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ENHANCEMENT OF PHOTOCURRENT IN SILICON
SOLAR CELLS BY LASER SURFACE MODIFICATION

This paper presents a mathematical modeling study of photocurrent density
enhancement in silicon solar cells subjected to laser surface modification. The
effects of femtosecond and nanosecond laser pulses on the formation of surface
micro- and nanostructures, which determine the optical properties of the material
and the efficiency of photocarrier generation, are investigated.

The developed model is based on a comprehensive consideration of
laser—semiconductor interaction, heat transfer, surface morphology evolution,
and spectral characteristics of reflection and absorption. It is shown that
nanosecond laser pulses mainly lead to thermal modification of the surface,
including melting and recrystallization, whereas femtosecond pulses enable the

formation of subwavelength nanostructures due to non-equilibrium processes
and strong energy localization.

1t is established that laser surface modification reduces the reflectance of
silicon from 0.30—0.35 to 0.12—0.18 for nanosecond treatment and to 0.04—0.08

for femtosecond treatment, accompanied by an increase in the absorption
coefficient up to 92-96 %. The modeling results demonstrate that enhanced
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light absorption leads to an increase in photocurrent density by 15-25 % for
nanosecond processing and by 30—40 % for femtosecond processing.

The obtained results confirm that laser-induced nanostructuring is an
effective method for increasing photocurrent and improving the efficiency
of silicon solar cells.

Keywords: silicon solar cells; photocurrent; laser surface
modification, femtosecond pulses; nanosecond pulses; nanostructures,
reflectance; light absorption.

1. Introduction

In recent years, renewable energy has shown steady growth, with solar power
occupying a leading position in the global electricity generation structure [ 1; 2]. Improving
the efficiency of'silicon solar cells remains a key challenge in modern photovoltaics, as it
directly determines the economic competitiveness of photovoltaic technologies [3; 4; 5].

One of the main factors limiting the efficiency of solar cells is insufficient
absorption of incident radiation due to significant reflection losses at the silicon
surface. To reduce reflection, anti-reflection coatings, particularly based on
silicon nitride (Si,N,), are traditionally used. However, such coatings have several
limitations, including a narrow effective spectral range, dependence on the angle
of incidence, and technological complexity of fabrication [4; 6].

An alternative approach is laser surface modification, which enables the
formation of micro- and nanostructures that significantly alter the optical properties
of the material [7; 8; 9]. In particular, the formation of so-called “black silicon”
provides a gradual refractive index transition at the interface, leading to reduced
reflection and enhanced absorption over a wide spectral range [10; 11; 12; 13].

Despite numerous experimental studies, the quantitative relationship between
laser processing parameters, resulting surface morphology, and photocurrent in
silicon solar cells remains insufficiently investigated [14; 15; 16]. In particular,
the effect of laser pulse duration (femtosecond and nanosecond) on photocarrier
generation efficiency requires further analysis.

The aim of this work is to develop a physical and mathematical model
describing the influence of laser surface processing parameters on the optical
characteristics and photocurrent density of silicon.

To achieve this goal, the following tasks are addressed:

— development of a model of laser—semiconductor interaction;

— simulation of heat transfer and surface structure formation processes;
calculation of spectral reflectance and absorption characteristics;

— quantitative evaluation of photocurrent enhancement under different
laser processing regimes.
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Thus, the proposed approach makes it possible to establish the relationship
between laser processing parameters, surface morphology, and the photoelectric
characteristics of silicon solar cells.

2. Materials and Methods

2.1. Model of Laser—Semiconductor Interaction

The interaction of a laser pulse with the silicon surface is described using
the spatial-temporal distribution of the radiation intensity. For a Gaussian laser
beam, the power density can be expressed as:

Aut r
Iix. 1 =lvespl —zlexpi—),

where [ is the peak laser intensity, o is the beam radius, and t is the pulse
duration (for femtosecond and nanosecond regimes, respectively).

The absorption of laser radiation in the material is described by the Beer—
Lambert law [3;4]:

Qo= =Rya L e ™,

where R is the reflectance, o is the absorption coefficient, and z is the
penetration depth.

