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Two kinds of substrates, sapphire and AlIN/sapphire tem-
plate (AIN template), were used for the growth of
InGaN/GaN multi-quantum-well solar cell structures by
metalorganic chemical vapor deposition, and their mate-
rial and device properties were investigated. The results
showed that the samples grown on AIN template had a bet-
ter crystal quality with a larger in-plane compressive strain
than the samples on sapphire, and solar cells fabricated on
sapphire mostly exhibited better performance than those
on AIN template. An analysis of the photoluminescence
measurements indicated that a critical InGaN well thick-
ness related to the generation of nonradiative recombina-

1 Introduction InGaN alloys have been attracting
much attention as potential materials for solar cell devices,
owing to their direct-transition and variable bandgaps,
which can cover a large part of the solar spectrum [1-17].
Regarding the InGaN-based solar cells, many researchers
have focused on multiple-quantum-well (MQW) structures
that have a number of thin InGaN well layers inside [6-16].
This is because the MQW structures can pseudomorphically
realize “thick InGaN layers” appropriate for the light ab-
sorption layers in solar cells with less difficulty during the
material growth. Consequently, optimizing the thickness
balance of the well/barrier layers in MQW structures is an
important factor for achieving high-energy conversion effi-
ciency (ECE). Here, the strong piezoelectric field in nitride
crystals must be taken into consideration because it may af-
fect the carrier transfer property by changing the energy
band structures [17]. Recently, several researchers have re-
ported the effect of InGaN-based MQW structures on solar

tion centers, which affects the internal and external quan-
tum efficiencies, was thinner in samples grown on AIN
template than in samples on sapphire. The critical thick-
ness was speculated to be related to the large in-plane com-
pressive strain in the samples on AIN template. In contrast,
a sample on AIN template with a sufficiently thin InGaN
well thickness of 1.0 nm exhibited better solar cell perfor-
mance than one on sapphire. This implies that the im-
proved crystal quality contributed to the improvement of
internal quantum efficiency as long as the well layer was
thinner than the critical thickness.
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cell properties [9-15]. We have also reported that the exter-
nal quantum efficiency (EQE) of InGaN/GaN MQW solar
cells was maximized at a specific well thickness [15]. That
is, as long as the InGaN well layer is thinner than a critical
thickness, the thicker well layer causes the higher EQE
along with the increase in the light absorption. Once the
well thickness surpasses the critical thickness, however, the
influence of nonradiative recombination centers (NRCs) be-
comes substantial and thereby degrades EQE along with the
internal quantum efficiency (IQE). Taking these results into
consideration, we have come to believe that the influence of
the lattice strain as well as crystal quality should be carefully
considered when designing the MQW structures. This is be-
cause the piezoelectric fields caused in InGaN wells vary
with the change in the lattice strain, and the crystal quality
may affect not only the diode characteristics but also the
generation of NRCs. In this study, therefore, we attempted
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to investigate the influence of lattice strain and crystal qual-
ity on InGaN/GaN MQW solar cell performance. For that
purpose, we grew InGaN/GaN MQW solar cell structures
on two kinds of growth substrates, sapphire and AIN/sap-
phire template (AIN template), which caused a difference in
the lattice strain as well as the crystal quality, as described
later.

2 Experimental Figure 1 shows a schematic of the
InGaN/GaN MQW solar cells employed in this study. The
solar cell structures were grown on two kinds of substrates,
c-face sapphire and AIN template, using a horizontal
metalorganic chemical vapor deposition (MOCVD) system.
The AIN template consists of a 1-pm-thick MOCVD-grown
epitaxial AIN film on c-face sapphire. Typical X-ray rock-
ing curve (XRC) full widths at half maximum (FWHMs) of
the epitaxial AIN film were less than 200 s and 2000 s for
the (0002) and (1012) reflections, respectively. The solar
cell structures were grown via a 30-nm-thick low-tempera-
ture GaN buffer layer (LT-BL) on sapphire and directly on
AIN template. The layer structure consisted of, from bottom
to top, a 3-um-thick n-type GaN contact layer with a Si con-
centration of approximately 3 x 10%/cm?, an MQW struc-
ture with pairs of InGaN well and GaN barrier layers, and a
200-nm-thick p-type contact layer with a Mg concentration
of approximately 5 x 10%%/cm?. The thickness and number
of InGaN well layers were treated as experimental variables,
and they were determined using cross-sectional transmis-
sion electron microscopy and high-resolution X-ray diffrac-
tion (HR-XRD) analyses, in the same way as in our previous
study [15]. Inaddition, the photoluminescence (PL) and Ra-
man scattering measurements were carried out to character-
ize the MOCVD-grown samples, in which a 325-nm-wave-
length He-Cd laser and a 532-nm-wavelength Nd: YAG la-
ser were used as excitation light sources, respectively. Fur-
ther, the light absorption spectra were derived from a com-
bination of the transmittance and reflectance measurements,
which were conducted using a UV-visible/NIR spectropho-
tometer (Hitachi High-Tech Science, UH4150).

