the sake of comparison, the same approach 
has been used for the poly-Zn3P2 sample although no micro-cracks were 
observed. Fig. 1b shows the SEM micrograph of the final device fabri
cated on the mono-Zn3P2 thin film. The processing of the structures for 
TLM and C–V measurements followed the same steps, except for the FIB 
milling. The C–V measurements were done in a planar configuration 
utilizing Schottky and ohmic contacts. Sputtered Al was used as the 
Schottky contact. The distance between the Schottky and the ohmic pads 
was varied from 1 to 1000 μm, to identify the parasitic effects arising 
from this configuration. 

2.2. Measurement methods 

The morphology of the thin films was characterized using a scanning 
electron microscope (Zeiss Merlin FE-SEM). The crystallinity and 
orientation were measured using out-of-plane diffraction on a Bruker D8 
Discover Plus equipped with a Cu (K- α) rotating anode X-ray source 
(1.54 Å). Out-of-plane scans were performed using Dectris Eiger2 500 K 
detector in 2D scanning mode (gamma coverage of approximately 30◦), 
and conditioning the primary beam with a focusing mirror and 
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collimating optics of 0.5 mm. The Secondary Ion Mass Spectroscopy 
(SIMS) was carried out by Eurofins EAG laboratories. PHI Model 6600 
Quadrupole Secondary Ion Mass Spectrometer was utilized to determine 
the concentration distribution of Zn3P2 and InP layers qualitatively, 
using ion implant standards with known concentrations for approxi
mation. In quadrupole SIMS, Cs+ is used as the primary beam and the 
molecular ions (CsE+) of Cs and the ions of interest are counted in the 
quadrupole SIMS mass analyzer. The TLM and the current-voltage (I–V) 
measurements were done using a Keithley 6487 voltage source and 
picoammeter to apply voltage and measure the current. The voltage 
sweep range was between ±2 V. For 4-point measurements, a Keithley 
6517A nanovoltmeter was used to measure the voltage. Temperature- 
dependent I–V measurements were done using a LakeShore CRX-VF 
cryogenic probe station, connected to a Keithley SCS 4200 used as 
ammeter and voltmeter. Four continuously variable temperature 
(ZN50R-CVT) probes allow the measurement of temperature sweeps 
without the need to lift and re-position the probes and the 336 controller 

adjusts the temperature. Hall Effect and temperature-dependent mea
surements were performed using a Physical Property Measurement 
System (PPMS® DynaCool™ by Quantum Design). The measurements 
can be carried out in a cryogenic temperature range (down to 2 K) and 
the built-in cryopump ensures high vacuum applications (<104 Torr). 
The excitation current was varied in the range of 0.1 μA–1 μA and the 
magnetic field was swept in the range ±5 T. All the C–V measurements 
have been performed at room temperature under ambient conditions 
using Keithley 4200A-SCS Parameter Analyzer with 4210-CVU module. 
The DC voltage was set in the range of ±2 V and the AC signal had a 
frequency of 1–2 MHz with a 30–50 mV amplitude. 

3. Results and discussion 

3.1. Structural properties of Zn3P2 thin films 

We start by elucidating the structural differences between mono- 

Fig. 1. Fabrication process of the electrical device on Zn3P2 thin films: (a) schematic representation of the device fabrication steps, (Step 1) alignment marker 
definition, (Step 2) Hall bar definition after the second EBL and RIE process, (Step 3) contact deposition using sputtering after the third EBL process, (Step 4) isolation 
of the device using FIB milling. (b) SEM image of the final device. 

Fig. 2. Structural description of mono- and poly- 
crystalline Zn3P2 thin films. Cross-sectional SEM mi
crographs of the (a) monocrystalline Zn3P2 thin film 
(b) polycrystalline Zn3P2 thin film. Out-of-plane 
diffraction patterns from: (c) InP (100) substrate; 
(d) monocrystalline Zn3P2 thin film showing only the 
{00h} family of planes; (e) polycrystalline Zn3P2 thin 
film showing a textured growth. SIMS measurements 
from: (f) monocrystalline Zn3P2 thin film (M1) with 
Zn/P ratio ~1.47; (g) polycrystalline Zn3P2 thin film 
(P2) with Zn/P ratio ~1.64.   
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Zn3P2 and poly-Zn3P2 thin films. Fig. 2a and b shows the representative 
SEM cross-section micrographs of the mono-Zn3P2 and poly-Zn3P2 thin 
film, respectively. The thickness of both thin films is ~1 μm. The cross- 
sectional morphology of the poly-Zn3P2 thin film is granulated and it has 
a columnar-like growth perpendicular to the substrate. The top surface 
of the poly-Zn3P2 thin film is distinctly rough, while the mono-Zn3P2 
thin film has a smooth cross-sectional morphology and relatively flat top 
surface. 

