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Abstract. Thermal distribution in solar cells has been rarely investigated despite it significant
impact on the performance. Moreover, despite the fact that the achievements of InGaN solar cells
are still mostly at the state of laboratory studies, the presented work is devoted to present original
results on coupled phenomena occurring in the cells that makes it possible to highlight new possible
guidelines for an improve of their efficiency. To our knowledge, most of the modeling results of
thermal dissipation in InGaN-based solar cells published in the literature are based only on the 1-D
model, not or little on the 3-D model. Thus, results presented in the current contribution are
obtained by a COMSOL Multiphysics 3-D analysis of the electrical and optical photogeneration
properties in relation with the heat distribution in InGaN solar cell. For this simulation, we have
coupled the “Semiconductor Module”, the “Heat Transfer Module for Solids,” and the “Wave
Optics Module” allowing us to calculate the Shockley—Read—Hall heating, the total heat flux, the
Joule heating the carrier’s concentration, the electric field, and the temperature dissipation in the
InGaN solar cell structure. This approach allows the optimization of the device stability by
determining the heating sources responsible of performance drop over time. Finally, the original
results of these simulations show the great possibilities offered by InGaN-based solar cells with
regard to their potential to dissipate the temperature and, more generally, their application interests
related to their good thermodynamic behavior.

Introduction

The Ill-nitride semiconductors offer substantial potential to develop high-efficiency solar cells
tanks to their tunable high band gap, high absorption coefficient and high radiation resistance.
Recently the InGaN material ternary system with advantageous photovoltaic properties have
emerged as ideal candidates [1-3].

Some devices have already been fabricated based on ternary. Nevertheless, several blocking
points remain to be solved to increase the final efficiency of InGaN based photovoltaic cell and,
more basically on the material and device qualities themselves. Indeed, InGaN material suffers of
poor crystalline quality when we consider the thin absorber layer of the cell and presents
piezoelectric charges created at the i- InGaN/GaN interfaces at the origin of a detrimental effect. In
order to overcome these limiting factors several solutions have been proposed. Among them, we
can cite the core-shell nanowire structure containing InGaN multiple quantum well and InGaN
nano-pyramid that have given layers with high crystalline quality and a reduction of the polarization
charge effect even for high Indium incorporation [4-6].

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications Ltd, www.scientific.net. (#593459425-22/06/22,10:47:08)



274 Defect and Diffusion Forum Vol. 417

More recently InGaN/GaN based semi-bulk and multiple quantum well (MQW) with N face
configuration have been shown very promising [7-9]. Indeed, the multilayers structure semi-bulk or
MQW could preserve the InGaN structural quality and the N polarity of InGaN and could
participate to mitigate the problem related to the polarization charges.

Other than poor crystalline quality and the detrimental effect of polarization charges, an effect
link to the non-uniform temperature distribution also exists in the final photovoltaic cell which may
explain the difference between the experimental results and what was theoretically expected. This
effect of the temperature on the solar cell performance has been investigated by many authors [10-
13]. In these numerical works the temperature is treated as a parameter. All these studies indicated
that the high temperature have a huge influence and a degradation effect on the InGaN solar cell
efficiency. Heat dissipation in InGaN-based solar cells has rarely been studied despite having a
significant and important impact on the performance of the solar cell and its reliability over time.
Indeed, thermal energy causes heating and raises the operating temperature of the photovoltaic
module, which directly leads to a drop in efficiency and accelerated aging of the cell. To overcome
this point at issue, thermal simulation is requested to visualize the heat generation and absolutely
heat distribution in solar cells. For that purpose, COMSOL software environment was often used for
thermal analysis of various devices. The heat transfer module COMSOL is a specialized tool for
modeling the thermal processes in electronic components and power engineering.

