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Numerical analysis of the effect of illumination intensity on photoelectric parameters
of the silicon solar cell with various metal nanoparticles
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It is important to study the effect of light intensity on the main photoelectric parameters of silicon solar cell with various metal nanoparticles because
the intensity of sunlight is variable. In this paper, the effect of Cu, Pt, Au, Ag, Ti, Al, Co nanoparticles on dependence of main photoelectric
parameters of silicon solar cell on light intensity has been studied by modeling with Sentaurus TCAD. The intensity coefficient of short circuit
current densities of Pt and Ti nanoparticles induced silicon solar cells were found to be KJ,Pt = 0.0158 A/W and KJ,T i = 0.0164 A/W.
For simple silicon solar cell, this value was found to be KJ = 0.0071 A/W. Thus, we have observed that was the two-fold greater the intensity
coefficient of short circuit current density and output power for the silicon solar cells with Ti and Pt nanoparticles relative to that of a simple silicon
solar cell.
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1. Introduction

Solar cells are especially used in the outdoor environment. The changing of seasons has an influence on the opera-
tion of solar cells because, luminosity is changed. The influence of light intensity on main photoelectric parameters of
silicon solar cells [1] and panels [2] were studied properly. But for nanoparticles induced silicon solar cells (NISSC),
it hasn’t been thoroughly researched yet. The effect of gold and silver nanoparticles on the optical properties of silicon
solar cells was studied experimentally [3] and simulated by using Lumerical TCAD [4]. In our previous papers, the
optimal conditions in inserting nanoparticles into silicon solar cells were found. Acceptable size of nanoparticles was
20 nm, while the optimal distance between adjacent nanoparticles was 100 nm. Moreover, nanoparticles should ideally
have been inserted into the n region of silicon solar cell [5]. In this paper, the influence of illumination intensity on
main photoelectric parameters of NISSCs have been investigated as a logical continuation of our previous research.
A modeling method has been used. There are several TCAD programs to model semiconductor devices. The most
reliable and best-known programs among them are: Sentaurus TCAD, Lumerical, Silvaco TCAD as well as Comsol
Multiphysics. Among their advantages, the obtained results are more reliable and often are similar to experimental
results [6–8]. Besides, from prior literature, some information about the comparing experiment results and simulation
results, which are obtained by using TCAD programs, are given [9,10]. Moreover, all types of semiconductor devices
can be modeled by using them.

2. Method

To explore NISSCs, simulation methods are mainly used. In this work, models of NISSCs have been created by
using Sentaurus TCAD packages.

In Sentaurus TCAD, only four main tools are used to simulate solar cells: Sentaurus Structure Editor, Sentaurus
Device, Sentaurus Visual and Sentaurus Workbench. Sentaurus Workbench is environment that assists all intercon-
nected tools to work. From tools, which are added to use in Sentaurus Workbench, is used only by writing codes
in tool command language (TCL). For example, the geometrical model of a solar cell is created by writing codes in
Sentaurus Structure Editor, which is added to the Sentaurus Workbench environment. This method is more effective,
but the Sentaurus Structure Editor has an SDE module to create geometrical model of solar cells by using standard
shapes. After creating geometric model in that module, codes can be generated for use in the Sentaurus Structure
Editor command file. So, different models must be created for every project. To form geometrical model of various
solar cells by creating unique algorithm in TCL is acceptable way. Therefore, in this paper, geometrical model of
NISSC has been created by writing codes in TCL. In our previous scientific works, we gave full information about
creating geometric models of various solar cells [11].
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After creating geometrical model of solar cell, physical properties were given, and then calculations were per-
formed by using Sentaurus Device. Physical properties of all materials were uploaded to model as a parameter file.
Physical models were added to simulation by writing the code in the Sentaurus Device command file.

The simplest state among the processes, which occur in the semiconductor devices, is the equilibrium state. In
this state, the Poisson equation, which is shown in formula (1), must be solved:

∆φ = −q
ε

(p− n+ND +NA) , (1)

where ε is thepermittivity, n and p are the concentrations of the electrons and holes, ND and NA are the donor and
acceptor concentrations, and q is the electron charge.

Electron concentration n as well as hole concentration p are calculated by using Fermi distribution that is shown
formula (2) and (3):

n = NcF1/2

(
EF,n − Ec

kT

)
, (2)

p = NV F1/2

(
EV − EF,p

kT

)
, (3)

where: F1/2 is the Fermi half integral, Ec is the conduction band energy, Ev is the valence band energy, EF,n is the
quasi fermi energy for electrons, EF,p is the quasi fermi energy for holes, T is the absolute temperature, Nc is the
density of states in conduction band, Nv is the density of states in valence band, and k is Boltzmann constant.