To identify the crystallographic growth direction and the relation 
with the substrate, out-of-plane scans were performed with an area 
detector using X-ray scattering. Fig. 2c show the resulting image of bare 
InP (100) substrate, where only the reflections associated with the (200) 
and (400) planes are observed. Fig. 2d and e shows the out-of-plane 
scans of mono-Zn3P2 and poly-Zn3P2 thin films, respectively. The re
flections associated with the (002), (004), and (006) planes are observed 
for the mono-Zn3P2 thin film. Thus indicating the growth proceeds along 
the [001] direction and the epitaxial relation with the InP (100) sub
strate. Additionally, the intensity is concentrated in the spots, which is 
indicative of its highly ordered crystalline nature [33]. Whereas the 
poly-Zn3P2 thin film has textured growth, we observe a few different 
families of planes perpendicular to the growth direction. More promi
nent growth planes observed in X-ray scattering are (101), (201), and 
(200). We also investigate the compositional variation between the 
different crystalline thin films by SIMS which revealed a clear distinction 
in the composition of mono-Zn3P2 and poly-Zn3P2. The Zn/P ratio 
measured in the mono-Zn3P2 sample is ~1.47, which indicates the 
sample is slightly off-stoichiometric (as shown in Fig. 2f), with a small P 
excess. In contrast, the Zn/P ratio measured in the poly-Zn3P2 sample is 
~1.64, indicating that the sample is Zn rich (as shown in Fig. 2g). For 
both samples, the interface between the thin film and the substrate is 
sharp and well-defined. It is important to note that we do observe a 
compositional variation among different samples. This variation is 
attributed to the growth conditions (such as temperature and flux), 
while the difference in crystallinity is mainly due to the degassing pro
cess [31]. In general, most of the poly-Zn3P2 thin films have a Zn/P ratio 
> 1.5. Whereas, the mono-Zn3P2 thin films have a Zn/P ratio ≤ 1.5. 
Table 1 contains an overview of the samples used in this study along 
with the characterization results obtained; hereon the sample name will 
be used to refer to a specific sample. It is worth-noting that the 
sample-to-sample compositional variation is due to the V/II ratio used 
for the epitaxial growth of the thin films. 

3.2. Resistivity measurements 

The characterization of the material’s fundamental electrical prop
erties in relation to their crystalline nature establishes the first step to
ward the realization of Zn3P2-based functional devices. Our 
investigation started from TLM measurements which enable us to 
describe the resistivity of the mono-Zn3P2 and poly-Zn3P2 thin films. 
Representative results obtained on different samples are outlined in 
Fig. 3, and resistivity values are reported in Table 1. Fig. 3a shows an 
optical microscope image of a typical device. It is constituted by a series 
of multiple electrical contacts with increasing distances ranging from 30 
to 90 μm. The total resistance (RTOT) between two metal contact pads is 

measured as a function of the distance between two contact pads. The 
equivalent circuit allows to describe the current-voltage relationship 
through a constant total resistance RTOT = 2RM + 2RC + RS, where RM is 
the resistance of the metal, RC is the contact resistance, and RS is the 
resistance of the material between the electrical pads. As the RM value is 
much smaller than the other terms, it can be neglected. Fig. 3b and c 
shows the TLM plots obtained from thin film samples M1 and P2 grown 
on i-InP substrates, respectively. The resistance increases linearly as a 
function of length, as expected. The contact resistance (2RC) is obtained 
from the y-intercept of the plot of the linear fit. The estimated contact 
resistivity from the TLM plots is 0.95 ± 0.4 Ω cm2 for M1 and 0.63 ±
0.05 kΩ cm2 for P2. The contact resistivity value obtained from M1 is in 
the same range as previously reported values of as-deposited Au contacts 
on Zn3P2 [26]. It should be noted that we did not observe any significant 
reduction of the contact resistance when using other metals such as Ag, 
Pt, and Zn/Au. Thermal treatments are often used for reducing contact 
resistance. We did not apply any thermal treatment in this study as 
post-growth annealing could affect the thin film composition by 
desorption of Zn [11,34]. The resistivity values obtained from the pol
y-Zn3P2 (P1 and P2) thin films are in the range of 6500–9000 Ω cm, 
while the values obtained from the mono-Zn3P2 (M1 and M4) thin films 
are in the range of 150–1050 Ω cm. The vast difference in resistivity 
value can attributed to the presence of grain boundaries in the pol
y-Zn3P2 thin films, which could contribute to increased scattering of the 
charge carriers. The origin of the significant difference in resistivity will 
be clarified in Section 3.3. 