In this contribution, the three-dimensional simulation of the temperature and heat distribution are
obtained taking into account optical, electric, and thermal effects allowing a correct modeling of the
self-heating of the InGaN solar cells. For this purpose the Semiconductor module, the Wave optics
module and the Heat transfer in solid module of the COMSOL Multiphysics package are coupled to
have the simulation in 3-D by using the proper input parameter values taken from relevant
literature. Associated with the two others modules, i.e. the Semiconductor module, the Wave optics
module, the Heat transfer in solid module provides an excellent package to investigate the heat
distribution in solar cells operating under real conditions. Thus, by simulating, we have obtained the
heat distribution and add, as original combined results, the electrical potential, temperature profile,
recombination profile and the total heat distribution across the device. Other additional results were
obtained and considered such as the optical photogeneration, current-voltage characteristics,
electric-field and the thermal maps of the cell.

Physics, Mesh & Simulation

The InGaN solar cell model was developed using the COMSOL Multiphysics 5.5 software
package. The cell is given by Mo/InGaN-p/InGaN-n/ITO/air, thus composed by a Mo bottom layer,
the InGaN active layers in the secmi-conductor junction, and an ITO top layer used as anti-
reflection transparent electrode.This structure is represented in Figl.

The coupled optical - electrical -thermal simulation of this device allows us to determine its
photo-absorption, carrier photo-generation, and carrier collection. The simulations have been
performed using finite element method. The software solves the Poisson and carrier drift-diffusion
equations. Our model is divided in three parts: 1- the light study based on the Helmholtz equations
to study the light propagation inside the InGaN, 2- the development of the drift-diffusion model
which allows the calculation of the electric potential in the equilibrium conditions, and 3- the
coupled optical - electrical -thermal simulation using results obtained in step 2 as initial conditions
condition results obtained in step 1 for the calculation of the generation term G in the continuity
equations.

Among the required material and electrical parameters needed for the simulation, the
semiconductor module needs the trap assisted recombination and the Shockley-Read-Hall (SRH)
recombination. The heat transfer in solid module needs to analyze results of SRH heat, joule heat
and determines temperature distribution among the cell structure by applying heat coefficients of
materials. The parameters used in simulation were presented in Table 1.The thermal coefficients
were got from appropriate references. From Ref [11] and [12] we have extracted the heat coefficient
of Mo.



Defect and Diffusion Forum Vol. 417 275

Table 1: Electrical and thermal parameters of layers from Refs. [1][14][12]|15]

Ito InGaN Mo
NA(em-3) - 1x10" -
Nbp(em™) - 5x10"3 -
P(kg/m® 7120 4590 4690
Bandgap(ev) - 1.3 -
K(w/m.k) 10 2.96 138
Cp(J/kg.Kk) 340-400 420 277
h(W/ m?k) 10 10 10

Model Geometry

As stated by COMSOL guide, at the surface of the top or bottom of the cell, air should be
attached Thus, our model of InGaN is created with six layers in total with the top layer added as air,
with a thickness equal to 800 nm.

The Transparent Conductive Oxide (TCO) is constituted by a 300 nm depth ITO layer. The
interface between the ITO layer and the InGaN—p layer is modeled by 2 layers of InGaN-n with a
thickness equal to 50 nm for each. The thickness of the InGaN-p layer is in order of 2000 nm. This
layer is followed by a 380 nm Mo bottom layer.

The solar cell is assumed to work at room temperature. The majority of the input simulation
parameters of the cell are extracted from COMSOL Multiphysics’ material database and from the
cited literature. The InGaN’s electrical and thermal properties, its refractive index and extinction
coefficient are manually added from literature [1][14][15].

The doping concentrations employed during the simulations for layers are 1x10'7cm™,
6x10'"%cm™ for p-InGaN and n-InGaN respectively. The heat transfer and thermal conductivity
coefficient were obtained from [15] and [14]. Simulations were considered, with normal incident
angle, at room temperature with AM1.5 illumination conditions [14][16].

