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Effects of temperature variation on the performance of silicon heterojunction solar cells are 

studied using opto-electrical simulations. It is shown that the low-temperature cell efficiency 

is determined by the fill factor, while at high temperatures it depends on the open-circuit 

voltage. Simulations revealed that the low-temperature drop in the fill factor is caused by 

poor tunnelling, in particular at the ITO/p-a-Si:H heterojunction. The authors link this drop 

in fill factor to a low maximum-power-point voltage and show how poor tunnelling is 

reflected in the charge redistribution determining the device voltage. The effect of the 

contact work function on temperature behaviour of efficiency by varying the electron affinity 

of ITO layers has been demonstrated. It was also demonstrated that increasing the electron 

affinity of ITO on the p-side minimises the work function mismatch, leading to significant 

improvements in efficiency, especially at low temperatures, while optimisation on the n-side 

results in marginal improvements over the entire temperature range. In addition to the 

cumulative effects of the temperature-dependent parameters, their individual contributions 

to the efficiency were also investigated. Moreover, it was presented that the thermal energy 

(kT) determines the efficiency temperature behaviour, while other parameters play only a 

minor role. This paper shows how temperature variations affect device performance 

parameters. 
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1. Introduction 

The need for renewable and affordable energy sparked 

the ever-growing market and development of photovoltaics 

(PVs). Continuous progress has been made in wafer-based 

and thin-film PV technologies in terms of increasing 

energy conversion efficiencies [1], long term reliability, 

and lowering solar cell and PV system costs [2]. In case of 

mono- and multi-crystalline silicon wafer-based solar cells, 

various architectures such as passivated emitter and rear 

contact (PERC), passivated emitter and rear locally 

diffused (PERL), passivated emitter and rear totally 

diffused (PERT) [3], tunnelling oxide passivated contact 

(TopCon) [4], and others are researched and transferred to 

the industrial level [2]. In the case of thin-film PVs, besides 

cadmium-telluride (CdTe) and copper-indium-gallium-

diselenide (CIGS), perovskite-based solar cells have gained 

a lot of attention in recent years. [5]. Moreover, wafer-

based and thin-film technologies are combined in order  

to use the advantages of both technologies resulting in 

high-efficiency, potentially low-cost, solar cell devices.  

A representative of such an approach is a silicon hetero-

junction (SHJ) solar cell which is also in the research focus 

of this paper. The tandem and multi-junction solar cells can 

be used to lower thermalization losses of single-junction 

devices to reach higher conversion efficiencies [6]. The 

tandem perovskite/silicon solar cell recently reached  

a record-breaking efficiency of 29.8  % by combining a 

thin-film and wafer-based solar cell into a single device [7]. 

Among the various solar cell technologies, crystalline-*Corresponding author at: jost.balent@fe.uni-lj.si  
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silicon (c-Si) based solar cell architectures currently 

account for ~95  % of the total market share [2]. Among the 

state-of-the art structures, the above mentioned SHJ solar 

cells use the advantages of the established wafer-based  

(c-Si) and thin-film (hydrogenated amorphous silicon  

a-Si:H) technologies. The world record efficiency among 

Si cells is currently set at 26.7  % by the SHJ structure combi-

ned with an interdigitated-back-contact (IBC) pattern [1, 8].  

Understanding the physical mechanisms that determine 

the external electrical parameters of a solar cell is critical 

to achieve efficiencies at the edge of the theoretical limit 

(~30  % for single-junction silicon devices) [9]. Numerical 

simulations play an important role in this respect, as they 

do not only offer a detailed look into the internal, usually 

immeasurable, quantities of a solar cell, but also expedite 

the device design and optimization process. Solar cells are 

usually characterised and optimized for STC, where the cell 

temperature (T) is set to 25 °C [10]. However, the cells in 

the field typically operate at different illumination, wind, 

and temperature conditions [11] which highlights the 

importance of studying and optimizing the device 

performance outside the STC conditions.  

In this paper, a simulation analysis of the SHJ cell 

performance under different temperatures, applying 

different indium-tin-oxide (ITO)/a-Si:H contacts was 

carried out. In particular, ITOs with different work 

functions were applied and temperature behaviour of the 

cell was monitored. By employing numerical modelling 

with Sentauras, a TCAD simulation tool [12], a detailed 

study was performed which explained the impacts of 

temperature on the solar cell performance parameters 

(efficiency – Eff, fill factor – FF, short-circuit current – JSC, 

and open-circuit voltage – VOC) of a SHJ solar cell. In 

general, crystalline silicon solar cells are more sensitive to 

temperature variations (higher temperature coefficients) 

when compared to their thin-film amorphous or nano-

crystalline silicon counterparts [13]. It is known that SHJ 

cells, combining the two technologies, exhibit lower 

temperature coefficients than regular crystalline silicon 

solar cells and higher ones than thin-film a-Si:H cells [14]. 

In the presented paper, the SHJ solar cell structure, 

including ITOs that were modelled as full semiconductor 

layers, is considered together with the accompanying 

tunnelling effects (direct, band-to-band, trap-assisted), 

since it was shown in our previous publication that ITO 

layers should be included in the analysis in order to 

properly describe and explain the device behaviour [15]. 

Recent simulation and experimental studies of 

temperature effects on the SHJ solar cell performance 

showed that efficiency is deteriorated at both temperatures 

below and above the STC temperature (25 °C) [11, 16–20]. 

At low temperatures the reduction of efficiency was mostly 

attributed to lowering of the FF, due to the ITO/a-Si:H 

heterojunction (and their work function mismatch) 

[16, 18], whereas at temperatures above STC it was 

attributed to lowering of the VOC [11, 20]. 

In this work, the authors aim to further expand upon the 

aforementioned studies, by explaining the observed trends 

in more detail. First, cells with realistic ITO/a-Si:H 

selective contacts were compared to cells that use idealized 

ohmic contacts at different temperatures to determine the 

effects on the ITO/a-Si:H and a-Si:H/c-Si heterojunctions 

and their influence on the performance parameters. 

