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ABSTRACT

Solar photovoltaic (PV) is currently the fastest growing source of energy in the US 

due to its cost-effective approach to harnessing the energy from the sun and its ability to 

decarbonize the energy sector, thereby helping to meet global climate goals. Remarkable 

progress has been made in the PV industry to improve efficiency at a reduced cost with 

different advanced solar cell architectures. However, as the design and the fabrication of 

the solar cells advanced further to improve the efficiency at a reduced cost, there is a 

challenge to ensure that the long-term reliability of the emerging solar cells is not 

compromised under outdoor field conditions. Therefore, it is necessary to investigate the 

long-term reliability issues in solar cells using accelerated indoor exposure conditions, and 

then come up with an approach to mitigate these reliability issues. 

This work involved the study of two very different types of solar cells, which are 

silicon (Si) and cadmium telluride (CdTe) solar cells, each with a history of commercial 

success and current manufacturing expansion. They were exposed to different types of 

accelerated lifetime testing (ALT) designed to stress their known weaknesses. Devices 

were characterized in their initial, degraded, and in some cases recovered states. 

Characterizations such as current density-voltage (J-V), temperature-dependent current 

density-voltage (J-V-T), quantum efficiency (QE) were carried on both types of solar cells, 

whereas Suns-Voc and electroluminescence (EL) were specifically conducted on the silicon 
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solar cells, and capacitance-voltage (C-V) and drive level capacitance profiling (DLCP) 

were specifically conducted on the CdTe cells. 

In the first part of this work, silicon heterojunction (SHJ) solar cells were exposed 

to thermal ALT to investigate the effect of varying structures and the effect of varying ALT 

exposure conditions on their degradation mechanism. The cell structural variation (by 

eliminating the rear-side indium layer) resulted in much greater degradation in open-circuit 

voltage (Voc) compared to standard SHJ cells due to rear-side passivation loss (as revealed 

by characterizations such as spectral-dependent Suns-Voc and QE) when exposed to 1-sun 

illumination intensity at 90ÜC in argon ambient for 1000 hours. The rear-side passivation 

loss is speculated to have occurred due to aluminum diffusion into the rear-side amorphous 

layer followed by recrystallization and counter-doping, thereby resulting in recombination 

and consequently Voc degradation under the ALT. Therefore, reducing the fabrication cost 

by eliminating the rear-side indium layer on SHJ solar cells will significantly compromise 

their long-term reliability. On the other hand, the standard SHJ cells with both-sides indium 

layer were stable at the same exposure condition at 90ÜC under 1 sun in argon ambient for 

1000 hours but degraded significantly in fill factor (FF) when the exposure temperature 

was raised from 90ÜC to 120ÜC. J-V measurements and single-diode model revealed that 

the FF degradation was caused by an increase in series resistance and an increase in 

collection barrier at the front side of the cell structure under the ALT. Therefore, standard 

SHJ modules installed in very hot climates may experience an increase in degradation over 

a long period. 
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In the second part of this work, the effect of doping and metastable defects on the 

performance of cadmium selenide telluride/cadmium telluride (CdSeTe/CdTe) solar cells 

were investigated. The cells co-doped with both antimony (Sb) and copper (Cu) i.e. 

(Sb+Cu)-doped cells demonstrated higher Voc, FF and short-circuit current density (Jsc) 

than the Cu-doped cells. The doping concentration obtained, with C-V measurements, is 

slightly higher in (Sb+Cu)-doped cells than in Cu-doped cell. While the doping 

concentration in the Cu-doped cells is comparable to what has been previously reported, 

the doping concentration in (Sb+Cu)-doped cells is almost two orders of magnitude lower 

than what was previously achieved with the Sb doping technique. The lower doping 

concentration observed is likely due to compensating defects caused by competing doping 

between the Sb and chlorine on tellurium sites, and perhaps any other unknown defects in 

(Sb+Cu)-doped cells. The lower performance observed in the Cu-doped cells compared to 

the (Sb+Cu)-doped cells is mainly due to dominant recombination occurring at the 

interface, as confirmed by lower activation energy (EA) from the Voc(T) measurement, 

higher drop in QE, higher saturation current density (J0) and higher collection barrier. 

