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A systematic study was performed with a coupled optoelectronic model to examine the effect of the
concentration of sunlight on the efficiencies of CIGS, CZTSSe, and AlGaAs thin-film solar cells with a
graded-bandgap absorber layer. An efficiency of 34.6% for CIGS thin-film solar cells and an efficiency
of 29.9% for CZTSSe thin-film solar cells are predicted with a concentration of one hundred suns, the
respective one-sun efficiencies being 27.7% and 21.7%. An efficiency of 36.7% is predicted for AlGaAs
thin-film solar cells with a concentration of sixty suns, in comparison to 34.5% one-sun efficiency. Sunlight
concentration does not affect the per-sun electron-hole-pair (EHP) generation rate but reduces the per-sun
EHP recombination rate either near the front and back faces or in the graded-bandgap regions of the
absorber layer, depending upon the semiconductor used for that layer, and this is the primary reason for
the improvement in the efficiency. Other effects include the enhancement of open-circuit voltage which
can be positively correlated to the higher short-circuit current density. Sunlight concentration can therefore

play a significant role in enhancing the efficiency of thin-film solar cells. © 2021 Optical Society of America

OCIS codes: (350.650) Solar energy; (310.0310) Thin films; (130.5990) Semiconductors.
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1. INTRODUCTION

There has been increasing interest in solar photovoltaic (PV)
technology in the last two decades, especially to increase the
power-conversion efficiency and to reduce the levelized cost of
electricity (LCOE) generated by solar PV modules. Although
these modules outperform conventional sources in LCOE [1]
in some geographical areas, a further cost reduction will make
them globally competitive with conventional sources and allow
us to better tackle the climate emergency [2].

One method to improve the efficiency and thereby reduce
the LCOE is to use optical concentrators to increase the intensity
of sunlight incident on the solar cell’s surface. Concentrated
photovoltaic (CPV) systems occupy a smaller area and use less
photon-absorbing semiconductor material in comparison to the
conventional non-CPV systems [3]. However, CPV systems typi-
cally use more sophisticated and expensive multi-junction solar
cells [3], the most efficient of which contain III-V semiconductors.
The current record efficiency of 47.1% was established with a
concentration of 143 suns [4, 5].

Unfortunately, III-V multijunction solar cells are expen-
sive because they (i) use scarce materials and (ii) require time-
consuming and expensive manufacturing processes such as

metal-organic vapor-phase epitaxy [6]. Furthermore, these solar
cells contain expensive substrates such as Ge, GaAs, and InP
wafers [6]. Finding a suitable CPV system that requires only
Earth-abundant (and therefore cheap) semiconductors and in-
expensive substrates, and can be manufactured using low-cost
processes, is the key challenge for CPV technology. Moreover,
with the increased interest in integrating CPV systems into resi-
dential and office buildings [7-10], bringing down their LCOE
is necessary to make them competitive with non-CPV systems.

The most expensive component of a CPV system is the solar
cell itself [11]; so, decreasing the cost of the solar cell is cru-
cial. Single-junction thin-film solar cells are cheap and easy to
manufacture. However, the efficiencies of these solar cells are
lower than of multi-junction III-V thin-film solar cells [5]. The
incorporation of standard thin-film solar cells in CPV systems
will therefore reduce efficiency. That reduction can be offset by
concentrating sunlight more but with costly optics that would
render the CPV systems commercially unviable.

Theoretical studies have shown that bandgap grading of
the main photon-absorbing semiconductor layer can signifi-
cantly improve the efficiency of thin-film solar cells [12-18],
and this idea has been backed by simple experimental studies
with bandgap grading achieved through compositional grading
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possible in compound semiconductors [19-21]. CIGS [12, 13],
CZTSSe [15, 16], and AlGaAs [18] thin-film solar cells with
graded-bandgap absorbing layers have been theoretically pre-
dicted to deliver one-sun efficiencies as high as 27.7%, 21.7%, and
34.5%, respectively, whereas the best conventional crystalline-
silicon solar cell has a one-sun efficiency of 26.7% [5, 6]. The
massive efficiency gains arise because bandgap grading can pro-
vide a way to capture solar photons in a wider spectral regime,
which is also the principle exploited in multi-junction III-V solar
cells. Moreover, bandgap grading provides additional benefits of
a higher open-circuit voltage and reduced parasitic impedances,
without the additional circuitry needed for multi-junction solar
cells [6]. Hence, optical concentration combined with bandgap
grading of thin-film solar cells may offer a cost-effective alterna-
tive to III-V multi-junction solar cells.