Simulations of the structures with different ITO work 

functions (on the p- and n-side of the device) were 

performed which showed their influence on the 

temperature dependency. Next, a sensitivity analysis of the 

selected temperature-dependent materials parameters was 

carried out: band gap (EG), effective density of states of the 

conduction (EC), and valence (EV) bands, mobility (µ), and 

the thermal energy (kT) (where k is the Boltzmann 

constant) to give quantitative indications of which 

parameters affect the temperature behaviour of the SHJ cell 

the most. This study contributes to a better understanding 

of the cumulative temperature dependency behaviour of the 

device and opens the scope for further optimizations. 

Finally, explaining the related effects on the solar cell 

operating under the maximum-power-point (MPP) 

condition will remain the focus of the authors, as this is the 

most typical scenario in real-world solar-cell operation and 

has not been addressed in such a direct manner in previous 

publications. 

2. Device structure and models 

2.1. Simulated SHJ structure 

The analysis was based on the following SHJ structure 

(see Fig. 1): ITO front cathode (70 nm), p-a-Si:H-doped 

layer (10 nm), i-a-Si:H passivation layer (5 nm), n-c-Si 

bulk absorber (150 µm) with defective interface regions at 

both i-a-Si:H/n-c-Si interfaces (both 2 nm thick), i-a-Si:H 

passivation layer (5 nm), n-a-Si:H-doped layer (10 nm), 

and rear anode ITO (100 nm)/Al contact layer (500 nm). 

The layer stacks ITO/p-a-Si:H and ITO/n-a-Si:H allow 

for a selective extraction and collection of holes and elec-

trons generated by light in the n-c-Si bulk. The thin i-a-Si:H 

layers are used to passivate the surface on both sides of the 

n-c-Si bulk which decreases the surface recombination rate 

of carriers. The energy band diagram of the device in 

thermal equilibrium at 300 K (26.85 °C) is presented in 

Fig. 1(b), where the vertical black dashed lines segment the 

structure to distinguish between the individual layers 

(regions). The heterointerfaces between the ITO/a-Si:H and 

i-a-Si:H/n-c-Si layers and the energy barriers due to the 

band offsets are clearly visible. The energy band diagram 

will be addressed in the later discussion. 

2.2. Optical and electrical model 

The optical generation distribution in the SHJ was 

calculated using a SunShine© simulator [21], taking into 

account both coherent and incoherent nature of light in the 

thin and thick layers, respectively. Light scattering and 

anti-reflection effects at the front and at the rear side of the 

device were applied to the device interfaces, resulting in  

a current density of over 40 mA/cm2 for the AM1.5g solar 

spectrum [22]. Wavelength-dependent realistic complex 

refractive indices of all layers were considered in 

simulations [23–25]. The investigation was not focused on 

a detailed optical analysis of the device in this paper, 

however, we considered the temperature effect of band gap 

narrowing of silicon layers on optical charge carrier 

generation. 

The Sentaurus TCAD software package [12] was used 

for electrical simulations which had been previously used 
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and validated for simulation of such solar cell structures 

[26–29]. An ohmic contact was assumed at the rear 

(ITO/Al) interface. No front metal grid was taken into 

account in simulations. The interfaces were geometrically 

regarded to be flat in electrical simulations, taking into 

consideration the increasing defect concentrations on  

n-c-Si interface areas described earlier. 

 Since the influence of heat gradients along the 

simulated structure was not explored in this work, the drift-

diffusion model was used to solve the Poisson’s equation 

coupled with the continuity equations for charge 

concentrations within the solar cell structure. This model is 

limited to isothermal simulations in Sentaurus TCAD, 

consequently the temperature was kept at the same in all 

layers during temperature variations. 

Fermi-Dirac statistics were used in all layers of the 

structure to obtain accurate results for charge distributions 

also in the heavily doped layers (ITO, p-a-Si:H and  

n-a-Si:H). Modelling of the charge recombination in the  

n-c-Si bulk included both, Auger and radiative mechanisms 

in the form first used by Richter et al. [30], and the 

Shockley-read-hall (SRH) mechanism, implemented as 

lifetime of minority carriers (10 ms in the n-c-Si layer). In 

a-Si:H layers, defect states were presented by valence 

(donor-like) and conduction band (acceptor-like) tail states 

and dangling bond states. The amphoteric nature of 

dangling bond states was approximated by two Gaussian 

functions, where one is considered positively charged when 

unoccupied by an electron (+/0) and neutral otherwise, 

while the other is considered neutral when vacant and 

negatively charged when occupied by an electron (0/−). 

The ITO layers were assumed to be lossless in terms of 

Auger, radiative, and SRH recombination in this work. 

Transport through the i-a-Si:H/n-c-Si and ITO/a-Si:H 

interfaces was described by thermionic emission (TE) and 

band-to-band (BBT) tunnelling, trap-assisted tunnelling 

(TAT), and direct tunnelling (DT) mechanisms. The Poole-

Frenkel effect, that describes the electric field dependence 

of emission on trap states, was also considered in this work. 

The tunnelling models used are non-local and take into 

account the variation of band-edge energies, as well as the 

variation of the electric field along the structure which 

guarantees zero current at thermal equilibrium (this does 

not apply to the simpler so-called local models). 

Table 1. 

Parameters for the reference cell at 300 K (26.85 °C).  

Symbol Quantity n-c-Si p-a-Si:H i-a-Si:H n-a-Si:H ITO 

χ (eV) Electron affinity 4.05 3.9 3.9 3.9 4.96 

EG (eV) Band gap energy 1.12 1.65 1.70 1.72 3.7 

ND/NA (cm−3) Effective doping conc. 2·1015/0 0/2·1019 2.2·1015/0 1.5·1019/0 1·1020/0 

EA (meV) Activation energy 246 300 545 200 −260 a 

NC/NV (cm−3) Effective density of states 2.8·1019/3.1·1019 2·1020/2·1020 2·1020/2·1020 2·1020/2·1020 4.12·1018/1.17·1019 

µe/µh (cm2/Vs) Mobility 1342/452 10/1 10/1 10/1 50/30 

a ITO is modelled as a degenerately doped semiconductor layer and activation energy is therefore negative.  

