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Abstract: Progress in light-emitting diodes (LEDs) based on ZnO/GaN heterojunctions has run into
several obstacles during the last twenty years. While both the energy bandgap and lattice parameter
of the two semiconductors are favorable to the development of such devices, other features related to
the electrical and structural properties of the GaN layer prevent an efficient radiative recombination.
This work illustrates some advances made on ZnO/GaN-based LEDs, by using high-thickness
GaN layers for the p-region of the device and an ad hoc device topology. Heterojunction LEDs
consist of a quasicoalesced non-intentionally doped ZnO nanorod layer deposited by chemical
bath deposition onto a metal-organic vapor-phase epitaxy -grown epitaxial layer of p-doped
GaN. Circular 200 um-sized violet-emitting LEDs with a p-n contact distance as low as 3 um
exhibit a turn-on voltage of 3 V, and an emitting optical power at 395 nm of a few microwatts.
Electroluminescence spectrum investigation shows that the emissive process can be ascribed to four
different recombination transitions, dominated by the electron-hole recombinations on the ZnO side.

Keywords: ZnO/GaN heterojunction LEDs; ZnO nanorods; epitaxial p-GaN layers; chemical bath
deposition; ZnO/GaN heterostructure

1. Introduction

ZnQO is regarded as an attractive material for near-UV light-emitting diodes (LEDs) due to the wide
direct bandgap (3.37 eV), the large exciton binding energy (60 meV), and several interesting optic and
optoelectronic properties [1,2] which might allow for efficient near-bandgap recombination and laser
working at room temperature [3]. ZnO is also considered, together with GaN, for the fabrication of both
blue [4-7] and white LEDs, with and without any phosphor or dye [8-12]. Nevertheless, despite ample
efforts to dope ZnO as a p-type semiconductor, reproducible and reliable p-type ZnO is not available,
which prevents ZnO from being used in p-n homojunction LEDs [13]. The reasons for this failure are
the low solubility of acceptor dopants [14], the height of the acceptor’s level energy [15-18], and some
self-compensating effects [19]. Furthermore, the results reported in the literature on ZnO-based
homostructure LEDs are either not convincing or controversial, as reviewed in reference [20]. A different
approach to ZnO homojunctions is the adoption of n-ZnO/p-GaN heterojunctions, since ZnO and GaN
have the same wurtzite crystal structure with a low lattice-constant mismatch of 1.8%. Additionally, the

bandgap energies of the two semiconductors are very close [21] and GaN exhibits a minor band offset
with ZnO.
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n-ZnO/p-GaN heterojunctions-based devices could take advantage of a strong excitonic emission
if the radiative recombination occurred in the ZnO layer; nevertheless, many works report radiative
recombination occurring mainly in the GaN side [5,7,22,23], due to the higher doping concentration of
ZnO, generally higher than GalN.

The electroluminescence (EL) of LEDs based on n-ZnO/p-GaN heterojunctions strongly depends
on the huge strain at the interface, which causes low quality heterojunctions [24]. Moreover, as well as a
thin-film structure, the Fresnel coefficients and the total internal light reflections reduce the efficiency of
light extraction [25]. These effects can be minimized if LEDs are fabricated in the form of ZnO nanorods
on a GaN substrate. Nanoscale heterojunctions suffer less from strain at the interface, reducing misfit
and threading dislocations [26]; likewise, light extraction is improved by using nanorods, which behave
as waveguides [27,28].

In this work, we analyze more deeply how the optical power of heterojunction LEDs, grown as
a dense collection of non-intentionally doped (nid) ZnO on a single layer of p-doped GaN, is influenced
by both the device topology and the quality of the GaN layer. In particular, the distance between the
p- and the n-contacts plays a key role in the efficiency of ZnO/GaN heterojunction LEDs. In a previous
work [29], we proved that the recombination in the n-region depends on the spreading length of the
holes coming from the p-contact; due to the poor conductivity of both the p-GaN and the nid-ZnO,
the recombination occurs in the proximity of the edge of the n-contact. In particular, since the p-GaN is
the base layer, hole injection would not occur along the vertical direction; the low conductivity of the ZnO
does not allow the holes to spread for the full length of the n-pad. Consequently, to provide an efficient
radiative recombination in the ZnO side of the junction, it is important to reduce to as low as possible
the distance between the two contacts. Here, we report on optoelectronic properties, such as optical
power, external quantum efficiency (EQE) and I-V characteristics of a nid-ZnO/p-GaN heterojunction
LED with a contact distance as low as 3 um, showing the improvement in the performances in relation
to larger contact distances. It is worthwhile to point out that in almost all the papers concerning
ZnO/GaN-based LEDs, very few groups have reported on the values of the optical power emitted
by the devices and their EQE [30,31], probably because the performances of the devices were still
too poor. This means that it is hard to evaluate and compare the real performance of these LEDs.
Furthermore, in this work, the radiant power is studied against the GaN layer characteristics and
a clear improvement of both hole transport and recombination features has been observed with a better
quality of the GaN material.