Transportation of carriers occurred due to externally applied voltage, illumination or heating. In these phenomena,
the equilibrium state is disrupted; due to solar cells being illuminated, carrier transport should also be calculated during
simulation in them. The motion of the carriers forms a current. Basically, connection between carrier concentration
and current density is expressed by “general continuity equations” which are shown in formula (4) and (5):

∇ · ~Jn = qRnet,n + q
∂n

∂t
, (4)

−∇ ~Jp = qRnet,p + q
∂p

∂t
, (5)

where: Jn, Jp are the current densities of electron and holes, Rnet,p, Rnet,n are the net recombination of electron and
holes, t – time.

In Sentaurus Device, “Drift-Diffusion”, “Thermodynamic”, “Hydrodynamic” and “Monte Carlo” models are used
to calculate carrier transport. The “Thermodynamic” models, which are given in formulas (6) and (7), have been used
to model solar cell, since, generation and recombination rate of carriers is changed when light intensity is changed.
Additionally, heat energy or phonon concentration can also be changed. Therefore, heat energy, which is formed due
to motion of carriers, also changed. All of these have been taken into account in “Thermodynamic” models, which are
given formulas (6) and (7).

~Jn = −nqµn(∇Φn + Pn∇T ), (6)

~Jp = −pqµp(∇Φp + Pp∇T ), (7)

where: µn, µp are the mobility of electron and holes, Φn, Φp are the electron and hole quasi-Fermi potentials, Pn, Pp

are thermoelectric power of electron and holes, T is the absolute temperature.
Formula (8) has been used to calculate carriers transport in metal nanoparticles:

~JM = −σ(∇ΦM + P∇T ), (8)

where: σ is theconductivity of metal, Φm is the Fermi potential in metal, P is the metal thermoelectric power, JM is
current density in the metal.

It has been considered that there were ohmic boundary conditions between the metal nanoparticles and silicon
interface, due to nanoparticles input into n region of silicon solar cell. Ohmic boundary conditions were calculated by
formula (9):

~JM · n̂ = ( ~Jn + ~Jp + ~JD) · n̂,
φ = ΦM − Φ0,

n = n0,

p = p0,

(9)

where: JD is the diffusion current density, n̂ is the normal vector, Φ0 is the equilibrium electrostatic potential (the
built-in potential), φ – electrostatic potential; n0, p0 are the electron and hole equilibrium concentrations.
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In this paper, AM1.5G was chosen as a light source. For AM1.5G spectrum [12], one sun equals 633 W/m2. The
intensity of light, which is falling on the solar cell, was varied from 0.1 sun to 1 sun, but the quality of the spectrum
wasn’t changed, as is shown Fig. 1.

FIG. 1. AM1.5G light spectrum with various intensities

Tables of dependence of complex refractive index of materials on light wavelength were used to calculate the
optical properties of silicon solar cells. The total absorption, reflection and transmission factors of solar cells were
calculated by using “Transfer matrix method”.

Various AM1.5G spectrum files were created. Then, in Sentaurus Workbench, different values for each file were
attached. In Sentaurus Device attached values were checked by the conditional operators, then necessary spectrum file
was uploaded to model.

3. Results and discussion

In our previous research work, the optimal conditions of nanoparticles size, the distance between neighboring
nanoparticles and their location were found. By using those conditions, the dependence of main photoelectric param-
eters of NISSCs on illumination intensity have been studied in this paper. In Fig. 2, the dependence of absorption
coefficient of SSC and Cu, Au, Ag, Pt NISSCs on light wavelength are given. With light of 0.5 µm wavelength,
resonance event was occurred for all type NISSCs. In studies by Bonaccorso, the resonance of absorption coefficient
of gold nanoparticles with interval of radius 10 to 30 nm occurred with light a wavelength of 0.5 µm [13]. These ex-
periments prove the reliability of our simulation results. However, the maximum absorption coefficient was observed
in Pt NISSC. In addition, absorption coefficient of Pt NISSC in the infrared field was enhanced. Additionally, in the
Brady’s experimental work, influence of nanoparticles on the properties silicon solar cell was properly studied [14].

FIG. 2. Dependence of absorption coefficient of SSC and Cu, Au, Ag, Pt NISSCs on light wavelength

The main parameters of solar cells are determined from I–V characteristics. In Fig. 3, I–V characteristics of SSC
and Pt, Ag NISSCs are given. Because, only Pt and Ag nanoparticles had a tangible effect on the I–V characteristics
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of SSC. Au and Cu nanoparticles had negligible effects. Pt nanoparticle doubled the current density of SSC, due to
platinum having a high absorption coefficient. Ag nanoparticle reduced the current density of SSC by 1.2 fold. This
phenomenon was observed in Tayyar Dzhaharov’s experimental research [15]. The Fano interference can explain this
result [16].