       

(a)                                                                                                                   (b) 

 
Fig.1. Schematic of the SHJ solar cell structure (a) and the energy band diagram in thermal equilibrium at 300 K (26.85 °C) (b). The labels EC, 

EV, EF, and EVAC stand for the conduction band, the valence band, the Fermi level energy, and the vacuum level energy, respectively. 

Subscripts p and n denote the side to which the layer belongs to. The circled numbers 1 and 2 mark the ITO/a-Si:H interfaces and 1a and 
2a the i-a-Si:H/n-c-Si interfaces on their respective sides. Please note that the band diagram is zoomed-in at the front and rear parts of 

the device and that only a small part of the thick n-c-Si absorber is shown.  

ITOp 70 nm

p-a-Si:H 10 nm

i-a-Si:Hp 5 nm  

i-a-Si:H/n-c-Sip 2 nm

n-c-Si 150 μm 

i-a-Si:H/n-c-Sin 2 nm

i-a-Si:Hn 5 nm

n-a-Si:H 10 nm

ITOn 100 nm

Al 500 nm

+

-

Light

Depth, d [ m]

E
n

e
rg

y,
 E

 [
e
V

]

-4

-3

-2

-1

0

1

2

3

4

5

6

i-a-Si:H/n-c-Sip

ITOnn-a-Si:Hi-a-Si:Hn

i-a-Si:H/n-c-Sin

i-a-Si:Hpp-a-Si:HITOp n-c-Si

EC

EF

EV

1
2

2a

1a

EVAC



 J. Balent, M. Topič, J. Krč / Opto-Electronics Review 30 (2022) e140557 4 

 

Electrical simulations of the SHJ device were carried 

out in two dimensions, but since the topic under 

investigation is one-dimensional, the findings have been 

translated and presented as a function of a single dimension 

(structure depth). The electrical model with experimental 

input parameters reported in different publications 

[28, 29, 31] was established and calibrated. Selection of the 

most important parameters is presented in Table 1. For 

details of the simulated structures and other input parameters 

corresponding to the reference temperature of 300 K 

(26.85 °C) can be found in our previous publication [15]. 

2.3. Temperature models 

Temperature dependent free electron (n) and hole (p) 

concentrations have been considered by the known 

equations (1), (2), and (3) [5]: 

𝑛 = 𝑁C(𝑇) ⋅ ℱ1
2

(
𝐸F,n − 𝐸C

𝑘𝑇
) , (1) 

𝑝 = 𝑁V(𝑇) ⋅ ℱ1/2 (
𝐸V − 𝐸F,p

𝑘𝑇
) , (2) 

𝑁C,V(𝑇) = 𝑁C,V(𝑇0) ⋅ (
T

300 K
)

3
2
, (3) 

where NC,V(T) presents the temperature-dependant 

effective density of states of the conduction and valence 

bands, respectively, and the kT product is the thermal 

energy. In equation (3) T0 is the reference temperature 

(300 K or 26.85 °C in this case), and NC,V(T0) presents the 

reference values (see Table 1). This dependency was 

considered for the silicon-based layers only, whereas for 

the ITO, the NC and NV were not varied with temperature in 

this work and were kept at their reference values (see 

Table 1). The dependency of thermal energy on T was 

considered in all layers, including ITOs. 

Great care was taken when selecting the appropriate 

temperature-independent doping concentrations for the 

doped layers in order to obtain realistic activation energies 

(see Table 1). 

The temperature dependency of the diffusivity D(T) and 

the mobility µ(T) (related by the Einstein’s relation) of free 

particles is given by equations (4) and (5): 

𝐷n,p(𝑇) = 𝜇n,p(𝑇) ⋅
𝑘𝑇

𝑞
 , (4) 

𝜇n,p(𝑇) = 𝜇n,p(𝑇0) ⋅ (
𝑇

300 K
)

−𝜉n,p 

, (5) 

where the subscripts n and p stand for the electrons and 

holes, respectively. Note that diffusivity was temperature-

dependant in all layers due to the thermal energy (kT) 

variation. For mobility calculations (5), the parameter ξ was 

set to 2.5 for electrons and 2.2 for holes in both c-Si [32] 

and a-Si:H layers. The high mobility values in ITO layers 

were kept as temperature independent. The mobility values 

at T0 = 300 K (26.85 °C) are given in Table 1. 

Next, the temperature dependency of the band gap (EG) 

and electron affinity (χ) in c-Si and a-Si:H was modelled 

by the following relations [33]: 

𝐸G(𝑇) = 𝐸G(𝑇0) +
𝛼𝑇0

2

𝛽 + 𝑇0

−
𝛼𝑇2

𝛽 + 𝑇
 (6) 

𝜒(𝑇) = 𝜒(𝑇0) −
1

2
(

𝛼𝑇0
2

𝛽 + 𝑇0

+
𝛼𝑇2

𝛽 + 𝑇
) , (7) 

where α = 0.473 meV/K and β = 636 K for n-c-Si [33], and 

α = 0.63~meV/K and β = 0 K for a-Si:H [34]. It should be 

noted that the band gap and electron affinity change at the 

same time in such a way that the conduction and valence 

band offsets are changed equally. The band gap energy and 

electron affinity of the ITO layers were temperature-

independent in our simulations. See Table 1 for the reference 

values of band gap and electron affinity for all the layers. 

Additionally, it was taken into account that changes in 

the band gap energy also influence the optical absorption 

and consequently the generation of free carriers by 

recalculating the absorption (α) coefficients for each 

wavelength for c-Si and a-Si:H layers at each temperature 

for the optical carrier generation calculations. The Tauc 

plot was used for modification of the absorption 

coefficients based on the change of EG for a-Si:H [35] and 

c-Si [36] layers. The EG of ITO layers was not changed in 

this manner, since the optical generation in ITO was 

considered to be negligible due to its high band gap energy. 

No explicit temperature models of other material 

parameters (such as capture cross-sections, tunnelling 

mass, etc.) were included and they were kept at their base-

line values during this analysis [15]. 

3. Results 

3.1. Analysis of temperature effects for ideal ohmic and 

realistic ITO contacts 

As the first step, opto-electrical simulations of the SHJ 

cell with the specified input parameters (Table 1) and their 

temperature dependencies in the temperature range from 

−20 °C to 80 °C were performed. All temperature models 

from equations (1)–(7) were applied, as well as the 

temperature dependent optical generation model.   