2.2. Heat Transfer Equation

The thermal response of silicon under laser irradiation is described by the
transient heat conduction equation [17]:

ar 3
pe ﬁ =kVT=00x1),

where p — is the material density,

¢ — is the specific heat capacity,

k — is the thermal conductivity,

T — is the temperature.

For nanosecond pulses, this equation adequately describes heat transfer
processes, as the thermal diffusion time is comparable to the pulse duration.

In the case of femtosecond pulses, it is necessary to consider the non-
equilibrium between the electron and lattice subsystems. This is described by the
two-temperature model:
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fT G(TTi+0Q.
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where T and T, are the electron and lattice temperatures, respectively, and
G is the electron—phonon coupling coefficient [9;18].

2.3. Model of Surface Nanostructure Formation

Under laser irradiation, a modified surface layer is formed, which can be
represented as an effective gradient layer with a spatially varying refractive index:

el 2 =Mt TS — Do Z hl.

where h is the characteristic height of the nanostructure.

This model accounts for a smooth transition of optical properties at the
interface and plays a key role in reducing reflection and enhancing absorption.

2.4. Optical Model

The optical properties of the surface are analyzed using the Fresnel equations
[3;4]. For normal incidence, the reflectance is given by:

R=[{n—m:v{n,+n:)]

The presence of a gradient layer leads to effective refractive index matching,
resulting in reduced reflection and increased absorption.

A decrease in reflectance and an increase in absorption are the main factors
governing photocarrier generation and, consequently, the photocurrent density.

2.5. Model of Photogeneration and Photocurrent Density

Photocurrent is a key parameter of photovoltaic devices that determines the
efficiency of solar energy conversion into electrical energy. In silicon solar cells,
photocurrent arises due to the generation of electron—hole pairs when photons
with energy exceeding the bandgap are absorbed.

The physical mechanism of photocurrent formation includes three main
processes: light absorption, carrier generation, and separation of carriers by the
internal electric field of the p—n junction, followed by their transport to the contacts.

The photocurrent density is defined by the integral expression [6]:

Ta=q ) @A) A(1)dA

where q is the elementary charge, ®(}) is the spectral photon flux density,
and A()) is the absorption coefficient.
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Thus, photocurrent is an integral characteristic determined by the spectral
optical properties of the material. In particular, the absorption coefficient is related
to reflectance by: A(A)=1-R(}A).

The photocurrent depends on several factors:

»  optical properties of the surface (reflectance and absorption);

»  surface morphology;

*  spectral composition of incident radiation;

*  carrier generation and transport conditions.

For a smooth silicon surface, significant optical losses occur due to
reflection, with reflectance values of approximately 0.30—0.35. The corresponding
photocurrent density Jono is taken as the reference level.

Laser surface modification leads to the formation of micro- and nanostructures
that provide effective refractive index matching at the air—silicon interface. This results
in reduced reflection and enhanced absorption, directly increasing the photocurrent.

For nanosecond processing, reflectance decreases to 0.12-0.18, leading to
a photocurrent increase of 15-25 %. For femtosecond processing, reflectance
decreases to 0.04—0.08, and the photocurrent increases by 3040 %.

To evaluate the efficiency of laser modification, the normalized photocurrent
is introduced:

J ph/ J ph,0°

where J_ is the photocurrent after processing and Jono is the photocurrent
of the initial surface.

For a smooth surface:

T o=l
while for modified surfaces:
ANy p

This parameter is used to analyze the spectral dependence of photocurrent
enhancement.

2.6. Numerical Method

The solution of the heat transfer equations, as well as the two-temperature
model for the femtosecond regime, is carried out using the finite difference
method (FDM) with an implicit time integration scheme (Crank—Nicolson),
ensuring numerical stability.

Spatial discretization is performed along the depth of the material using a
uniform grid:

Az=1-10nm, z_ =2-5um.
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The time step is determined by the duration of the laser pulse:
femtosecond regime: At~10"-10""s;

nanosecond regime: At~10"""-10""0s,

The system of equations is solved iteratively until a quasi-steady state is

reached after the completion of laser irradiation.

2.7. Material Parameters (Silicon)
The following physical parameters of silicon are used in the simulations:

Parameter Symbol Value
Density p 2330 kg/m?
Specific heat capacity c 700 J/(kg-K)
Thermal conductivity k 130 W/(m-K)
Melting temperature T, 1687 K
Absorption coefficient o 10°-10°m™
Refractive index n 3.4-3.6

Laser Parameters

Two laser irradiation regimes are considered:
Femtosecond laser:

—  pulse duration: ==100fs ;

— wavelength: A=800nm;

—  fluence: F=(0.1-1) J/em?.