A dense collection of nid-ZnO nanorods was deposited on p-GaN templates by chemical bath
deposition (CBD). Two p-GaN layers with different thicknesses were tested in order to evaluate the
influence of the quality of the p-type region on the carrier transport and the emitting properties of
the devices. The emitted power, as well as the EQE, have been measured for 200 pm-sized and
3 um-spacing between p- and n-contact LEDs.

2. Materials and Methods

Two substrates were used for this study: the first consisted of 1 um-thick p-GaN grown onto
2 um-thick nid-GaN (wafer A), while the second one was a (p-n)GaN structure, with only 100 nm of
p-GaN, grown on a 1 um-thick n-GaN (wafer B). All the GaN layers were grown by metal-organic
vapor-phase epitaxy (MOVPE) on a 2 inch c-plane sapphire substrate in an AIXTRON 200/4 RF-S
(AIXTRON, Herzogenrath, Germany) reactor, using triethylgallium (TEGa), ammonia (NHjz), and bis
(cyclopentadienyl) magnesium (Cp,Mg) as the metal-organic precursors for Ga, N, and Mg, respectively.
Wafers A and B were provided by Novagan company (Lausanne, Switzerland). Epitaxial growth
for the two samples was carried out according to the BKM (best known method) recipes developed
for the AIXTRON 200/4 RF-S reactor. Both wafers were cut into small chips of approximately 1 cm?
before being processed with direct laser writing lithography for both ZnO area definition and metal
contacts patterning.
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Bottom 100 nm-thick Cu contacts were patterned and deposited onto the p-GaN layer by thermal
evaporation, then the regions to be covered with the ZnO nanorods were patterned and defined,
and finally, 100 nm-thick Al contacts were deposited onto the grown ZnO nanorods. These ones
are partially coalesced and behave as the n-region of the heterojunction. As a p-contact, we utilised
Cu instead of standard Ni/Au or Pd/Au, since the latter ones required an annealing which could
cause Zn ions to migrate towards the GaN layer [32]. Both Cu/p-GaN contact resistance and Schottky
barrier height are close to those of Pd/p-GaN ones [33,34]. A layer of coalesced ZnO nanorods was
preferred to a collection of isolated vertical nanorods with the empty gaps between them filled with
an insulating supporting material like a polymer or spin-on-glass. In fact, since ZnO is known to
exhibit piezophototronic effects, and the insertion of a supporting material between the nanorods
could have modified the strain conditions and the radiative emission. A sketch of the devices is shown
in Figure 1a.

(a) (b)

Figure 1. (a) Sketch of the fabricated devices; (b) Cross-section scanning electron microscope (SEM)
image of ZnO nanorods grown by chemical bath deposition (CBD) (3 h, 50 mM-concentrated nutrient
solution) on wafer A. The inset shows a detail of the coalescence of the nanorods (the scale marker
applies to both images).

ZnO nanorods were fabricated by CBD, which has been extensively illustrated in our previous
papers [29,35,36]. The nutrient solution was prepared with zinc nitrate hexahydrate (Sigma-Aldrich,
St. Louis, MO, USA, reagent grade 98%) and hexamethylenetetramine (Alfa Aesar, Ward Hill, MA,
USA, ACS 99+%) in deionized water. The growth of the nanorods occurred at a temperature of 80 °C
for 3 h.

X-ray diffraction (XRD) 6-20 scan spectra were measured using a vertical goniometer with Cu
K-a radiation (A = 1.5405980 A) over the 20 range of 20°-90°.

Photoluminescence (PL) measurements were carried out by exciting the samples with the third
harmonic of a Nd:YAG laser (355 nm). A light power-current-voltage (L-I-V) setup was used to
measure the optical and electrical characteristics of the LEDs. The electroluminescence (EL) spectra
were measured using an Ocean Optics (Edinburgh, Scotland, UK) HR4000CG UV-Vis spectrometer.
Finally, an Ecopia (Anyang city, Gyeonggi-do, Korea) HMS-3000 Hall system (B = 0.55 T) provided
carrier concentration and mobility measurements of the GaN layers.

3. Results and Discussion

The scanning electron microscope (SEM) image of Figure 1b shows the ZnO nanorods grown onto
the wafer A. The nanorods appear to be dense and partially coalesced. The inset of Figure 1b shows
that in several regions, the nanorods coalesce to form a compact layer. The high density can be ascribed
to the high concentration of the nutrient solution [37-39]. The thickness of the ZnO nanorods (referred
as the nid-ZnO layer) is approximately equal to 1 pm and depends on the CBD process duration,
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as demonstrated in a previous work [40]. A dense nanorods layer allows easier handling during the
subsequent metal contacts fabrication and does not require further processing steps.

