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Abstract

Thin film solar cell along with enhanced absorption property will be the best, so combination of SiGe alloy is
considered. The paper presented here consists of a numerical model of Si/Si,_,Ge, heterojunction solar cell.
The addition of Ge content to Si layer will affect the property of material. The research has investigated
characteristics such as short circuit current density (Jsc), generation rate G , absorption coefficient («), and
open circuit voltage (Vo.), power, fill factor (FF) with optimal Ge concentration. The speculative
determination of appropriate germanium mole fraction is done to get the maximized thin-film solar cell
efficiency.

Index Terms: vegard’s law, short-circuit current density, Saturation current (Is), Generation Rate, Absorption
Coefficient and open circuit voltage.
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1. Introduction

The renewable source of energy generated from solar cell plays a vital role in near future. Crystalline
silicon semiconductor is less preferable for solar cell because of its indirect band structure resulting the low
absorption coefficient. Therefore, silicon heterojunction junction is preferred with large band gap for high
performance by achieving high electrical voltage [1]. Solar cell material is decided on the basis of the good
spectrum absorption. The optical absorption coefficient of Ge is higher than that of Si and the energy band
gap of Si is higher than Ge. This makes the alloy to have trade-off between absorption coefficient and energy
band gap [2]. The increment of Ge content in the alloy result in increment in absorption at longer wavelength
and decrement in resulting band gap. This method is used for speculating the exact germanium mole fraction
for achieving highest efficiency before fabrication. Here we have considered trapping at the interfaces while
simulating the performance. In previous model [3] result has been published without considering trapping.
The limitation of previous research was the efficiency curve, without trapping the curve will not show the
exact behaviour as compared to the real scenario. This model will provide the approximately exact efficiency
characteristics that can be useful in future research for boosting efficiency. In Section 2, the system model has
been discussed. Simulation results are presented under Section 3 with simulated data and efficiency
comparison.

2. System Model

The air mass coefficients (AM) have been defined for comparing the solar module performance under
standard test conditions. Figure 1 show the spectral irradiance curve with top most curve representing solar
spectrum outside the earth’s atmosphere also known as air mass zero condition (AMOQ) which reaches the
earth’s surface directly. The middle and bottom curve represent AM1.5 Global and AM1.5 Direct,
respectively.

The model investigated is of form Si/Si,_,Ge, where x represents the mole fraction of germanium. The
n-on-p model energy band diagram is shown in figure 2. The valance offset AE, plays important role while
calculation of emission rate. The thin film Heterostructure solar cell [3] is show in Fig. 3, where most of the
absorption took place at SiGe layer. At top most layer antireflection coating of indium tin oxide is used to
allow maximum light through it. A highly doped thin layer of 5nm n- type silicon act as luminescence
efficiency booster [4]. Thickness of SiGe layer is assigned different values while the bottom p type silicon
substrate is of 100 nm. A photon having energy less than the band gap do not contribute whereas photon with
energy greater than or equal to band gap (E,) generates electron hole pairs within the active region. These
generated electrons experiences diffusion (concentration difference) and drift (applied voltage) to generate
photocurrent. Table 1 summaries important parameters used for simulation. Here we will consider the case of
holes first using coordinate assumption as given in [3].
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Fig.1. Solar spectral irradiance
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Fig.2. Energy band diagram

Fig 3. Si/SiGe Heterostructure

Table 1. Parametric value used in simulation

Parameters Value
Concentration (SiGe) 3% 10% m?
Concentration (Si) 3% 10% m?
Device Area (A) 4% 107 m?
Mobility Si (u) 270 x 1074
Mobility Si () 93 x 107
Mobility Ge (utn) 350 x 1074
Mobility Ge (up) 80 x 10—
Na 15x10% m?
Na 5x10% m?
Ty 1% 107% s
dsi 100 % 107% m

The following equation (1-15) is used for generating a numerical model in MATLAB. Using the
differential equations, we have calculated the exact solution for diffusion current density and used it further
for computation of efficiency. Combining one-dimensional steady-state continuity equation for hole in n-side
under low injection condition with current density equation (assuming no electric field) is

Gp— BBz 2 & (—qD, %) =0 @)

Where G, is the generation rate of holes with p =~ density of hole at equilibrium and p, density under
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illumination. b, is the diffusion coefficient of hole for n-SiGe
G4 X) = a(DF(D[1 — R(A)] e—ox )

Substituting value of G in Eq.1 from Eq. 2 we get differential equation as follows

d a(DFD[1-R(D)] el
—p;' _Pn P 3)
dx Ty Dy TpDy D,

The solution of differential Eq.3 is of form
vi(x) = #,e™* + xpe” ™ (@)

where m is the homogenous root of different equation. Let us assume the value of constants

My = i;'b and #, = "J:E'b (5)

Substituting value of constants in Eq.4 from Eq. 5 and after few manipulations we get equation
v(x) = w cosh{mx) + 1 sinh(mx) (6)