To indicate the role of the ITO/a-Si:H contacts on the 

temperature-dependent behaviour of the SHJ cell, the 

analysis was performed first on the so-called ideal ohmic 

case (lines with the white circle markers in Fig. 2) where 

ideal ohmic boundary conditions were applied to the 

borders of p-a-Si:H and n-a-Si:H layers instead of ITO 

layers. Then, the cell with ITO contacts was simulated (as 

in all further simulations). Since tunnelling was considered 

for all hetero-interfaces (ITO/p-aSi:H, ITO/n-a-Si:H and  

i-a-Si:H/n-c-Si on p and n-sides of the device), tunnelling 

through the i-a-Si/n-c-Si hetero-barriers in the ideal ohmic 

case was also included. 

The results of simulations (efficiency – Eff, fill factor –

FF, short-circuit current density – JSC, and open-circuit 

voltage – VOC) as a function of the solar cell temperature 

are presented in Fig. 2(a)–(d), respectively.  

First, it can be observed that all external parameters are 

better (larger) for the cell where an ideal ohmic contact was 

assumed on both sides of the device (white circles) through-

out the entire temperature range (−20 °C–80 °C) compared 

to the realistic case with ITO contacts (black circles).  

 ,
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Focusing first on the efficiency [Fig. 2(a)] for the ideal 

ohmic case (white circles), it was noticed that it decreases 

linearly with an increasing temperature over the entire 

temperature range, while in the ITO contact case (black 

circles) a curve with a clear maximum can be observed. In 

the analysed case, this maximum is located at a relatively 

high temperature of around 20 °C and reaches ~21.9  %. 

The values of efficiency at T = −20 °C and 80 °C are 

19.3  % and 18.7  %, respectively. The difference between 

the ideal ohmic case and ITO contact case will be addressed 

in the discussion section, as well as all the other effects 

noted in this section. 

Let us stress here that the presented results are in 

accordance with experimental measurements published by 

other researchers [37–39]. They reported that the 

temperature of the peak position may vary depending on 

the SHJ solar cell structure and parameters, such as the  

a-Si:H passivation layer thicknesses (thicker i-a-Si:H 

layers shift the cut-off temperature of the peak in efficiency 

towards higher temperatures and reduce the overall 

efficiency of the cell [37], whereas the optimal thickness of 

the p-a-Si:H and n-a-Si:H layers depends on the i-a-Si:H 

layer used [38, 39]). Experimental measurements presented 

in Refs. 38 and 39 are added in Fig. 2(a) as crosses (grey) 

to validate the observed trends in simulated results of 

conversion efficiency. The same general trend in efficiency 

can be observed, however, some deviations can be noticed 

as the simulated cell was not fitted to the parameters of the 

measured one. Similar experimental trends with respect to 

the temperature have also been experimentally demonstra-

      
           (a)                                                                                                             (b)  

 

      
           (c)                                                                                                             (d) 

Fig.2. Efficiency (a), fill factor (b), short-circuit current (c), and open-circuit voltage of the cell (d) for ideal ohmic contacts (open symbols) 

and ITO contacts (at p- and n-side in full symbols) as functions of temperature. Circles represent actual simulation points (which also 

refers to other graphs). The grey line with cross symbols in (a) presents measurements of the SHJ cell taken from Refs. 32 and 33.  
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ted in Refs. 16 and 18. Referring to those publications, 

other solar cell parameters (FF, JSC, and VOC) follow the 

experimentally observed trends, as well.  

The fill factor FF of the ideal ohmic case in Fig. 2(b) 

decreases steadily with increasing temperature, however, a 

significant decrease at lower temperatures is observed in 

the case with the ITO contacts. This decrease of FF at lower 

temperatures is the cause of the drop in efficiency in this 

temperature range. The highest FF of our simulated cell is 

~83 % at about 35 °C. The values of FF at T = −20 °C and 

80 °C are ~64 % and ~79.5 %, respectively. 

Continuing with the short-circuit current density in 

Fig. 2(c), it can be observed, considering the scale, that it 

changes much less than the other parameters (not more than 

1 mA/cm2 within the given temperature range) and, thus, 

has little effect on efficiency in both cases. A similar linear 

trend of increase in JSC with increasing temperature can be 

observed for the cases of ideal ohmic and ITO contacts. 

Finally, the open-circuit voltage temperature depend-

ency is presented in Fig. 2(d). It can be observed that the 

VOC drops almost linearly as temperature increases in both 

cases. This result shows that efficiency is governed by the 

reduction of VOC and partially FF at temperatures > 300 K 

(26.85 °C). 

In the presented simulations, the contacts on both sides 

were the same and were either ideal ohmic or ITO. As will 

be demonstrated later, the ITO/p-a-Si:H heterojunction is 

more critical and influences the efficiency of the cell more 

than the ITO/n-a-Si:H junction also in terms of temperature 

dependency. 

3.2. Effects of ITO work function on temperature 

dependency of efficiency 

Hereafter, only the realistic cell with the ITO contacts 

was considered in the analysis. It is known and can be also 

observed in the energy band diagram in Fig. 1(b) that there 

is an inherent work function (WF) difference between the 

ITO and the doped a-Si:H layers (work function mismatch) 

which influences the efficiency of the cell even at 300 K 

(26.85 °C). In order to investigate the role of WF of ITO 

layers and, consequently, work function mismatch with the 

doped a-Si:H layers on the performance of the SHJ cell at 

various temperatures, the electron affinity of the ITOs was 

varied. In this study, the WF of ITOs on each, p- and n-side 

separately, was varied while leaving the parameters of the 

ITO on the other side at their reference values. The doping 

density of ITO was kept at its reference level (1·1020 cm−3) 

during this investigation and corresponds to a degenerately 

doped ITO with a 260 meV difference between the fermi 

level (EF) and the conduction band (EC). The chosen range 

of the work functions used in our analysis (4.2 eV–5.2 eV) 

and corresponding electron affinities (χ = 4.46 eV–5.46 eV) 

present different ITO contacts that can be manufactured 

and applied to real solar cells [40]. The individual WF 

values of ITOs, once set, have not been changed with 

temperature.  

