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Performances of Ga- and N-polarity solar cells (SCs) adopting gradient-In-composition intrinsic layer (IL) are com-
pared. It is found the gradient ILs can greatly weaken the negative influence from the polarization effects for the Ga-
polarity case, and the highest conversion efficiency (1) of 2.18% can be obtained in the structure with a linear increase of
In composition in the IL from bottom to top. This is mainly attributed to the adsorptions of more photons caused by the
higher In composition in the IL closer to the p-GaN window layer. In contrast, for the N-polarity case, the SC structure
with an InGaN IL adopting fixed In composition prevails over the ones adopting the gradient-In-composition IL, where the
highest 1) of 9.28% can be obtained at x of 0.62. N-polarity SC structures are proven to have greater potential preparations

in high-efficient InGaN SCs.
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1. Introduction

As one of the most important ternary alloys in III-
nitrides, In,Ga;_,N (InGaN) has a very high absorption coef-
ficient (10° cm™!), high carrier mobility, high radiation resis-
tance and high adjustability for direct band gap ranging from
0.63 eV to 3.4 eV, which makes its absorption cover the wave-
length range from 365 nm to 1770 nm (almost the entire so-
lar spectrum), it has become one of the important candidates
for preparing photovoltaic devices.!!! Although InGaN so-
lar cell (SC) structure has many advantages viewed from a
materials point of view, there are many problems and chal-
lenges in the actual preparations of device structures. For ex-
ample, to increase long wavelength absorption efficiency, In
composition needs increasing to reduce the band gap of In-
GaN. However it is hard to control the crystalline quality of
InGaN alloy with high In content, where severe phase separa-
tion phenomenon will occur and introduce a large number of
defects into the InGaN alloy.*-®! Besides, there is very strong
spontaneous and piezoelectric polarization in the InGaN-based
SC structure, moreover the polarization will be further en-
hanced with increasing In composition that can generate a
large number of interface charges.!°~'!! For the common Ga-
polarity SC structure along the [0001] direction, the direction
of electric field from the polarization is opposite to that of the
built-in electric field, which is much less favorable for car-
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rier collection.'?) Another alternative is to prepare SC struc-
ture on an N-polarity template. Chang and Kuo found that
the polarization was beneficial for carrier transport in an N-
polarity SC structure along the [0001] direction.[!3! Keller ez
al. also reported that higher In composition InGaN/GaN mul-
tiple quantum wells could be obtained using N-polarity struc-
tures than Ga-polar ones under the same growth conditions.'#!
These imply that polarity can play an important role in struc-
ture design for InGaN SC.

The specific structure design adopted for the p—i—n struc-
ture is also vital for InGaN high-efficiency SC. Cai et al
found there was much better performance in heterojunction
SC than homojunction one under the premise of the same
depletion region width.['3] However, the detrimental effects
of polarization charges and the discontinuity of energy band
caused by heterointerfaces will seriously degrade the SC per-
formance. If these effects are not effectively reduced or elimi-
nated, the excellent photovoltaic properties of InGaN SCs will
be hard to achieve for practical applications, even if the high-
crystalline-quality InGaN SC can be grown. Kuo et al. at-
tempted to introduce the step-graded interlayers between the
GaN-InGaN interfaces to overcome the above aforementioned

(161 The other groups also demonstrated that In

critical effects.
composition gradient layer as the transitional layer between

InGaN and GaN could effectively reduce the barrier height
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and lattice mismatch.!!7~11 These suggest that when a compo-
sitional gradient configuration is employed, the discontinuity
of energy band in the heterojunction is reduced, which is ben-
eficial to carriers transporting across the heterojunction, thus
enhancing the carrier collection efficiency.