In this paper, we present the results of a systematic computa-
tional study to examine the effects of concentrated sunlight on
the efficiencies of thin-film solar cells with a graded-bandgap ab-
sorber layer. Three different types of thin-film solar cells—CIGS,
CZTSSe, and AlGaAs—were considered, as these are widely in-
vestigated thin-film solar cells with the absorber layer made of a
compound semiconductor. A coupled optoelectronic model [22-
24] and the differential evolution algorithm (DEA) [25] were
used together to maximize the efficiency # against the bandgap-
grading parameters [24] and the sunlight-concentration factor
csun- The bandgap of the absorber layer in each thin-film solar
cell was considered to be nonlinearly graded along the thickness
direction. Since the thickness of thin-film solar cells is on the
order of a few micrometers, csun € [1,100] was restricted to be
of medium magnitude in order to avoid detrimental heating
effects. Furthermore, a detailed study was performed to under-
stand the physical reasons for efficiency improvement due to
sunlight concentration.

The theoretical results presented are based on a two-step op-
toelectronic model [22-24]. In the optical step of this model, the
transfer-matrix method [26, 27] is used for CIGS and CZTSSe
solar cells to determine the electron-hole-pair (EHP) generation
rate G inside the solar cell [12, 13], assuming normal illumi-
nation by unpolarized polychromatic light endowed with the
AM1.5G solar spectrum [28]. The rigorous coupled-wave ap-
proach (RCWA) [24, 27] is used for the AlGaAs thin-film solar
cells as it involves localized Pd-Ge-Au ohmic back-contacts em-
bedded periodically in an Ag backreflector (grating) [18, 27, 29].
The transfer-matrix method is an efficient technique to compute
the reflectances, transmittances, and absorptances of a multilay-
ered structure with a plane-stratified morphology, as shown in
Fig. 1(a) for the CIGS and CZTSSe solar cells. But the transfer-
matrix method is inapplicable to the AlGaAs solar cell, shown
in Fig. 1(b), since it contains a grating, and the RCWA has to be
used.

In the electrical step of the model, G appears as a forcing func-
tion in the system of one-dimensional (1D) drift-diffusion equa-
tions applied to the semiconductor portion of the solar cell [30].
These equations are solved using a hybridizable discontinuous
Galerkin scheme [31-33] to determine the device current density
Jdev and the electrical power density P as functions of the exter-
nal bias voltage Vex; [24]. The coupled optoelectronic model has
been validated against several experimental results on solar cells
with a homogeneous-bandgap absorber layer [12, 13, 15, 16, 18].

The structure of this paper is as follows. Section 2 contains
brief descriptions of the chosen thin-film solar cells as well as
the coupled optoelectronic model. Section 3.A presents data on
performance predicted for CIGS solar cells, Sec. 3.B on CZTSSe

solar cells, and Sec. 3.C on AlGaAs solar cells, for cgun € [1,100].
The detailed study of underlying physics to improve the effi-
ciency of solar cells by concentrating sunlight is discussed in
Sec. 3.D. Some remarks in Sec. 4 conclude this paper.

2. OPTOELECTRONIC CALCULATIONS

The structures of the standard CIGS and CZTSSe thin-film solar

cells are the same except that the CIGS layer is replaced with
the CZTSSe layer, as shown in Fig. 1(a). Detailed geometrical,
optical, and electronic descriptions of these solar cells are avail-
able elsewhere [12, 13, 15, 16, 24]. A brief review is as follows.
The standard CIGS (CZTSSe) solar cell has a MgF,/AZO/od-
ZnO/CdS/CIGS (CZTSSe)/ Al,O3 /Mo multilayered structure
[shown in Fig. 1(a)], with magnesium fluoride (MgF;) as an anti-
reflection coating [34], aluminum-doped zinc oxide (AZO) as
the front-contact layer to collect electrons [35], oxygen-deficient
zinc oxide (0od-ZnO) [36] and cadmium sulfide (CdS) [37] to-
gether forming a bilayer buffer that also serves as an n-type
semiconductor, a p-type CIGS (CZTSSe) photon-absorbing layer,
aluminum oxide (Al,O3) [38] as back-surface passivation layer,
and molybdenum (Mo) [39] as the back-contact layer to col-
lect holes as well as to serve as an optical reflector. The typ-
ical thicknesses of all the layers in Fig. 1(a) are as follows:
LARC =110 nm (Mng), LTCO = 100 nm (AZO), LFSP = 80 nm
(0d-ZnO), Ly = 70 nm (CdS), Ls = 2200 nm (CIGS or CZTSSe),
Lpsp = 20 nm (Al;O3), and Ly, = 500 nm (Mo). The thickness
direction is parallel to the z axis, and the solar cell is invariant
along the x and y axes.

