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Understanding peculiarities in the optoelectronic characteristics of light
emitting diodes based on (In,Ga)N/GaN nanowires
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We investigate the effect of the p-type top contact on the optoelectronic characteristics of light
emitting diodes (LEDs) based on (In,Ga)N/GaN nanowire (NW) ensembles grown by molecular
beam epitaxy on Si substrates. We compare devices fabricated with either Ni/Au or indium tin
oxide (ITO) top contact. The NW-LEDs with ITO exhibit a number density of NWs emitting
electroluminescence about ten times higher, significantly lower turn-on voltage and series
resistance, and a relative external quantum efficiency more than one order of magnitude higher
than the sample with Ni/Au. These results show that limitations in the performance of such devices
reported so far can be overcome by improving the p-type top-contact. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4894241]

III-N nanowires (NWs) are an attractive alternative to
conventional planar layers as the basis for light-emitting
diodes (LEDs)'™ because they offer several conceptual
advantages. The NW geometry enables the elastic relaxation
of the strain induced by lattice mismatch at the free side-
walls,* thus permitting the growth of high quality (In,Ga)N/
GaN heterostructures with high In content on Si substrates.
Furthermore, the high aspect ratio of NWs inhibits the verti-
cal propagation of extended defects,” and light extraction
from arrays of NWs can be enhanced compared to planar
devices.? In combination, these benefits could lead to cost-
effective phosphorless monolithic white LEDs.°

In practice, LEDs based on GaN NW ensembles on Si
substrates have been fabricated by several groups,"’'* and
significant limitations in device performance have been
reported. In particular, careful investigations showed that
only about 1% of the NWs in the ensemble may emit electro-
luminescence (EL).*'*"'> Also, in many cases high turn-on
voltages in the range of 4.5-8 V were measured, ' !315:16
while for more complex NW structures lower values were
obtained.'>!%17 Thus, it seems fair to say that the actual
implementation of the above conceptual advantages in
device performance still remains to be demonstrated.
Naturally, the processing of such LEDs is rather complex
because of the three-dimensional morphology of NW ensem-
bles. Therefore, it is at present unclear whether the reported
limitations are peculiar to LEDs based on NW ensembles on
Si substrates or such devices simply need further advances in
processing technology.

One peculiarity of such NW-LEDs is that for typical
device sizes they contain millions of NWs. Hence, the mac-
roscopic LED actually consists of very many individual
NW-LEDs contacted in parallel, and the overall device
characteristics are determined by the properties of all the
individual NW-LEDs. For example, NW-to-NW fluctuations
in series resistance inevitably lead to a filamentation of the
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current path in the NW ensemble, and this phenomenon was
in fact identified as the reason for the very low fraction of
electroluminescent NWs.'? Such fluctuations in series resist-
ance could be caused either by non-uniformities of the top
contact to the NW ensemble, by differences in the NW
diameters, or by variations among the interfaces to the Si
substrate. While the first two aspects can likely be improved,
the last one may present an intrinsic limitation because it is
associated with the fact that Si,N, forms at the interface
between GaN NWs and Si.'®"

In this letter, we assess whether the reported limitations
in the device performance of LEDs based on (In,Ga)N/GaN
NW ensembles on Si substrates are intrinsic in nature or can
be overcome with improved processing. To this end, we
compare devices processed from the same wafer with two
different p-type top contacts. We demonstrate that both the
low fraction of electroluminescent NWs and the high turn-on
voltages can be significantly improved by employing an
adequate top contact, and thus do not indicate an intrinsic
limitation of the as-grown LED structures.