Solar cell devices with an effective light-receiving area
of 1 x 1 mm? were fabricated using the conventional photo-
lithographic lift-off method. Here, n-type contact regions
were first formed by BCl;z plasma reactive ion etching. Next,
samples were annealed at 750°C in a nitrogen atmosphere
for 25 min to activate the Mg acceptors. Then, n-type con-
tact metals were formed by the electron beam (EB) evapo-
ration of Ti/Al/Ni/Au (15/60/12/60 nm), which were subse-
quently annealed at 750°C in a nitrogen atmosphere for 30
s. Then, a Ni/Au (5/60 nm) finger-shaped pattern was
formed on the top p-GaN surface by EB evaporation. Sub-
sequently, samples were subjected to an annealing process
at 600°C in an oxygen atmosphere for 5 min to obtain p-type
ohmic contacts. Then, the Al;O; film was deposited at
300°C and 0.35 Pa using a Cambridge Nanotech atomic
layer deposition (ALD) system with H,O and Oz as oxygen
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Figure 1 Schematic of InGaN/GaN MQW solar cells.

precursors and trimethyl aluminum as an aluminum precur-
sor [16]. Finally, pad electrode patterns were formed by the
EB evaporation of Ni/Au (5/60 nm) on the p- and n-type
contact metals via through holes of the Al,Os film.

The EQE of the fabricated solar cells was evaluated us-
ing a spectral response measurement system (Bunkokeiki
Co., Ltd.). The ECE and other solar cell properties were
evaluated by current—voltage (I-V) measurements under an
illumination of a 1-sun-power-density (100 mwW/cm?) artifi-
cial solar light with a standard air-mass 1.5 global
(AM1.5G) spectrum.

3 Results and discussion
3.1 Material characterization of InGaN/GaN MQW
solar cell structures In this study, we grew three kinds
of MQW structures on the respective substrates, as listed in
Table 1, where the plus/minus signs represent the thickness
fluctuations of the respective stacking layers. Samples A, B,
and C were grown on sapphire to have different average well
thicknesses of 1.0 nm, 3.2 nm, and 6.0 nm and total well
thicknesses of 27.0 nm, 70.4 nm, and 96.0 nm, respectively,
with the same average barrier thickness of 5.5 nm and a sim-
ilar whole MQW thicknesses within 175 £ 10 nm. Samples
D, E, and F were grown on AIN template to have the same
MQW structures as samples A, B, and C on sapphire, re-
spectively.

Figure 2 shows the typical results of XRD 26-o scan
taken around (0002) reflections. From these, the indium
contents x in the In,GaixN well layers were confirmed to be
within 0.10 £ 0.02 for all samples. The XRD analyses also
confirmed the well-defined multilayer structures, which is
represented by periodical satellite peaks. Here, as for the
sample grown on AIN template, it was found that the satel-
lite peaks broadened with the increased InGaN well thick-
nesses. This indicate the periodicity fluctuation of MQW
structures including quality degradation or phase separa-
tions of InGaN wells. We consider that this phenomenon
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Table 1 Structural characterization results for InGaN/GaN MQW
structures. Here, twen and tharrier are the average thicknesses of the
InGaN well and GaN barrier layers, respectively, nwern is the num-
ber of the InGaN well layers. Further, twen totar represents the
thickness of the sum of the InGaN well thickness.

twell tharrier Lwell_total
ID Substrate (nm) (nm) Iwell (nm)
A Sapphire 1.0+06 55+06 27 27.0
B Sapphire 32406 55+06 22 70.4
C Sapphire 60+06 55+06 16 96.0
D AlNtemplate 1.0+06 55406 27 27.0
E AlNtemplate 32+06 55+06 22 70.4
F AlNtemplate 6.0+0.6 55+06 16 96.0
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Figure 2 Typical results of XRD 26-o scan taken around (0002)
reflection for samples with thicknesses of (a) 1.0 nm (samples A
and D), (b) 3.2 nm (samples Band E), and (c) 6.0 nm (samples C
and F), respectively. Red and blue lines show the results for sam-
ples on sapphire and AIN template, respectively.

may be related to the in-plane lattice strain as described in
the following.