Though many attempts have been made to seek for the
optimal structure for InGaN SC, the combination of polarity
together with specific structure design, such as compositional
gradient configuration in the intrinsic layer (IL), has been less
investigated. On one hand, this combination can effectively re-
duce the discontinuity of the energy band; on the other hand,
this combination seems to afford more degree of freedom for
tradeoff between carrier generation and transport in the InGaN
SC. In this study, the performances of Ga- and N-polarity In-
GaN SC with gradient In composition IL are simulated and
compared with each other.

2. Sample structures and calculation method

Figure 1 shows the schematics of p—i—n SC structures on
c-plane sapphire substrate for calculation in this study. The
thickness of sapphire is set to be 100 um. A 3-pm-thick n-
GaN with electron concentration 5x10'®/cm?® and a 50-nm-
thick p-GaN with hole concentration 5x 10'/cm? are adopted
and kept the same for all samples. The major differences
among these samples are in IL structure and polarity. Four
different IL structures were adopted with Ga- and N-polarity
configuration, respectively, as schematically depicted in Fig. 1.
Structure A has a p—i—n structure In,Ga;_,N with fixed x as
the IL; structure B has an i—-InGaN gradient layer with linear
variation of In composition from O to x in the IL from bot-
tom to top; like structure B, structure C has the IL with linear
variation of In composition from x to 0 in the IL; combined
with features of structures B and C, In composition first lin-
early increases from O to x and then linearly decreases to O
for Structure D. All the calculation and simulation are per-
formed through APSYS software, which involves many mod-
els, such as drift-diffusion model, nonlocal tunneling model,
heterostructure model, multilayer optical model, ray tracing
model and so on, to accurately describe the physical processes
of semiconductor devices.

For these p—i—n SC structures as shown in Fig. 1, two-
dimensional (2D) finite element and Newton iteration tech-
niques are adopted for numerical analysis and simulation
based on the heterojunction model and multilayer optical
model. Within this scheme, energy band structures, carrier
drift-diffusion equation, Poisson’s equation and current con-
tinuity equation for electrons and holes are self-consistently
solved to acquire a variety of properties of InGaN SCs, in-
cluding the I-V curves, band structures, distribution of electric
potential, etc.

In the simulations, the polarization-induced charges at the
interfaces for Ga- and N-polarity cases are strictly calculated
by using similar methods developed by Wang et al.!*°! and Liu
et al.>!1 In addition, AM1.5 incident sunlight is set to be from
the top of these structures, and the surface reflectivity is set to
be 18%. The Shockley—Read—Hall (SRH) recombination for
the InGaN IL that is directly governed by the defect-related
nonradiative SRH lifetime is set to be 1 ns,[*223] and the de-
gree of polarization is set to be 0.9 with considering that the
actual polarization charge will be partially screened.
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Fig. 1. (color online) Schematics of p—i—n SC structures on c-plane
sapphire substrate.

3. Results and discussion

Figure 2 shows current density—voltage (/-V) curves of
the Ga- and N-polarity SC’s adopting structures A—D with the
chosen x value 0.12. The performance parameters are all sum-
marized in Table 1, including the short circuit current density
(Jsc), open circuit voltage (Vy), filling factor (FF), maximum
output power (Pnax), and conversion efficiency (1). For the
Ga-polarity case, compared with structure A, it can be found
that structures B—D adopting the gradient ILs have much less
Jse, but have much greater Vi, and significantly improved 1.
Among structures B-D, structure B seems to have the best per-
formance, including all the parameters, especially the highest
FF value of 91.05% and the n value of 1.95%. In contrast,
it can be found that structures A—D have very close V. val-
ues for N-polar SCs, which is different from the case in the
Ga-polarity situation. The greatest Jy. reaches 1.54 mA/cm?
for structure A, which is much superior to those for structures
B-D. Moreover, there is also the greatest i) of 3.08% in struc-
ture A, showing superiority to those in structures B-D whose
n values are all less than 2%. These indicate that the structure
design without adopting the gradient IL seems to be beneficial
to high-efficiency SC in N-polarity situation.
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Fig. 2. (color online) J-V curves of (a) Ga-polarity and (b) N-polarity InGaN SC’s for the case of x = 0.12.