Fig. 3d shows the TLM data obtained from M3, a mono-Zn3P2 thin 
film grown on n-type InP substrates, which demonstrates a distinctly 
different characteristic curve with respect to monocrystalline thin films 
grown on i-InP. Two distinct slopes can be observed from the plot, the 
first slope (depicted by the red dashed line) can be assigned to the Zn3P2 
thin film. Whereas the second slope (depicted by the blue dashed line) is 
attributed to the flow of current into the substrate. A resistivity value of 
~45 Ω cm and a contact resistivity value of 0.6 ± 0.17 Ω cm2 are ob
tained by fitting the first slope of the TLM, in good agreement with the 
values obtained from the mono-Zn3P2 thin films grown on the i-InP 
substrate. These values support the hypothesis that the first slope of the 
TLM plot provides information regarding the thin film. The change in 
the TLM slope at a larger contact distance is accompanied by a change 
from linear to non-linear I–V curves (as shown in Supplementary 
Fig. S3). The change occurs when the distance between two contact pads 
increases to over 100 μm. We attribute the non-linearity of the I–V 
curves to the current crossing the heterojunction. In contrast, the I–V 
curves obtained from the (poly- and mono-) Zn3P2 on i-InP are linear 
irrespective of the distance between the two contact pads (as shown in 
Supplementary Fig. S2). The junction behaviour between the Zn3P2 and 
n-InP plays an integral role in the leakage current, where at critical 
distances over 100 μm the leakage current dominates. We will highlight 
this behaviour in Section 3.3 when describing the junction properties 
between Zn3P2 thin film and differently doped InP substrate. In light of 
these evidences, from here on, we discuss electric measurements on the 
thin films grown on i-InP, unless specified otherwise. 

We now turn to the temperature dependence of the conductivity for 
different samples, to gain insight into the conduction mechanism in 

Table 1 
Sample list: for each sample, the name and corresponding substrate type are indicated together with the results on crystallinity, Zn/P ratio, resistivity, and carrier 
concentration found in this work.  

Sample Name Substrate type Crystallinity Zn/P Resistivity (Ω.cm) Carrier Concentration (cm− 3) 

M0 n-InP Monocrystalline 1.164 51.6 ± 5.0 (1.22 ± 0.19) x1019 

M1 i-InP Monocrystalline 1.469 154.6 ± 10.7 (4.03 ± 0 .31) x1015 

M2 n-InP Monocrystalline 1.474 42.6 ± 9.8 (4.00 ± 0.23) x1015 

M3 n-InP Monocrystalline 1.502 44.9 ± 3.7 (1.09 ± 0.11) x1015 

M4 i-InP Monocrystalline 1.578 1050 ± 263 (1.17 ± 0.95) x1014 

P1 i-InP Polycrystalline 1.610 8794 ± 350 (1.06 ± 0.15) x1013 

P2 i-InP Polycrystalline 1.642 6632 ± 421 (3.84 ± 0.33) x1013  
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Zn3P2. Fig. 4a and b depict the dependence of resistivity with temper
ature for M1 and P2, respectively, over a range of 100–300 K. The re
sistivity of the thin films increases as the temperature decreases, in 
agreement with the semiconducting nature of the material. The increase 
in resistivity for P2 over a 200 K decrease in temperature is significantly 
steeper than the M1, suggesting a significant difference in charge 

transport in films with different crystalline texture. Thermally activated 
band conduction in semiconductors is described by an Arrhenius tem
perature dependence, given by Refs. [35,36]: 

σ(T)= σ0e−
Ea

kB T (1) 

Fig. 3. TLM measurements: (a) Optical image of the TLM structure used for the measurements. TLM plots showing resistance as a function of the length, obtained 
from (a) monocrystalline Zn3P2 thin film (M1) (b) polycrystalline Zn3P2 thin film (P2), on i-InP (100) substrates (c) monocrystalline Zn3P2 thin film on n-InP (100) 
substrate (M3). 