(a)  AUNi front-contacts (b) AwNi/Ge front-contacts
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Fig. 1. Schematics of (a) CIGS or CZTSSe and (b) AlGaAs thin-
film solar cells.

Detailed geometrical, optical, and electronic descriptions of
the AlGaAs solar cell are available elsewhere [18, 24]; how-
ever, a brief review is as follows. The standard AlGaAs
thin-film solar cell has the MgF,/ZnS/AlInP/p-AlGaAs/n-
AlGaAs/GalnP/Pd-Ge-Au multilayered structure, with { = 1
and Ly, = 01in Fig. 1(b). Together, an MgF, layer on top of a zinc
sulfide (ZnS) layer constitute an antireflection coating. Heavily
doped aluminum-indium phosphide (p™-AlInP) is used as the
front-surface passivation layer as well as the front-contact layer.
The p-type AlGaAs works as a emitter layer, followed by the
main photon-absorbing layer made of n-type AlGaAs. Heavily
doped gallium-indium phosphide (1 "-GalnP) plays the role of
back-surface passivation layer. The back electrode commonly
used in thin-film GaAs solar cells is a palladium-germanium-
gold (Pd-Ge-Au) trilayer, which is neither periodic ({ = 1) nor
backed by an Ag layer (L, = 0). However, we have utilized the
idea of localized ohmic back-contacts by using the Ag/Pd-Ge-
Au periodic structure with { € (0,1) and Ly, > 0 in Fig. 1(b),
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the Pd-Ge-Au trilayered segments for better charge-carrier col-
lection, and the Ag layer for better optical reflection [29]. The
total thickness of the Pd-Ge-Au trilayer is Ly = 170 nm and its
widthis {Lx € (0, Ly), where Ly < 1000 nm is the period along
the x axis. The thicknesses of the individual layers in the trilayer
are: Lpg = 20 nm (Pd), Lge = 50 nm (Ge), and La, = 100 nm
(Au). The typical thicknesses of all other layers in Fig. 1(b) are as
follows: Larc = 260 nm due to an MgF; layer of 110 nm and a
ZnS layer of 150 nm, Lgsp = 20 nm (p*-AllnP), Ly = 50 nm (p-
AlGaAs), Ls = 2000 nm (n-AlGaAs), Lggp = 20 nm (n+-GalnP),
and L = 100 nm (Ag). The solar cell is invariant along the y
axis.

The nonlinearly graded bandgap energy of the absorber layer
was taken to be [24]

Eg(z) = Ea + A (Ep — ) X

=t ) )
z€ (Lg—Ls, Lg), 1)

where E, is the minimum bandgap energy, E;, is the maximum
bandgap energy, A is an amplitude (with A = 0 representing a
homogeneous layer), v € [0, 1) quantifies a relative phase shift,
« > 0 is a shaping parameter, and K > 0 is a cycle number that
need not be an integer. The solar cell was taken to be illuminated
from the front by sunlight from csun suns, the solar irradiance
from each having the standard AM1.5G spectrum [28].

The optical calculations for CIGS and CZTSSe solar cells were
performed using the transfer-matrix method [26, 27], with the
optical data for all materials collected from many sources [34—
42]. The EHP generation rate G(z) obtained from the optical
step was then used as an input to the electrical step [24], with
electrical data for all materials collected from diverse sources
[43-45].