Figure 3 shows typical Raman spectra around the E-
(TO) mode in n-GaN layers grown on sapphire and AIN
template, which were taken to evaluate the in-plane stress
in the n-GaN layers. In this figure, the positive shift of the
E. peak from free-standing GaN (567.5 cm™) [18-21] rep-
resents the in-plane compressive strain in the GaN layers.
Here, we derived the in-plane stress a,, using the relation-
ship Aw = k0, [18, 19], where Aw is the shift of the E;
peak and k,, is the strain coefficient in units of cmGPa™
[18, 21]. The characterization results are shown in Table 2.

In Table 2, the results of XRD analyses including the
XRC-FWHMs and in-plane lattice strain/stress of n-GaN
layers are also summarized [22]. These results confirm that
GaN layers grown on AIN template exhibit a better crystal
quality with larger in-plane compressive strain/stress than
those on sapphire. Regarding the crystal quality, these re-
sults seem to be consistent with some previous reports
where the crystal quality of GaN films can be improved us-
ing AIN template as a growth substrate [23, 24]. Regarding
the difference of the in-plane strain/stress, on the other hand,
our consideration is as follows. That is, MOCVD-grown
GaN films on sapphire are basically strained in the direc-
tion of the in-plane compression with a partial lattice relax-
ation owing to the difference between the thermal expan-
sion coefficients of GaN and sapphire. In the similar way,
GaN films grown directly on AIN template should be
strained in the direction of the in-plane compression. By
comparison, however, GaN films on sapphire with an LT-
BL are possibly more relaxed than on AIN template be-
cause the elastic constants of LT-BLs are considered to be
lower than those of epitaxial AIN films.

Free-standing GaN

5 | {
8 :
2 ' on sapphire
= |
o
= \ on AIN template
[
©
IS
©
D: 1 1 1

560 565 570 575 580

Raman shift (cm ™)

Figure 3 Raman scattering spectra focused on the Ez (TO)
mode for n-GaN layers grown on sapphire and on AIN tem-
plate.
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Table 2 Material characterization results for n-GaN layers grown
on sapphire and AIN template.

n-GaN n-GaN
on Sapphire  on AIN template
XRC FWHM (0002) 295 + 5s 195 + 15s
XRC FWHM (1012) 360+5s 220 + 15s
In-plain strain (XRD) -0.16 % -0.24%
In-plain stress (XRD) -0.74 GPa®» -1.11 GPa®»
In-plain stress (Raman) - 0.69 GPab -1.11 GPa®

a) Estimated by in-plane strain derived from XRD measurements and bi-
axial modulus of 463 GPa for wurtzite GaN [22].

b) Estimated by the measured Raman shift and a strain coefficient of 2.7
cm'GPa! [21]..

3.2 Spectral response of InGaN/GaN MQW solar
cells Figures 4(a) and 4(b) show typical results for the light
absorption and EQE spectra for samples grown on sapphire
and AIN template, respectively. As for the light absorption,
a clear structural dependency was observed independently
of the difference in the growth substrates. To be more spe-
cific, the cut-off absorption wavelengths were observed to
be redshifted from 421 nm to 490 nm when the average well
thicknesses increased from 1.0 nm to 6.0 nm. The observed
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Figure 4 EQE and light absorption spectra for different-well-
thickness samples grown (a) on sapphire and (b) on AIN tem-
plate.

Copyright line will be provided by the publisher

redshift can be explained to be due to the quantum confined
Stark effect in the InGaN well layers [13]. Takecuchi et al
reported that the piezoelectric field in 3-nm-thick
Ing1GagsN layers in InGaN/GaN MQWSs reaches 0.7
MV/cm [25], when the InGaN layers are compressed toward
the in-plane direction. This corresponds to an energy reduc-
tion of 210 meV in the effective energy bandgap at an
Ing.1Gag gN well thickness of 3.0 nm. Considering this, the
redshift width observed in this study seemed to be reasona-
ble. Also, it was observed that the light absorption in the
wavelength range from 365 nm to 480 nm increased with
the increased well thicknesses, regardless of the growth sub-
strates. The light absorption in this range is attributed to the
InGaN well layers, and therefore its increase is understood
to be simply due to the increase in the total InGaN well
thickness. This tendency is basically consistent with our
previous result [15].

