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For large-scale GaAs-based solar cells using, it is necessary to increase their efficiency and reduce the
cost of their manufacture. The existing model, which describes the processes in the semiconductor materi-
al, has significant simplifications and does not take into account a number of significant processes. The ar-
ticle considers the problem of processes in gallium arsenide based solar cells optimization, proposes to take
into account the mechanisms of radiation, surface recombination, which have a significant impact and
have not been previously considered in the physical model. The article also considers methods for taking
into account the photon reabsorption, the effect of which in GaAs based solar cells is taken into account by
building a model of photon reabsorption. The proposed model is based on the Steiner photon absorption
model, which is successfully used for modeling single-junction GaAs solar cells, taking into account some
boundary conditions considering recombination processes on the device inner surfaces. Calculations using
the proposed model allowed us to offer an optimized solution of thin GaAs based solar cells with a good
back surface mirror and reduced surface recombination.
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1. INTRODUCTION

Over the past 10 years, the development of single-
and multi-junction GaAs based solar cells has been
quite rapid, with the efficiency of such devices reaching
28.8 % and 39.5 % under AM 1.5 conditions, so they are
the most efficient devices among solar cells. GaAs
based solar panels are highly efficient devices, but they
are too expensive for large-scale ground-based applica-
tions because of the device manufacturing high cost
and the use of rare earth elements (In, Ga).

For widespread use of GaAs based solar cells, we
need to increase their efficiency and reduce manufac-
turing costs. The existing model describing processes in
a semiconductor material has significant simplifica-
tions and does not take into account a number of signif-
icant processes [1]. Therefore, to further improve such
devices efficiency, there is a need to improve the physi-
cal model of such devices. For example, it is necessary
to consider the recombination processes on all surfaces
and photon re-absorption processes, which leads to a
significant increase in the device efficiency. Improve-
ment of a GaAs based solar cell physical model is a
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very urgent task in the field of solar energy, including
highly concentrated solar energy to create high effec-
tive hybrid photoenergy systems [2, 3].

2. GENERAL BASIS OF THE MODEL
2.1 Photocurrent Density

The photocurrent density Jpr generated by photons
at different wavelengths A is the sum of three compo-
nents. The first is the electron drift current in the p-
type region J,. The second is the hole drift current in
the n-type region ). In the region of space charge,
holes are accelerated to the p-type region, and electrons
move to the n-type region, thus creating a photocurrent
Jg. The photocurrent density can be described by the
following relation:

S (A)=d, (A)+d, (2)+,(2).

In the p-type region, the photocurrent density of
nonequilibrium electrons at x = x, for each wavelength
A is written as [4, 5]:
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In the n-type region, the photocurrent density of

nonequilibrium holes at x = xp + w is determined by the
relation:

2077-6772/2020/12(6)06015(6)

%smh
D

06015-1

EJW(;J

© 2020 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.12(6).06015

R.V. ZA1TsEV, M.V. KIRICHENKO

J. NANO- ELECTRON. PHYS. 12, 06015 (2020)

S (0] ap, 2| PRI, o), )
= 1
Spr Cosh[%J+slnh{x"]exp(Q(ﬂ)x )+a(ﬂ,)L exp(fa(/l)x ) (23)
D L L n p n
x| (1)L, -—2 S
T inh [x"] +cosh [an
D, L, L,

In the depletion region, the photocurrent density is
the result of each photogenerated carrier from this lay-
er collection and can be determined as follows:
J,(A)=-q[ "G (x)dx =

g
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where ¢ is the electron charge, L, and L, are the elec-
tron and hole diffusion lengths, respectively, S, and S,
are the electron and hole surface recombination rates,
respectively, D» and D, are the electron and hole diffu-
sion coefficients, respectively, R(4) is the reflection coef-
ficient, a(2) is the absorption coefficient, and F(2) is the
flux of incident photons.