The optical calculations for AlGaAs solar cells were per-
formed using the RCWA [24, 46] to determine the EHP gen-
eration rate G(x,z) = G(x £ Ly, z), the simple transfer-matrix
method [26, 27] being inadequate to account for the non-
specular diffraction effects produced by the structural period-
icity of the Ag/Pd-Ge-Au backside. The optical data for all
materials in the AlGaAs solar cells were taken from standard
sources [34, 39, 47-51]. Since Ly is much smaller than the trans-
verse dimensions of the solar cell, G(x,z) was averaged over
one period along the x axis to calculate G(z). The electrical
data needed for all materials in the solar cell are available else-
where [18, 24, 52-56].

After the 1D drift-diffusion equations [30] have been solved
for a fixed value of the bias voltage Vet in the electrical step,
the outputs are the device current density J4e, and the electrical
power density P. The Jyey-Vext curve and the P-Vey; curve yield
the short-circuit current density Js, the open-circuit voltage
Voe, and the power-conversion efficiency #. The fill factor FF is
calculated as Pmax/ Jsc Voc-

The DEA [25] was used to maximize 5 with respect to csun
and the bandgap parameters appearing on the right side of

Eq. (1).

3. NUMERICAL RESULTS AND DISCUSSIONS

A. CIGS solar cell

First, we considered the optoelectronic optimization of 5
of the CIGS thin-film solar cell with a graded-bandgap CIGS
absorber layer of 2200-nm thickness. With E,, = 1626 meV in Eq.
(1) fixed, the six-dimensional parameter space for optimization
of 17 was as follows: cgun € [1,100], Ea € [947,1626] meV, A €
[0,1],« € [0,8],K € [0,8],and v € [0, 1].

The model predicted one-sun (i.e., csun = 1) values of 77, Jsc,
Voo, and FF are 27.67%, 33.16 mA cm—2, 1070 mV, and 78%,
respectively [12, 13]. The corresponding bandgap-grading pa-
rameters are: E; = 950 meV, A = 0.99, « = 6, K = 1.5, and
p = 0.75. The efficiency continued to rise monotonically as
Csun increased, the maximum # predicted being 34.63% with
csun = 100. The corresponding values of Jsc, Vo, and FF are
3692 mA cm~2, 1174 mV, and 80%, respectively. The bandgap-
grading parameters remain unchanged with higher sunlight
concentration.

A relative enhancement of 25.15% in # is predicted with 100-
sun concentration over the one-sun efficiency. The huge increase
in Jsc with sunlight concentration is directly related to the higher
EHP generation rate with sunlight concentration, and V. is also
improved thereby because it is proportional to In (1 + Jsc/ Jqark)
for ideal photodiodes, where [y, is the dark current density;
see Eq. (1.6) of Ref. 30. We confirmed that # can be enhanced
further with csyn > 100, but considering the few-micrometer
thickness of the CIGS solar cell, we did not pursue that avenue
to avoid detrimental heating effects.

The Jgey-Vext and P-Vey characteristics of the optimal CIGS
thin-film solar cell are shown in Fig. 2 for csun € {1,100}. The
maximum output power Pnax delivered is 27.67 mW cm~2 for
Csun = 1 but 3463 mW cm 2 for cqun = 100. Of course, the
ratio Pmax / Csun increases by 25.15% with hundredfold sunlight
concentration, as is expected from the increase of # by the same
factor.
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Fig. 2. Plots of J4., and P vs. Ve of the optimal CIGS thin-
film solar cell when (a) csuyn = 1 and (b) csun = 100.

The plots of Jsc, Voc, 17, and FF of the optimal CIGS solar cell
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as functions of csun € [1,100] are shown in Fig. 3(a)—(d). The
linear relationship of Jsc with csun can be noted from Fig 3(a).
In contrast, both Vi, and 1 show a three-phase trend: as csun
increases from 1 to 100, each of Vi and # increases linearly at
a high rate in the first phase, then its rate of increase gradually
reduces in the second phase, and finally it increases linearly at a
slow rate in the third phase. However, FF is affected very little
by sunlight concentration.
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Fig. 3. Plots of (a) Jsc, (b) Vo, (¢)) 4, and (d) FF of the optimal
CIGS thin-film solar cell as functions of csyn.