However, the exact interface where recombination is prominent is not known, and further 

study is needed to separate the interface recombination into the front and the rear 

contributions. Therefore, Sb doping did not significantly improve the doping concentration 

but rather reduces interface recombination. In addition to characterizing the influence of 

doping on device performance, the effect of metastable defects was investigated by 

exposing Cu-doped, (Sb+Cu)-doped and As-doped cells to light under 1 sun illumination 

intensity at about 25ÜC for 50 hours. Characterizations, such as J-V-T or Voc(T), QE, CV 
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vs DCLP, in conjunction with a single-diode model, revealed higher dominant 

recombination mechanism occurring at the interface in As-doped cells, which is caused by 

higher interface trap concentration. Upon light soaking, the As-doped cells showed a 

significant improvement both in Voc and the FF  (æVoc = +16%, æFF = +21%) due to 

passivation of interface traps by excess photogenerated carriers under light soaking, while 

the Cu-doped and (Sb+Cu)-doped cells displayed a negligible improvement in Voc with 

slight increase in FF (i.e. æVoc = +0.7%, æFF = +2.6% in Cu-doped cells and æVoc = +0.6%, 

æFF = +6.0%  in (Sb+Cu)-doped cells). Thereafter, when all the cells were stored in the 

dark for 50 hours, their performance returned to the initial value before exposure, thereby 

confirming that the performance instability was due to metastable defects. Considering the 

instability observed, it is important to continue improving the standard measurements and 

pre-testing light soaking procedure for investigating the origin of metastable phenomena 

and come up with an approach to mitigate them, as the CdTe solar PV technology advances.
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         Chapter 1

1 INTRODUCTION 

 

1.1 Renewable energy needs 

 Global energy demand is expected to grow over the next decades, driven by factors 

such as an increase in population and economic trends. The world population is projected 

to increase from 8 billion in 2022 to 9.7 billion in 2050 at an average annual growth rate 

of 0.7% [1,2], while the world gross domestic product (GDP) at purchasing power parity 

(i.e. purchasing power considering the equal rate of currency conversion e.g. purchasing 

power in USD globally) is expected to increase from $136 trillion in 2022 to about $275 

trillion in 2050 at a nearly linear growth rate of 2.6%, as illustrated in Figure 1.1 [2,3]. 

These two factors influence the global energy need, thus increasing global energy 

consumption by about 34% from 638 quadrillion British thermal units (quads) in 2022 to 

about 855 quads in 2050 [2]. Correspondingly, carbon dioxide (CO2) emission is projected 

to increase by 15% from 36.8 billion metric tons in 2022 to about 41.0 billion metric tons 

in 2050 [2,4,5]. 
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Figure 1. 1 Projected world GDP between 2000 and 2050 and projected 

decarbonization rate needed to meet the Paris Climate Agreement (Image 

Courtesy: PwC 2017) [3]. 

 To drastically reduce the growing trends of CO2 emission globally, the 2015 Paris 

Climate Agreement was adopted with a target to limit the global average temperature 

increase far below 2ÜC and to pursue an effort to limit this temperature rise to 1.5ÜC. A 

world decarbonization rate of about 6.5% per year must be enforced to attain this climate 

goal. [3,6]. Despite the record drop in primary energy consumption drop by 4% in 2020 

due to the COVID-19 pandemic lockdown, the corresponding drop in CO2 emission by 

5.8% still fell short of the global climate goal. An increase in CO2 emission by 0.8% from 

the 2020 emission level was reported in 2022 [4,5]. To address this challenge, investments 

in renewable energy have recently been accelerated to decarbonize the energy sector. 