Efficiencies of the cells as a function of the temperature 

are presented in Fig. 3(a)–(b) for the variation of the WF of 

ITO at the p- and n-side, respectively. Differently coloured 

curves present simulations with ITOs including different 

work functions. The reference case, where ITOs are the 

same on both sides and their parameters are at the reference 

values, is presented by a full black line with a work function 

of WF = 4.7 eV and an electron affinity of χ = 4.96 eV. 

By focusing first on Fig. 3(a), where the ITO work 

function was varied on the p-side, it was found out that 

higher work functions of ITO lead to a better efficiency 

over the entire temperature range. This general trend of 

increase is linked to the lowering of the work function 

mismatch between the ITO and p-a-Si:H [41]. Regarding 

the temperature dependency, it can be observed that 

      
        (a)                                                                                                       (b) 

Fig.3. Efficiency vs. temperature for different ITO work functions (coloured lines) when variation is done only on the ITO adjacent to the   

p-a-Si:H (a), while the ITO parameters next to the n-a-Si:H are kept at their reference values and vice-versa (b). Vertical dashed line 
marks the reference temperature (300 K or 26.85 °C). The reference case (Ref.), where both sides have the same reference ITO 

material, is presented by a black solid line. 
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efficiency changes much less when the temperature is 

increased above 300 K (26.85 °C) for all work functions 

presented here. Although not clearly visible in the 

presented temperature range, the temperature at which the 

maximum efficiency is achieved tends to shift toward 

higher temperatures as the work function is decreased. 

It is also worth noting that increasing the work function 

above 4.95 eV (brown line) offers only a limited increase 

in efficiency even at lower temperatures. The highest work 

function of 5.2 eV (green line) almost eliminates the work 

function mismatch and yields very similar Eff and FF as the 

ideal ohmic case [white circle markers in Fig. 2(a) and 

2(b)] at temperatures above 300 K (26.85 °C). At lower 

temperatures (< 300 K or 26.85 °C), however, it still 

performs worse, indicating possible transport issues across 

the heterointerfaces (ITO/a-Si:H and a-Si:H/c-Si). 

The results where the work function of ITO was varied 

on the n-side, while the reference ITO was used on the p-

side, are shown in Fig. 3(b). Here one can observe higher 

Eff values for the ITOs with a lower WF. This is because 

lower WF values of ITO decrease the work function 

mismatch between the ITO and n-a-Si:H in this case (just 

the opposite compared to the p-side). Also, in this case, the 

efficiency tends to change much less at temperatures above 

the reference (> 300 K or 26.85 °C) than at lower 

temperatures regardless of the WF value. The shift of 

maximum-efficiency temperature seems to move toward 

higher temperatures when ITO WF is increased on the n-

side. Additionally, it can be observed that WF values of 

4.2 eV (red line) and 4.45 eV (blue line) yield almost 

identical results, suggesting that the reference work 

function mismatch between the ITO and p-a-Si:H on the  

p-side already presents a bottleneck and mitigates the 

benefits of the variations at the n-side. This is also 

reinforced by the fact that work function mismatch between 

the ITO and n-a-Si:H on the n-side is almost entirely 

eliminated by employing an ITO with a WF of 4.2 eV in 

the presented case, yet it still yields lower efficiency at 

higher temperatures when compared to the ideal ohmic 

case from Fig. 2(a). 

A detailed explanation of the observed effects will be 

addressed in the following section.  

4. Discussion 

The results shown in section 3 will now be discussed in 

more detail to explain the mechanisms that determine the 

temperature behaviour of the external parameters of the 

SHJ cell. First, all temperature dependencies as described 

in section 2.3 (assigned to cumulative effects) are taken 

into account, whereas in the second part of the discussion 

an attempt was made to de-couple these effects to identify 

which dependencies significantly affect the SHJ cell 

performance (analysis of individual effects). 

4.1. Analysis of the cumulative effects of temperature-

dependant parameters 

Graphs in Fig. 2 show that the efficiency of the cell at 

lower temperatures (< 300 K or 26.85 °C) is mainly 

determined by the FF decrease, whereas the drop in VOC 

determines and decreases the efficiency at higher 

temperatures (> 300 K or 26.85 °C). The efficiency of the 

reference cell (21.86  %) is very close to the observed 

maximum (~21.9  %), as the decrease in FF is mitigated by 

the increase in VOC at the reference temperature (300 K or 

26.85 °C). 

Focusing first on the decrease in VOC; the effect is well 

known and is not related to heterostructures per se [42]. 

Basic equations for an illuminated p-n junction show that 

the decrease in VOC at increased temperature is related to 

increased intrinsic carrier concentration which affects 

minority carrier concentration in the doped layers [5, 43]. 

The increase in minority carriers also increases the 

activation energy [as per equations (1) and (2)] of the 

highly doped p-a-Si:H and n-a-Si:H layers which also 

decreases the difference between the WF energies between 

the two materials, resulting in a weaker built-in electric 

field that is needed for charge separation. Since free 

charges are not swiped out of the bulk as effectively, 

recombination increases in the n-c-Si bulk of the SHJ cell 

leading to a decrease in the VOC. The opposite is true for 

low temperatures, where VOC increases due to a WF 

difference and reduced recombination in the bulk as 

minority carrier concentrations are reduced. 

Let us now focus on the decrease in FF at lower 

temperatures for the realistic SHJ cell with ITO contacts. It 

can be seen in the energy-band diagram presented in 

Fig. 1(b) that there are two i-a-Si:H/n-c-Si (encircled 1a 

and 2a) and two ITO/a-Si:H heterojunctions (encircled 

numbers 1 and 2, respectively.) in the reference device. 