The total solar cell photocurrent density is the re-
sult of integration across the entire solar spectrum:

I = =47 (2)dA (2.5)

The output current J(V) flowing through the solar
cell when the bias voltage Vis applied can be described
using an exponential model as [6]:

J(V)—Jph—Js[eXp[“//J—ll, (2.6)
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where Jpn 1s the current density generated by the ab-
sorbed light and Vin is the thermal voltage determined
by the ratio:
T
v, = el @.7)
q

where kp is the Boltzmann constant, T is the tempera-
ture of the solar cell.

The p-n junction diode saturation current density
(Js) is determined by the following relation:

p D n D
J, =q| Ly (2.8)
L, L,

where npo, pro are the concentrations of non-basic carri-
ers (electrons and holes) at equilibrium in p and n re-
gions, respectively.

The minority carrier diffusion coefficients in GaAs
can be estimated as follows [7]:

2
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The minority carrier lifetime in the GaAs junction
are determined by the following empirical formula:

r, =0.1us for N, <10"%cm™,

0.1 .
T, =5 US otherwise;
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7,=0.1us for Ny <10"%cm™,
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7, =——————= us otherwise.
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2.2 Open-Circuit Voltage Ratio

The open-circuit voltage Vo can be calculated from
the equation as shown below [8]:

V. - ’%Tln["w], 2.9)
q J

S
where Jsc is the short-circuit current density equal to
the photocurrent density at illumination.

The ratio for the diode saturation current /s, ac-
cording to [9], is:

D -E
J, =2-10" (p+D”JT3 exp{ gj .(2.10)

LN, L,N, kT

The bandgap E; depends on intrinsic charge carrier
(ni) concentration, which has the following form [10]:

3 -E
ni=3.62-1014T2exp[ g1, (2.11)

2k, T

2.3 Conversion Efficiency

The solar cell conversion efficiency is the ratio of
the maximum output power Pn to the solar energy P:
going to its photoreceiving surface:

=1, 2.12
n P (2.12)
The solar cell maximum output power Pn can be de-
termined numerically from the maximum current Jm
and maximum voltage Vpu:
P =JV

m m ' m*

(2.13)
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3. THE PROBLEM OF IMPROVING THE
EFFICIENCY OF GaAs BASED DEVICES
AND MODEL MISMATCHES

Photon absorption that is close to the optimum
bandgap of the base semiconductor material is a fun-
damental element for high-efficiency solar cell realiza-
tion. The proposed photon absorption model solves
completely coupled nonlinear equations for quasi-one-
dimensional electron and hole transport in crystalline
semiconductor devices.

Shockley and Queisser introduced the optimal limit
balance for solar cells in 1961 [11]. In general, the op-
timal balance model considers only two of its own loss-
es, one is the unabsorbed energy loss because semicon-
ductors cannot absorb photons whose energy is below
the bandgap, and the other is the radiation recombina-
tion loss. In the real materials, there are other types of
losses, such as thermal losses. The performance limit
provided by this model is called the optimum balance.
Shockley and Queisser calculated the optimal balance
using the 6000 K black body spectrum and calculated
own radiation flux using the optimal balance principle.
Henry [12] has extended this approach using the
standard AM 1.5 terrestrial spectrum. According to
Henry's calculations [12], taking into account Eg and
radiation recombination, the optimal E; for one junc-
tion solar cells is 1.4 eV, as it is shown in Fig. 1.

The maximum efficiency of single-junction solar
cells is 31 % at a solar radiation concentration C=1
and efficiency up to 37 %, 50 %, 56 % and 72 % for ele-
ments with 1, 2, 3 and 36 energy junctions (tandem
elements), respectively, can be achieved at a radiation
concentration C = 1000 at room temperature (300 K).
The GaAs bandgap is close to the optimum Shockley-
Queisser value for single-junction solar cells with a
maximum efficiency exceeding 30 %. Therefore, GaAs
capable of reaching high efficiency (> 30 %). Tandem
solar cells on GaAs basis should also achieve the high-
est efficiency values [13, 14].