 In 2018, out of the 7.4 TW installed electricity generation capacity globally, 

renewable power generation capacity accounted for over 2.5 TW i.e. about 33% of 

renewable installed capacity as shown in Figure 1.2. The renewable installed capacity came 

https://www.iea.org/reports/co2-emissions-in-2022
https://www.weforum.org/agenda/2022/11/global-co2-emissions-fossil-fuels-hit-record-2022/
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from hydro (1189 GW), solar (580 GW), onshore wind (594 GW), offshore wind (28 GW), 

bioenergy (123 GW), and geothermal (14 GW) [7]. To further decarbonize the electricity 

sector, all forms of renewable sources must be commissioned, with wind and solar leading 

this transformation.  To meet the global average temperature scenario of 1.5ÜC, the installed 

generation capacity of renewable power is expected to increase to 10.8 TW by 2030 and to 

27.8 TW by 2050 (i.e. over 4-fold increase by 2030 and over 10-fold increase by 2050 

compared to 2018 capacity). In 2050, solar installed capacity is expected to constitute the 

largest proportion with about 15.3 TW (i.e. å 48% of total installed power capacity), 

followed by wind power with about 8.5 TW ((i.e. å 25% of total installed power capacity). 

However, for non-renewable sources, natural gas is expected to drop to 11% of the total 

installed electricity generation, nuclear-fueled generation to drop to about 2.7%, while the 

oil- and coal-fired generations are expected to be phased out completely by 2050 [7]. 

 

Figure 1. 2 Total installed power capacity in 2018 and projected installed power 

capacity globally in 2030 and 2050 considering the 1.5ÜC global 

temperature reduction scenario (Image courtesy: IRENA 2022) [7]. 
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The projected increase in solar is due to their lower global levelized cost of energy 

(LCOE) than fossil fuels as shown in Figure 1.3 [8]. As of 2020, utility-scale solar and on-

shore wind was already cheaper than coal or natural gas. While wind energy presently may 

be slightly cheaper than solar energy on a large scale, geographical constraint and 

scalability make it less favorable than solar energy i.e. solar energy is cheaper on a small-

scale installation than wind. In addition, the LCOE of solar photovoltaic (PV) is expected 

to drop to about $0.021/kWh by 2050 [9]. In this regard, solar PV energy continuously 

remains the fastest-growing primary source of energy worldwide. 

 

Figure 1. 3  Global levelized cost of energy (LCOE) benchmarks between 2009 and 

2023 (Image courtesy: BloombergNEF 2023) [8]. 

 

1.2 Solar photovoltaic technologies 

 Solar energy can be harvested by using concentrated solar power (CSP) 

technologies or photovoltaic (PV) technologies. Presently, the thermal-driven CSP 

https://about.bnef.com/blog/cost-of-clean-energy-technologies-drop-as-expensive-debt-offset-by-cooling-commodity-prices/
https://about.bnef.com/blog/cost-of-clean-energy-technologies-drop-as-expensive-debt-offset-by-cooling-commodity-prices/
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technologies cannot compete with PV technologies because of their geographic limitations 

(they cannot focus diffuse or indirect light which is common in most of the country), higher 

LCOE and higher operating costs. Thus, they only contribute about 2% while the PV 

contributed about 98% of the solar power installed worldwide [10]. Solar PV technologies 

have continued to generate a significant expansion around the globe, with prices dropping 

by over 10 folds in the last decade.  The challenges associated with the global supply chain 

have been largely overcome thus facilitating an acceleration in the PV production 

capabilities. A total PV capacity of 1.2 TW has been installed worldwide in 2022. An 

additional installation capacity of about 341 GW is expected in 2023, representing a growth 

rate of 43% compared to the annual capacity of 239 GW installed in 2022, as illustrated in 

Figure 1.4 [11,12]. 

 

Figure 1. 4 Yearly global solar PV market scenarios between 2023 and 2027 (Image 

courtesy: SolarPower Europe 2023) [11]. 
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1.2.1 Silicon photovoltaic technologies 

 The current PV market is dominated by silicon (Si) constituting 180 GWpeak (å 

94.7%) in 2021 alone, with almost entirely monocrystalline wafers (å 84.2%) and a small 

percentage of multicrystalline (å 10.5%) as shown in Figure 1.5(a) and (b). The thin film 

market, on the other hand, accounts for a slight percentage with 10 GWpeak (å 5.3%) of the 

PV market in 2021 alone [13]. 