Different electron affinities and band gap energies of the 

adjacent layers, forming the heterojunctions, create offsets 

in the valence and conduction bands. The offsets define the 

height of the energy barriers near the heterointerfaces that 

impede holes and electrons as they flow from the n-c-Si 

bulk, where they were optically generated, toward the 

cathode and the anode, respectively. Tunnelling 

mechanism (BBT, TAT, DT) and thermionic emission (TE) 

help the carriers cross such barriers and are crucial for the 

operation of the SHJ cell [15]. Tunnelling efficiency and 

TE decrease as temperature is lowered, leading to  

a reduction in FF, mostly due to transport issues at the  

ITO/a-Si:H interfaces, as confirmed by simulations. The 

drop in FF does not occur in the given temperature range 

when the ITO contacts are replaced with ideal ohmic 

boundary conditions, as the barriers at the ITO/a-Si:H 

interfaces were effectively removed. The remaining  

i-a-Si:H/n-c-Si heterointerfaces pose a bottleneck in 

transport at much lower temperatures (not shown here). 

Additional simulations also showed that when tunnelling is 

omitted at the i-a-Si:H/n-c-Si junctions, the reduction in TE 

at lower temperatures leads to poor FF even in the case of 

ideal ohmic contacts (also not shown here) in the presented 

temperature range. 

It is worth noting here that the electron affinity of ITO 

not only determines the conduction and valence band 

offsets at the ITO/a-Si:H heterointerfaces, but also affects 

the work function mismatch: ∆WF (difference between the 

work functions of ITO and the adjacent a-Si:H layer). It 

was shown in our previous publication that a high ∆WF can 

degrade the electric field required for charge separation, if 

the adjacent a-Si:H layer is either too thin, insufficiently 

doped, or has too low density of defect states at energies 

near the Fermi level to screen the ITO charge [15]. The 

results in Fig. 3(a) where the electron affinity of ITO was 
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varied on the p-side, while keeping ITO on the n-side at the 

reference level, showed that increasing the WF above the 

reference value (4.7 eV) leads to significant improvements 

in FF (not shown here) and, consequently, in efficiency at 

lower temperatures, whereas at higher temperatures the 

effect is less pronounced. This is because a higher WF 

reduces the ∆WF between the ITO and p-a-Si:H and relaxes 

the constraints on screening of the positive ionized dopant 

charge (ND
+) in the space-charge region (SCR) of ITO. As 

a result, a stronger electric field is formed in the bulk for 

charge separation. A stronger electric field mitigates the 

negative effect of a poor tunnelling efficiency at lower 

temperatures, as well as the negative effects of increasing 

barrier heights, since increasing the electron affinity also 

increases the conduction and valence-band offsets in this 

case. A similar explanation is proposed for the cases where 

the electron affinity of the ITO was lowered on the n-side, 

while keeping the reference values for the ITO on the other 

side which reduced the work function mismatch between 

ITO and n-a-Si:H. Moreover, lowering the ITO electron 

affinity on the n-side also reduced the conduction and 

valence-band offsets at the n-a-Si:H/ITO heterointerface, 

resulting in lower energy barriers. It can be observed that 

the increase in efficiency at lower temperatures is not as 

pronounced in this case as compared to the gains when ITO 

is optimized on the p-side. This is because the n-a-Si:H 

layer of the reference cell is more capable of screening the 

ITO charge than the p-a-Si:H layer due to a more 

favourable energetic distribution of defect states (for details 

refer to our previous publication [15]). 

Delving further into detail, an investigation regarding 

the temperature effects related to the FF as a parameter 

defined by the product of the maximum-power-point 

current density (JMPP) and voltage (VMPP) divided by the 

product of JSC and VOC was performed. In Fig. 4 selected 

current-voltage or J(V) curves corresponding to the SHJ 

solar cell operation at different temperatures are shown 

where the MPP points are clearly marked. 

It can be observed that JSC and JMPP (corresponding to 

vertical position of MPPs on the graph) remain more or less 

unaffected at both high (red curve) and low temperatures 

(light and dark blue curves) and have only a minor impact 

on the FF change. At high temperatures (red curve) both 

VMPP and VOC decrease by roughly the same factor, resulting 

in minor changes of the FF (Fig. 2). Reasons behind the 

drop in VOC at high temperatures have already been 

discussed where it was concluded that the increase of 

minority carriers leads to a weaker electric field, needed for 

charge separation. The weaker electric field also leads to  

a lower VMPP.  

At low temperatures, however, the VMPP again 

decreases, but VOC now increases (contrary to high 

temperatures) resulting in the observed drop of FF. It is 

also worth noting that the J(V) curves start becoming  

S-shaped at lower temperatures (reduction in FF) which is 

also indicative of transport problems across the hetero-

barriers [16, 44], leading to a low VMPP despite the higher 

field for charge separation. The main difference between 

VOC and VMPP is that there is a significant current flowing 

across the cell at MPP conditions. 

Mentioned transport limitations influence the charge 

distribution throughout the device, which, according to the 

Poisson’s equation, affects the VMPP and, consequently, FF 

and Eff. In order to explain this effect, the charge 

distribution at different temperatures was studied. The total 

charge (comprised of free charges, ionized dopants, and 

trapped charges due to defect states) and its distribution as 

a function of depth was obtained with simulations. This 

total charge across the depth of each layer was integrated 

into so-called sheet-charge, as shown in Fig. 5 to better 

represent the charge re-distribution when the reference 

temperature (26.85 °C or 300 K, black bar) is decreased to 

−20 °C or 253.15 K (dark blue bar). The comparison was 

made under MPP condition of the cell at almost identical 

JMPP currents at both temperatures. It can be observed from 

Fig. 5 that there are differences in total sheet charge mostly 

 

Fig.5. Total sheet charge for individual layers of the reference cell 
under the MPP condition at 300 K or 26.85 °C (black, 

reference) and −20 °C (blue). 
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Fig. 4. Current-voltage characteristics of the reference cell at −20 °C 