The (In,Ga)N/GaN NW-LED structure employed in this
work was grown by molecular beam epitaxy on an n-doped
Si(111) substrate with the help of self-assembly processes.
The n-type GaN base is doped with Si, while the p-type seg-
ment consists of a roughly 120-nm-thick GaN cap doped
with Mg; a more detailed description of the layer stacking
scheme can be found elsewhere.'> The NW-LED samples
were planarized by spin coating using a solution of hydrogen
silsesquioxane (HSQ), which was subsequently transformed
into solid SiO,. Excess SiO, on the NW tips was removed by
dry etching with CHFj; until a considerable number of tips
were uncovered. We aimed at removing about 70 nm of SiO,
down from the tips of the highest NWs, but because of fluc-
tuations in height of both NWs and SiO, layer, the actually
etched thickness fluctuates on a local scale as well.
Subsequently, two different top contacts were deposited: on
one sample we evaporated Snm of Ni and consecutively
5nm of Au (a common contact scheme!>®!113) while on
the other one a 120-nm-thick indium tin oxide (ITO) layer
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was sputtered directly onto the tips of the NWs. In order to
decrease the resistivity of the ITO layer, it was annealed at
300 °C in N, atmosphere for 30 min. Optical characterization
of two equivalent layers sputtered on glass showed that the
120-nm-thick ITO has a transmittance about two times
higher than the Ni/Au layer. Finally, Ti/Au bonding pads
and the Al/Au n-type contact were deposited on the top con-
tacts and on the back side of the Si substrate, respectively.

As the first step to investigate the influence of the two
types of top contact on device performance, we acquired
electroluminescence maps of the samples with ITO and
Ni/Au. Figures 1(a) and 1(b) show the resulting images
acquired through an optical microscope on a device with an
area of 0.2mm? when a forward bias of 6V was applied.
Both samples exhibit a spotty emission pattern but the num-
ber density of EL spots is very different for the two samples.
In particular, the sample with ITO exhibits a number density
of emitting spots which is one order of magnitude higher
than the sample with Ni/Au. In agreement with previous
findings,®'*"'° the EL map of the sample with Ni/Au contact
is characterized by EL spots separated by large portions of
surface area that are much darker, essentially without any
emission of light. In contrast, the emitting NWs in the sam-
ple with ITO cover the whole surface without any dark areas
in between. These results indicate that possible limitations
intrinsic to GaN NWs grown on Si, such as the formation of
Si\N, at the interface between NWs and substrate, are not
the main cause of the low density of emitting NWs in the
Ni/Au sample, and likely this conclusion holds true for previ-
ous reports.

We acquired EL maps of the two samples for various
forward biases; the extracted number densities of EL spots
are summarized in Fig. 1(c). Several important differences
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FIG. 1. Top-view EL maps acquired at 6 V forward bias through an optical
microscope for a NW-LED processed with (a) Ni/Au and (b) ITO. (c)
Dependence of the number density of EL spots on the forward bias for these
two different types of NW-LED.
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between the two samples are remarkable. In particular, the
turn-on of the first individual NW-LEDs occurs at lower for-
ward bias in the device with ITO than in the one with Ni/Au.
This result clearly proves that the ITO contact provides a
lower series resistance. More interestingly, in the sample
with ITO the number density of emitting NWs rises very
quickly with bias, and almost saturates beyond 5 V. In con-
trast, in the sample contacted with Ni/Au the density of EL
spots increases with the forward bias much more slowly than
in the sample with ITO. Also compared to previous reports
for similar type of NW-LEDs,*'*'> the highest density of
EL spots counted at 10V in the sample contacted with ITO
is about one order of magnitude higher. We have to note that
resolving the size of the EL spots is limited by the diffraction
at the optical lens of the microscope to an area of approxi-
mately 0.2 ,um2. Therefore, roughly eight NWs might
contribute to the formation of one single spot, and the den-
sity of spots is likely underestimated. Taking this effect into
account, the actual density of NW-LEDs that emit EL could
turn out to be of the same order of magnitude as the total
density of NWs (which is about 5 x 10°cm ™).

One might think that, because of fluctuations in the
properties of the as-grown NW ensemble, a different number
of individual NWs is actually capable of emitting light in the
two pieces used for the fabrication of the devices. As dis-
cussed in the supplementary material, this is not the case.?’
It might also be possible that the Ni/Au layer contacts only
few NWs, while the majority of them is not connected to the
metal layer, and therefore cannot emit any electrolumines-
cence. However, cross-sectional electron beam induced
current (EBIC) measurements show that almost all the NWs
are contacted.'® Therefore, the causes of this drastic differ-
ence in number density of emitting spots must be sought in
the different electrical properties of the two types of con-
tacts. For instance, a lower contact resistance (Rc-) between
the tips of the individual NWs and the contacting layer might
be responsible for the observed effect.