In contrast to the light absorption, EQE showed obvious
differences depending on the growth substrates. As for the
samples on sapphire, their behaviour seems to be well con-
sistent with our previous report [15]. That is, when the well
layer is thinner than a critical thick-ness, EQE is improved
by an increase in the well thickness because of the increase
in the light absorption, as seen in samples A and B. Once
the well thickness exceeds the critical thickness, the influ-
ence of the NRCs becomes substantial and hence the EQE
begins to degrade, as seen in samples C. On the contrary,
samples grown on AIN template showed a quite different
behaviour. Most noteworthy is that two samples with
thicker well layers, E and F, showed much lower EQEs than
the other samples. Given that the light absorption spectra
were almost the same between the samples on the different
substrates, the IQE of samples E and F must be considerably
low. Figure 5 plots the well thickness dependence of the

2

10

Integrated IQE (%)

tweII (nm)

Figure 5 Well thickness dependence of the integrated IQE for
samples grown on sapphire and AIN template. The integrated
IQE is the ratio of EQE to light absorption, in which both were
integrated in the wavelength range of 365 nm to 480 nm.
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integrated IQE. Here, the integrated IQE is the ratio of EQE
to light absorption, in which both were integrated over the
wavelength range of 365 nm to 480 nm. As clearly seen in
this figure, the integrated 1QE of samples grown on AIN
template decreased markedly for well layers thicker than a
specific thickness. This indicates that the critical thickness
related to the NRC generation becomes thinner in samples
grown on AIN template than in samples on sapphire. This
consideration is further discussed in the following sections.

In addition, when comparing the two samples with the
same thin 1.0-nm well thickness, it was noticed that sample
D on AIN template showed a bit higher IQE than that of
sample A on sapphire, as shown in Figures 4 and 5. In par-
ticular, Figure 4 shows that the EQE curve of sample D is
fairly close to its light absorption curve. This may indicate
that the better crystal quality of the samples on AIN template
contributed to the improvement of IQE.

3.3 PL study for InGaN/GaN MQW solar cells To
investigate the generation of NRCs, PL measurements were
carried out in the same way as in our previous study [15].
Figures 6(a) and 6(b) show room-temperature PL spectra for
samples grown on sapphire and AIN template, respectively.
Further, Figure 7 compares the well thickness dependence
of the cut-off absorption energy and PL emission energy,
which were obtained from the results shown in Figures 4
and 6, respectively. Focusing on the three low-1QE samples,
sample C on sapphire and samples E and F on AIN template,
it was found that their PL intensities were much weaker than
those from the other samples. In addition, the results show
that the PL emission energy of the three low-1QE samples
was approximately 0.2 eV lower than their respective cut-
off absorption energy. This phenomenon seems to be the
same as what we observed in the previous study [15].

To our understanding, the weakened PL intensities for
the low-IQE samples indicate that the nonradiative recom-
bination occurred at NRCs. On the other hand, the energy
shifts of PL emission might have been caused by some sort
of phase separation in addition to an effect of NRCs. The
phase separation, the existence of which was implied by the
XRD results as seen in Figure 2, may induce the localization
of photocarriers in the narrow bandgap locations and pref-
erentially exhibit a low-energy luminescence. Further in-
vestigation is needed to understand this phenomenon in
more depth. Anyway, regarding the low-1QE samples, it is
speculated that most photoinduced carriers were consumed
at NRCs and thereby not efficiently collected. Based on this
speculation, we conclude that the generation of NRCs oc-
curred at a thinner well layer in samples grown on AIN tem-
plate than in samples on sapphire. From the fact that sam-
ples grown on AIN template exhibited better crystal quality
than on sapphire, we suspect that the generation of NRCs
was enhanced by the large in-plane compressive stress ra-
ther than the effect of crystal quality.
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Figure 6 Room-temperature PL spectra for different-well-
thickness samples grown (a) on sapphire and (b) on AIN tem-
plate.
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Figure 7 Well thickness dependence of the cut-off absorption
and PL emission energies for samples grown (a) on sapphire
and (b) on AIN template.