Fig. 4. Temperature-dependent resistance plot 
showcasing the semiconducting behaviour of 
different samples. (a) Monocrystalline Zn3P2 thin film 
(M1), and the corresponding fitting for thermally 
activated conduction (inset); (b) polycrystalline 
Zn3P2 thin film (P2), and the corresponding fitting for 
thermally activated conduction between 300 and 200 
K and NNR between 200 and 100K (inset). (c) 
Temperature-dependent I–V characteristics obtained 
from monocrystalline Zn3P2 thin film with a Zn/P 
ratio ~1.58 (M4) plotted on a semi-logarithmic scale 
and (d) the corresponding temperature-dependent 
I–V characteristics plotted on a log-log scale where 
three distinct transport regions are visible: (I ∝ V) 
Ohmic region, (I ∝ Vm, m > 2) TFL region, and (I ∝ 
V2) SCLC region (the dashed lines represent the tan
gents with slopes 2 and 8 used for determining VTFL at 
300 K and slopes 2 and 15 for determining VTFL at 
150 K).   
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where σ0 is a constant, Ea is the activation energy, and kB is the Boltz
mann constant. Given the exponential relation between thermally acti
vated conduction and temperature, thermally activated band 
conduction is characterized by a linear relation in ln(σ) vs 1/T or ln(ρ) vs 
1/T plots. The insets in Fig. 4a and b shows the corresponding plots of ln 
(ρ) vs 1/T which fit very good the expected linear behaviour for higher 
temperature values. For the temperature range of 150–300 K, the acti
vation energy obtained for M1 is 22.53 meV. This value is consistent 
with the energy levels expected for phosphorus interstitial in bulk Zn3P2. 
It is worth to note that both phosphorous interstitials and zinc vacancies 
act as acceptors in Zn3P2, typically zinc vacancies have energy levels 
ranging from 190 meV to 290 meV and phosphorous interstitials have 
energy levels ranging from 14 meV to 90 meV [18,20,30,37]. For tem
perature values less than 150 K we observe a gradual decrease in re
sistivity, which can be attributed to the interplay of temperature 
variations of the carrier density and mobility. The carrier density di
minishes with a decrease in temperature while the mobility increases, 
thus the resistivity has a minimum typically around 70 K [38]. 

The activation energy obtained from P2 was 317.69 meV for the 
temperature range of 200–300 K. This activation energy is slightly 
higher than the expected energy level for zinc vacancy levels [20]. The 
activation energy value could be due to the presence of crystalline dis
order in the polycrystalline thin film. Still, one should note that the 
activation energy in the thermally activated conduction regime depends 
on the carrier concentration and the impurity energy levels [36]. A 
decrease in carrier concentration due to a lower amount of acceptors 
would lead to an increase in the activation energy due to the change in 
the Fermi level. Nonetheless, it is evident that the thermally activated 
conduction mechanism dominates at higher temperatures (above 200 K 
for P2 and above 150 K for M1) for both thin films. At temperatures 
below 200 K, a distinct change in the slope of the ln(ρ) vs 1/T plot is 
observed, indicating a change in the conduction mechanism. A hy
pothesis is that at lower temperatures, holes are recaptured by the ac
ceptors and hopping starts to be the dominating mechanism. There are 
two types of hopping mechanisms that dominate the conduction process 
in semiconductors at lower temperature ranges, which are 
Nearest-Neighbour Hopping (NNH) and Variable Range Hopping (VRH) 
[35,36,39–41]. NNH and VRH can coexist in a material, however, NNH 
usually tends to dominate at higher temperatures. In NNH, the holes hop 
to the nearest-neighbour vacant site and this requires a thermal acti
vation. The activation energy for NNH is much lower than that for 
thermally activated band conduction. For the NNH conduction, tem
perature and conductivity have a similar exponential dependence [35]. 
By fitting the temperature dependence of the resistivity in the range 
between 100 and 200 K, an activation energy value of 14.72 meV can be 
estimated. On further decreasing the temperature, the VRH conduction 
mechanism often comes into play. Here charge carriers hop between 
levels close to the Fermi level irrespective of their spatial distribution 
[42]. The plotted data (ln ρ vs 1/T) does not show any deviation from 
linearity in the measured range (200-100 K). Therefore we conclude, 
that for the measured temperature range, we do not observe the VRH 
(for which conductivity can be expressed as σ = σ0e− [T0/T ]