The popularity of Si PV is due to the abundance of raw materials, their low 

fabrication cost and low toxicity [14,15]. In recent years, significant attention has been 

shifted towards achieving highly efficient solar cells with different solar architectures. 

Presently, a record efficiency of 26.81% has been achieved on a n-type silicon 

heterojunction (SHJ) solar cell [16]  compared to an efficiency of 26.1% in a p-type silicon 

monocrystalline homojunction solar cell [17]. The high efficiency achieved on SHJ solar 

cells is due to high-quality surface passivation provided by the extremely thin amorphous 

layers, which helped to reduce the surface defects on the crystalline silicon (c-Si) layer, 

thereby resulting in a high open-circuit voltage (Voc). Furthermore, the SHJ cells are known 

to possess a low-temperature coefficient of Voc and fill factor (FF) compared to Si 

homojunction cells [18]. As a result, their modules make a better choice for installation in 

hot climates. In such a climate, for instance, they can generate about 10% average daily 

higher power output than the Si homojunction modules at module temperature of 50ÜC 

[19]. 

https://isfh.de/26-1-record-efficiency-for-p-type-crystalline-si-solar-cells/?lang=en


7 

 

    

 

Figure 1. 5 Global PV production by technology (silicon versus thin film) (a) 

Production in GWpeak (b) Percentage production. (Images courtesy: 

Fraunhofer ISE 2023) [13]. 

 

1.2.2 Cadmium telluride photovoltaic technologies 

 Thin-film PV modules began to gain popularity in the PV market since 2005 when 

silicon experienced shortage in supply. In the global solar PV market, cadmium telluride 

(CdTe) PV is the most prominent among the thin-film solar PV technologies and has the 
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second leading market share after crystalline silicon (c-Si). In 2021, CdTe PV accounted 

for over 80% of the thin-film PV market globally as seen in Figure 1.6 [13]. Significant 

progress in CdTe PV module manufacturing has been achieved in the U.S. compared to 

other part of the world, with the U.S. having the largest share of about 42% revenue [20]. 

The CdTe PV are mostly deployed in utility scale and about 3.8 TW of CdTe modules was 

installed in 2021, representing about 30% of the U.S. total PV modules installed in that 

year [21]. 

 

Figure 1. 6 Market share of thin-film PV technologies, with cadmium telluride (CdTe) 

PV dominating the thin-film market (Image courtesy: Fraunhofer ISE 2023) 

[13]. 

  

CdTe PV cell technology is more favored compared to c-Si PV cell technology in 

terms of manufacturing cost, energy yield, degradation rate, temperature coefficient, 

embodied energy, embodied carbon and energy payback time, as detailed further in Table 

1.1.  

https://www.precedenceresearch.com/cadmium-telluride-market
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Table 1.1 Comparing the Pros and Cons of Silicon (Si) PV versus cadmium telluride 

(CdTe) PV technologies. 

 

S/N Factor PV Technology 

Silicon (Si) Cadmium Telluride (CdTe) 

1 Fabrication cost Reduced fabrication cost due 

to abundance of raw materials. 

Reduced fabrication cost due to 

less usage of materials (over 

99% of light can be absorbed 

within 2 Õm) [22]. 

2 Market Share Large percentage of PV market 

share (about 94% in 2021) 

[13]. 

Small percentage of the PV 

market share (about 5.3% in 

2021) [13]. 

3 Toxicity Low toxicity [14,15,23]. Higher toxicity caused by 

cadmium [23]. 

4 Efficiency Higher efficiency achieved 

(26.1% in p-type 

monocrystalline homojunction 

solar cell [17]. 

Relatively lower efficiency 

(22.3%) [24]. 

5 Temperature 

coefficient  

Higher temperature coefficient 

of Voc and FF i.e. Tc(Voc) = -0.45 

%/ÜC and Tc(FF) = -0.19 %/ÜC 

in Si homojunction solar cell 

[25]. 