B. CZTSSe solar cell

Next, we considered the optoelectronic optimization of # of
the CZTSSe solar cell with a 2200-nm-thick graded-bandgap
CZTSSe absorber layer. With E;, = 1490 meV in Eq. (1) fixed,
the six-dimensional parameter space for optimization of # was
as follows: cgun € [1,100], E, € [910,1490] meV, A € [0,1],
a€[0,8],Ke[0,8],andv € [0,1].

The model predicted one-sun values of #, Jsc, Voc, and FF are
21.74%, 37.39 mA cm 2, 772 mV, and 75%, respectively [18]. The
corresponding bandgap-grading parameters are: E; = 920 meV,
A =099 0« =6, K=2 and ¢ = 0.75. For concentrated
sunlight, the maximum # predicted is 29.93% with csun = 100.
The corresponding values of Js., Voo, and FF are 4125 mA cm 2,
955 mV, and 76%, respectively. The bandgap-grading parameters
for csun = 100 are the same as for cgyn = 1.

Thus, the 100-sun efficiency of the CZTSSe solar cell is 37.7%
higher than its 1-sun efficiency. This enhancement is accompa-
nied by a 10.3% enhancement in per-sun short-circuit current
density Jsc/csun and a 23.7% enhancement in V., the enhance-
ment in Jsc being due to the higher EHP generation rate arising
from sunlight concentration. Just as for the CIGS solar cell, we
did not let csun exceed 100 to avoid excessive heating, although
the predicted 7 would have increased further. From the ], -
Voxt and P-Veuyt characteristics of the CZTSSe solar cell shown in
Fig. 4, the maximum output power Ppmax is 21.74 mW cm~2 for
Coun = 1 but 2993 mW cm 2 for ceyn, = 100.

The relative enhancement in efficiency (37.9%) for the optimal
CZTSSe solar cell with sunlight concentration is higher than the
relative enhancement in efficiency (25.15%) for the optimal CIGS
solar cell, although the CZTSSe solar cell is less efficient than the
CIGS solar cell for cgun € {1,100}.

w
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Jgev (MA cm_z)
a0 N
© o

Jaev (MA cm™2)

Vext (mV)

Fig. 4. Plots of J4., and P vs. Ve of the optimal CZTSSe solar
cell (a) csun = 1 and (b) csun = 100.

The plots of Jsc, Voc, 17, and FF as functions of csun are pre-
sented in Fig. 5(a)-(d) for the optimal CZTSSe solar cell. The
variations of Jsc, Voo, and # with csyn for the optimal CZTSSe
solar cell are qualitatively similar to their counterparts for the
optimal CIGS solar cell [Figs. 3(a)—(c)]. The variation of FF with
Csun is somewhat different for the two solar cells, but in practical
terms the dependence of FF is weak for both solar cells.
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Fig. 5. Plots of (a) Js¢, (b) Voe, (¢)) #, and (d) FF of the optimal
CZTSSe thin-film solar cell as functions of cgyp.

C. AlGaAs solar cell
Lastly, we considered the optoelectronic optimization of # of
the AlGaAs thin-film solar cell with a 2000-nm-thick graded-
bandgap AlGaAs absorber layer. We fixed Ly = 500 nm and
¢ = 0.05, in accordance with previous studies [18]. Also, the
bandgap energies of p™-AlInP, p-AlGaAs, n"-GalnP were fixed
at 2350 meV, 2090 meV, and 1900 meV, respectively. With E,
set equal to 2090 meV in Eq. (1), the six-dimensional parameter
space for optimization of 1 was as follows: csun € [1,100], Ea €
(1424,2090] meV, A € [0,1], « € [0,8], K € [0,8],and v € [0,1].
The model predicted one-sun values of 77, Jsc, Vo, and FF are
34.5%, 24.8 mA cm 2, 1556 mV, and 89%, respectively, the corre-
sponding bandgap-grading parameters being E, = 1424 meV,
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A =099 a =6,K =3, and ¢ = 0.75. Unlike for the CIGS
and CZTSSe solar cells, 1 does not rise monotonically as csun
increases from 1 to 100. Instead, it first increases and then de-
creases, the maximum # predicted being 36.7% with csun = 60.
The corresponding values of s, Voc, and FF are 1512 mA cn2,
1657 mV, and 88%, respectively. The bandgap-grading parame-
ters remain unchanged with sunlight concentration.