1/4
, where T0 is 

the characteristic temperature, and σ0 is a constant parameter) con
duction mechanism as this would lead to a non-linear behaviour in the 
semi-logarithmic plot [39]. 

Now we turn toward a specific sample (M4) that showed atypical I–V 
characteristics. Fig. 4c shows the semi-logarithmic I–V plots measured at 
different temperatures for M4 (that has a high Zn/P ratio ~1.58). The 
typical I–V characteristic of mono-Zn3P2 and poly-Zn3P2 thin films are 
linear (as shown in Supplementary Fig. S2). The I–V plots obtained from 
sample M4 show a non-linear asymmetric behaviour and demonstrate a 
deviation from the ohmic or Schottky behaviour [38]. Furthermore, on 
decreasing the temperature, the overall current decreases and the de
viation become more pronounced. To understand the electrical prop
erties of the sample, the I–V characteristic in the forward bias is plotted 

in a log-log scale, as shown in Fig. 4d. The slope of the log-log plot gives 
the power dependence of current and voltage [43,44]. At low voltages 
(below 0.2 V) an ohmic relation is observed between the current and 
voltage (I ∝ V) over all the measured temperature ranges. Between the 
voltage ranges of 0.2–0.7 V, the slope changes to 8 for 300 K and 15 for 
150 K (I ∝ Vm, where m is the slope in the log-log plot). Whereas above 
0.7 V the slope is 2 (I ∝ V2) for all the temperature ranges. We observe 
three distinct regimes in the log-log I–V plot: first, a low-voltage ohmic 
regime with a slope of 1, followed by a trap filling regime with a large 
slope (>2), and a high voltage space-charge-limited current (SCLC) 
regime with a slope of 2. The SCLC conduction mechanism has been 
widely reported for organic semiconductors and insulators [45–48]. 
There are also some instances of SCLC conduction in inorganic semi
conductors such as III-nitrides and semi-insulating II-V materials [49, 
50]. The presence of trapping states caused by impurities and defects can 
capture and immobilize a fraction of the injected carriers, thereby 
influencing the current transport process. Zn3P2 is known to form band 
tails due to the presence of impurity levels [30] and deep-level traps at 
~0.7 eV [18,51]. Depending on the trap density and distribution, it 
might be feasible to observe SCLC conduction in Zn3P2. The trap density 
can be calculated from the trap-filled-limit voltage, given by Ref. [45]: 

Vtfl =
qntL2

2ε (2)  

where q is the elementary charge, nt is the trap density, L is the thick
ness, and Ɛ is the dielectric constant. The crossing point between the 
tangent of the SCLC and the trap-filled-limited (TFL) regimes is used as 
the Vtfl [45]. By using Eq. (2), we obtained trap density values of 3.62 ×
1013 cm− 3 and 4.28 × 1013 cm− 3 for 300 and 150 K, respectively. SCLC 
measurements are often used to extract the mobility of the carrier, 
where the mobility value is extracted from the quadratic regime. How
ever, the estimation of mobility is prone to misinterpretation [45,52]. 
Given the asymmetric nature of the I–V plot, we decided not to use this 
method to extract the mobility values. 