Lower temperature coefficient 

of Voc and FF i.e. Tc(Voc) = -0.24 

%/ÜC and Tc(FF) = -0.01 %/ÜC, 

thus yielding higher energy in 

hot climate [25]. 

6 Degradation rate Higher degradation rate i.e. 

0.45 to 0.55%/year [26]. 

Lower degradation rate i.e. 

0.2%/year [26]. 

7 Energy yield Relatively lower energy yield 

(kWh) per kW under outdoor 

field conditions [27]. 

Higher energy yield (kWh) per 

kW under outdoor field 

conditions [27] 

8 Energy intensity 

(Embodied energy) 

Fabrication is more energy 

intense i.e. embodied energy = 

2297 MJ/m2 [23]. 

Fabrication is less energy 

intense i.e. embodied energy = 

794 MJ/m2 [23]. 

9 Embodied carbon Module embodied more 

carbon i.e. 67 kg of CO2/MWh 

of electricity produced [23,28]. 

Module embodied less carbon 

i.e. 11 kg of CO2/MWh of 

electricity produced [23,28]. 

10 Payback time Higher energy payback time of 

6.4 months [23]. 

Lesser energy payback time of 

2.5 months [23]. 
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Although the CdTe PV technology has many advantages compared to Si technology 

as seen in Table 1.1, the Si PV still dominates the markets due to its technology maturation 

and well-established infrastructures and supply chains across the world. 

 As detailed in Table 1.1, Si module fabrication is almost 3 times energy intensive 

process than the CdTe modules, whereas the carbon embodied in silicon modules is 6 times 

than that of the CdTe modules. This suggests that the higher embodied carbon in Si modules 

did not only come from the manufacturing process but also from transporting the modules 

to the installation sites. For instance, the CdTe modules both manufactured and 

commissioned in the US embodied less carbon due to proximity to installation sites, 

whereas Si modules manufactured in China and commissioned in the US embodied more 

carbon due transportation across two continents. 

 After nearly 2 decades of research and development, the basic CdTe solar cell 

device structure having a bandgap of 1.5 eV evolved, with a copper-doped back contact 

and cadmium sulfide (CdS) as a front window layer, attaining a record efficiency of 19.6% 

as demonstrated by General Electric in 2012 [29]. The cell produced a short-circuit current 

density (Jsc) of 28.59 mA/cm2. However, there is a relatively large mismatch between the 

CdS and the CdTe, relatively lesser interdiffusion at the CdS/CdTe interface, and parasitic 

absorption at the short wavelength [30]. Also, there is a Voc deficit of 358 mV relative to 

the Shockley- Queisser (S-Q) limit or 643 mV relative to the EG as seen in Figure 1.7.  The 

S-Q limit or thermodynamic limit is the maximum attainable efficiency of a solar cell under 

ideal conditions, while the Voc deficit is given by ὠ . After extensive research, a 
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CdS window layer was replaced with a cadmium selenide (CdSe) layer to create a strong 

interdiffusion at the CdSe/CdTe interface, thereby resulting in a device with a minimum 

EG å1.4 eV. This consequently led to an enhanced Jsc with a slight improvement in Voc as 

seen in Figure 1.7(a) and (b) [31,32]. The resultant device produced a record efficiency of 

22.1% as demonstrated by First Solar in 2016 [33,34]. Therefore, the Voc deficit reduced to 

239 mV relative to the S-Q limit or 513 mV relative to the EG of 1.4 eV as seen in Figure 

1.7(a). 

 The Jsc has already attained over 95% of the S-Q limit in CdTe cells, but there is 

still significant room for improving the Voc and the FF as shown in Figure 1.7(a) ï (c). To 

increase the Voc further, group V dopants such as arsenic has been incorporated into the 

CdTe cells to overcome the relatively low doping concentration ~ 1014 /cm3 observed in 

copper-doped cells due to self-compensating defects. The arsenic incorporation raised the 

doping concentration by two orders from 1014 to 1016 cm-3. Whereas the Voc slightly 

increased from 887 mV to 899 mV and the efficiency from 22.1% to 22.3% as demonstrated 

by First Solar in 2023 [24]. Despite the arsenic dopant incorporation, the efficiency deficit 

in CdTe cells is still much higher than that in SHJ solar cells as shown in Figure 1.7(d), 

due to larger Voc and FF deficits (Figure 1.7(a) and (c) respectively) in CdTe cells. Voc 

deficit of 91 mV and FF deficit of 1% is seen in the record efficiency SHJ solar cells in 