Today, it is possible to achieve sufficiently high-
quality GaAs crystalline structures for solar cells in
which the internal luminescence yield exceeds 99 %
[15] and the dominant recombination mechanism is
radiation recombination. Effectively reducing the effect
of radiation recombination by increasing the re-
absorption effect is one possible solution for maximum
approach to Shockley-Queisser limit.

However, the modern mathematical apparatus,
which is the basis of solar cell simulation programs,
does not take into account a number of parameters. For
example, the recombination parameters on the end
surfaces, which are associated with single axis model-
ing and complex mechanisms of internal luminescence
and reflection. In addition, the possibility of tandem
structures with multiple junctions modeling has not
taken into account. This does not allow us to model
properties sufficiently accurately and in accordance
with real modern devices and to find optimal design
solutions. Moreover, the model itself needs refinement
to take into account tandem structures and the neces-
sary parameters and mechanisms.
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Fig. 1 - Dependence of solar cell efficiency on the basic semi-
conductor material bandgap at solar radiation concentrations

C=1 (a) and C=1000 (b)

4. MATHEMATICAL MODEL MODERNIZATION
4.1 Recombination Consideration

Before modeling the recombination current effect on
end surfaces (perimeter), it is necessary to understand
the recombination mechanism on GaAs surface. The
first model of such recombination was proposed [16, 17]
for the p-n junction of the double AlGaAs heterostruc-
ture, where 2kgT recombination current amplitude
does not correlate with area and this current is not
mainly due to recombination occurring within the p-n
junction, but instead recombination occurs along the
crystal perimeter. According to research results, we
obtained an analytical expression for perimeter recom-
bination current on the p-n junction surface based on a
number of assumptions, including Fermi level invari-
ance, the density of donor and acceptor defects with
uniform energy distribution over the bandgap, and the
ratio of electron and hole densities on the surface that
were assumed to be constant. The perimeter recombi-
nation current density decreases with distance from
junction according to the simple diffusion equation
with the average surface diffusion length Ls. The ob-
tained Ls are of the same order of magnitude as the
experimentally determined values, taking the conven-
tional value So = 4-10°% cm/s.

Later authors of [18] considered recombination on
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the p-n junction surface similar to recombination in the
depletion layer in the junction bulk using the Sah,
Noyce, and Shockley (SNS) theory [19], and found a
2kT recombination perimeter with an effective
Wesr width. This width has the same expression as the
bulk effective width Wey = 7kT/2eE, where E is the elec-
tric field normal to the transition and the recombina-
tion rate is maximum. The only difference is electric
field amplitude. It was found that the electric field on
the surface has the same direction but with a signifi-
cantly reduced value. The authors suggested that the
reason for this was the presence of charged states
around the perimeter. The calculated Wey value is
about an order of magnitude smaller than the surface
diffusion length Ls obtained in [16]. In [20], some ad-
justments were made to an earlier model [16], and it
was concluded that 2&T surface recombination current
represents carrier drift diffusion from the junction de-
pletion zone but not outside. This current was found to
be dominant at small bias voltages, but at higher volt-
ages, it became comparable to the recombination cur-
rent resulting from injection from beyond the junction.
The recombination current resulting from carrier injec-
tion within the quasi-neutral region has a kT behavior
and may tend to 2kT type at higher bias voltages. Car-
rier injection from the p-n junction has two-
dimensional nature. G.B. Lush [20], using a simplified
analysis, reduced it to a one-dimensional problem.
They obtained an analytical expression for the current
around the perimeter outside the junction.