Table 1. Summarized parameters of the Ga- and N-polarity InGaN SCs for the case of i-Ing 12Gag ggN IL. In the table Ga and N

denote Ga- and N-polarity, respectively.

Voc/V JSC/(mA/cmz) FF/% Prax/mW n/%
Structure
Ga N Ga N Ga N Ga N Ga N
A 1.49 2.14 1.54 1.54 58.40 89.82 1.34 2.96 1.39 3.08
B 2.32 2.29 0.89 0.88 91.05 90.80 1.88 1.83 1.95 1.90
C 2.26 2.29 0.83 0.85 90.09 90.93 1.69 1.77 1.76 1.84
D 2.23 2.17 0.83 0.85 90.23 88.91 1.67 1.64 1.73 1.71

In order to reveal the influence of the gradient IL on SC,
the conduction and valance band structures of structures A—D
are calculated for comparison as shown in Fig. 3. For the Ga-
polarity case shown in Fig. 3(a), there is much smaller elec-
tric field strength (EFS) in structure A in the depletion zone
(3.0 um-3.2 um) than those in structures B-D, which is re-
flected by the slope of the conduction or valance band. By
calculation, the EFS is 6.88x 10* V/cm in structure A, much
less than the values in structures B-D. The greatest EFS of
1.35x10° V/em occurs in structure B in structures B-D. For
Ga-polarity device structures, the polarization electric field is
generally opposite to the built-in one for p—i—n InGaN SC.
This means that the gradient structure design for the IL is ben-
eficial to weakening the influence from the polarization effect,
which also accounts for the greater V,. values in structures
with the gradient ILs. In contrast, for the N-polarity case as
shown in Fig. 3(b), there are all great slopes of the conduc-
tion or valance band for structures A—D and these slopes are
very close in magnitude, which means that there is enough net
EFS for carrier separation in the depletion layer. The EFS is
extracted to be about 1.45% 10° V/cm in structure A, which is
only slightly less than the value of 1.55x10° V/cm in struc-
ture B. This leads to much greater V. of structure A in the N-
polarity case than that in the Ga-polarity case. Generally, the
theoretical maximum V. is determined by the built-in electric
potential difference in p—n junctions, that is to say, with the
same depletion region width, the stronger the electric field, the
greater the V. will be. In N-polarity SC design, the polar-
ization electric field commonly has the same direction as the

built-in one, which is beneficial to both carrier separation and
Voc-
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Fig. 3. (color online) Band diagrams at zero bias in the depletion region
for (a) Ga-polarity; (b) N-polarity InGaN SC'’s.
In addition, as shown in Table 1, it can be noted that there
are much lower Jy. values in structures B-D with the gradi-
ent ILs than those in structure A for both Ga- and N-polarity
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cases. So, it can be deduced that though the gradient IL design
can effectively reduce the barrier height at the interface with
GaN layer, which is helpful for carrier transport, this kind of
design will inevitablely have the risk of reducing low-energy
photon absorption due to the increased absorption band gap
originating from the gradient ILs. As is well known, the high-
efficiency adsorption of sunlight is vital to high-performance
SC, which can be expressed as follows:

I(x) = (1 =R)Ipexp(—ax), (1)

where Iy is the incident light intensity, R is the surface reflec-
tivity, o is the light absorption coefficient, and x is the depth
of the incident light. From formula (1), it can be deduced that
in the depletion layer, there are more photons in the region
closer to the surface which the incident light goes through.
For structure B that has a linear variation of In composition
from O to x in the IL from bottom to top, there is greater In
composition in the IL closer to the p-GaN window layer. This
corresponds to a gradually narrowing band gap from bottom
to top, which is very beneficial to high efficiency adsorption
of photons, which is possibly the most important reason why
structure B has slightly better performance over structures C
and D.
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Fig. 4. (color online) Dependences of the conversion efficiency on In
composition x of (a) Ga-polarity and (b) N-polarity InGaN SC’s.