Nanosecond laser:

— pulse duration: ==10-50ns;

— wavelength: A==1064 nm,;

—  fluence: F=(1-10)J/cm?.

2.8. Initial and Boundary Conditions

The initial temperature of the material is assumed to be:

T(z,0)=300K.
Boundary conditions:
» atthe surface, a heat flux corresponding to laser irradiation is applied;

» atsufficient depth, a thermal insulation condition is imposed:

0T/0z=0.
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2.9. Calculation of Optical Characteristics and Photocurrent
Spectral calculations are performed in the wavelength range:

A=400-1100 nm.

For each surface configuration (smooth, nanosecond-treated, and
femtosecond-treated), the following parameters are calculated:

— reflectance R(A);

— absorption coefficient A(A)=1-R(}A);

— photocurrent density J .

The photocurrent density is obtained by integrating the spectral absorption,
which allows direct evaluation of the effect of laser processing on photovoltaic
performance.

2.10. Software Implementation

The numerical simulations can be implemented using the following
software tools:

— MATLAB (main simulation environment);

— COMSOL Multiphysics (for visualization and verification);

—  Python (NumPy, SciPy) as an alternative implementation platform.

— Tosolve the system of equations, the following numerical techniques are used:

— implicit Crank—Nicolson scheme;

— tridiagonal matrix algorithm (Thomas algorithm).

3. Results and Discussion

3.1. Thermal Response of Silicon under Laser Irradiation

The results of numerical simulations show that the thermal response of silicon
strongly depends on the laser pulse duration.

Under nanosecond laser irradiation, a predominantly thermal regime is
realized, characterized by significant heating of the near-surface layer, melting
of the material, and subsequent recrystallization. The temperature field extends
to greater depths due to the development of thermal diffusion processes during
the pulse duration.

In contrast, under femtosecond laser irradiation, energy is deposited
into the material on timescales much shorter than the characteristic electron—
phonon relaxation time. This leads to strong localization of energy within the
near-surface region and the formation of high temperature gradients. Such a
regime promotes the formation of regular subwavelength nanostructures with
a minimal heat-affected zone.
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The resulting thermal regimes determine the surface morphology, which
subsequently plays a decisive role in the optical properties and photocurrent

generation (Fig. 1).
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Figure 1 — Depth-dependent temperature distribution in silicon
under femtosecond and nanosecond laser irradiation.

3.2. Formation of Effective Optical Structure

Laser surface modification results in the formation of an effective gradient layer
with a smooth transition of the refractive index in the air-silicon interface region.

For a smooth surface, the interface is abrupt, leading to significant reflection
losses. After nanosecond processing, a microstructured surface is formed, partially
smoothing the refractive index transition. However, the most pronounced effect is
observed under femtosecond irradiation, where subwavelength structures provide

efficient refractive index matching.

The resulting surface structure leads to reduced reflection and enhanced
absorption, directly affecting the photogeneration of charge carriers.

93



TopaiireipoB yHHBepcuTeTiHIH Xabapibicel. ISSN 2710-3420.

Onepeemukanvik cepusicol. Ne 2. 2026

3.3. Spectral Characteristics of Reflectance and Absorption

The simulations show that a smooth silicon surface exhibits a high reflectance
in the wavelength range of 400—1100 nm, reaching approximately 0.30-0.35. This

leads to significant optical losses and limits the photocurrent.

After nanosecond laser processing, the reflectance decreases to 0.12—0.18,
indicating improved optical properties. The most significant reduction is achieved
with femtosecond processing, where reflectance decreases to 0.04—0.08 over a

broad spectral range (Fig. 2).
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Figure 2 — Spectral reflectance of silicon before and after

laser surface modification.

Correspondingly, the absorption coefficient increases from 65-70 % for a
smooth surface to 82—-88 % after nanosecond processing and up to 92-96 % after

femtosecond processing (Fig. 3).
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Figure 3 — Spectral absorption of silicon under different laser
processing regimes.