2023 compared to the record efficiency CdTe cells with Voc deficit = 224 mV and FF deficit 

= 11.7%. 
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Figure 1. 7 Record performances of CdTe solar cells with different structures and 

bandgaps versus SHJ solar cell in comparison with the Shockley-Queisser 

(S-Q) limit (a) Voc (b) Jsc (c) FF (d) ɖ. Raw data obtained from 

[16,24,29,33,34,35]. 

 

1.3 Dissertation Statements 

1.3.1 Motivation for the work on silicon heterojunction solar cells 

 Despite the outstanding prospect of the SHJ solar cells such as high efficiency and 

low temperature coefficient of Voc and FF, the economic viability and the concern about 

long-term reliability could create a barrier to increase market share of this technology. The 
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market share of the SHJ cells technology is expected to increase from 9% in 2023 to about 

19% in 2033 [36], as shown in Figure 1.8. Therefore, long-term reliability of the emerging 

SHJ cells, in addition to high efficiency at reduced cost, is critical to gain a growing market 

share. 

    

Figure 1. 8 Market shares for different silicon cell technology between 2022 and 2033 

(Image courtesy: ITRPV 2023) [36]. 

 

Though many works have reported degradation in Voc in SHJ modules under 

outdoor field conditions, there are few reports on FF degradation under field conditions, 

particularly in hot climates. For example, degradation dominated by FF loss has been 

observed in SHJ modules under 28 months of outdoor field conditions in Gurgaon, India 

[37]. Also, degradation in FF and Voc have been reported on SHJ modules exposed to 

outdoor conditions for 10 years at National Renewable Energy Laboratory (NREL) site in 
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Golden, Colorado [38]. To establish a growing market share, it is crucial to investigate the 

cause of degradation in SHJ technology and come up with approaches to mitigate them. 

 The economic viability of SHJ cells is another critical factor for promoting an 

increased market share and competitiveness with Si homojunction cells. The cells typically 

have thin layers of Indium-tin-oxide (ITO) on their front and rear surfaces to enhance 

optical light trapping and increase photocurrent generation. The Indium used in fabricating 

the SHJ cell is scarce in supply. Therefore, eliminating or substituting the rear-side indium 

tin oxide (ITO) layer with less expensive materials could help reduce the fabrication cost 

without compromising much of the power conversion efficiency. However, the long-term 

reliability of such a modified structure without the rear ITO layer is not guaranteed. To 

reduce fabrication cost without sacrificing the efficiency, materials such as aluminum-

doped zinc-oxide (AZO) [39], boron-doped zinc-oxide (BZO) [40], 50% ITO/50% AZO 

or 25% ITO/50% AZO/ 25% ITO [41], 50% TCO reduction [42] and ITO/AZO/ITO stacks 

with greater than 85% indium reduction [43] have been substituted in place of the rear-side 

ITO. Furthermore, eliminating rear-side ITO on the SHJ solar cell structure has resulted in 

a Ñ0.5% change in efficiency [39]. Despite these approaches to reduce cost, the long-term 

term reliability of these modified structures has not been given the needed attention. 

The motivation for this work arose from the need to establish long-term reliability 

for a highly efficient SHJ solar cell at a lower fabrication cost than the commercially 

available SHJ cells. In this work, the effect of structural variation on the stability of SHJ 

cells was investigated by exposing the standard cells with both sides ITO versus the 

modified cells without rear-side ITO (but with only front-side ITO) to accelerated lifetime 
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testing (ALT) under 1-Sun illumination intensity at 90ÜC and argon ambient for 1000 hours. 

While the standard cells with both sides ITO demonstrated stability in electrical 

performance, the modified cells without rear-side ITO degraded significantly in Voc, due to 

rear-side passivation loss. Therefore, an attempt to reduce the fabrication cost by 

eliminating the rear-side ITO layer on SHJ cells will compromise their long-term reliability. 