Mesh sensitivity

Using the finite element method, a different mesh element size was applied on our structure to
numerically solve the coupled model as presented in Fig. 2 presents the mesh of the
structure.Using the face mesh method, a swept mesh is applied for all domains. The distribution
type of mesh elements in the n-InGaN layer is determined to be set to a number of elements equal
to 5.For the second n-InGaN layer, an element ratio of 1 is specified. This is necessary to fix a
number of elements for us to have a correct analysis.

These two layers are the finest of all the other layers in geometry and absolutely require a
specified mesh. The element count for p-InGaN are set to 70.
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Figure 1:The schematic and geometry of the Ino.2Gao.sN solar cell modulated structure.
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Figure 2: Meshed structure

Results & Discussion

Optical Simulation

The optical photo-generation map of the solar cell has been defined by adding the optical
constants of all layers on electromagnetic waves module in COMSOL environment [14]. The
equation used for this purpose was [15]:
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900nm

G(.Y.2)= [300nm Gt ¥, 2)d6 (1)

where , G is the photogeneration rate.

The photogeneration map is shown in Fig. 3. The photo-generation rate is higher at the p-
InGaN/n-InGaN junction. This is due to both the larger volume and optical electric field intensity of
the InGaN absorber in the lower part of the PN junction. The photo-generation map is in accordance
with the simulation results introduced in literature [13][14][15].

> %1028

>

115

Figure 3: The total Photo-generation rate (Gtot) across the cell

We will study the dependence of the optical properties of n-InGaN layer with the thickness and
the indium composition because it is a window layer for the solar cell.

For the n-InGaN layer, the absorbance of the window layer An is given by the following
expression:

An(E,Ly) = 1 —exp(—an(E)Ly) (2)

where E is the photon energy and o, is absorption coefficient of the window layer.

Low absorbance is essential in the window layer so that light can penetrate without being
absorbed in the n-layer. Fig. 4 shows the profile of the absorbance as a function of the width of
window layer for different indium content and we calculated the optimum thickness of the window
layer for p-n solar cell indicated in Fig4.This absorbance is calculated of Ino2GaosN solar cells
under AM; s illumination (100mW/cm?). It should be noted that the absorbance follows two
different behaviors depending on the thickness of the layer: for small thicknesses, the absorbance
varies linearly, then for thick layers (L,>100nm), the absorbance is maximum and tends to have a
steady state. We focus on the first type (thin layer). This will allow more photons to reach the active
layer (p-InGaN), where the photocurrent is principally produced.
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Figure 4: The absorbance of the ITO top window layer under AM1.5 illumination vs. the
thickness of window layer L, for several Indium component.

We can noted from this that the compromise between the thickness layer and the indium
composition is an essential factor required for the n-doped region may behave as an optical window.
About the p-InGaN layer, it is the active layer of the junction solar cell. It should have a high
capacity to absorb enough radiation incident.

Electrical Simulation

The electrical characteristics were defined by solving the Poisson equation , current continuity
and carrier transport equations to obtain the electrical properties of the solar cell [10].

Fig. 5 shows the current—voltage characteristics of the the solar cell under simulation.The device
metrics are determined with reasonable values: Voc = 0.45 V, Jsc = 30 mA/cm®.

The profile of the electric field has been presented across the solar cell in 2-D as showing in
Fig.6. A Schottky barrier is built owed to imbalance between the work functions of the Mo and
InGaN layers. This barrier prevents the carrier transport to the Mo electrode and decreases the Voc
[15].

The slope of the electric field is directly related to the curvature of the band diagram of the
junction. A Lorentzian peak appeared at the lower interface due to the amplified electric field where
carrier collection is enhanced there. The electric field is very high where the generated carriers are
accumulated at the junction interfaces by the drift mechanism [15]. This will of course conform to
the definition of a p-n junction with the maximum value of the E-field followed by a decrease to
Zero.