A relative enhancement of 6.4% in 7 is predicted with sunlight
concentration. According to the [je,-Vext and P-Vey: character-
istics shown in Fig. 6, the maximum output power delivered is
34.50 mW cm 2 for ceun = 1 but 2200 mW cm 2 for coun = 60.
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Fig. 6. Plots of J4., and P vs. Ve of the optimal AlGaAs thin-
film solar cell when (a) csuyn = 1 and (b) csun = 60.

The plots of Jsc, Voc, 17, and FF as functions of csun € [1,100]
are shown in Fig. 7(a)-(d) for the optimal AlGaAs solar cell.
The variations of Jsc and Vo are qualitatively similar to their
counterparts for the optimal CIGS solar cell [Figs. 3(a), (b)] and
the optimal CZTSSe solar cell [Figs. 5(a), (b)]. The best sunlight
concentration (csuyn = 60) for the optimal AlGaAs solar cell
(csun = 60) is under 100, unlike for the optimal CIGS and the
optimal CZTSSe solar cells. Finally, although the dependences
of FF with csun are not qualitatively similar for all three solar
cells, but FF varies in the small range of +1.25% for any of those
solar cells.
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Fig. 7. Plots of (a) Jsc, (b) Voe, (c)) 17, and (d) FF of the optimal
AlGaAs thin-film solar cell as functions of cgyn.

The relative enhancement in efficiency with sunlight concen-
tration is highest for the CZTSSe solar cell among all three types
of solar cells. It is conjectured that the higher relative enhance-
ment in 77 with csun is related to the lower bound E, of Eg(z) in
Eq. (1). The optimal CZTSSe solar cell has the lowest E; (920 mV)
and the optimal AlGaAs solar cell has the highest E; (1424 mV)
among the three solar cells. The relative enhancements in 7
are 37.7% (CZTSSe), 25.15% (CIGS), and 6.4% (AlGaAs). Lower
values of E, will elevate the electron-hole-pair generation rate
[24].

With ¢sun € [1,100] in the parameter space chosen for opti-
mization, both the CIGS and CZTSSe solar cells deliver max-
imum efficiency at csyn = 100 but the AlGaAs solar cell at
csun = 60. This diversity in the dependence of 7 on csun may
be fictitious in that # is maximum at some cgyn > 100 for the
CIGS and CZTSSe solar cells. Or, this diversity could arise from
differences in some physical mechanisms. This issue is very
likely irrelevant in practical situations.

D. Effect of sunlight concentration on
tion/recombination processes

genera-

Sunlight concentration is considerably more effective in raising
the efficiencies of the optimal CIGS and CZTSSe solar cells than
of the optimal AlGaAs solar cell, as is clear from Table I. Whereas
Jsc/ €sun is enhanced approximately the same for both the CIGS
and CZTSSe solar cells, V. enhancement for the CZTSSe solar
cell is more than twice of the CIGS solar cell. This is the reason
why efficiency enhancement is higher for the CZTSSe solar cell
than for the CIGS solar cell.

Enhancements of both Js./csun and Vo due to sunlight con-
centration are significantly smaller for the AlGaAs solar cell
than for the other two solar cells. Especially, the enhancement of
Jsc/ Csun is very modest (1.6%) for the AlGaAs solar compared
to the CIGS and CZTSSe solar cells. Since V. is proportional to
In (1 + Jsc/ Jgark) for ideal photodiodes, the processes of genera-
tion and recombination of electrons and holes must be responsi-
ble for both (i) efficiency enhancement on sunlight concentration
and (ii) the greater effectiveness of sunlight concentration for
CIGS and CZTSSe solar cells than for the AlGaAs solar cell.

All materials inside a solar cell are optically characterized as
linear materials described by a relative permittivity that is inde-
pendent of the magnitudes of the electric and magnetic fields.
As the absorption rate of the monochromatic optical energy per
unit volume is proportional to the square of the magnitude of
the electric field [57], the number density of photons of a certain
free-space wavelength absorbed in an elementary volume in any
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Table I. Percent increases of #, [sc/csun, and Vo upon sunlight
concentration.

