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Abstract—We report on carrier injection features in light-
emitting diodes (LEDs) based on non-intentionally doped-ZnO/p-
GaN heterostructures. These LEDs consist of a ZnO layer grown 
by chemical bath deposition (CBD) onto a p-GaN template without 
using any seed layer. The ZnO layer (~1 m thickness) consists of 
a dense collection of partially-coalesced ZnO nanorods, organized 
in wurtzite phase with marked vertical orientation, whose density 
depends on the concentration of the solution during the CBD 
process. Due to the limited conductivity of the p-GaN layer, the 
recombination in the n-region is strongly dependent on the 
spreading length of the holes, Lh, coming from the p-contact. 
Moreover, the evaluation of Lh is not easy and generally requires 
the design and the fabrication of several LED test-patterns. We 
propose a simple and effective method to calculate Lh, just based 
on simple considerations on I-V characteristics, and a way to 
improve the injection efficiency in the n region based on a non-
circular electrode geometry. In particular, an interdigitated 
electrode structure is proved to be more efficient in terms of hole 
injection from n- to p- region.  
 

Index Terms—ZnO/GaN heterostructures, ZnO/GaN-based 
light-emitting diodes, current spreading length, contact injection, 
chemical bath deposition of ZnO nanorods 

I. INTRODUCTION 

Zinc oxide (ZnO) is an n-type semiconductor material, easy 
to grow in a nanostructured form [1], with a wide direct 
bandgap (3.37 eV), a high exciton binding energy (60 meV) at 
room temperature, and exciting optoelectronic properties [2]. In 
particular, the larger exciton binding energy, compared to that 
of GaN (24 meV), would allow  the realization of high-
efficiency light-emitting diodes (LEDs) and lasers working at 
room temperature. Due to these excellent properties, ZnO is 
regarded as a promising candidate for the fabrication of 
ultraviolet [3]–[6], blue [4], [7]–[9], white LEDs, with and 
without any phosphor or dye [10]–[13]. Nevertheless, ZnO 
homojunction LEDs never made a significant breakthrough 
because of the difficulties in fabricating reproducible and stable 
p-type ZnO, due to low solubility of acceptor dopants, self-
compensating effects, and height of acceptor’s level energy. 
Although many research groups have reported on ZnO-based 
homostructure LEDs, the results are controversial as reviewed 
in [14]. 
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The wurtzite hexagonal structure, the small in-plane lattice 
mismatch with ZnO (1.8%), and the minor band offset with 
ZnO allowed doped and undoped GaN to be widely used in 
various fields, together with ZnO [15]–[19], and in particular, 
to make heterojunction LEDs based on an n-ZnO/p-GaN 
structure. Unfortunately, the radiative recombination in such 
LEDs occurs mainly in the p-GaN side, since the electrons 
injected from ZnO to GaN are dominating the light emission 
process. In fact, due to the higher doping concentration of ZnO 
(generally higher than GaN), the depletion region primarily 
extends to the p-GaN semiconductor. Other reasons, described 
by Rogers et al. in [6], are i) the band line-up which makes the 
electron injection from the ZnO more energetically favorable 
than the hole injection from the p-GaN, and ii) the low quality 
epitaxy of ZnO which is responsible of a large 
defect/dislocation density at the ZnO/GaN interface. 
Consequently, it is not easy to exploit the optoelectronic 
properties of ZnO, in particular its high exciton binding energy. 

Devices based on n-ZnO/p-GaN heterojunctions could also 
benefit from strong excitonic emission if the radiative 
recombination occurred in the ZnO layer; nevertheless, for the 
abovementioned reasons, plenty of works report radiative 
recombination occurring primarily in the GaN side of the 
junction [7], [9], [20], [21]. 

The quality of a n-ZnO/p-GaN heterojunction mainly 
depends on the method used to grow the ZnO film on GaN [20], 
[22]–[24]. Generally, the poor quality of the interface produces 
low emission efficiencies. Furthermore, n-ZnO/p-GaN 
heterojunction LEDs suffer from high reverse leakage current 
and large turn-on voltage, due to the porous nature of the ZnO 
layer [25]. 