(dark blue), 0 °C (light blue), 26.85 °C (black, reference), and 
80 °C (red). The MPP is marked with black dots and the open-

circuit (OC) is marked with black triangles. 
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in the ITO on the p-side and in the p-a-Si:H layer. A 

reduction in positive total sheet charge in the ITO at lower 

temperatures and a decrease of negative charge in the  

p-a-Si:H can be observed. Also, in simulations it was 

observed that the reduction of positive charge in the ITO at 

low temperatures reflects poor transport of free electrons 

(which compensated the positive ionized ND
+) out of the 

ITO as tunnelling efficiency is reduced. This observation is 

also directly linked to the decrease of negative charge in the 

p-a-Si:H which actually turned out to be an increase of 

positive charge due to vacant donor-like tail states as 

revealed by a detailed analysis of defect states, enabled by 

simulations. The donor-like tail states are positively 

charged when being vacant and become neutral only when 

occupied by an electron. The same is true for the +/0 

Gaussian dangling bond states which are more or less 

completely vacant (they stay positively charged) at both 

temperatures, due to their energy distribution, positioning 

them at energies where the probability of occupancy by  

an electron is very low. It was demonstrated in our previous 

publication [15], according to the Poisson’s equation, that 

a virtual shift of a positive charge from the layer close to 

the solar cell contact (front ITO in this case) towards the 

layer which is away from the contact, even for a few nano 

meters (p-a-Si:H in this case), leads to a reduction in the 

generated voltage and, consequently, to reduced efficiency 

while the current density remains approximately unchanged. 

4.2. Analysis of individual effects of temperature-

dependant parameters  

The preceding section was dedicated to the cumulative 

effects of temperature-dependant parameters (described in 

section 2.3) on charge redistribution and, consequently, on 

voltage and, ultimately, on efficiency. Authors continue 

their research on the temperature effects, by looking at 

individual temperature-dependant parameters and their 

effect on the external performance parameters of the cell. 

The curve of the reference cell with ITO contacts is added 

where all temperature-dependant parameters are consid-

ered. During this analysis, the fundamental temperature 

dependency related to the thermal energy (kT) was 

considered in all presented cases, whereas other 

dependencies (NC and NV, EG, χ, and µ) were added 

separately in the simulations as denoted in the legends of 

Fig. 6. Such de-coupled analysis also allows assigning  

the temperature trends observed in Fig. 2 to different 

temperature effects. 

It can be generally observed that the temperature 

variation in the kT (orange curve) term alone already 

reproduces all the main temperature trends observed for 

almost all external parameters, except for the JSC. This 

observation could be generalized also for other types of 

solar cells, since the kT product is a fundamental quantity 

that appears in physical models of devices. However, 

depending on a particular solar cell structure made of 

different semiconductor materials, resulting in different 

bulk and interface properties, other temperature 

dependencies may become more or less pronounced. 

Therefore, detailed research of optoelectronic mechanisms 

of individual cell structures is required to explain its 

particular realistic behaviour. 

Focusing further on the JSC behaviour of the analysed 

SHJ cell, it can be observed from Fig. 6(c) that the JSC 

increases linearly with increasing temperature only when 

the changes in optical absorption due to temperature 

variation in the band gap are taken into account (EG opt., 

green curve), as this line closely follows the reference case. 

In all other cases, the JSC tends to slightly drop as tempera-

ture increases, presenting the opposite trend. However, it 

should be noted that the abscissa is zoomed in for JSC and 

that the maximum span presented here is below 1 mA/cm2. 

Focusing now on the efficiency parameter, it can be 

seen in Fig. 6 (a) that thermal energy (kT, orange) 

dominates the main temperature dependence, especially at 

lower temperature as it closely follows the reference curve. 

Same observation can be made for the FF, presented in 

Fig. 6(b). This is because the lowering of the kT product 

directly affects the capture and emission rates of the 

phonon-assisted [45] and elastic tunnelling [46] transitions 

of the TAT models and reduces tunnelling efficiency at these 

temperatures. At higher temperatures, however, a slight 

increase in efficiency compared to the reference curve 

when considering only the kT product can be observed.  

By adding the mobility temperature dependency to the 

kT effects (brown curve), almost exactly the same 

efficiency values are obtained as for the kT (orange) curve 

in the entire temperature range. This implies that 

temperature-induced changes in mobility have only a minor 

influence on the device performance. 

If the temperature dependences NC and NV are added to 

the kT effects (red curve), the efficiency at both low and 

high temperatures is a bit higher compared to the reference 

(black), whereas at lower temperatures it is also a bit higher 

than the kT (orange) curve. This low-temperature increase 

in efficiency is due to a slight increase in FF [Fig. 6(b)], 

whereas the increase at high temperatures is due to a slight 

increase in VOC [Fig. 6(d)]. The observation regarding the 

FF can be explained by the fact that both NC and NV also 

decrease with decreasing temperature which results in even 

lower concentrations of minority carriers. This is reflected 

in a higher work function mismatch between the ITO and 

the p-a-Si:H layer [15]. Consequently, there is a higher 

tendency for electrons to travel from the ITO towards the 

p-a-Si:H where they neutralize more positive charge 

compared to the kT and the reference case. Note that the 

high work function mismatch generally leads to a poor FF 

when tunnelling is efficient, as electrons may travel too 

deep in the cell and weaken the electric field needed for 

charge separation. Even in this case, the VOC is slightly 

weaker at lower temperatures compared to the kT and the 

reference case, reflecting the increase in the work function 

mismatch. The opposite is true at higher temperature. 

Tunnelling is now more efficient, and the work function 

mismatch is reduced as NC and NV are increased. This effect 

overpowers the increase of minority carrier concentrations 

resulting in a slight increase in VOC at higher temperatures. 

This result implies that the inclusion of other temperature 

dependant parameters should decrease the efficiency, 

resulting in the reference curve (black). 

The combination of kT and temperature dependence of 

the electrical band gap (EG ele.) and the electron affinity (χ), 

shown here in blue, reduces the efficiency over the entire 

temperature range compared to the reference curve (black). 
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It should be noted that in this case the changes in the band 

gap were only included in the electrical simulations, i.e., 

the optical generation was calculated using the absorption 

in the reference case. The drop in efficiency (and FF) at 

lower temperatures is partly due to the wider band gap 

leading to larger differences between the ITO conduction-

band edge and valence-band edge energies of the p-a-Si:H 

and, thus, lower tunnelling efficiency, in particular TAT 

and BBT [47], as well as the work function mismatch [28]. 