We further study the performances of these InGaN SC
adopting four structures with different values of In composi-
tion x, especially dependences of the conversion efficiency 1
on x as shown in Fig. 4. For the Ga-polarity case, it is found

that ) drastically decreases with increasing In composition in
structure A as shown in Fig. 4(a). In contrast, structures B—
D each present first an increase and then a drastic decrease,
and they have the top 1 values severally 2.18%, 1.84%, and
1.94% all at In composition around 0.12. The higher In com-
position is helpful for the adsorption of sunlight as discussed
above, which suggests that when higher In composition (with x
much greater than 0.12) is adopted in the IL for Ga-polarity In-
GaN SC, the stronger polarization effect will be a large obsta-
cle to block collection of the photon-generated carriers, which
will have great negative influence on performance of the In-
GaN SC. Completely unlike the Ga-polarity case as shown in
Fig. 4(b), the 1 values in structures A—D under N-polarity are
much larger than those in the Ga-polarity situation. Further-
more, all the 1 values in structures A, B, and D first increase
and then decrease with increasing In composition, exhibiting
similar trends. Especially in structure A, it has the top n
value 9.28% at x of 0.62, showing much better performance
than structures B and D. This suggests that structure A with-
out the gradient IL is more helpful for correcting the photon-
generated carriers when adopting N-polarity and also means
that N-polarity SC structures have greater potentials in design-
ing and tailoring the physical processes for high-efficient In-
GaN SC'’s.
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Fig. 5. (color online) Band diagrams at zero bias of the N-polarity In-
GaN SCs with different contents of In composition.

In addition, it is also worth noting that in structure C,
increases steadily with increasing In composition, and reaches
a maximal value of 8.99% at x = 0.92 as shown in Fig. 4(b),
which apparently differs from those in structures A, B, and
D. For better understanding the behaviors of structure C with
different x values, we further compare the band structures of
N-polarity structures A and C with different x values of 0.32
and 0.72 as shown in Fig. 5. For structure A, the increase of
In composition in the IL drives up the valence band near the
n-GaN side and pulls down the conduction band near the p-
GaN side, which results in a decreased slope of the band of
the IL region, implying a weakened EFS. In contrast, in struc-
ture C, the valence band near the n-GaN side is lifted up and
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the conduction band has little change, corresponding to much
less reduced EFS, which means that the EFS weakens more
slowly in the depletion layer with increasing In composition
X, resulting in much less reduction in the V. So, when adopt-
ing structure C for InGaN SC design, the positive effect of
increasing the short circuit current density caused by the in-
crease of In composition in the IL prevails over the negative
one coming from reducing the open circuit voltage. There-
fore, it can be recognized that the increase of In composition
in the IL can effectively increase the photon absorption and the
short circuit current density Jy. as well, whereas this will also
reduce the open circuit voltage V,, and a reasonable structure
adopted for the tradeoff between these two aspects is vital to
improving the performances of InGaN SC’s.

4. Conclusions

In this study, the performances of Ga- and N-polarity SCs
adopting gradient-In-composition IL are compared. It is found
that the gradient ILs can greatly weaken the negative influence
from the polarization for the Ga- polarity case, and the highest
1 of 2.18% can be obtained in the structure with a linear in-
crease of In composition in the IL from bottom to top. This is
mainly attributed to the adsorptions of more photons caused by
the higher In composition closer to the p-GaN window layer.
In contrast, for the N-polarity case, the SC structure with In-
GaN IL adopting a fixed quantity of In composition prevails
over the ones adopting the gradient-In-composition IL, where
the highest 17 of 9.28% can be obtained at x = 0.62. The N-
polarity SC structures are proven to have greater potential ap-
plications in preparing high-efficient InGaN SCs.
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