The most significant feature of surface states is that
they typically introduce the energy level that lies in the
semiconductor bandgap between the valence and con-
duction bands. These levels are usually evenly distrib-
uted throughout the bandgap. They arise either due to
the crystal boundary action or due to the impurity’s
adsorption on the end surface. The surface recombina-
tion kinetics can be described by Shockley-Read-Hall
statistics [21, 22] using the general expression for sur-
face recombination rate:

OWVnO,V, (nspS - ntpt)

R=N
’ o-nvn(ns+nt)+0'pvp (p,+p,)

Kl

. (2.14)

where Ny is the surface state density at the & level; o,
op, va and v, are the capture cross-section and thermal
velocity of electrons and holes, respectively; n: and p:
are the electron and hole densities that would exist if
the corresponding Fermi level was at the surface level
&; ns and ps are the electron and hole densities on the
surface. Suppose that & is close to bandgap middle, then
n: = p: = ni (defects with deep levels are recombination
centers). We also assume that sp,=sp=s and v, = 1p = v,
take the surface state density as Ns; and assume that
the states are isolated deep levels that have energies
uniformly distributed over the bandgap. The surface is
considered to be non-equilibrium so that nsps >> n2.
This allows to simplify the ratio for recombination:

R:S(JinspS ,
ng+ p,

(2.15)

where So = ovINs represents the surface recombination
rate.
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4.2 Photon Recycling

Photon recycling describes the re-absorption and
new electron-hole pair generation from photons arising
at self-emission as a result of radiation recombination
in semiconductors. These photons from self-emission
can escape from the material or can be re-absorbed. For
direct bandgap semiconductors, the absorption rate
increases rapidly to 1:10*cm-1, as shown in Fig. 2,
when the photon energy is higher than the semiconduc-
tor bandgap, as a result, the direct absorption effect is
quite strong in direct bandgap semiconductors, accord-
ing to the van Roosbroeck-Shockley ratio [22].
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Fig. 2 - GaAs absorption coefficient dependence on the photon
energy
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Fig. 3 — Geometry of photon re-absorption modeling (red line —
re-absorption after reflection from the frontal surface; green
dotted line — electron-hole pair diffusion; blue line — photon
output after double reflection; purple line — Fresnel reflection
from the frontal and back surfaces)

Pesc and Paps represent the probability density of exit
from the front surface and re-absorption, respectively,
taking into account the initial emission in the ele-
mental volume dv. The front reflection is

0:9<3,
R =1-T, = ,
1:9> 8,

where the critical angle @ is defined as siné. = 1/n and
n is the GaAs refractive index.
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The model calculates the probability of a photon es-
cape from the front surface and its re-absorption into
the GaAs solar cell. The spontaneous distribution of
photon output is calculated as follows [23, 24]:

_20{(E)nz(E)E2 1
- 3.2
he exp(E_qu—l

S(E) , (2.16)

kT

where a(E) is the layer absorption coefficient, n(E) is
the layer refractive index, Vis the bias voltage.
When E — qV >> kT, it can be written:

2a(E)n*(E)E* -E \%
(E)z()hgcz()exp(wjexp[iTj.(Zlﬂ

Integrating by energy, the normalized photon out-
put probability is as follows:

¢(E)n*(E)E® (-
S(E)= 2 EhBCZE;S:;c(ifjexp(%j 2.18)

The probability of a particular photon escape from
the front surface is equal:

L L
1—e cost 1+Rbe cost
T

J‘E f
0 2aL - 2L
1-R/Rye

X

P =35 (E)

xc080sinOdOdE
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The probability of re-absorption is equal to

_aL
”[l_e cos.9]
P =1-[*S(E)f2> /4 2.20
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the external luminescence efficiency 7ex is
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Bnockonaneuns ¢gisuuHoi Mmogesi COHIYHUX ejleMeHTiB Ha ocHOBI GaAs

P.B. 3aiines, M.B. Kipiueuxo

Hauionanvruii mexuiunuii ynisepcumem «XapKi8CobKULl NOJILMeEXHIYHUTL THCMUMymy,
eyn. Kupnuuosa 2, 61002 Xapxis, Vpaina