3.3. Carrier density and heterojunction behaviour 

Hall Effect measurements can be used to measure the carrier density. 
However, our measurements showed a non-linear transverse resistance 
behaviour (refer to Supplementary Fig. S4 for more information). 
Therefore, we investigated the carrier concentrations in different thin 
films using C–V measurements. Fig. 5a shows the schematic represen
tation of the planar configuration used for the measurements. The set-up 
consists of two adjacent dissimilar contacts, separated by a distance Lt. 
As for the previous measurements. Au is used as ohmic contact, while 
the Al is used as Schottky contact. Fig. 5b and c shows 1/C2 against 
voltage, also known as the Mott-Schottky plot, for M1 and P2 samples, 
respectively. The data display a negative Mott-Schottky slope, indicating 
a p-type conductivity for all the measured Zn3P2 thin films [53]. For a 
Schottky-diode under bias, the C–V relation can be expressed as [54]: 

A2

C2 =
2
(

Vbi − V − kT
q

)

qƐsN
(3)  

where C is the capacitance, Vbi is the built-in potential of the diode, Ɛs is 
the relative permittivity of Zn3P2, A is the area of the anode, and N is the 
carrier concentration. The slope of the Mott-Schottky plot gives the 
carrier concentration and the x-axis intercept gives the Vbi. The carrier 
concentration for M1 was found to be ~4.03 × 1015 cm− 3, whereas the 
carrier concentration of P2 was ~3.84 × 1013 cm− 3. We did not observe 
any significant variation in the carrier concentration by changing the 
distance (Lt) between the contact pads in the investigated contact dis
tance range. While the carrier density difference between the mono
crystalline and polycrystalline samples could eventually be attributed to 
the microstructure, one should also consider the chemical composition. 
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Zn3P2 is an unusual compound semiconductor as the Zn/P ratio can 
deviate strongly from 3/2 without loss of the semiconductor function
ality [2]. The temperature dependence of the samples has also hinted at 
a relation between the composition and the carrier density, as given by 
the different activation energy for the relatively zinc richer or poorer 
nature of samples M1 and P2. These activation energies could be related 
to Zn vacancies and P interstitials, which act as dopants in the material. 

To clarify the interplay between composition, microstructure and 
carrier density, we correlated the compositional analysis performed 
using SIMS with the carrier density obtained from the capacitance 
method (see Table 1). The results are presented in Fig. 5d. The carrier 
concentration (~1.22 × 1019 cm− 3) is highest for M0 that has a Zn/P =
1.16. The carrier concentration strongly decreases for Zn/P ratios 
approaching 1.5. The sample M3 that is almost at stoichiometry (Zn/P 
=1.502) has a carrier concentration of ~1.09 × 1015 cm− 3. For Zn/P >
1.5 carrier densities are extremely low, below ~1.5 × 1014 cm− 3. The 
measured carrier concentrations as a function of the Zn/P ratio for 
different samples follow an exponential behaviour. To further confirm 
this, Fig. 5d inset depicts the data in a semi-logarithmic scale, which 
displays the linear behaviour and shows the sample with the highest 
carrier concentration in the same plot. 

The role of chemical composition in carrier density can be found in 
the nature of interstitials in Zn3P2. P interstitials act as a p-type dopant 
with low formation energy in Zn3P2 [17,55], thus explaining the 
increased carrier concentration in the samples with Zn/P less than 1.5. 
Conversely, Zn inclusion in the lattice should act as an n-type dopant in 
Zn3P2 [55]. However, we do not observe n-type nature in any of the 
samples with a high Zn/P ratio. This is attributed to the prevalent 
self-compensation effect in Zn3P2 [29,56]. Given the low formation 
energy of P interstitials, excess Zn in the material is compensated by 
their formation. This results in a decrease in the carrier concentration 
with an increase in the Zn/P ratio. Additionally, this also leads to higher 
resistivity in the sample [22]. The monocrystalline Zn3P2 thin film with 
a higher Zn/P ratio (M4) exhibits higher resistivity (~1050 Ω cm) in 
comparison to the stoichiometric monocrystalline Zn3P2 thin film (M3) 
that has resistivity of ~45 Ω cm. We extract the mobility values using σ 
= nqμ, where σ is the conductivity obtained from TLM, while n is the 
carrier concentration obtained from C–V profiling. For monocrystalline 
samples, the mobility values are in the range of 15–125 cm2/Vs, whereas 
for polycrystalline samples, the mobility values are in the range of 
19–60 cm2/Vs. The higher values of mobility obtained from the mono
crystalline Zn3P2 thin films are among the upper bound of values 

reported in the literature for Zn3P2 [21,57], thus indicating the 
high-quality crystalline Zn3P2 thin films. 