In order to promote the growth of ZnO on p-GaN in the form 
of nanorod, nanotube, or simple film, a ZnO seed layer 
previously deposited on p-GaN is generally used, especially if 
a re-growth is performed by chemical bath deposition 
techniques. A seed layer is often necessary to achieve the self-
alignment or the vertical orientation of re-grown 
nanostructures. However, the seed layer, whose thickness is 
usually a few tens of nm, behaves as an interface layer which 
affects the light emission and extraction and may introduce 
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interfacial defects [4], [8]. The effective utility of the seed layer 
is a controversial matter, and can be subject of a scientific 
debate on its own. Actually, a few authors reported on 
vertically-aligned ZnO nanorods on p-GaN, with good optical 
and structural properties, grown without a seed layer [26]–[28]. 

Apart from the aforementioned limitations, radiative 
efficiency in a n-ZnO/p-GaN heterojunction based-LED is 
severely affected by limited carrier transport in the p-GaN 
layer, due to both its poor electrical conductivity and its high 
contact resistance. In a standard GaN based-homojunction 
LED, the p-layer is grown onto the n-layer, whose electrical 
conductivity is several orders of magnitude larger than that of 
the p-layer; consequently, in a lateral LED based on a mesa 
structure (Fig. 1.a) the recombination occurs in correspondence 
of the p-contact and the emission intensity is almost 
independent of the position of the n-contacts. On the contrary, 
in an n-ZnO/p-GaN based-heterojunction LED the base layer is 
the p-type GaN while the n-type ZnO is re-grown above of it. 

A typical layout consists of a bottom, annular-shaped, metal 
contact on p-GaN, surrounding a thin film of ZnO with a 
circular pad above. In this case, both the radiative efficiency 
and the I-V characteristic of the device strongly depend on the 
conductivity of the p-GaN layer. In fact, in order to have a 
uniform emission, the holes injected from the annular p-contact 
should travel through the p-GaN for a maximum distance equal 
to the radius of the circular pad covering the n-ZnO. If the 
device has a very large radius, the holes may not spread for the 
full length of the n-pad (Fig. 1.b). As a consequence, the active 
area where the radiative recombination takes place is small and 
confined to the perimeter of the n-contact. Light emission is 
annular and non-uniform through the device, this phenomenon 
having a greater incidence as the device size increases. This 
could hinder a large-scale mass production given that 
commercial LEDs are typically 1 mm × 1 mm sized. 
Surprisingly, very few researchers mentioned this problem in 
their studies, and even less discussed about it. 

Both the limited carrier transport in the p-GaN layer, and the 

complexity of the evaluation of current spreading length 
motivate the research of a simple and practical method to find 
the spreading length of the hole current coming from the p- to 
the n-contact of the heterojunction LEDs. In fact, unfortunately 
most of the models used to calculate the current spreading 
length are based on works of Guo and Schubert [29], [30], 
which require the knowledge of an abundant number of 
parameters and the implementation of a special contact pattern 
onto the wafer surface. Moreover, all the calculations were 
made only for GaN-based homojunctions LEDs and no results 
are available for ZnO/GaN-based heterojunction LEDs. 

In this work we report on the fabrication and the 
characterization of non-intentionally doped nid-ZnO/p-GaN 
heterojunction-based LEDs with different electrode sizes and 
shapes, and different distances between n- and p-contacts. As-
grown, nid-ZnO films show native n-type doping. This is 
nowadays attributed to a molecular complex consisting of an 
oxygen vacancy and a hydrogen atom, which behaves as a 
shallow donor (0.8 eV) [31].  

ZnO was deposited on p-GaN templates by chemical-bath 
deposition (CBD), which is a simple and inexpensive technique 
used to grow ZnO nanostructures [32]. The correlation between 
carrier transport and I-V characteristics was evidenced and a 
simple and practical method to evaluate the spreading length of 
the hole current was proposed. Furthermore, the use of 
interdigitated shape contacts as a way to improve charge 
transport efficiency was introduced and tested.  

