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The efficiency of solar cells depends on the quality of passivation of surface. The quality of passivation is
analyzed as a function of the dependence of the open circuit voltage on the light intensity. Therefore, in this
article, the dependence of the photoelectric parameters of the silicon-based solar cell on the light intensity
was studied. According to the obtained results, it was found that the variation of the short-circuit current
through light intensity is equal to 25.6 mA/suns cm?2. The agreement of the results obtained in research and
modeling with the results of experiments proves the validity and correctness of the model. In this paper, the
Sentaurus TCAD model of a silicon-based solar cell is experimentally verified. So, the dependence of the open
circuit voltage of the silicon-based solar cell on the light intensity was studied through modeling and experi-
ment. The functional dependence of the open circuit voltage obtained in the modeling satisfied the experiment.
Therefore, the model of the solar cell created in Sentaurus TCAD is suitable for research. So, we can use model
created in Sentaurus T'CAD in our further researches. In addition, the fill factor of solar cell increased with
increasing intensity. This proves that the resistive properties of the solar cell are improving.
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1. INTRODUCTION

Today, meeting the need for electricity with renewable
energy sources is one of the urgent issues. There are many
types of renewable energy sources. Most important of them
is solar energy. A device that converts light energy from the
sun into electrical energy is called a solar cell. In industry
mainly silicon-based solar cells are produced [1]. Electricity
from solar cells accounts for 3.9 % of the electricity pro-
duced in the world [2]. Due to the low efficiency and high
cost of solar cells, they are not widely used. For example,
the efficiency of an industrial silicon-based solar cell is
23.46 % [3]. There are 3 main types of losses in solar cells
[4]: optical [5], electrical [6] and thermal [7]. Optical losses
include spectral mismatch, reflection, and parasitic absorp-
tion. To reduce spectral mismatch, the surface of the solar
cell 1s coated with luminescent materials [8]. Luminescent
(down-shifting) materials can absorb high-energy photons
and emit lower-energy photons. Also, some luminescent
(up-conversion) [9] materials absorb lower-energy photons
and emit high-energy photons. Since the bandgap of silicon
is 1.12 eV, silicon-based solar cells mainly absorb light in
the visible spectrum [10]. It almost does not absorb light in
infrared spectrum. In order to increase the absorption of a
silicon-based solar cell in infrared spectrum, its surface
should be coated with upconversion luminescent materials
[11]. To reduce the reflection of the incident light on the so-
lar cell, its surface should be covered with an anti-reflection
layer [12] and formed various textures [13]. When a high-
energy photon is absorbed in silicon, a high-energy electron
is generated. A high-energy electron is unstable and
quickly recombines. The energy generated during recombi-
nation causes heating of the crystal lattice. To reduce this
parasitic absorption, a silicon-based solar cell must be
coated with downshifting luminescent materials [14]. In
the back contact of solar cells, infrared lights are well
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absorbed. Therefore, the temperature of the solar cell in-
creases rapidly. To prevent heating of the solar cell, its back
contact should be made in the form of a grid.

Due to the dangling bonds on the silicon surface, the
amount of recombination is high [15]. Surface recombina-
tion is reduced by coating with a passivation material. In
silicon-based solar cells, mainly use SiNy and SiOz are used
as passivating materials [16]. The quality of the surface of
the solar cell affects its parameters. It is possible to analyze
the passivation quality of the surface of the solar cell using
the function of the dependence of the open circuit voltage
on the light intensity. Therefore, in this article, the depend-
ence of the open circuit voltage of a silicon-based solar cell
on the light intensity was studied by simulation and exper-
iment. Second aim of this work is comparison of simulation
results with experiment. It helps to verify validation of
model created in Sentaurus TCAD.

2. MATERIALS AND METHOD
2.1 Experiment

The relationship between open circuit voltage and
light intensity was measured on a Sinton Suns-Vi. de-
vice. Since Sinton Suns-Vo is an automated device, its
measurement accuracy is high. The device has a xenon
lamp, and its intensity changes from 3.6 suns to
0.01 suns solar intensity in 13 ms, as shown in Fig. 1.
The maximum intensity can be increased to 6 suns by
changing the height of the lamp. During 13 ms, the de-
vice measures the open circuit voltage of different inten-
sities. The obtained results are saved in the form of data
in the control software of the Sinton Suns-V,. device. To
analyze the results, Sinton Suns-V,. software uses two
different methods: Generalized and QSS (Quasi-steady-
state) photoconductivity. Generalized method is mainly
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used for silicon solar cells and QSS method for non-sili-
con solar cells. Since our sample is a silicon-based solar
cell, we used the generalized method to analyze the ob-
tained results.
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Fig. 1 - Variation of light intensity of Suns-V,. device during
relaxation time