Therefore using Eq. (4-6) the general solution of Eq.3 is given as

Pn — Pro = mcosh( - = ) + iy sinh ( -

JTrlp JTrlp

x ) _ R,:A)F,:A‘:Ej;_;,:i)j gl (7)
P=P

where L, = /7, D,is the diffusion length of holes in n-SiGe. Now applying boundary condition at surface [4]
we get final diffusion current density for holes at depletion edge as a function of wavelength

5 4 [7"cosh i]e (2 [ 1 sinhﬁ]e aaaaa ()
qu(l)(l—R)J e (4) D, asise(l) D, L, e (A) L L,

_ P
e, (M7 ) (S,L, /D, )sinh(x;ge, / L, )+cosh(x; /L, ) (5 (S,L, /D, )sinh(x; /L,)+cosh(x; /L,)

s (/1) = 7[

I”DIZ’]sinh(xJ /L, )+cosh(x;/L,)
8)

where reflectivity R is the fraction of photons reflected from surface, F{a) is the number of incident
photons per area per second, eqs,(4) is the absorption coefficient of SiGe layer and S, is the surface

recombination velocity. Similarly to find electron photocurrent at depletion edge from the base of the cell we
again apply boundary condition [4] and get

1-a, (M)} (AL (snLn/Dn)sinh(H‘/Ln)+cosh(H'/Ln)+(s"|_ﬂ/Dn)sinh(H‘/Ln)+cosh(H‘/|_n)

©)

3 (/1):_{qxF(ﬂ)(l—R)e’“”*”*‘“’“*(“WS'][1_ 1 ]{ (S,L,/D,)(cosh(H'/ L, )& " sinh(H'/ L, ) +ag (2)e =
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where H' is the length of p type Si region, D, is the diffusion coefficient of electron for
p-Si, a5 (A), L, and S,are the absorption coefficient of silicon, diffusion length of electron in p type and
recombination velocity respectively. Within depletion region the electric field is high which accelerate out the
photo generated current inside the region before their recombine. The resultant drift current density as a
function of wavelength is given as

er:l'z'ft(:";l-) = gF(A)(1 - R)[E_ﬁ:ﬁr.:':-l:'xj(l — g—ﬁ':.'ir,:':rl)w_t.-ir,:} + E_‘r.'u'il’.s':fl)l:“-.'fil’.s"'xf:l{l — E—f?:.'ir.:':i:'w:.'i}} (10)

where wgz. and ws; are depth of depletion region exceeded into n-SiGe region and p-Si region
respectively. The heterostructure cause valance band discontinuity AE, as shown in Fig.2, therefore holes get
trapped at the n-SiGe/pSi interface. The holes from this trap are emitted by a slow thermionic emission
process and, thus, take a long time to reach the contacts [1]. The trapping for long time results in
recombination and hence carrier loss occurs resulting a decrease in the photocurrent. Therefore efficiency is
also decreased as a result of downfall of overall photocurrent. Thermionic emissions process is dominant in
solar cell as it get operated at high temperature and it is govern by

—AF,

Egp =G €kt (11)

where &, is the holes emission rate, k is the Boltzman constant, T is the operational temperature in K,
and ¢ is a constant. For the speculation of holes emission rate we require 4E, through:

AE, = AE, + AE, 12)
The valence band offsets are calculated assuming very small constant value of AE.,0.02 eV [1] and using

experimental data band gap difference is calculated [5]. The factor &, by which the holes photocurrent
decreases is

8 = —2 (13)

ES‘_EJ+EF_EI
Where ¢, is the band-to-band recombination rate of holes. Here we have only considered the effect of
trapping in diffusion component. The total current density J{A) can be written as the summation of diffusion
and drift density:
JQ) =8, x J,(A) + J4 (D) + [, (D) (14)

By integrating j(4) over full range of solar radiation we obtain total photocurrent and total current can be
defined as

] = Jo(e2/*T —1) — [12J(2) a2 (15)
Where, ], is the saturation current density.

3. Simulation Results
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The numerical model is simulated using parameters used in [1,6,7] and analysis result has been produced
under this section. For simulation purpose we have collected the different properties of silicon, germanium,
the number of incident photons per area per second and used vegard law for getting the properties of
combination. The absorption curve is the resultant of vegard law applied to alpha n silicon and alpha n
germanium. The optical properties of silicon is important to analyse the overall properties of heterostructure
solar cell.
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Fig.4. Characteristic of Silicon

When a particular wavelength of light propagates through given refractive index material, the measure of
attenuation caused by absorption of energy per unit of distance is termed as absorption index. Absorption
index and refractive index of silicon is shown in Fig.4. Both are derived from same physical process in a
material. For the same wavelength of light material with large band gap will have smaller refractive index i.e.
light move faster. Therefore we required to increase index of refraction by decreasing overall band gap along
with increasing absorption index. The term absorption coefficient or extinction coefficient is intimately
related which is important in deciding the solar cell material. It gives us an idea of how far the incident light
with energy higher than threshold penetrates inside the material before getting absorbed. If we compare
germanium and silicon over absorption coefficient former one has wider spectral overlap with solar spectrum.
Adding Ge content enhances response over longer wavelength by improving absorption coefficient of overall
device. This implies generation of large number of electron hole pairs and results high short circuit current
density to enhance the efficiency.