Solar Csun Increase | Increase Increase
cell for max | iny in Jsc/Csun in Voo

Ul
CIGS 100 25.1% 11.3% 9.7%
CZTSSe | 100 37.9% 10.3% 23.7%
AlGaAs | 60 6.4% 1.6% 6.5%

layer in a solar cell is linearly proportional to the intensity of that
spectral component of the incident sunlight. If G, (z) denotes
the csun-sun generation rate, then

Gcsun (Z) = Csun Gl (Z) . (2)

In contrast, the radiative, Shockley—Read-Hall, and Auger
components of the electron-hole recombination rate depend non-
linearly on the electron and hole densities, as does charge-carrier
transport [24, 30]. Therefore, if R, (z) denotes the recombina-
tion rate in relation to csyn, then

Regn (Z) # Csun Ry (Z) 3)

in general.

It follows from Egs. (2) and (3) that, while the spatial profiles
of G1(z) and G, (z) / csun must be identical, the spatial profiles
of Ry(z) and R, (z)/csun may well be different. We examined
these spatial profiles in order to determine which portions of the
semiconductor region are responsible for efficiency enhancement
from sunlight concentration. We also determined the values of
the net generation rate 7., and the net recombination rate p.,,,
which are the integrals of G, (z) and R, (z), respectively, over
the semiconductor region of each solar cell.

D.1. CIGS solar cells

The EHP generation rates Gigg(z) and 100 G (z) are plotted as
functions of z in the semiconductor region of the optimal CIGS
solar cell in Fig. 8(a). The plots show that Gygg(z) = 100 Gy(z),
as expected from Eq. (2). Not surprisingly therefore, y190 =
100y; = 2.66 x 1026 cm~2 s~ 1.

The EHP recombination rates Rygo(z) and 100R;(z) are plot-
ted as functions of z in the semiconductor regions of the same
solar cell in Fig. 8(b). The truth of the inequality (3) is evidenced
by the plots. Note that Rygo(z) < 100R;(z) in most of the CIGS
layer, but the per-sun recombination rate near the two faces of
that layer is affected very little by sunlight concentration. In con-
sequence of 100R; (z) exceeding Rygg(z) significantly in most of
the CIGS layer, 100p; = 6.21 x 10 cm ™2 s~! is 164% higher
than pygg = 2.35 x 10%° cm~2 571, which shows that the reduced
per-sun recombination rate is the major reason for the efficiency
enhancement in the CIGS solar cell on exposure to concentrated
sunlight.
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Fig. 8. Spatial profiles of (a) the EHP generation rate and (b)
the EHP recombination rate in the semiconductor region of the
optimal CIGS solar cell, for the one-sun and 100-sun illumina-
tion conditions.

D.2. CZTSSe solar cells

The EHP generation rates Gygo(z) and 100 G1(z) are plotted
as functions of z in the semiconductor regions of the optimal
CZTSSe solar cell in Fig. 9(a). The plots show that Gygo(z) =
100 G1(z), as expected from Eq. (2); also, y1g0 = 1001 = 2.79 x
1026 em~2 s~ 1.

In contrast to the CIGS solar cell, the generation rates Ryog(z)
and 100R; (z) in Fig. 9(b) are almost the same inside the CZTSSe
solar cells except in the vicinity of the CdS/CZTSSe inter-
face. Consistently, with that observation, 100p; = 3.73 x 10%5
em 2571 is 6% lower than 0100 = 3.97 x 10% em~2 s~1. How-
ever, the improvement in efficiency can be correlated with (i)
the lowered per-sun recombination rate near the CdS/CZTSSe
interface that would improve carrier collection and (ii) the sig-
nificantly higher Vi due to larger Js. [30].
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Fig. 9. Spatial profiles of (a) the EHP generation rate and (b)
the EHP recombination rate in the semiconductor region of
the optimal CZTSSe solar cell, for the one-sun and 100-sun
illumination conditions.

D.3. AlGaAs solar cells

Figure 10(a) shows the spatial profiles Ggy(z) and 60 G1(z) in
the semiconductor region of the optimal AlGaAs solar cell. As
expected, Ggo(z) = 60 G1(z); we also found that y¢p = 60y =
1.08 x 10?° cm~2 s~ The per-sun generation rate in the optimal
AlGaAs solar cell is about two-thirds of its counterparts in the
other two optimal solar cells (see Table II), because

(a) the minimum bandgap energy of AlGaAs (1424 meV) is
considerably larger than the minimum bandgap energies of
CIGS (947 meV) and CZTSSe (910 meV) and

(b) the maximum bandgap energy of AlGaAs (2090 meV) is
considerably larger than the minimum bandgap energies of
CIGS (1626 meV) and CZTSSe (1490 meV).