In order to elucidate this question, we consider the mor-
phology of the two top contacts. Figures 2(a) and 2(b) show
bird’s eye view scanning electron microscopy (SEM) images
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FIG. 2. Bird’s eye view SEM images of NW-LEDs processed with (a) Ni/
Au and (b) ITO top contact, respectively. (c)—(e) Schematics of three possi-
ble configurations of the top contact.
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of the NW-LED samples processed with Ni/Au and ITO con-
tacts, respectively. Because of the different film thicknesses,
the contact area between the tips of the NWs and the contact-
ing layers is very different in the two cases. As sketched in
Figs. 2(c) and 2(d), the 10-nm-thick Ni/Au layer contacts
either the top facet or a small portion of the side walls of the
NW tips, depending on their height. If a long NW segment
protrudes from the SiO, layer as indicated in Fig. 2(d), the
amount of deposited Ni/Au is too small to form a continuous
film on the sidewalls to the top facet. Moreover, the poor
wetting behavior of Ni and Au on SiO, may produce voids
and cracks in the metal film, thus reducing the contact area
at the metal/NW interface.”' In contrast, the transparent ITO
layer can be made much thicker (120 nm in our case) without
affecting the extraction of light significantly and is hence
able to fill any gaps between the NW tips so that the p-type
top segments are completely embedded as depicted in
Fig. 2(e), thus providing a larger contact area both with the
top facet and the side walls of the NWs. The larger contact
area can reduce R, which is inversely proportional to this
parameter. To quantify the extent of this effect, we calcu-
lated the contact area in these three possible cases. Using the
typical dimension of our structures, we found that the contact
area sketched in Fig. 2(e), i.e., when the NW tips are com-
pletely surrounded by the contact material, is 4 and 12 times
larger than in the cases depicted in Figs. 2(c) and 2(d),
respectively. In addition, the larger thickness of the ITO
layer can create a more uniform contact, allowing in this
way the current to reach every part of the surface with equal
ease.

Next, we present the analysis of the electrical character-
istics of the two types of NW-LEDs. Figure 3 shows the
current-voltage (I-V) curves of NW-LEDs with ITO and
Ni/Au contact in linear scale. Five different devices, proc-
essed at the same time, were measured for each type of
contact, and the presented data are typical ones. For the NW-
LED with ITO, the current rises at much smaller biases than
for the NW-LED with Ni/Au (see the supplementary mate-
rial for a discussion of the leakage behavior and the graph in
semi-logarithmic scale®”). In particular, the former LED
reaches the current of 5 mA for a forward bias of 3.3 V, while
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FIG. 3. Current-voltage characteristics on a linear scale of NW-LEDs with a
size of 0.2mm?” contacted with either Ni/Au or ITO. The inset shows the
ideality factor derived from the I-V curves of the two samples versus the
current.
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the latter LED requires 8.7 V to reach the same value. This
value of the turn-on voltage found for the NW-LED con-
tacted with ITO is lower than what was previously reported
for similar NW-LEDs employing either Ni/Au/ITO'® or
Ni/ITO' as p-type contact. This result does not imply that
the actual turn-on voltages of the individual NW-LEDs con-
tacted with ITO are much smaller than the ones contacted
with Ni/Au. In fact, as visible in the graph of Fig. 1(c), the
first individual NW-LEDs are already emitting EL at 2 and
3V in the devices with ITO and Ni/Au, respectively. What
causes the large differences in the two I-V curves is mainly
the different number of individual NW-LEDs in operation,
and the actual amount of current that each NW conducts. As
discussed before, in the devices contacted with ITO, the
number of individual NW-LEDs in operation might be sev-
eral tens of times greater than in the one with Ni/Au. At the
same time, the lower R produced by the larger contact area
in the sample with ITO can significantly increase the current
through each individual NW-LED.