II. EXPERIMENTAL DETAILS 

The template used for LED fabrication consists of a  
(p-n)GaN structure, with 100 nm of p-GaN, grown on a 1 m-
thick n-GaN on a c-plane 2-inch sapphire wafer. GaN was 
grown by metal-organic vapor-phase epitaxy (MOVPE) on a 2-
inch c-plane sapphire substrate in an AIXTRON 200/4 RF-S 
reactor, using triethylgallium (TEGa), ammonia (NH3) and bis 
(cyclopentadienyl) magnesium (Cp2Mg) as the metal–organic 
precursors for Ga, N and Mg, respectively. Subsequently, the 
wafer was cut into small chips of approximately 1 cm2 before 
being processed with direct laser writing lithography for both 
ZnO area definition and metal contacts patterning. First, bottom 
metal electrodes (100 nm-thick Cu contacts) were patterned and 
deposited by thermal evaporation onto the p-GaN layer, then a 
second photolithography step was performed to define the 
regions where growing  the ZnO coalesced nanorods; finally, 
after ZnO growth, Al contacts (100 nm) were deposited onto 
the ZnO regions. ZnO nanorods preparation by CBD has been 
widely described in a previous work [26]. After definition of 
the areas intended to be covered by ZnO, samples were 
immersed in a 50 mM-concentrated nutrient solution, prepared 
with zinc nitrate hexahydrate (Sigma-Aldrich, reagent grade 
98%) and hexamethylenetetramine (Alfa Aesar, ACS 99+%) in 
deionized water, while being heated at a temperature of 80 °C 
for 3 hours. Then, the samples were left in the solution to cool 
naturally at room temperature. Afterwards, the samples were 
rinsed with distilled water and then with acetone and 
isopropanol. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  (a) Current lines in a typical GaN-based homojunction LED 
and (b) in a n-ZnO/p-GaN based-heterojunction LED. 
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Structural properties of the ZnO layers were estimated by x-
ray diffraction (XRD) with Cu K- radiation ( = 1.5405980 
Å), a generator voltage of 40 kV and a tube current of 30 mA. 
Optical properties were evaluated by photoluminescence 
measurements by using the third harmonic of a Nd:YAG laser 
(355 nm). To measure the optical and electrical performances 
of the devices a light power-current-voltage (L-I-V) setup was 
used. The electroluminescence of the LEDs was measured by 
an Ocean Optics HR4000CG UV-VIS spectrometer.  

III. RESULTS AND DISCUSSION 

A. ZnO nanorods 

The nid-ZnO layer (~1 m thickness), consisting of a dense 
collection of partially-coalesced ZnO nanorods, appears as 
shown in the scanning-electron microscope (SEM) image of 
Fig. 2. The coalescence process of the nanorods is large with 
highly-concentrated solutions [33], [34]. A dense nanorods 
layer is less fragile and allows easier handling during the 
subsequent metal contacts fabrication 

XRD analysis shows two strong diffraction peaks, located at 
34.43° and 72.74°, in good agreement with those reported for 
ZnO (002) and ZnO (004), respectively, in JCPDS # 36-1451, 
confirming that the CBD technique leads to wurtzite 
nanostructures with marked vertical orientation. Other details 
on XRD analysis are reported in [26]. 

B. Effects of distances between contacts 

Fig. 3 shows the electrical characteristics I-V of circular-
shaped LEDs with a diameter of 200 m as a function of 
distance d between the ZnO region and the p electrode (either 5 
or 20 m). A sketch of the LED structure, together with an 
optical microscope image of the processed LED, are reported in 
the inset of the same figure. The LEDs have a dominant violet 
emission at 395 nm, corresponding to the photoluminescence 
peak of ZnO. 

The I-V characteristics demonstrate that the injected current 
(for a fixed voltage) decreases as the distance between the 
electrodes increases, since the hole transport is limited by the 

poor conductivity of p-GaN. Moreover, the holes can 
recombine with the injected electrons only at small distances 
from the annular p-contact. So, the light emission is not uniform 
and the photons are emitted only near to the edge of the circular 
contact, even if the spatial gap between the contacts is small. 
This is more evident for LEDs with great n-contact surface, 
where the distance to be covered by the holes is relatively large. 
With regards to the negative bias region of the I-V 
characteristics it is worth to point out that current losses are 
quite high (several milliamperes at -5 V), due to the porous 
structure with partial or non-coalesced nanorods which induces 
conductive micro-channels between n- and p-regions. 
 