A lower bandgap energy makes it easier for electrons to move
from the valence band to the conduction band. However, the
optimal AlGaAs solar cell is more efficient than the other two
types of optimal solar cells because V. is higher for the former
than for the latter two.

The spatial profiles of Rgo(z) and 60R;(z) in Fig. 10(b) clearly
show that Rep(z) # 60R1(z) in the semiconductor region of the

AlGaAs solar cell. Although Rep(z) < 60R1(z) in the vicinity of
the front and back interfaces of the AlGaAs absorber layer, the
recombination rate in some regions of the AlGaAs layer is a bit
higher due to sunlight concentration. However, 60p; = 5.08 x
108 em~2 571 is 73.9% higher than pgy = 2.92 X 108 ecm—2571,
indicating that the reduced per-sun recombination rate is the
major reason for the efficiency enhancement on exposure of the
AlGaAs solar cell to concentrated sunlight.
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Fig. 10. Spatial profiles of (a) the EHP generation rate and
(b) the EHP recombination rate in the semiconductor region
of the optimal AlGaAs solar cell, for the one-sun and 60-sun
illumination conditions.

According to Table II, yc,../Csun > Peon/Csun for all three
types of optimal solar cells, as indeed must be expected of any
electrical source. The recombination rate as a fraction of the
generation rate is much smaller for the optimal AlGaAs solar
cell than for the optimal CIGS and optimal CZTSSe solar cells,
whether sunlight is concentrated or not, which makes the former
the least wasteful of the electron-hole pairs generated in it. How-
ever, the excess per-sun generation rate (¢, — Pcon )/ Csun in the
optimal AlGaAs solar cell is definitely smaller than in the two
other two optimal solar cells, which is reflected in the per-sun
short-circuit current density Jsc/csun being the smallest for the
optimal AlGaAs solar cell. However, both V. and FF are much
larger for the optimal AlGaAs solar cell than for the other two
optimal solar cells, overcompensating for the lowest Js¢/csun to
result in the highest value of # for the optimal AlGaAs solar cell.
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Table Il. Efficiency, per-sun EHP generation rate, and per-sun
EHP recombination rate in relation to the number of suns.

Both rates are in units of 102 cm =2 s~ 1.
. n Pcoun / Csun
Optimal solar cell Yeow / Csun
Ceun =1 | csun =60 | cqun = 100 Csun =1 | csun =60 | cgun = 100

CIGS 27.67% 33.41% 34.63% 26.6 6.21 2.74 2.35

CZTSSe 21.74% 29.44% 29.93% 27.9 3.73 3.95 3.97

AlGaAs 34.50% 36.67% 36.41% 18.0 0.0846 0.0486 0.0500
4. CONCLUDING REMARKS 4. J.F Geisz, R. M. France, K. L. Schulte, M. A. Steiner, A. G. Norman,

A systematic study was performed with the coupled opto-
electronic model to examine the effect of the concentration of
sunlight on the efficiencies of CIGS, CZTSSe, and AlGaAs thin-
film solar cells with a graded-bandgap absorber layer. An effi-
ciency of 34.6% for the optimal CIGS solar cell and an efficiency
of 29.9% for the optimum CZTSSe solar cell are predicted with a
concentration of hundred suns, the respective one-sun efficien-
cies being 27.7% and 21.7%. An efficiency of 36.67% is predicted
for the optimal AlGaAs thin-film solar cell with a concentration
of sixty suns, in contrast to 34.5% one-sun efficiency.

Reduction of the recombination rates near the faces of the
absorber layer in the CZTSSe and AlGaAs solar cells plays a vital
role in efficiency enhancement due to concentrated sunlight; in
contrast, reduction of the recombination rate inside the absorber
layer plays the key role in improving the efficiency of the CIGS
solar cell. Since recombination mechanisms vary from semicon-
ductor to semiconductor, investigation of the spatial profile of
the recombination rate is necessary to optimize the performance
of the solar cell chosen for a CPV system. Enhancement of the
open-circuit voltage of thin-film solar cells of all three types can
be correlated to the higher short-circuit current density arising
from concentrated sunlight.
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