The increase in absorption is the key factor responsible for enhanced
photocarrier generation and the subsequent increase in photocurrent density.

3.4. Enhancement of Photocurrent Density

Based on the integral photogeneration model developed in Section 2.5, the
photocurrent density was calculated for different laser processing regimes.

In accordance with the photocurrent expression, its value is determined by the
spectral distribution of absorbed radiation and directly depends on the absorption
coefficient A()L), related to reflectance by A(A)=1-R(}A).

The photocurrent density of the smooth silicon surface J |, ; is taken as the
reference level.

The simulation results demonstrate that laser surface modification leads
to a significant increase in photocurrent density due to reduced reflectance and
enhanced absorption over the entire spectral range of 400—1100 nm.

It is established that:

* nanosecond processing increases the photocurrent by 15-25%;

+ femtosecond processing increases the photocurrent by 30-40%.

The more pronounced increase under femtosecond irradiation is attributed to
the formation of subwavelength nanostructures, which ensure efficient refractive
index matching and minimize reflection losses.
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Thus, the enhancement of photocurrent is a direct consequence of increased
absorption, confirming the validity of the proposed physical and mathematical model.
The results are presented in Fig. 4.
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Figure 4 — Relative enhancement of photocurrent density
under different laser processing regimes.

3.5. Spectral Dependence of Normalized Photocurrent

To provide a more detailed analysis of the effect of laser processing on
photocarrier generation, the spectral dependence of the normalized photocurrent
density was considered:

10X ().

Here, Jph(k) is the spectral photocurrent density for the modified surface, and
Jph,o(k) corresponds to the smooth silicon surface.
The use of a normalized parameter eliminates the influence of absolute
radiation intensity and allows a direct comparison of different processing regimes.
For a smooth surface:
J /=1,

ph’ Yph0

which represents the baseline level of photogeneration.
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The simulation results show that laser surface modification leads to an increase
in photocurrent across the entire investigated spectral range. In particular:

— nanosecond processing results in a moderate increase in photocurrent;

— femtosecond processing provides the highest enhancement, especially
in the visible and near-infrared regions.

The obtained dependencies demonstrate that the photocurrent enhancement
effect is broadband and is not limited to a narrow wavelength range, as is typical
for conventional anti-reflection coatings.

Physically, this behavior is explained by the formation of a gradient refractive
index layer with a smooth transition between air and silicon, which ensures efficient
suppression of reflection over the entire spectral range.

The results are presented in Fig. 5, which shows the spectral dependence of
the normalized photocurrent density.
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Figure 5 — Spectral normalized photocurrent density (J /]
of silicon before and after laser surface modification.
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Femtosecond processing provides the highest photocurrent enhancement,
despite its greater technological complexity.
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4. Conclusions

This study presents a comprehensive mathematical modeling of photocurrent
enhancement in silicon solar cells subjected to laser surface modification using
femtosecond and nanosecond pulses. The developed model is based on a coupled
description of laser—semiconductor interaction, heat transfer, formation of surface
micro- and nanostructures, and changes in the spectral optical properties of silicon.

It is shown that the nature of laser-induced surface modification is strongly
determined by the pulse duration. The nanosecond regime is dominated by thermal
processes, including melting and recrystallization, whereas the femtosecond
regime is characterized by non-equilibrium energy deposition and the formation
of subwavelength nanostructures with strong spatial localization.

It is established that laser processing leads to the formation of an effective
gradient refractive index layer at the air—silicon interface, resulting in a significant
reduction in reflectance. In particular, the reflectance decreases from 0.30-0.35
for a smooth surface to 0.12—0.18 for nanosecond processing and to 0.04—0.08 for
femtosecond processing. Correspondingly, the absorption coefficient increases up
to 92-96 % over a wide spectral range.

The key result of this work is a quantitative evaluation of photocurrent
enhancement based on the integral photogeneration model. It is demonstrated
that increased light absorption leads to a photocurrent increase of 15-25 % for
nanosecond processing and 3040 % for femtosecond processing. Moreover, it
is shown that the photocurrent is an integral function of spectral absorption and
is directly governed by the surface morphology formed during laser irradiation.