The series resistance (Rg) of the overall device was
extracted from a linear fit to the I-V curve in the high bias
range. The Ry of the sample with ITO is approximately 30%
lower than that of the sample with Ni/Au: the absolute values
are 30 and 43 Q, respectively. In addition, we calculated the
ideality factor (n) of our NW-LEDs from the I-V curves
using the formula n = (¢/kT)[(d1n1/6V) "], where ¢, k, and
T are the elementary charge, the Boltzmann constant, and the
temperature, respectively. The results are depicted in the
inset of Fig. 3. In the sample with Ni/Au contact, the ideality
factor varies continuously over the entire range of currents,
with values always higher than 10. In contrast, the sample
with ITO exhibits an ideality factor approximately constant
over the low-to-moderate current range (1076—1073 A), with
an average value of about 9. This value is lower than the
ones previously reported both for this kind of device and for
the NW-LEDs obtained through top-down methods from
planar GaN templates.zz’23 Values of n much higher than 2
have also been measured for GaN-based planar LEDs, and as
one possible origin poor quality of the p-type contact has
been identified,>* which could explain the observed differ-
ence in n between the two types of devices considered here.

Last, we report the opto-electronic properties of the two
samples. Figures 4(a) and 4(b) depict the room temperature
EL spectra acquired for the samples with Ni/Au and ITO con-
tacts at different current densities (J). The EL spectra of the
two samples are composed of several peaks among which the
main two are centered around 520 and 570 nm. The relative
intensity of these two peaks is different in the samples with
Ni/Au and ITO. This effect might be mainly explained by dif-
ferent current densities in the individual NWs emitting EL. In
order to estimate the average current densities in the single
NW-LEDs (Jyw), we used the formula Jyw =J/(D,,Axw),
where Ayy and D, are the mean area of the NW top facets
and the density of NWs emitting EL extrapolated from
the number of EL spots counted before. We found that the
ranges of total current densities considered in Figs. 4(a) and
4(b) roughly correspond to the following ranges of Jyy:
440-5600 A/cm? and 1201300 A/cm? for the samples con-
tacted with Ni/Au and ITO, respectively. If the limitation in
optical resolution of the EL mapping (see respective section)
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FIG. 4. Room temperature EL spectra acquired at different current densities
for the NW-LEDs with (a) Ni/Au and (b) ITO top-contact (same devices as
in Fig. 3). (c) Integrated EL and (d) relative EQE plotted versus the injected
direct current density.

is taken into account, the current densities might be lower
about a factor of eight.

Also the behavior of the integrated EL intensity as a
function of the total current density strongly differs between
the two samples, as shown in Fig. 4(c). The integrated EL in-
tensity of the LED with ITO rises faster and more linearly
than the one of the sample with Ni/Au top-contact. Dividing
the integrated EL intensity by the corresponding current den-
sity, we also derived the relative external quantum efficiency
(EQE), represented in Fig. 4(d). Again it is possible to iden-
tify several differences between the two samples. In particu-
lar, the relative EQE of the LED with ITO increases fast
with current, and then almost saturates for current densities
higher than 30 A/cm?. In contrast, the relative EQE of the
sample with Ni/Au contact increases slowly, and does not
saturate in the studied range of currents. The latter trend is
similar to the one reported by other groups for comparable
devices contacted with Ni/Au/ITO;'>!'® in these cases, the
relative EQEs saturate for much higher current densities (in
the range of 100-300 A/cm?). This comparison, together
with the other results previously discussed, suggests that the
presence of a thin metal layer between the ITO and the
p-GaN NW tips does not improve the overall characteristics
of the contact. More importantly, our measurements also
show that the LED with ITO exhibits a relative EQE about
an order of magnitude higher than the sample with Ni/Au.
This significant improvement may be explained by a better
injection of holes together with a higher number of individ-
ual emitters and an enhanced extraction efficiency.

In conclusion, exclusively employing ITO instead of
Ni/Au as the top contact for (In,Ga)N/GaN NW-LEDs on Si
significantly improves many of the factors that have so far
limited device performance; such as low number density
of emitting NWs, poor hole injection efficiency, and high
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turn-on voltage. Furthermore, the low density of emitting
NWs reported so far can be explained by a poor p-type top
contact and is likely not caused by limitations intrinsic to
(In,Ga)N/GaN NWs grown on Si such as the presence of
Si,N, at the interface to the Si substrate.
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