The electron affinity, which also changed in this case, was 

reduced by half the amount by which the band gap 

increased from the reference value according to equations 

(6) and (7), partially offsetting the negative effects of the 

wider band gap by reducing the work function mismatch 

and bringing the valence-band edge of the p-a-Si:H closer 

to the conduction-band edge of the ITO. The wider band 

gap had little effect on the n-a-Si:H, but the reduction in 

electron affinity in the n-a-Si:H slightly increased the work 

function mismatch with the ITO and decreased the 

conduction-band offset which slightly increased direct 

tunnelling. High temperature behaviour in this case is not 

so different compared to the reference case, since it is only 

slightly lower due to the lower JSC, as the absorption did 

not increase with temperature. Of note is also the observation 

        
         (a)                                                                                                         (b) 

 

        
           (c)                                                                                                           (d) 

Fig.6. Efficiency (a), fill factor (b), short-circuit current density (c), and open-circuit voltage (d) vs. temperature. The black full line presents the 

case where all temperature models (All) were enabled and is referred to a reference curve The red line presents the cases where temperature 

dependency was enabled only for effective density of states for electrons and holes (kT and NC, NV). The blue line presents the cases where 

temperature dependency of both band gap and electron affinity was enabled, but its effect on optical absorption and carrier generation (kT 
and EG ele. and χ) was excluded. The green line presents the cases where temperature dependency was enabled only for the optical absorption 

and free carrier generation (kT and EG opt.). The brown line presents the cases where temperature dependency of mobility (kT and µ) was 

enabled and the orange line presents the cases where only thermal energy changed with temperature (kT).  
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that the combination of kT, electrical band gap, and electron 

affinity governs the VOC behaviour at high temperatures, 

since the blue and black curves are almost identical at these 

temperatures. 

It seems that the temperature effects of NC, NV, EG ele., 

and χ mitigate each other in the reference case which is 

especially evident at low temperatures (< 300 K or 

26.85 °C) as the reference curve (black) is almost midway 

between the red and blue curves. The same observation can 

be made for the FF in Fig. 6(b). At higher temperatures, 

however, the negative effects of EG ele. and χ outweigh the 

beneficial effects of NC and NV. 

Some generalization of the observations can be made to 

some extent, namely, in recent studies it was shown that 

VOC determines the cell efficiency at higher temperatures 

due to the increase in the intrinsic carrier density (increased 

recombination) not only in conventional solar cell devices, 

but also in perovskite-based solar cells [48]. Further 

generalizations of the specific temperature dependencies 

and, especially, their influence on external characteristics 

could be made after a careful study of specific solar cell 

structures. The application of optoelectronic simulations 

and the approach presented in this work can be very helpful 

in such studies.  

5. Conclusions 

In this work, authors have performed the opto-electrical 

modelling of a SHJ solar cell, taking into account realistic 

ITO layers with associated tunnelling mechanisms (DT, 

TAT, and BBT). The model for studying the effect of 

temperature variations on the external performance 

parameters of the cell in the range from −20 °C to 80 °C 

was chosen. The effect of the contact WF in relation to 

temperature variations was also investigated. A detailed 

study of the effects of individual temperature-dependent 

material parameters (optical and electrical band gap, 

electron affinity, thermal energy, mobility, and effective 

density of states in the conduction and valence bands) on 

the performance was also carried out. 

The behaviour of the cell at temperatures lower than 

300 K (26.85 °C) has been shown to be governed by a drop 

in FF due to transport problems, as the tunnelling 

efficiency is reduced, which was also confirmed by the S-

shaped J(V) curves at these temperatures. This drop in FF 

was associated with a decrease in MPP voltage. It has been 

shown that the voltage drop at lower temperatures is a 

consequence of a poor tunnelling of electrons flowing from 

ITO towards p-a-Si:H. This led to a decrease in the positive 

charge in ITO and an increase in the positive charge in the 

p-a-Si:H layer, as fewer electrons were now available to 

mitigate the positively charged (vacant) donor-like trap 

states in p-a-Si:H. Poor tunnelling is, thus, reflected in  

the virtual shift of the positive charge from ITO to the  

p-a-Si:H, leading to a low MPP voltage according to  

the Poisson’s equation. Moreover, it has been shown that  

the thermionic emission plays a significant role at  

low temperatures only in the absence of tunnelling 

mechanisms. 

However, at temperatures higher than 300 K (26.85 °C), 

a decrease in VOC plays a crucial role because the 

concentration of minority carriers is higher, leading to a 

smaller difference in the work function between the p- and 

n-side of the device, which translates into a lower electric 

field required for charge separation. In comparison, the FF 

changed much less at high temperatures. 

It has been demonstrated that the ITO WF has a large 

effect on the temperature response of the cell due to the 

work function mismatch. Authors have also shown that a 

high electron affinity on the p-side reduces mismatch and 

provides high efficiency gains, especially at low 

temperatures, while lowering the electron affinity on the  

n-side reduces mismatch but provides limited efficiency 

gains over the entire temperature range. Moreover, it was 

demonstrated that the ITO/p-a-Si:H junction determines 

the cell temperature behaviour more than the n-a-Si:H/ITO 

junction, because the work function mismatch has a larger 

impact since the trap distribution in the p-a- Si:H layer  

is less favourable than in the n-a-Si:H. Consequently,  

the effect of poor tunnelling is more pronounced at the  

ITO/p-a-Si:H junction, leading to tighter constraints on the 

work function mismatch. 

Regarding the effects of the individual temperature-

dependant parameters, it has been shown that the overall 

behaviour of the cell temperature depends on the thermal 

energy (kT), while other parameters have little effect on the 

device. It was also found that the low temperature 

behaviour of the cell is determined by the variations of kT, 

NC, and NV, which mitigate the effects of the variation of χ 

and EG ele.. Also, it was observed that the linear increase in 

JSC with increasing temperature is a consequence of the 

increased optical absorption. The mere electrical band gap 

narrowing causes the opposite trend, therefore, it is 

mandatory to take into account both optical and electrical 

band gap variations in order to correctly simulate the 

device. 

The presented results offer an insight into the 

temperature behaviour of the SHJ cells and their compo-

nents and can serve as a guide for further optimization of 

the cells operating at various temperatures in different 

climatic zones. 
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