Fig. 5 depicts the absorption coefficient of alloy at different mole fraction of Ge for the given photon
energy. This figure also depict the absorption coefficient of Si, Ge when mole fraction of Ge is lowest and
fraction is highest simultaneously. The majority of photons is absorbed at the surface of the solar cell material
therefore the generation rate is maximum at surface. The absorption of photos result in generation of electrons
in the cell and that number of generated electron at each point of device is termed as generation rate. Fig. 6
present the generation rate of the alloy at different Ge content. For the computation of current density as a
function of voltage we theoretically changed the thickness of the alloy layer. In fig. 7 the plotted curve shows
the variation in current density at different Ge content for the given device alloy thickness of 25 nm. As a
result of simulation of Eq. 15 we have to find maximum area under __ vs. V curve. Fig. 7 depicts that the

larger mole fraction of Ge, lesser is the current density. But due to the absorption and carrier trapping
combined effect, the Ge mole fraction “0.15” current density becomes maximum i.e. 264.76 A/m2 resulting in
open circuit voltage of 0.551 V.
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Whereas for 50 nm thickness of alloy the current density for different Ge content is observed to be
increased. From fig. 8 we can conclude that current density of device is increasing with decrease in Ge mole
fraction. But again due to trapping and absorption phenomenon the curve behaves exceptionally for the Ge
mole fraction” 0.15” and produce maximum current density of 382.50 A/m2 resulting in open circuit voltage
of 0.56 V. The important cell electrical parameters which contributes in efficiency of solar cell are short
circuit current density (J_,) , open circuit (V,.), maximum output power (P,,,) and fill factor (FF) [8,9,10]. The
maximum output power can be calculated through fig. 9 by getting value of maximum current (/,,,) and
maximum voltage (V,,,,,)-

Table 2 data has been taken after simulation of Eq. (1-15). MATLAB has been used for the numerical
model simulation of proposed heterojunction solar cell. After computation of current density, open circuit
voltage and fill factor for different mole fraction of germanium we can conclude that for getting maximum
efficiency germanium mole fraction of “0.1” is the most suitable combination.

Table 2. Parameters values obtained after simulation for different Ge mole fraction

Ge mole dSiGe =25 nm,  dSj =100 nm dSiGe =50 nm, dSi =100 nm
Fraction(x) Jsc . A
Si1-xGex (AIm?) voe e Efficiency | Jsc 'O Fil Efficiency

V) (%) (A/m?) V) actor (%)
0.1 239.43 0.589 0.825 11.63 358.18  0.590 0.839 17.73
0.15 264.76 0.551 0.816 11.9 38250 0.560 0.816 17.47
0.2 224.58 0.509 0.805 9.2 31532 0521 0.804 13.2
0.25 159.29 0.488 0.8 6.22 218.06  0.490 0.8 8.54
0.3 105.63 0.439 0.784 3.64 140.57 0.458 0.79 5.08

The fill factor is defined as

— Ime
Y (16)

sC " oc

FF

Therefore, under AM 1.5 the conversion efficiency of the device is give as

=% (17)

Using Eqg. 16 and Eq. 17 we get the final expression for efficiency as

1V, FF
=T (18)

in

To maximize the efficiency of the heterostructure solar cell we have to maximize all three terms in the
numerator of Eq. 18[11]. Using parameters from table 3 in Eq. 18, efficiency curve at different alloy thickness
can be plotted by fixing the thickness of Si to 100 nm. Fig. 10 shows the variation of efficiency of solar cell at
different Ge mole fraction. Increase in alloy thickness resulted in boosting of cell efficiency. At lower value
of Ge mole fraction the effect of absorption is dominating but as the fraction increases, carrier
trappingsuppress the dominating effect of absorption.
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4. Conclusion

A detail study has been done on the Si/Si,_ Ge, heterostructure solar cell to investigate the efficiency
variation at different Ge mole fraction. The active layer responsible for the absorption was Si,_,Ge, alloy layer.
From fig. 10 it can be concluded that at 50 nm alloy layer thickness, the solar cell efficiency attains greater
value than the efficiency at 25 nm of alloy thickness. In both the case at certain mole fraction, increasing
efficiency curve attains maxima and then it start decreasing. The reason behind the bending of efficiency
curve is due to absorption as well as carrier trapping. As the germanium mole fraction is increased the
absorption keeps on increasing causing more number of holes trapping in valence offset band. At high
absorption, trapping effect comes into play and will result in downfall of overall photocurrent due to
recombination. Therefore we can say that efficiency is a function of Ge mole fraction in the Si,_,Ge, alloy
layer which depends on the thickness of top Si layer and Si,_,Ge, layer. The maximum efficiency is found
approximately between x=0.12 and 0.15. Overall this method is useful for getting results when variation in
material layer, temperature, device configuration and composition of thin film solar has to be studied.
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