However, when the exposure temperature was increased from 90ÜC to 120ÜC on the 

standard SHJ cells with both sides ITO, degradation in FF occurred due to an increase in 

the series resistance (Rs) collection barrier at the front side of the cells over time. Therefore, 

standard SHJ modules may experience increased degradation over time when installed in 

very hot climates. 

 

1.3.2 Motivation for the work on cadmium telluride solar cells 

 The Voc and the FF achieved in CdTe solar cells in 2023 are still far lower than the 

S-Q limit when compared with the SHJ cells, as shown in Figure 1.7(a) and (c). Therefore, 

it is critical to explore different passivation and doping techniques to further increase the 

Voc and the FF. Although the CdTe modules are more reliable than the c-Si modules [26], 

there is a challenge to ensure that the performance of the emerging CdTe modules is not 

compromised under outdoor conditions. The motivation of this work, therefore, is to 

investigate the effect of new co-doping techniques, with antimony (Sb) and copper (Cu), 

on the performance of the CdSeTe/CdTe cells and to also investigate the stability of the 

copper-doped, (Sb+Cu)-doped and arsenic-doped CdSeTe/CdTe cells under light soaking. 
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 In this work, the performance of Cu-doped cells versus (Sb+Cu)-doped cells were 

compared. The Cu-doped cells displayed lower electrical performance compared to 

(Sb+Cu)-doped cells mainly due to a higher dominant recombination mechanism occurring 

at the cellsô interface. Furthermore, when Cu-doped, (Sb+Cu)-doped, arsenic (As)-doped 

cells were exposed to light soaking at 1-sun illumination intensity in ambient air 

temperature for 50 hours, the low-efficiency As-doped cells displayed significant 

improvement in both Voc and FF while the higher efficiency Cu-doped and (Sb+Cu)-doped 

cells showed negligible improvement in Voc with slight enhancement in FF. 

Characterization and device modeling revealed that the performance improvement was due 

to the passivation of interface traps by excess photogenerated carriers under light soaking, 

thus enhancing the device Voc and FF. Upon subsequent storage of all cells in the dark for 

50 hours, their performance returned to previous lower values before they were exposed, 

thus confirming the performance instability is caused by metastable defects. Considering 

the instability is caused by metastable defects, especially in As-doped cells, it is critical to 

keep improving the standard measurements and pre-testing exposure procedures to 

investigate the origin of metastable defects and proffer an approach mitigate them. 

Addressing the reliability issue would help to further promote large-scale 

commercialization of the CdTe cell technology. 

 

 



17 

 

1.4 Dissertation outlines 

 This dissertation is divided into six chapters. Chapter one introduces the audience 

to the motivation and significance of this work in promoting large-scale commercialization 

of solar cell technologies, to address the global energy need and combat the global climate 

challenges. Chapter 2 covers basic semiconductor physics such as band structure, doping, 

defects, generation, recombination, carrier transport, junction capacitance and so on, as 

applicable to the operations of SHJ and CdTe solar cells that were investigated in this work. 

Chapter 3 presents the fabrication steps of the SHJ and CdTe cells and discusses different 

characterization techniques used in investigating the performance of these cells. Chapter 

4 details the results of a degradation study on the SHJ solar cells; whereby variation in SHJ 

cell structures caused a remarkable Voc degradation while variation in exposure temperature 

caused a significant FF degradation. Chapter 5 covers the influence of doping and 

metastable defects on the performance of CdSeTe/CdTe solar cells; whereby antimony 

dopant improved cell performance, and lower efficiency cells are seen to be sensitive to 

light soaking due to significant concentration of metastable defects. Chapter 6 summarizes 

the major conclusions and findings from this work and states suggestions for future works.
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        Chapter 2

2 THEORETICAL BACKGROUNDS 

2.1 Basic operations 

Solar cells are an optoelectronic device with a p-n junction that converts the optical 

or light energy from the sun into electrical energy. The incident sunlight composed of 

particles called photons, which possess characteristic energy depending on their spectral 

properties. Photons also behave like a wave when travelling, with a wavelength of related 

to photon energy, Eph, by  

                                                        Ὁ ὬὪ
Ὤὧ

‗
                                                                  ςȢρ 

Where h = Planckôs constant = 6.62 Ĭ 10-34 J/Hz, f = photon frequency, c = speed of light 

= 3 Ĭ 108 m/s. 