Emitter and base thicknesses of the sample are 175 um
and 1 pum, respectively. The relaxation time of the light
should be selected according to the thickness of the sample.
If the thickness of the sample is less than 300 um, the re-
laxation time should be 13 mec. Therefore, in the graph
given in Fig. 1, the relaxation time of the lamp is 13 mec.
1 x 17 cm ~3 Phosphorus atoms and 1 x 15 cm ~3 Boron at-
oms were doped into the emitter layer and base of the sam-
ple. In order to accurately measure the I-V characteristic
using the Suns-Vi. device, the short-circuit current density
must be entered correctly. The short-circuit current density
of the sample was measured using an ammeter. The sur-
face of the sample is coated with 100 nm thick SiNy as an
anti-reflective and passivation layer. Front and rear con-
tacts are made of aluminum. In addition, the resistivity of
the base is 2 Ohm x cm.

2.2 Simulation

Today, various programs have been developed to
simulate the solar cells in 1D, 2D and 3D dimensions.
For 1D simulation, PC1D [17], SCAPS-1D [18] and
AMPS-1D [19] are available. Sentaurus TCAD [20], Sil-
vaco TCAD [21] and Lumerical TCAD [22] are widely
used to simulate solar cells in 2D and 3D dimensions. In
this paper, Sentaurus TCAD software was used to sim-
ulate the solar cell. Sentaurus TCAD has 23 main in-
struments. Four of them were used to model the solar
cells: Sentaurus Structure Editor, Sentaurus Device,
Sentaurus Visual and Sentaurus Workbench. A geomet-
ric model of the solar cell is created in the Sentaurust
Structure Editor. The material type, doping concentra-
tion and type of each layer are given. In addition, since
the calculation was carried out using a numerical
method, the solar cell was meshed in the required di-
mensions. The p-n junction and contact areas are
meshed in smaller sizes, and the overall structure is
meshed in larger sizes. Because the p-n junction and
contact areas are active, there will be many physical pro-
cesses. Solar cells are simulated in 2D because of their
symmetry. The thickness and doping concentration were
taken to be the same as those of the sample used in the
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experiment. The general structure was meshed with a
size of 1 um and active areas with a size of 0.2 um. After
the geometric model is developed, the physical parame-
ters of the necessary materials are given in Sentaurus
Device. The photoelectric parameters of the solar cell are
strongly depended on the light spectrum. Therefore, a
light spectrum close to the solar spectrum should be se-
lected. In this scientific work, AM1.5G was used as the
light spectrum. Solar cells are simulated based on fun-
damental theories of optics and semiconductor physics.

When light fall on the boundary between two medi-
ums, it reflects and refracts. The angular distribution
between the incident, reflected and refracted rays at the
boundary of two mediums is calculated by Snell's law,
and the energy distribution is calculated by the Fresnel
formulas given in formula 1.

- n, cos f# —n, cosy
* n,cosf+n,cosy
‘ 2n, cos

" n,cosB+n,cosy

. n, cosy —n, cos 3
P n, cosy+n,cosf
= 2n, cos

?" n,cos f+n,cosy

@®

Here: r; and ¢ are the Fresnel coefficients for trans-
versal polarized light, r, and ¢, are the Fresnel coeffi-
cients for parallel polarized light, n1 and n2 are the re-
fractive indices of first and second media, Bis the angle
of incident light, yis the angle of refracted light.

Light is absorbed when it passes through the me-
dium. The amount of light absorption is calculated using
the Burger-Lambert law given in formula 2, depending
on the optical properties of the medium and its thick-
ness.

G (x,y,2,t) = I(x,y,z,t)[l —e‘“LJ (2)

Here: Gop: is optical generation, I is light intensity,
L is medium thickness, x, y, z are Cartesian coordinates,
t is time, « is absorption coefficient of medium.

Since the solar cell is a complex optical system, light ab-
sorption, reflection and transmission cannot be calculated
only by Fresnel or Burger-Lambert law. Therefore, we need
a more perfect model for optical simulation. To calculate
the optical properties of solar cells, Sentaurus TCAD
mainly uses 3 models [23]: Transfer Matrix Method
(TMM), Ray Tracing and Beam Propagation. In this paper,
we used TMM for optical simulation. Because TMM takes
into account the surface roughness of the solar cell and the
internal interference in the layers. After determining the
light absorption coefficient of the solar cell, the electron-
hole generation is calculated using the quantum yield func-
tion. The quantum yield function is a logical function. If the
absorbed photon energy is greater than the bandgap of the
material, the quantum yield function is equal to 1, other-
wise it 1s equal to 0. Electrons belong to the fermions and
follow the Fermi-Dirac distribution. Therefore, the electron
and hole concentrations are calculated using the Fermi
function given in formula 3.