FIG. 3. I–V characteristics of SSC and Ag, Pt NISSCs

Photoelectric parameters change due to varying light intensity. In Fig. 4, the dependence of short circuit current
density of SSC and Ag, Pt, Cu NISSCs on the illumination intensity is shown. Light intensity coefficient of short circuit
current was found to be KJ = 0.0071 A/W for SSC, KJ,Pt = 0.0158 A/W for Pt NISSC, KJ,Ag = 0.000575 A/W
for Ag NISSC and KJ,Cu = 0.00831 A/W for Cu NISSC. In Chegar’s experimental work, the intensity coefficient
of short circuit current found was KJ = 0.0051 A/W for SSC and the dependence of short circuit current on light
intensity was linear [17]. It was found to be intensity coefficient of Pt NISSC 2.05 times greater than that of SSC. In
the research of Bao, it was found that short circuit current of solar cell, in which Pt nanoparticles were deposited by
using one minute electroless deposition, was 2.27 times greater than that of solar cell without Pt nanoparticles [18]. In
the Au nanoparticles, the dependence of short circuit current of SSC on light intensity was hardly ever affected. The
intensity coefficient of short circuit current of Au NISSC was found to be 1.34 times worse than that of SSC.

FIG. 4. Dependence of short circuit current density of SSC and NISSC on light intensity

Dependence of the open circuit voltage of SSC on light intensity is known from other research works to be
nonlinear [19]. In Fig. 5, dependence of open circuit voltage of SSC and Au, Ag, Pt NISSCs on light intensity
are shown. The intensity coefficients of open circuit voltage of SSC and NISSCs were determined to be the same,
KU = 1.05E-4 Vcm2/W. Thus, the nanoparticles affected the value of open circuit voltage of SSC, but they did not
affect the intensity coefficient of open circuit voltage of SSC. In some studies, the dependence of open circuit voltage
on light intensity is explained with changing short circuit current density. So, short circuit current linearly depends
on light intensity. As shown formula (10), the open circuit voltage has a logarithmic dependence on the short circuit
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current [20]. So, between open circuit voltage and light intensity has logarithmic dependence:

V
′

OC =
nkT

q
ln

(
XISC

I0

)
=
nkT

q

[
ln

(
ISC

I0

)
+ lnX

]
= VOC +

nkT

q
lnX, (10)

where: VOC is open circuit voltage in one sun intensity, V ′
OC is the open circuit voltage,X is concentration coefficient,

ISC is short circuit current, I0 is dark current.

FIG. 5. Dependence of open circuit voltage of SSC and Au, Ag, Pt NISSCs on light intensity

The quality of solar cells is evaluated by their fill factor. In Fig. 6, dependence of fill factor of SSC and Au, Ag,
Pt, Cu NISSCs on light intensity is shown. The dependence of fill factor on light intensity is not linear. In this paper, it
was found that fill factor increased until 0.6 solar intensity, then it decreased. This occurred due to increasing of series
resistance in high intensity [21]. These obtained results are similar to those obtained by Khan [22].

FIG. 6. Dependence of fill factor of SSC and Au, Ag, Pt, Cu NISSCs on light intensity

Various metals can be input into silicon solar cells as nanoparticles. Every metal nanoparticle can exert various
effects on silicon solar cell properties. In Table 1, light intensity coefficients of main photoelectric parameters of
SSC and NISSCs are given. Nanoparticles have affected all photoelectric parameters except open circuit voltage and
voltage on maximum power point.

4. Conclusion

The spectral sensitivity and efficiency of solar cells have been enhanced due to considerable research. In this paper,
effects of light intensity on photoelectric parameters of various NISSCs have been studied. Thus, it was determined
that the effects of Pt, Ti nanoparticles were favorable, the effects of Ag, Co nanoparticles were deleterious, and the
effects of Au, Cu were negligible. The obtained results show that properties of SSCs can be changed by inputting
palpable nanoparticles. It is purposeful to use silicon material, which nanoparticles is input, not only to make solar
cells but also other semiconductor materials. For instance, silicon material, to which Pt and Ti nanoparticles can be
input, has potential for use in a next-generation pyrometer, which has twice sensitivity.
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TABLE 1. Light intensity coefficients of main photoelectric parameters of SSC and NISSCs

Nanoparticles dUoc/dW,
Vsm2/mW

dIsc/sW,
A/W

dUmpp/dW,
Vsm2/mW

dImpp/dW,
A/W dPmpp/dW dFF/dW,

sm2/mW

— 1.05E-02 7.71E-01 1.05E-02 7.13E-01 2.96E-01 3.49E-03

Cu 1.05E-02 8.31E-01 9.48E-03 7.78E-01 3.22E-01 3.74E-03

Au 1.05E-02 7.40E-01 1.05E-02 6.86E-01 2.84E-01 3.62E-03

Ag 1.05E-02 5.75E-01 1.05E-02 5.32E-01 2.17E-01 3.77E-03

Pt 1.05E-02 1.58E+00 1.05E-02 1.47E+00 6.37E-01 3.53E-03

Al 1.05E-02 9.20E-01 1.05E-02 8.54E-01 3.59E-01 3.62E-03

Co 1.05E-02 6.11E-01 1.05E-02 5.62E-01 2.30E-01 3.49E-03

Ti 1.05E-02 1.64E+00 1.05E-02 1.53E+00 6.64E-01 3.51E-03
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