3aJIs1 MUPOKOMAINTA0HOTO BUKOPUCTAHHS COHAYHMX €JIEMEHTIB Ha ocHOBI GaAs HeoOXiJHO MmigBHUIILY-
BaTH IX e()eKTUBHICTD Ta 3HUKYBATH BUTPATHU HA iX BUTOTOBJIEHHs. [CHyOUa MOJEb, 10 OIKACYE IIPOIECH Y
HAITIBIIPOBITHUKOBOMY MaTepiasi, Mae 3HAYHI CIPOINEHHSA Ta He BPAXOBYeE IUIAHA Psj 3HAYHUX IIPOIIECIB. ¥
po0oTi po3rissHyTa IpobseMa OIITUMi3allii IPOIleciB y COHSYHMAX eJeMeHTaxX Ha OCHOBI apCeHiqy raJiiwo, 3a-
IIPOIIOHOBAHO BPaXyBAHHSI MEXaHI3MIB IIPOMEHEBOI, [I0BEPXHEBOI PEKOMOIHAIIT, KOTPl MAIOTh CYTTEBUI BILJIUB
1 paminre B paMiax (isMUHOI MOAeJi He POo3IIAmamcsa. Takod y pobOoTi pO3rJISHYTO METOON BpaxyBaHHSI
THOBTOPHOI'O HOTJIMHAHHSA (DOTOHIB, BILIMB SKOI0 y COHAYHUX eJieMeHTax Ha ocHOBI GaAs BpaxoByeThCs LLIS-
XOM II00YI0BH MOJIEJIi IIOBTOPHOTO HOTJIMHAHHS (POTOHIB. 3a OCHOBY 3aIIPOIIOHOBAHOI MOJIEJIl 00paHo MOIEJIb
noBTOpHOro morauHauHs ¢ortouis [llTeifinepa, sika yCIiIIHO 3aCTOCOBYETHCS JJIsI MOZEJIIOBAHHS OJHOIIEPeXi-
IHUX coHsTYHUX Oarapeit GaAs 3 ypaxyBaHHSIM JeSIKAX IPAHUYHAX YMOB IIOAO BPaXyBAHHS IIPOIIECIB PEKO-
MOIHAITT HA BHYTPIIIHIX MOBEPXHAX HPHJIALy. PO3paxyHKN 3 BUKOPHCTAHHSAM 3AIIPOIIOHOBAHOI MOIEJI [10-
3BOJIMJIM 3aIIPOIIOHYBATH ONTUMI30BAHE PIIIIEHHS TOHKUX COHSAYHMX eJIeMeHTIB Ha ocHOBI GaAs 3 xopormmm
JI3ePKAaJIOM HA 3a/Hii CTOPOHI Ta 3HUIKEHOI0 ITOBEPXHEBOI PEKOMOIHAITIEIO.

Knrouosi cimosa: @oroestexrpuuni nepersoprosaui, GaAs, KKJI, Ilosepxuesa perombGinaris, ITosropue

HOTJIMHAHHS (DOTOHIB.

06015-6


https://doi.org/10.32918/nrs.2018.3(79).01
https://doi.org/10.32918/nrs.2018.3(79).01
https://doi.org/10.1016/j.solmat.2013.08.009
https://doi.org/10.1016/j.solmat.2013.08.009
https://doi.org/10.1109/JRPROC.1957.278528
https://doi.org/10.1016/j.solmat.2009.01.020
https://doi.org/10.1016/j.mejo.2004.11.001
https://doi.org/10.1103/PhysRev.94.1558
https://doi.org/10.1063/1.4951701
https://doi.org/10.1063/1.4951701
https://doi.org/10.1109/YSF.2015.7333226
https://doi.org/10.1007/978-0-387-29185-7_23
https://doi.org/10.1007/978-0-387-29185-7_23