The analysis of the spectral dependence of the normalized photocurrent
reveals that the enhancement effect is broadband and spans the entire wavelength
range of 4001100 nm. This indicates a fundamental advantage of laser-induced
nanostructuring over conventional anti-reflection coatings, which are typically
limited to narrow spectral ranges.

The scientific novelty of this work lies in the development of a physically
consistent model that establishes a quantitative relationship between
laser processing parameters, surface morphology, optical properties, and
photocurrent. Unlike existing approaches, the proposed model enables
a comprehensive assessment of different laser processing regimes while
accounting for spectral effects.

The practical significance of the results is associated with the possibility
of optimizing laser processing parameters to maximize photocurrent and
improve the efficiency of silicon solar cells. The findings can be applied in the
development of next-generation high-efficiency photovoltaic devices, including
black silicon structures.
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Future research directions include accounting for surface and bulk
recombination effects, optimization of p—n junction parameters after laser
processing, and experimental validation of the proposed theoretical dependencies.
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KPEMHUMAJIIK KYH DJIEMEHTTEPIHJIE JIA3EPJIK
MOJUNPUKAINUA KE3IHAE ®OTOTOKTBI APTTBIPY

Byn oicymvicma kpemnutinik Ky snemenmmepinoeci pomomox
MbI2bI30bl2blH APMMbIPYObIY MAMEMAMUKAILIK, MOOenboeyi aasepiik bem
eHOey acepi JHcaz0aublHOa Kapacmulpoli2an. PemmoceKyHOmblK HcoHe
HAHOCEKYHOMBIK NA3EPAIK UMNYIbCMEPOIH MAMepuaniovly ONMUKAIbIK
Kacuemmepin JcoHe 3apsi0 MAcCbIMAIOayubliapovly (Gomozenepayus
MUIMOINI2iH AHLIKMAUMbIH OEMKI MUKDO- JCOHE HAHOKYDbLILIMOAPObIH
KAbINMaAcybiHa 9cepi 3epmmenzeH.

Ycvmvinzan mooens nazepuix coynenenyoiy scapmoliail OmKizeiuneH
03apa IPeKeMMeECyiH, HCLUIYAIMACy npoyecmepin, 6em MophonocusicoiHbiy
032epYiH, COHOAU-AK WIABBLILY JCOHE JCYMbLTY CHEKMPIIK CUNAMMAMAIAPbIH
KeuwieHOi mypoe eckepyee HeeizoeneeH. Hanocekynomoik umnyibcmep He2izineH
bemmiy MepMUsLIbIK, MOOUDUKAYUSICHIHA, OHBIH TUliHOe OATKY JCoHe Kauma
KpUCmanoany npoyecmepine oKejlemiti KepcemineeH, ail QeMmoceKyHOmbIK,
UMRYIbCMeED IHEPISUSIHBLY JHCO2APbl JTOKAIUAYUACLL MeH mene-mey
emec npoyecmep HOMUNCECIHOE CYOMONKbIHObIK HAHOKYPOLILIMOAPObIH
KAbINMACy bl KAMMAMAChL3 emeoi.

Jlazepnik moougpuxayus KpeMHuL 6emiHiy wiazblity Kodgguyuenmin meaic
oem ywin 0.30—0.35 moninen nanocexynomolx, pesicumoe 0.12—0.18-ee scone
gemmocexynomwix pesicumoe 0.04—0.08-ee Oetiin momeHOememii aHbIKManobl.
Bynowcymony kosgppuyuenmininy 92—96 Yo-ea Oetiin apmyviven Kamap scypeo.
Ecenmeynep nomuoicecinoe scapblmul JcymyObity apmybl HAHOCEKYHOMbIK
enoey Kesinoe pomomox molebl30blebitbly 15—25 Yo-2a, an hemmocexyHomvIx,
enoey kesinoe 30—40 Yo-2a ecyin Kavmamaceiz ememini KOPCeminoL.

Anvinean nomudicenep azepiiK HAHOKYPbLILIMOAY Oomomoxmul
apmmaulpyOvlH MUiMOL 90ici OObIN MAOBLIAMBIHbIH HCOHE KPEMHULLIIK KYH
INEMEHMMEPIHIK MUIMOLTIZIH JCO2apbLIamy YWiH KOJLOAHBLTYbl MYMKIH
eKeHIH KopcemeOi.

