Mikhail TIVANOV', Alexander MOSKALEV', Iryna KAPUTSKAYA', Pawet ZUKOWSKI?
Belarusian State University, Minsk, Belarus (1), Lublin University of Technology, Lublin, Poland (2)

doi:10.15199/48.2016.08.23

Calculation of the ultimate efficiency of p-n-junction solar cells
taking into account the semiconductor absorption coefficient

Abstract. A model based on the famous model of Shockley—Queisser for calculation the ultimate efficiency of solar cells has been proposed, taking
into account the dependence of the semiconductor absorption coefficient on the band-gap and on the energy of the incident photons. The
dependence of the ultimate efficiency of solar cells on thickness of the absorption layer was found out for homogeneous solar cells.

Streszczenie. Opierajgc sie na znanym modelu Shockley a—Queisser'a do obliczerr maksymalnej sprawnosci ogniw stonecznych, zaproponowano
model biorgc pod uwage zalezno$¢ wspoéfczynnika absorpcji potprzewodnikéw od pasma wzbronionego oraz energii padajgcych fotonéw. Okreslono
zalezno$¢ maksymalnej sprawnosci ogniw stonecznych od grubo$ci warstwy absorpcyjnej dla jednorodnych ogniw stonecznych. (Obliczanie
maksymalnej sprawnosci zfgcza p-n ogniw sfonecznych na podstawie wspoéfczynnika absorpcji pétprzewodnikoéw).
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Stowa kluczowe: ogniwo stoneczne, maksymalna sprawno$é ogniw stonecznych, limit Shockley'a—Queisser'a, wspétczynnik absorpciji.

Introduction

Solar radiation has the largest potential among
renewable energy sources [1,2]. The most common method
of solar energy conversion into electricity is based on the
use of solar cells (SCs), as it has shown promise in
producing devices with a stable performance and high-
efficiency [2,3]. The main goal of the solar industry is to
improve the efficiency of solar energy conversion into
electricity by SCs. Solution of this problem requires
continuous investigation of SCs which includes the study of
different materials for constructing SCs and the
development of the procedures of calculation the limits of
efficiency of SCs.

To estimate the ultimate efficiency of a solar cell the
well-known model of Shockley and Queisser is commonly
used. Shockley and Queisser suggested that the carrier
generation in the solar cell is defined by a detailed balance
between light absorption and radiative recombination [4].
According to this model, the carrier mobility is infinite and all
incident photons with the energies above the band-gap are
absorbed. Thus, this model does not consider the
dependence of the absorption coefficient on the
semiconductor band-gap and on the energy of the incident
light [5]. However, the data of the ultimate efficiency of solar
cells based on different semiconductors with different
optical properties are very important [6, 7].

We have developed a procedure for calculating the
ultimate efficiency of SCs, taking into account the
dependence of the absorption coefficient on the
semiconductor band-gap and on the energy of the incident
light. The effect of the thickness of the absorption layer on
the ultimate efficiency of direct-band semiconductor solar
cells was demonstrated for two cases: for the case of a total
concentration of solar radiation and accounting the solid
angle at which the Sun can be seen.

The Shockley—Queisser model for solar cells

Shockley and Queisser developed a formalism to
calculate the limit of efficiency of a p-n-junction solar cell [4].
They suggested that the generation of carriers in the SC is
defined by a detailed balance between light absorption and
radiative recombination.

Ideally, the carrier mobility is infinite, and the position of
the Fermi level is quasi invariant. Also ideally, the surface
recombination velocity is zero. In equilibrium, the energies
of two quasi-Fermi levels (Egy for the p-type semiconductor
and Egc for the n-type semiconductor) are the same. The

electric contact between semiconductors of two types is
supposed to be ideal. The voltage V appearing between the
two electrodes is defined by the difference in the quasi-
Fermi levels of the majority carriers and can be obtained
from the following equation:

(1) eV=E_ -E_,
FC FV
where ¢ is the elementary charge.
The total power density of the Sun radiation A can be
found from the Stefan-Boltzmann law:

) H=oT',

where ¢ is the Stefan-Boltzmann constant, 7,=5800 K is the
temperature of the Sun.

When light absorption occurs in the semiconductor, the
electrons make a transition from the valence band to the
conduction band (the generation of electron-hole pairs
takes place). In accordance with the principle of a detailed
balance, the reverse process also takes place so the
electrons make back transition from the conduction band to
the valence band and emit photons. This process is called a
radiative recombination. Ideally, the absence of any non-
radiative recombination mechanism is supposed.

The difference between the number of absorbed and
emitted photons determines the limit of the photocurrent
density Jpn in SCs [8]:

3) g, =e(®-d,),

ph
where ®, and @, are the photon fluxes incoming and
outgoing the solar cell, respectively. The streams of
photons are determined by Planck's equation [9]:
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where & is the absorptivity or the emissivity (according to
Kirchhoff's law of thermal radiation we consider that the
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absorptivity is equal to the emissivity); 9S is the solid angle

at which the Sun can be seen; 7, is the temperature of the
SC; h is Planck's constant; ¢ is the speed of light; & is
Boltzmann's constant; Eg is the band-gap width.

Shockley and Queisser supposed that all incident
photons with the energies above the band-gap energy are
absorbed, i.e. £ =1 [4].

If the filling factor of SC I-V characteristics tends to
unity, the efficiency of SC 5 [2] is equal to

V|ido —d
(6) U:Lur)-
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The modified Shockley-Queisser model

Unlike Shockley and Queisser, we take into account that
& < 1. Absorptivity & is defined by the following formula
according to the Lambert—Beer law:

- —ad
(7) - M = l—exp(—ad),
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where [, is the intensity of the incident light, a is the
absorption coefficient, d is the thickness of the absorption
layer.