Figure 2 shows the XRD diffractogram of ZnO rods grown on wafer A. The strong diffraction
peaks, located at 34.43° and 72.74°, are in good agreement with those reported for ZnO (002) and ZnO
(004), respectively, in JCPDS # 36-1451. This result confirms that the CBD technique leads to wurtzite
nanostructures with a pronounced vertical orientation.
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Figure 2. X-ray diffraction (XRD) diffractogram of ZnO nanorods grown on wafer A.

As reported in reference [29], the conductivity of the p-GaN layer is of crucial importance to have
an efficient hole injection in the n-region. A low current injection results in both a poor light emission
performance and a high turn-on voltage. The conductivity of the p-layer does not only depend on the
hole concentration but also on the hole mobility. Therefore, a better crystalline quality of the p-GaN
layer can increase the emitted power and improve the EQE.

Figure 3 exhibits the optical power emitted at 9 V of several different size circular LEDs (100 pm,
200 pm, and 400 pm) fabricated by using both wafer A and B. The distance between n- and p-contacts
is 20 um. The better quality of the p-GaN layer of wafer A, due to its larger thickness, leads to higher
optical power and, in general, to better LED performances. Therefore, in ZnO/GaN heterojunction
LEDs, particular care should be taken to use p-GaN templates of high-crystalline quality, not only to
improve the hole injection in the n-region, but also to guarantee an efficient light emission. It is worth
pointing out that the optical power poorly depends on LED size, given that the recombination region
is limited by the hole spreading length which is lower than the LED size [29].
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Figure 3. Optical power emitted at 9 V for light-emitting diodes (LED) fabricated on wafer A and wafer
B as a function of LED size. The distance between n- and p-contacts is 20 um. The dashed line serves as
a guide for the eye.
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Figure 4a presents the PL spectra of p-GaN and nid-ZnO (wafer A). The first one exhibits a broad
emission band between 360 nm and 375 nm, whereas the second one a narrower peak centered at 390 nm.
Most of papers report p-GaN PL peaks centered between 430 nm and 450 nm [5,30,41-45], these higher
values depending on the high concentration of Mg in GaN (generally larger than 10'® cm~3). Our p-GaN
template (wafer A) exhibits instead an acceptor concentration as low as 2.5 x 10'® cm = and a carrier
mobility of 60 cm?/(Vs), as assessed by Hall measurements.
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Figure 4. (a) PL spectra of p-GaN and nid-ZnO (wafer A) and EL spectrum of a 200 pm-sized LED
at 50 mA fabricated on wafer A. Fluctuations in the p-GaN PL spectrum are due to Fabry-Perot
effects. Inset: photo of the LED biased at 20 mA; (b) Peak deconvolution of the EL spectrum with
Gaussian functions: peaks centered respectively at 376 nm, corresponding to GaN near band-edge
(NBE) emission; 393 nm, corresponding to ZnO NBE emission; 412 nm, corresponding to the electron
injection from the conduction band of the ZnO to the acceptor levels of the GaN; 455 nm, corresponding
to radiative defect recombination at the interface. In the magenta solid line is reported the resultant
fitting spectrum; (c¢) Band diagram of nid-ZnO/p-GaN heterojunction with the transitions indicated
by arrows.

Concerning the ZnO PL spectrum, the ZnO nanorod layer presents a lower bandgap energy
(Eg = 3.18 eV) than in bulk form (estimated as E¢ = 3.37 eV [1]), owing to the shifting of the valence band
maximum and conduction band minimum of ZnO when prepared using a wet chemistry method [46].
Other factors that can modify the bandgap of ZnO nanorods are: growth time [47,48], aspect ratio [49],
and substrate [50]. The value of Eq = 3.18 eV for our ZnO nanorod layer is in agreement with the
values reported in the literature [47,48]. The full width at half maximum (FWHM) of the ZnO PL peak
is 25 nm, comparable with values obtained in epitaxial ZnO [51]. This narrow peak indicates the high
quality of ZnO nanorods grown by CBD.

Figure 4a also shows the EL spectrum of a 200 um-sized LED, fabricated on wafer A and working
at 50 mA. The EL spectrum consists of a dominant violet emission peak centered at 395 nm (a photo of
an LED biased at 20 mA is shown in the inset of Figure 4a), due to ZnO near band-edge (NBE) emission,
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and other wavelength components which notably increase with the injection current. However, the
position of the EL peak does not appreciably shift with the current. No other peaks or bands are found
in the visible range, proving the excellent quality of the materials. By comparing the EL spectrum
with the PL spectra of the ZnO (emission peak centered at 390 nm) and the p-GaN (broad emission
centered at 365 nm), it is possible to infer that the violet emission could be mainly ascribed to carrier
recombination from the conduction band (or shallow donor levels induced by native defects) to the
valence band in the ZnO layer. Furthermore, since for a p-n junction NoWp = NpW,, (with N4 and Np
concentration of acceptors and donors, respectively, and W, and W, width of the depletion region in
the p- and n-side, respectively), a low density of donors in the ZnO region (which is non-intentionally
doped) leads to a large ZnO depletion region.