C. Current spreading in large-surface LEDs 

In order to have a homogeneous emission from a nid-ZnO/p-
GaN heterojunction-based LED, the holes should be uniformly 
injected from the bottom p-GaN layer into the ZnO top layer. 
Lateral injection of the holes is limited by the spreading length 
of the hole current. The emission is uniform if the hole current 
spreading length, Lh, is at least equal to the n-contact radius plus 
the distance between n- and p-contacts, so that the holes coming 
from the p-contact can be effectively injected to the center of 
the n-contact. Clearly, in large-surface n-contacts, the center of 
the n-contact is too distant from the p-contact and the 
recombination mainly occurs in the region around the border of 
the n-contact. The picture in the inset of Fig. 4(a) shows the 
non-uniformity of the recombination in such an LED at low 
injection regime: light is mainly emitted from the border of the 
n- contact. 

The method to calculate the hole current spreading length is 
based on a simple assertion: if the hole injection is perfectly 
uniform under the whole n-contact (Lh → ∞), the current 
density J measured at a fixed voltage in LEDs with different n-
contact sizes is always the same. Fig. 4(a) shows I-V 
characteristics for two LEDs, respectively sized 200 and 500 
m (diameter of n-contact), with a n-p contact interspace of 20 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  I-V characteristics of 200 m-LEDs for different distances 
between the n- and the p-contact. Inset: Sketch of the LED structure 
and optical microscope image of the processed device. 
 
  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  Cross section SEM image of ZnO nanorods grown by chemical 
bath deposition (3 hours, 50 mM-concentrated nutrient solution). 
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m. The current density J is calculated dividing the flowing 
current by the whole area of the n-contact, equal to 3.14×10-4 
cm2 for the 200 m-diameter and 1.96×10-3 cm2 for the 500 m-
diameter. The corresponding J-V characteristics are shown in 
Fig. 4(b). The two curves are not coincident because the 
spreading area is different  from the n-contact area. Supposing, 
as actually is, the spreading area is smaller than the n-contact 
surface, the curves can be superimposed if one considers as 
current density the ratio between the measured current and the 
real spreading area. The latter is an annulus whose area A* is 
calculated as: 

 
 𝐴∗ = 𝜋[𝑟 − (𝑟 − 𝐿 ) ]                              (1) 

 
where rc is the radius of the circular n-contact. Fig. 4(c) displays 
the ratio () between the J-V characteristics for the two LEDs 
where J is calculated in four different ways: i) by using the 
whole area of the n-contact, and ii, iii, iv) for an annulus area 
with respectively Lh = 100 m, 20 m, and 5 m. At 12 V, is 
equal to 2.48 when J is calculated considering method i), while 
it decreases with smaller annulus areas (1.58 with Lh = 100 m, 
1.06 with Lh = 20 m, 1.00 with Lh = 5 m). It is worthwhile to 
point out that the characteristics of the two LEDs can be 
compared only for voltages higher than the turn-on value; at 
lower voltages the quality of the material can alter the behaviour 
of the characteristics due to the Schokley-Read-Hall 
recombination process. Also, at low injection regime, the ratio 
 is heavily affected by electrical noise. 

Finally, Fig. 4(d) shows the J-V characteristics obtained for 
an annulus area with Lh = 5 m. The two curves are overlapped, 
meaning that the effective hole current spreading length is given 
by Lh plus the distance between n- and p- contacts, that is 25 
m. It is worth to highlight that no values of Lh are ever reported 
in literature for ZnO/p-GaN heterostructure LEDs. Instead, for 
GaN homojunctions LEDs (where Lh data are reported), Lh is 
about one order of magnitude more than the value calculated in 
this work [30], [35]. Clearly, the calculated value of Lh mainly 
depends on the inverted structure (n-p, instead of p-n) and then 
on the electrical properties of the p-GaN layer, namely the 
doping level, the mobility, and the hole density. Both a highly-
doped layer and a good crystalline quality for p-GaN are 
recommended to increase the value of Lh. Nevertheless, Lh also 
depends on other parameters, such as contact resistance, 
interface defects, and even ZnO crystal quality.  

Apart from the influence of the latter secondary parameters, 
these considerations prove that: i) the n-p contact interspace is 
a very critical variable in heterojunction ZnO/GaN LED design, 
and ii) the device layout proposed here, typical for 
homojunction GaN-based LEDs, does not allow to fabricate 
large-size LEDs due to the limited hole current spreading 
length.  