Fig. 7 shows the electron (ne) and holes concentration (nh) on our model.As is presumed, the
calculated ne is maximum at in n-InGaN conductive layer and is on the minimum at Mo layer,
which is essentially the hole transport assisting layer. The nh profile conversely displays and
presents an elevated concentration in p-InGaN layer and a low concentration at the ITO layer.

Thermal simulation

Typically, in a solar cell, the majority of sunlight is not transformed to electricity but to heat
generation. Solutions were added as initial conditions for the second study [14]. To calculate the
heat distribution and of course temperature profile in our structure we have used heat transfer
module. To acquire an insight into the heat distribution and to evaluate temperature gradient in our
model in every layer, we have accomplished the thermal analysis in the solar cell structure by
coupling the thermal module to semiconductor and optic module [14].
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We have use the general heat equation which is expressed by PDE. The equation must be solved
for a solid as follows in steady state [15 ][17]:

~k.V.T+Q=p.C.5 3)

where p is the density at constant pressure ;C the thermal conductivity of the material as a
function of temperature [W/(m.K)], k the specific heat [J/(kg.K)]. Q is a source term which
dominates the energy absorbed at the surface and this run from the side in view until the
concentrated solar radiation. We run the simulation after having added on the heat module heat
transfer coefficient, thermal conductivity and heat capacity of every layer; in stationary mode and
absolutely after defining the physics. Heat decreases from region with elevated temperature to
region with low one due to the thermo-dynamic laws. The heat generally dissipates by convection to
ambient air and normally displaced by conduction in the layers of the cell. It can be generated by
recombination and absorption mechanisms. This will be the cause of raising the absolute
temperature [15].

Temperature distribution in solar cell is caused generally by non-radiative and Joule heating. We
have got heat sources in consideration such as SRH non-radiative recombination, Joule heating and
the conductive heat flux magnitude [14].

There are two essential different recombination process in solar cells: the non-radiative
recombination (SRH recombination) and radiative recombination (recombination of carriers from
conduction to valence band [16]. The latter happens due to the presence of defects or impurities
minimizing the carriers induced during the elaboration of the solar cell and can be caused by the
degradation of material. The SRH happens generally because of presence of structural defects or
impurities. This decreases the carriers that are in the layers during degradation and decomposition
of materials. This is may be also one of the causes of rising temperature.

For joule heat, the conduction of current is the main reason for producing this source. Wang et
al. [16] proved that the non-radiative recombination SRH and thermalization are the origin of
energy loss in the solar cell. Shang and Li on [14] highlighted the different sources of heat
generation in a solar cell namely thermalization, surface recombination, Joule heat, volume
recombination and Peltier heat [14][15].

The heat generation for SRH and Joule heat is described by:

SRH heat HSRH = (Eg + 3kT) x (Usrn + Uaug) “4)
Joule heat Hjoue =J X E, %)

where Uayg is defined by Auger recombination rate. J is the current density through the solar cell.

Usrn is the radiative recombination, Eg the energy —band-gap of the material and E the electric
field. On the other hand, as we have cited among the heat sources the Peltier heat has such an
important effect. In fact, Peltier heat value is associated with the energy difference between the
conduction or valence band and the quasi-Fermi levels.

It should be noted that the heat transfer occurred by natural convection on our solar cell. Surface
radiation was also one of the reasons. Usually a transfer coefficient, h, is presented to visualize the
heat transfer at room temperature between the top and side surfaces [14][18]. The temperature
distribution of different layers of our structure is illustrated in Fig. 8. It can be noticed that the heat
dissipation is not exhaustive at the top electrode but is well defined in the InGaN layers and
decreases rapidly when attending the ITO and air layers on top. The magnitude of the total heat flux
shows greater variation in the InGaN layers [19].