A more accurate analysis is carried out in Figure 4b by peak deconvolution of the EL spectrum
with Gaussian functions centered at 376 nm, 393 nm, 412 nm, and 455 nm, attributed to four different
processes to be identified. The highest peak located at 393 nm corresponds to the predominant
mechanism of recombination, that is, the recombination of the free excitons in ZnO (near band-edge
emission). The ultraviolet emission at 376 nm is attributed to transition recombination in p-GaN,
as observed in the PL spectrum reported in Figure 4b. The small intensity of the peak confirms that
recombination does mainly occur in the ZnO side of the junction. The blue peak at 412 nm could be
ascribed to the electron injection from the conduction band of the ZnO to the valence band of the GaN
(radiative interfacial recombination) [6,44]. At the interface, the gap (ZnO side) is equal to the ZnO
bandgap minus the valence band offsets (Eg(zn0) — Ev = 3.18 — 0.12 = 3.06 V). The red shift between
PL and EL peaks is attributed to different bias conditions during measurements. The origin of the last
peak at 455 nm is uncertain: probably, as suggested in reference [6], the emission originates in defect
transitions at the ZnO/GaN interface. Another hypothesis is that this peak could be ascribed to ZnO
neutral oxygen vacancy (Vg) defect-related recombination (corresponding to a 2.74 eV transition) [52].
Nevertheless, the peak is not observed in the ZnO PL spectrum, suggesting that the transition is
rather localized far from the surface, in correspondence to the heterojunction. Consequently, a band
of interfacial defects due to the small lattice mismatch existing at the GaN/ZnO interface seems to
be responsible for the peak at 455 nm. Figure 4c shows the band diagram of the nid-ZnO/p-GaN
heterostructure with the involved radiative recombination processes.

Figure 5 shows respectively: (a) direct- and reverse-biased I-V characteristics, (b) optical power
and EQE as a function of current, for a circular 200 pm-sized LED fabricated on wafer A. In order to
maximize the injection of the carriers, the distance d between the p- and n-contacts was reduced to
3 um. As a term of comparison, optical power vs. current is also shown for an LED with d = 20 um.
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Figure 5. (a) Experimentally measured I-V data (dashed line) and exponential data fitting (solid line)
for a 200 um-sized LED grown on wafer A. The inset shows the reverse I-V characteristic; (b) Optical
power and external quantum efficiency as a function of current for a 200 pm-sized LED grown on
wafer A. The distance d between p- and n-contacts equals 3 um, except for the dotted curve in Figure 5b,
which is related to an LED with d = 20 um grown on wafer A.
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The turn-on voltage is around 3 V, in good agreement with the best results found in the
literature [53-55]. At10 mA, the voltage is around 7 V. The reverse characteristic in the inset of Figure 5a
is roughly linear and shows leakage currents (-1.9 mA at —7 V), since the device is not optimized;
nevertheless, the -V data (dashed curve) well fit with an exponential p-n junction model (solid curve).
Clearly, the model deviates from data at low voltage bias (lower than turn-on voltage) due to the
leakage effects. The emitted power is of the order of microwatts, while the maximum of the EQE is
2.7 X 1073%. Due to the reduction in the distance between the contacts, the optical power values show
a significant enhancement (by approximately a factor of 4 compared to a 200 um LED on wafer A with
20 um of contact distance).

Additional improvements of the emissive performances of the devices could be obtained by
extrinsic doping of the ZnO region (with Al, for example) and further improving of its crystalline
structure. Furthermore, a more compact structure would lead to a reduced current leakage and
improved EQE.

4. Conclusions

This work reports on some improvements in nid-ZnO/p-GaN heterojunction LEDs fabricated,
taking special care both in the choice of the p-GaN layer thickness and in the design of the structure
layout. Electrical and optical characteristics of the LEDs are presented and discussed. In particular,
results show the strong dependence of the radiative recombination of the devices on the distance
between the p- and the n-contacts. For a circular 200 pm-sized LED and a 3 pm-gap between the p- and
n-contacts, a turn-on voltage of 3 V, an emitting optical power of a few microwatts, and a maximum of
the EQE of 2.7 x 1072% are measured. While the device is not optimized, the reduced spacing between
the contacts provides an improved emission performance. The EL spectrum at room temperature shows
a main peak at 395 nm, primarily due to the holes injected into the # region and the recombination
process from the conduction band to the valence band in the ZnO layer.
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