E,, -E, E,-E
— ] va p=NvF1/z[VkTF’pj ®)

Here: Nc and Ny are the densities of states in conduc-
tion and valence bands, E. is the minimum energy of
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conduction band, E, is the maximum energy of valence
band, T'is the temperature, k is the Boltzmann constant,
Er,n and Erp are the quasi-fermi energies.

The electron and the hole are separated by the inter-
nal electric field of the p-n junction. The electric field
generated around ions and charge carriers is calculated
using Poisson's equation given in formula 4.

Ago:—%(p—n—ND+NA) 4)

Here: ¢ is the permittivity, n and p are the electron
and hole concentration, Np and Na are the concentra-
tions of donor and acceptor, g is the charge.

Electrons and holes recombine when moving in a
semiconductor. There are 3 main types of recombination
in semiconductors: Auger, Radiative and Shockley-
Read-Hall (SRH). Since silicon is an indirect semicon-
ductor, the percentage of radiative recombination is ap-
proximately less than 1 %. Therefore, radiative recombi-
nation shouldn’t be taken into account when simulation
of silicon solar cell. SRH recombination occurs due to de-
fects. Each defect creates a specific energy level in the
band gap. An electron in the conduction band falls into
the valence band through the energy trap of defects and
recombines. The energy generated during recombina-
tion turns into phonons and causes heating of the crystal
lattice. The amount of SRH recombination is calculated
using formula 5 in Sentaurus TCAD.

2
NP =YY ol eff

RSRH:
r,(n+y,n)+z, (p+7/pp1)

net

®)

Here: ya, 3 are the coefficients, 7, 7p are the electron
and the hole lifetime, n1, p1 are the electron and the hole
concentration on the trap.

If the energy generated during the recombination of
a carrier is transferred to another carrier, this is called
Auger recombination. Therefore, Auger recombination
strongly depends on the concentration of charge carri-
ers. Therefore, Auger recombination is dominant in the
emitter region of the solar cell. Auger recombination is
calculated using formula 6. Auger coefficients depend on
the type of material and the doped atom.

R2, =(Cnn+Cpp)(np—nfeff) (6)

Here: Cy, Cp are Auger coefficients, niefis the intrin-
sic carrier concentration.

Charge carriers have two types of movement: the
drift and diffusion. Drift movement occur due to the in-
fluence of the electric field and the diffusion movement
due to the concentration difference. The movement of
charge carriers is represented by drift and diffusion
movements. An electric current is created due to the
transport of charge carriers. The current is calculated
using the continuity equation. Sentaurus TCAD has 3
different continuity equation models: Drift-Diffusion,
Thermodynamic and Hydrodynamic. In the thermody-
namic and hydrodynamic model, the effect of tempera-
ture on the transport of charge carriers is also taken into
account. In this article, since we did not study the effect
of temperature on the parameters of the solar cell, we
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calculated the transport of charge carriers using the
Drift-Diffusion model given in formula 7.

J, = u,(nVE, -1.5nkTVInm,)+ D,(Vn-nViny,)
J, = 1,(pVE, +1.5pkTVInm,)— D, (Vp-pViny,)

Here: J» and oJ, are the current densities formed by
electron and holes, m» and m, are the mass of electron
and holes, D, and D, are the diffusion coefficient of elec-
tron and holes, u and g are the mobility of electrons
and holes.

3. RESULTS AND DISCUSSION

The AM1.5G spectrum shown in Fig. 2 was used as a
light source in the simulation of the solar cell. The in-
tensity of the light was changed from 0.1 sun to 1 suns
without changing the spectrum of the light. To model the
solar cell under different light intensities, a light spec-
trum file corresponding to each intensity was created.
3,5E-03
3,0E-03
2,5E-03
- 2,0E-03
1,5E-03
1,0E-03
5,0E-04

0,0E+00
0,3 0,5 0,7 0,9
Wavelength, pm

Intensity, W/m?

Fig. 2 - AM1.5G spectrum

Fig. 3 shows the dependence of the short-circuit current
of a silicon-based solar cell on the light intensity. In the
simulation, it was known that the short-circuit current is
proportional to the light intensity. The short circuit current
at 0.1 sun was 2.55 mA/em? and at 1 sun it was
25.6 mA/cm2, The short-circuit current variation is equal to
25.6 mA/suns cm?. In the Chegaar’s experiment [24], it is
equal to 32.9 mA/suns cm?. In our simulation, the surface
of the solar cell only has an anti-reflection layer, so its
short-circuit current at 1 suns is 25.6 mA/cm?. In Chegar's
experiment, a silicon-based solar cell with a textured anti-
reflection layer was studied. Therefore, difference between
the variations of the short-circuit current of the solar cell
which measured in experiment and simulated in our model
is equal to 7.3 mA/suns ctm?2.
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£ 20,0