In fact, the heat begins to be generated from the upper layers by absorption of the sun's rays.
SRH heating is dominated in the bulk region of the InGaN layer due to non-radiative
recombination. Temperature distribution for all layers in our structure is simulated by adding
thermal parameters. It was assumed that the radiation is diffused evenly from the air on to the cell.
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As shown in Fig. 8, the temperature distribution proves that the ITO layer is less hot than the other
layers which is perfectly logical since it behaves as an excellent conductor with a high surface
which is close to the aerial environment. The latter stimulates the dissipation of heat from its
surface and automatically it will remain cooler than the other layers.

For the reason to show the heat how is varied from the cell, we have introduced and defined the
3D map of the total heat flux magnitude figure8. It should be noted that this temperature map is
intended for calculation and dynamic change of temperature. It should be considered as iteration for
a time-dependent computation [15][20].

In fact, the thermal dissipation is not exhaustive at the top electrode but is well defined in InGaN
layers and decreases rapidly when it attend ITO and air layers on top. The total heat flux magnitude
shows a more interesting variation in InGaN layers as shown in Fig. 9.

In conclusion, this heating reaches a maximum value in the middle of the InGaN-n layer, which
1s expected since the SRH recombination reaches its maximum in this area. Total heat flux is an
interesting aspect at InGaN-n. This maximum is absolutely attached to its previous source, e.g. SRH
recombination heat, Joule heat and Peltier effect. As we knew, the efficiency of PV cells will be
gradually reduced as the temperature of the cells increases. Moreover, the ambient temperature
influences the temperature of the cell in general [15][22][23].

After having simulated the full cell structure on COMSOL, taking into account the temperature,
we will focus on the possible components allowing to improve the efficiency of InGaN-based solar
cells. An innovative approach in this direction consists in using a thermoelectric cooling module in
order to decrease the temperature of the solar cells. This can therefore be identified by the Peltier
effect [24].

This effect caused by heating or cooling one end of a circuit requires absolutely no operating
fluid but it requires less maintenance and offers more reliability compared to other cooling methods.
Accordingly, a combined thermoelectric module and PV design will be an idea that we can do on
COMSOL to analyze the results and prove the benefit of this coupling on the performance of
InGan-based solar cells [24]. The future combined thermoelectric module and our InGaN solar cell
will work as a unit by transforming the energy caused by the solar effect into electrical energy.
Previous studies by Najafi and Woodbury [24] have analyzed on PV cells at multiple ambient
temperatures the ability to use thermo-electric cooling by setting the cell temperature within a
necessary range and optimizing the cell output power.

Finally, a combined PV-thermoelectric model will numerically estimate the results under
different conditions and demonstrate the possibility of optimizing our module to extend to more
efficient measurements and how the performance of these cells can be improved.
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Conclusion

Analysis of heat distribution in solar cells was developed by coupling the optical, electrical and
absolutely thermal characteristics. For this purpose the Semiconductor module, the Wave optics
module and the Heat transfer in solid module of the COMSOL Multiphysics package are coupled to
have the simulation in 3-D by using the proper input parameter values taken from relevant
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literature. We showed that this integration provides an excellent package to investigate the heat
distribution in solar cells operating under real conditions, specially not available with the 1-D
simulation platform.

A case study of InGaN solar cells has been introduced and the optical, electrical and thermal
modules available in this package have been executed under a fine mesh of the cell structure. This
involves mapping the electric field, the heat distribution and the temperature variation on the solar
structure.

Our simulations have proven that the heat distribution takes place with a gradient at the
electrodes and at the junctions between the various layers. We have shown that Shockley-Read-Hall
(SRH) and Joule heats have comparable capacity in the cell but that SRH recombination heats up
the interface/junctions. So, it induces defect formation and, as consequence, a degeneration of the
cell at higher temperature.

Even if, taking into account optical, electrical and global thermal contribution in the functioning
of a photovoltaic cell, this model already gives satisfactory results in the modeling of the thermal
effect occurring, additional thermodynamic processes can be integrated in simulations, as for
example the Peltier effect or also insert the Auger recombination to the SRH process in order to
further improve our numerical model.
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