3.4 |-V characteristics of InGaN/GaN MQW so-
lar cells Figures 8(a) and 8(b) show the typical 1-V char-
acteristics for solar cells fabricated on sapphire and AIN
template, respectively, under a 1-sun-intensity artificial so-
lar light illumination with an AM1.5G spectrum. Corre-
spondingly, Table 3 summarizes the basic characteristics of
solar cells determined from the results shown in Figure 8,
which includes the short circuit current density (lsc), open
circuit voltage (Voc), and ECE. Overall, the evaluation re-
sults indicate that ECE was strongly dependent on the Isc as
well as EQE (see Figure 4). This seems quite reasonable
because the Isc of solar cells is determined by EQE. In the
result, sample B with an average well thickness of 3.2 nm
on sapphire, exhibited the highest ECE in this study. In ad-
dition, the results for the other samples on sapphire also
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seem to be consistent with our previous results [15]. Ac-
cording to our previous study, the low Isc and ECE of sam-
ples A and C can be explained as a result of the low light
absorption and the low IQE, respectively. In contrast, sam-
ples E and F on AIN template showed substantially lower
Isc and ECE than those of the other samples, despite the im-
proved crystal quality. This is a result of their low IQE (see
Figure 5), presumably caused by the generation of NRCs, as
discussed in earlier sections.
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o
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Figure 8 I-V characteristics for different-well-thickness solar
cells grown (a) on sapphire and (b) on AIN template, which were
measured under a 1-sun-intensity artificial solar light illumina-
tion with an AM1.5G spectrum.

Current density (mA/cmZ)

Table 3 Summary of solar cell performance including short cir-
cuit current density (Isc), open circuit voltage (Voc), and energy
conversion efficiency (ECE).

Ewell Isc Voc ECE
ID (nm) (mA/cm?) 4] (%)
A 1.0+ 0.6 0.21 2.13 0.30
B 3.2+0.6 0.92 2.03 1.12
C 6.0+ 0.6 0.73 1.22 0.33
D 1.0+ 0.6 0.25 2.26 0.22
E 3.2+ 0.6 0.01 1.89 <0.01
F 6.0+ 0.6 <0.01 1.83 <0.01
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To consider the solar cell performance excluding the in-
fluence of NRCs, we compared the |-V characteristics be-
tween samples A and D, in which both MQW structures
have a thinnest average well thickness of 1.0 nm. These two
samples showed similar and relatively low ECE, which pre-
sumably resulted from their low light absorption, as shown
in Figure 4. In addition to this, however, careful comparison
allows us to note that there are a few differences between
the two samples. For one thing, the Isc for sample D on AIN
template is observed to be higher than that for sample A on
sapphire. We speculate that the better crystal quality of
samples grown on AIN template contributed to the improve-
ment of IQE and EQE (see Figures 4 and 5). For another,
sample D on AIN template showed a distinctive “double-
diode like” 1-V characteristic with a current kink at around
1.6 V. The similar characteristic is also seen in sample C on
sapphire. Regarding this phenomenon, Lee et al reported
that a strong piezoelectric field generated in InGaN layers
can cause a significant current loss that exhibits a “stair-like”
I-V characteristic [17]. Thus, we consider that the observed
current Kinks resulted from the increased piezoelectric fields
in InGaN wells, and the influence was further enhanced by
the use of AIN template.

4 Conclusion We investigated the influence of growth
substrates, sapphire and AIN template, on the performance
of MOCVD-grown InGaN/GaN MQW solar cells. The
samples grown on AIN template showed a better crystal
quality with a larger in-plane compressive strain than sam-
ples on sapphire. It was found that the EQE for the samples
on AIN template with thicker well layers was extremely low,
despite that those samples had almost the same light absorp-
tion as that of the samples on sapphire. PL measurements
indicated that a nonradiative recombination process domi-
nantly occurred in those low-EQE samples. Given these re-
sults, we speculated that the critical thickness related to the
generation of NRC became thinner in samples grown on
AIN template than in samples on sapphire, possibly owing
to the larger in-plane compressive strain. The solar cell per-
formance including Isc and ECE was basically consistent
with the measured results of EQE. In contrast, only when
the well thickness was sufficiently thin, as there was no in-
fluence of NRCs, did a sample on AIN template exhibit a
higher Isc and ECE than those for the corresponding sample
on sapphire. This indicates that the improved crystal quality
for samples grown on AIN template might have contributed
to the improvement of IQE. This implies that solar cell per-
formance could be further improved by realizing MQW
structures with improved crystal quality with less in-plane
strain.
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