We suggest that the absorption coefficient of the
allowed direct dipole transitions is determined by the
following equation [10-12]:

)3/2
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where n is the refraction index of the semiconductor; m, is
the effective mass of the electron; m, is the reduced
effective mass; ¢, is the electric constant.

For the majority of direct band semiconductors the
absorption coefficient can be calculated from the following
expression [13]:

1/2
hv—E
@) a(hw)=4-E Q
& hv

where « is measured in cm"1, hv and E, are measured in eV.
The constant A in expression (9) is determined by the
properties of a particular material and its value varies in the

range of about [10%; 10°] cm” (eV)fl/2 )
For example, we obtained the following values of

constant A (in cm | (eV)fl/z) for some materials using
equation (8): InSb (2:10%), InAs (3.2:10%), GaSb (3.4:10%),
GaAs (4.7-10%, InP. (5.2:10%, ZnSe (7.9-10%, ZnO
(1.1-10°), GaN (1.1:10°).

Using equation (8) for the absorption coefficient, the
ultimate efficiency of the solar cell can be calculated more
precisely from expressions (6) and (4-5).

Ultimate efficiency of p-n-junction solar cells

We also considered the light absorption in solar cells in
two cases: in the case of a total concentration of solar
radiation and in the case of normal concentration taking into
account the solid angle at which the Sun can be seen.

For the case of a total concentration of solar radiation

§ =A4msr,or 9 =665 107 o (the solid angle at which

the Sun can be seen) for the case of normal concentration
[111.

Fig.1 shows the results of calculation of SC efficiency for
& =1 corresponding to the Shockley-Queisser model.

If T.=0K (plot 1) then we obtain the well-known
dependences of SC efficiency on the band-gap of the
photoactive material which were obtained earlier by
Shockley and Queisser. The curves for a total concentration
and normal concentration coincide with each other for
7,=0 K due to the absence of a term describing the radiation
loss. It is also seen from Fig.1 that at room temperature the
efficiency decreases because of a non-zero term describing
the radiation loss (see equations (5) and (6)).
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Fig.1. The dependences of the maximum efficiency of solar cells on
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Fig.1 shows that the maximum efficiency is about
43.5 % at the band-gap of 1.0 — 1.1 eV at 0 K and doesn't
depend on the conditions of illumination of the SCs. At a
temperature near 300K in conditions of a total
concentration of the solar radiation the maximum efficiency
corresponds to 1.0 — 1.1 eV, but its value is smaller and
approximately equals to 41%. At the normal temperature
there is a considerable influence of the degree of
concentration of the radiation on the dependency of the
maximum of efficiency on the semiconductor band-gap: for
normal concentration of radiation the maximum of

efficiency shifts to the range 1.2 —1.3eV and its value
equals approximately 31 %.

If the absorptivity £ < 1 and is determined by (7) and (9),
the efficiency of SCs depends on the thickness of the
absorption layer and on the value of the constant A in
equation (9) for the absorption coefficient.

Fig.2 and Fig.3 show the results of calculation the
efficiency of SCs for several values of thickness of the
absorption layer in cases of total concentration and normal
concenctration, respectively. The constant A in equation (9)

was assumed to be equal t010° cm™" (eV)_l/2 . Obviously, if
the value of this constant for some material is definite times

less than 105cm_1(eV)_l/2 then the obtained

dependencies will correspond to the cases of the same
times higher thickness of the absorption layer, as it follows
from equation (7).

The analyses of Fig. 2 and Fig. 3 reveals that maximum
of efficiency of SC becomes higher when the thickness of
the absorption layer is increased. When constant A in the
absorption coefficient (see eq. (9)) is equal to

10°em”! (eV)_l/2 and the thickness of the absorption layer
is increased above 1 um then the obtained dependencies
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tend to the dependencies corresponded to the Shockley-
Queisser model (Fig. 1).
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Fig. 2. The dependences of the maximum efficiency of solar cells
on the semiconductor band-gap in the case of total concentration of
radiation and various thicknesses of the absorption layer:
1-d=100um;2-d=1um;3-d=0.5um; 4 -d =0.1 ym.
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Fig. 3. The dependences of the maximum efficiency of solar cells
on the semiconductor band-gap in the case of normal concentration
of radiation and various thicknesses of the absorption layer:
1-d=100 ym;2-d=1um;3-d=0.5pum; 4 -d =0.1 ym.

So, the increase in thickness of the element more than
1 um is not expedient. This result is in a good agreement
with [14] for Cu(In,Ga)(S,Se),-SC. Actually, both in cases of
total and normal concentration of radiation the thickness of
the absorption layer substantially effects on the dependency
of the efficiency of SCs on the band-gap if the thickness is
less than 1 ym. When the thickness is decreased the
maximum of efficiency shifts to the range of greater E;. The
increase of thickness more than 1 um doesn't cause any
substantial changes. Note that these conclusions are actual
for the substances with the constant A in equation (9)

equalle5 cm” (eV)_l/2 , for example GaN. For InSb with a

constant 4 =2-10"fm"" (eV)fl/2 the expedient thickness
of the absorption layer is equal approximately to 5 ym.

Conclusion

Thus, we have developed a model for calculation the
maximum efficiency of solar cells based on the well-known
Shockley-Queisser model taking into account the
dependence of the absorption coefficient on the
semiconductor band-gap and on the energy of the incident
light. The dependence of the ultimate efficiency of solar
cells on thickness of the absorption layer was found out for
homogeneous solar cells in the considered cases: in the
case of a total concentration of solar radiation and in the
case of normal concentration taking into account the solid
angle at which the Sun can be seen.
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