% 15,0
$ 10,0
2
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Fig. 3 — Dependence of the short-circuit current of a silicon
solar cell on light intensity
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Fig. 4 shows the open circuit voltage as a function of
light intensity obtained in experiment and simulation.
According to the obtained results, it was found that the
results of the simulation satisfy the results of the exper-
iment. In both experiment and simulation, it was found
that there is logarithmic relationship between the open
circuit voltage of a silicon solar cell and light intensity.
Therefore, the obtained results satisfy the theoretical
expression of the dependence of the open circuit voltage
on the light intensity given in formula 8 [25]. This proves
that our model is theoretically and practically correct.

V.=V .+ L In| — (€©)]
oc oc,1 q E
1

Here: Vi is open circuit voltage, Voc1 is open circuit
voltage under one suns illumination, E is intensity of
light, E1 is intensity of one sun.
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Fig. 4 — The dependence of the open circuit voltage of a silicon
solar cell on the light intensity determined in simulation and
experiment

The fill factor indicates the resistive properties of the
solar cell [26]. Fig. 5 shows the dependence of the fill fac-
tor on the light intensity.

In general, the fill factor increased with increasing
intensity. Therefore, the resistive properties of the solar
cell improve when the light intensity increases. Because,
when the light intensity increases, the concentration of
charge carriers in silicon increases and therefore the re-
sistivity decreases.
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Xapakrepucturu Suns-Voc KpeMHiI€BOI COHAYHOI OaTapei: eKClIepUMEHTAJIbHE Ta CUMYJISLiHe

OOCHIgsKeHHA
J. Gulomov, R. Aliev, J. Kakhkhorov, B. Tursunov

Andijan State University, 129, Universitet Str., 170100 Andijan, Uzbekistan

EdexruBHiCTh COHAYHMX €JIEMEHTIB 3aJIEKUTh BiJl SKOCTI ITacHBallil moBepxHi. fxicTs macusariii mpoaxa-
JTI30BAHO AK (PYHKITIO 3aJI€KHOCTI HAIIPYTH XOJIOCTOTO X0y BiI iMTeHcHBHOCTI cBityia. Tomy B mamiit crarTi
IOCJTIIYKEHO 3aJIEYKHICTh (DOTOEJIEKTPUYHUX ITapaMeTpPiB COHAYHOI OaTapel Ha OCHOBI KPEMHIIO BiJl IHT€HCHUB-
HOCTI cBITJIa. BiAmoBigHO 10 0TpUMAHUX pe3yJIbTATIB BCTAHOBJIEHO, 0 3MIHA CTPYMY KOPOTKOTO 3aMUKAHHSI
Jepes IHTEHCUBHICTD CBITJIA HOpiBHIOE 25,6 MA/COHIL cM2, V3romKeHICTh pe3yIbTaTiB JOCTIIKeHDb 1 MOJEJTIo-
BaHHA 3 Pe3yJIbTATAMHU €KCIIEPUMEHTIB JOBOIUTH JOCTOBIPHICTD 1 MPAaBUJILHICTE MOJEJI. ¥ Il CTATTi eKcIe-
PHMEHTAJIBHO IIITBEPIKEHO MOJIeSIb KpeMHieBoi corsunoi 6arapei Sentaurus TCAD. Takum unHOM, HLISIXOM
MOJIeJIIOBAHHS Ta €KCIIEPUMEHTY JOCJILIPKEHO 3aJIeKHICTh HAIIPYTH X0JI0CTOI0 X0y KPEMHIEBOI COHIYHOI Oa-
Tapei Bi iHTeHCUBHOCTI cBiTa. OTprMaHAa IIPU MOJEIIOBAHHI (DYHKI[IOHAIBHA 3AJIeIKHICTh HAIPYTH X0JIOC-
TOTO XOJy 3a/I0BOJIBHO y3ro/sKyeThes 3 excrepumenTom. CrBopena B Sentaurus TCAD mozens corsunoi 6a-
Tapel mpumaTHA A8 gocyimskeHHa. Kpim Toro, KoedillieHT 3ari0BHEHHS COHSYHOI 6aTapel 3pocras 31 36171b-
IIeHHAM 1HTeHCcrBHOCTI. [le J0BOIUTS, 110 Pe3UCTUBHI BJIACTHBOCTI COHAYHOI OaTapel MOKpPaIIIINACh.

Knrouosi cnosa: Conauna 6arapes, Cumymnarop, Hampyra xosocroro xomy, @oToeneKTpuyHl mapaMeTpH,
ITacusaisa.
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