Current spreading is not critical in GaN-based homojunction 
LEDs, since the underlying layer consists of n-GaN which has 
a large conductivity. In ZnO/GaN-based heterojunction LEDs 
it is evident that a circular geometry could not be the best way 
to design the metal electrodes layout and other solutions should  

be considered. 

D. Interdigitated electrodes 

A design rule to improve the carrier transport and the 
injection efficiency of ZnO/GaN LEDs could make use of an 
interdigitated contact layout instead of the circular one. The 
adoption of such a structure for emitting devices has been 
already proposed by Guo et al.[36] for GaN-based devices but 
this is the first time that an interdigitated contact layout is 
proposed as an alternative to standard circular LED in 
ZnO/GaN heterostructure LEDs. Having determined that for 
our samples the hole current spreading length is 25 m, the 
width of the fingers was fixed at 15 or 20 m which is 
considered to be sufficiently small to allow the holes injected 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  (a) I-V characteristics for 200 m- and 500 m-LEDs with a n-
p contact interspace of 20 m; the inset shows an image of the non-
uniform emission coming from the backside of a 200 m-LED biased 
at 6.5 V; (b) J-V characteristics of the same LEDs reported in (a) 
(current is divided by the whole n-contact area); (c) -V curves of the 
same LEDs reported in (a), calculated considering the whole area of 
the n-contacts and three different annulus areas; (d) J-V characteristics 
where current density is obtained by dividing the current by an annulus 
area with Lh = 5 m. 
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by the p-contact to spread under the whole n-contact. The 
distance between n and p fingers was either 5 or 20 m. The 
length and the number of the fingers were designed to have the 
same area of circular LEDs fabricated on the same substrate and 
used for comparison.  

Fig. 5 shows the I-V characteristics of several both circular 
and interdigitated LEDs. In order to identify the different LEDs, 
the notation used is Xa,b, where “X” is designated as “C” for 
“circular” or “I” for “interdigitated”, and the subscript “a, b” 
indicates respectively the diameter of the circular LEDs (or the 
interdigitated version with the same area) and the distance 
between n and p electrodes. The two insets in Fig. 5 help one to 
compare the extent of the circular and the interdigitated LED 

structures. The interdigitated LED I200,5 compared to the 200 
m-circular one (C200,5), has 9 fingers, each one 200 m long 
and 15 m wide (base of the fingers: 295 m long and 15 m 
wide), corresponding to an emitting area of 31 425 m2; the 
second interdigitated structure I500,20 compared to 500 m-
circular one (C500,20), has 19 fingers, each one 445 m long and 

20 m wide (base of the fingers: 1380 m long and 20 m 
wide), corresponding to an emitting area of 196 700 m2.   

In the interdigitated device the holes are uniformly injected 
in the n-region and the current crowding at the borders is less 
significant. In this way, the injection turns out to be more 
efficient and light emission more uniform with respect to the 
circular design. At 10 V the interdigitated device exhibits an 
increase of the current by a factor 5 compared to the equivalent 
circular LED of 200 m-diameter and a factor 2.25 compared 
to the 500-m-diameter LED. On the other hand, the benefits 
of finger-shaped layout are reduced with the increase of the 
contact area. In other words, to keep the finger width to a small 
value (15 or 20 m in our case), an increase of the emissive 
surface requires an increase of the length and/or the number of 
the fingers; consequently, the access surface for the carriers to 
be injected is noticeably augmented and the current crowding is 
distributed along the entire perimeter of the electrode. For this 
reason, at a fixed voltage the interdigitated devices with larger 
electrode surfaces (500 m) exhibit a smaller increase of the 
current. 

IV. CONCLUSIONS 

This work discusses on the carrier injection features in nid-
ZnO/p-GaN heterojunction LEDs with special attention to the 
structure layout and shows its effects on electrical and optical 
characteristics. Since in such LEDs the buried layer is the p-
GaN, carrier transport in the p layer is hindered by the low 
mobility of the p-GaN. As a consequence, the recombination in 
the n region is limited in correspondence to the edge of the n 
contact and it is strongly dependent on the distance between the 
p- and the n-contacts. A method to calculate the spreading 
length of the current is proposed and discussed. Moreover, it is 
proved that an interdigitated electrode structure, applied for the 
first time to nid-ZnO/p-GaN heterojunction LEDs, can increase 
the hole injection efficiency in such devices.  
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