Kinmmi ce30ep.: kpemHuiinix KyH snemenmmepi; homomok; 1azepiix
bem exoey; heMmoceKyHOMbIK, UMNYIbCMeED, HAHOCEKYHOMbIK, UMNYIbCmep;
HAHOKYPbLILIMOGD, WABLLLY KOIDQUYUCHMI, HCAPBIK HCYMBLITYbL.
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233anaHo-KasaxcraHckuit arpapHO-TeXHUYECKUN YHUBEPCUTET
nmenn JKanrup xana, Pecriy6nuka Kazaxcran, r. Ypaibck;
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MNOBBIINEHUE ®OTOTOKA B KPEMHHEBbBIX COJTHEYHBIX
3JEMEHTAX ITPU JA3EPHON MOJU®UKAIINA

B pabome npedcmasneno mamemamuieckoe MOOEIUPOBAHUE HOBLIUEHUS
HIOMHOCHU (POMOMOKA 8 KPEMHUEBLIX COTHEHHBIX ANEMEHMAX 100 Oelcmauem
JiazepHoti o6pabomkunosepxHocnmu. Paccvampusaemces anustue ghemmocekyHOHbIX
U HAHOCEKYHOHBIX JIA3EPHBIX UMMIYILCO8 HA (POPMUPOBAHUE NOBEPXHOCHIHBIX
MUKPO- U HAHOCIPYKIMYP, ONPeoesiouux Onmu4eckue Ce0tCmea Mamepuaa u
aghpexmusrocmv homoeenepayuu Hocumernel 3apsoq.

Paspabomannas modenb 0CHOBAHA HA COBMECHIHOM YUéme npoyeccos
63aAUMOOEICIBUSA JIA3EPHOC0 UTYHEHUsS C NOTYNPOBOOHUKOM, MenionepeHoca,
UBMeEHeHUs. MOPPONOSUU NOBEPXHOCIU U CNEKMPATIbHBIX XAPAKMEPUCHUK
ompadicenust u noaaowenus. Ilokasano, 4mo HAHOCEKYHOHbIE UMNYIbCHL
NPUBOOSM NPEUMYUECNBEHHO K TEPMULECKOL MOOUPDUKAYUU HOBEPXHOCMU,
BKIIOYASL NAAGNEHUE U PEKPUCIATIUZAYUIO, MO20A KAK (heMmOCceKyHOHbIe
UMNYTIBCbL 0DeCcne uBalon Qopmuposarue cyOBOTHOBbIX HAHOCMPYKIMYP 3d CHEM
HEPABHOBECHBIX NPOYECCOB U BbICOKOUL IOKAMUZAYUU DHEPULL.

Yemanoeneno, umo nazepnas moougurayus nosepxHocmu npueooum K
CHUdiceHuro koapuyuenma ompaxcenus kpemuus ¢ 0.30-0.35 oo 0.12-0.18
011 HaHocekyHOHo2o pexcuma u 0o 0.04—0.08 ona pemmocexyHOHO20 pedsrcuma,
Ymo conposoicoaemcs ygeauveHuem Ko3pguyuenma no2nowerus 0o
92-96 %. B pe3yvmaime pacuémos NoOKasaHo, Ymo nogblleHUe CemonoioueHus.
obecneuugaem pocm niomHocnu gomomoxa Ha 15-25 % npu HaHoceKyHOHOU
obpabomxe u na 3040 % npu hpemmocekyHonol oopabomie.

Ilonyuennvie pe3yrbmamsl 0eMOHCMPUPYIOM, YMO Ad3epHAA
HAHOCMPYKMYPU3ayus NOBEPXHOCIU ABIAEMCA IPPEKMUBHLIM MEMOOOM
nogvluieHUs Homomorka u modxcem Oblmb UCNONL308AHA OISl YEEAUHEHUS
aghhexmusHOCU KPEMHUEBLIX COHEUHBIX INIEMEHINOS.

Kniouesvie cnosa: kpemHuesble conneutbie anemeHmyl; Qomomox; 1a3epHas
00pabomka nogepxHOCmu, HeMmoceKyHOHble UMNYIbChI, HAHOCEKYHOHbIE
UMNYIIBCbL; HAHOCIPYKIMYPbL, KOIQQUYUEHIN OMPAadiceHust; CemonoioweHue.
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