Finally, we probe the junction behaviour between the Zn3P2 thin film 
and the InP substrate. Fig. 6a inset shows the configuration used for the 
J-V measurements. Fig. 6a shows the comparison of the J-V character
istics of mono-Zn3P2 and poly-Zn3P2 thin films grown on i-InP substrate. 
Both thin films exhibit a rectifying behaviour. The current density values 
obtained at higher voltages from mono-Zn3P2 are much higher in com
parison to the poly-Zn3P2. We attribute the lower current density value 
of the polycrystalline thin film to the high resistivity in the material. To 
better understand the influence of the doping in the InP on the junction 
behaviour we measure the J-V characteristic of Zn3P2 thin films grown 
on differently doped InP substrates. Fig. 6b shows the semi-logarithmic 
plot of the J-V characteristic obtained from monocrystalline Zn3P2 thin 
films grown on (p-, n-, i-) InP and polycrystalline Zn3P2 grown on i-InP. 
The Zn3P2 thin film grown on p-InP illustrates a linear and symmetric 
behaviour, which is indicative of a poor diodic behaviour between the 
two p-type materials (theoretical band alignment between p-type Zn3P2 
and p-type InP is shown in Supplementary Fig. S5). When comparing the 
J-V characteristic of monocrystalline Zn3P2 on i-InP and n-InP we 
observe in the case of n-InP there is a large leakage current in the reverse 
bias. Additionally, the thin film grown on i-InP has a much greater 
threshold voltage value (0.68 V) in comparison to the thin film grown on 
n-InP (0.47 V). Moreover, the ideality factor obtained on fitting the 
linear part of the J-V plot was 2.03 ± 0.14 for thin film grown on i-InP 
and 3.46 ± 0.2 for thin film grown on n-InP. These differences demon
strate the monocrystalline Zn3P2 thin film grown in i-InP has relatively 
better diode parameters than the ones on n-InP. Thus, the junction 
behaviour between monocrystalline Zn3P2 and n-InP corroborates the 
flow of current into the substrate during TLM measurements. 

4. Conclusion 

In conclusion, we compared and contrasted the difference in the 
structural, compositional, and electrical behaviour between poly
crystalline Zn3P2 and monocrystalline Zn3P2 thin films. We identified 
the conduction mechanism involved in different crystalline Zn3P2 thin 
films. Thermally activated conduction mechanism dominates at higher 
temperatures, whereas nearest-neighbour hopping mechanism was 
observed for polycrystalline thin films at lower temperatures. The cor
responding activation energies obtained from our measurements are 
primarily associated with the P interstitials and Zn vacancies. 

Fig. 5. C–V measurements and carrier density: (a) 
schematic representation of the planar configuration 
used for the C–V measurements, Lt is the distance 
between the Schottky and the ohmic contacts. The 
C–V plot obtained by varying Lt from (b) mono
crystalline Zn3P2 thin film (M1) (c) polycrystalline 
Zn3P2 thin film (P2). (d) Plot showing the measured 
carrier concentration as a function of the Zn/P ratio 
(the error bars represent standard deviation due to Lt 
variation for each sample), the corresponding semi- 
logarithmic plot (inset) highlights the sample with 
the highest carrier concentration (1.22 × 1019 cm− 3) 
and lowest Zn/P (1.16) ratio. The stoichiometric Zn/P 
ratio is at 1.5, represented by the dashed line. The 
details of the plotted sample are listed in Table 1.   
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Temperature-dependent I–V characteristic of Zn3P2 thin film with low 
carrier concentration revealed the occurrence of SCLC transport. High- 
quality monocrystalline Zn3P2 thin films with moderate carrier con
certation demonstrated a high hole mobility (125 cm2/Vs) at room 
temperature, indicating the growth conditions and composition of the 
material play an integral role in tuning the material functionality. We 
unveiled the impact of unintentional doping caused due changes in the 
Zn/P ratio on the electrical properties of the material. Carrier concen
trations were directly correlated to the Zn/P ratio. They were attributed 
to a variation in Zn vacancies and P interstitials, in agreement with the 
activation energies deduced for conductivity. Finally, the effect of sub
strate doping on the electrical behaviour of the heterojunction has been 
highlighted. Hence, the present study provides insight into the electrical 
properties of Zn3P2 thin films and allows for a better understanding of 
the limitations and prospects of Zn3P2 thin film-based solar cells. 
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