The equation 2.1 is Einsteinôs photoelectric equation and it relates a threshold energy or 

voltage of the material to the photon energy.  

The incident photons above a certain energy can be absorbed by a semiconductor 

such as a solar cell to create excess carriers of electrons and holes. These excess carriers 

move around until they are either recombined or collected at the carrier-selective contacts. 

For the carriers to be collected, they travel by diffusion or drift or a combination to the p-

n junctions where they are separated by an electric field. 
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The schematic of a typical solar cell is shown in Figure 2.1 with the thin n-type 

emitter, the thick p-type base, the front metal contact, the rear metal contact, and the 

antireflection layer. 

 

Figure 2. 1 Schematic of a typical solar cell  

 

The sunôs surface temperature is around 5800K, and its radiation spectrum can be 

approximated by a black body radiator [1,2] according to Planckôs law. The emission of 

the sunôs radiation is isotropic, and those photons that are emitted directly toward the Earth 

contribute to the observed solar spectrum. 

As the sunlight propagates through the atmosphere, many parts of the spectrum are 

attenuated due to dust, air molecules, water (H2O), carbon dioxide (CO2), oxygen (O2) and 

ozone (O3) as shown in Figure 3.2(a). The hard ultraviolet (UV) light is absorbed by the 

O3 which protects living things from the harmful effects of UV radiation. Also, the light in 
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the range of 1400 ï 1800nm and 1900 ï 2500 nm is absorbed by the CO2 to prevent the 

infrared (IR) radiation from causing a greenhouse effect. 

Just above the earthôs atmosphere, the solar radiation intensity or solar constant is 

around 1.353 kW/m2 [1], with a spectral distribution called an air mass zero (AM0) 

radiation spectrum. The AM is a measure of how much absorption in the atmosphere affects 

the intensity and the spectral content of the solar radiation reaching the surface of the Earth, 

given by [1]: 

                                                              ὃὓ  
ρ

ὧέί—
                                                          ςȢς 

Where ɗ = angle of incidence (ɗ = 0 when the sun is directly overhead). AM Ó 1 at the 

Earthôs surface. 

The power intensity of the light that passes through the atmosphere and reaches the 

Earthôs surface varies significantly depending on latitude, altitude, cloud cover, season of 

the year and time of the day. The ideal value is taken as 1000 W/m2, with an AM1.5 

spectrum for comparing the solar cell performance. The spectra content of the sunlight 

reaching the surface of the Earth has direct and indirect (or diffuse) components. The 

diffuse component accounts for about 20% of incident light on solar cells due to reflection 

and scattering in the atmosphere and the surrounding environment [1]. Therefore, AM1.5 

is further defined by whether the light is direct or not. An AM1.5 global (AM1.5G) includes 

both the direct and diffuse light components, while the AM1.5 direct (AM1.5D) includes 

only the direct light. The AM spectra is shown in Figure 2.2(a) and the corresponding 

inclination angles are shown in Figure 2.2(b). 



26 

 

       

Figure 2. 2 (a) Solar spectra intensity for a black-body radiation at around 5800K, AM0 

spectrum ï extraterrestrial radiation, and AM1.5G ï terrestrial radiation 

(Image courtesy: NREL) [3] (b) Solar inclination in the sky for AM1.0 and 

AM1.5.  

 

2.2 Energy band structure 

An interaction of lattice with crystal atoms in a periodic crystalline structure of a 

semiconductor can result in a different energy band structure. A simplified energy band 

structure is shown in Figure 2.3. Here, the allowed electron energy is plotted versus the 

crystal momentum (p = hk) where k = wave vector corresponding to the wavefunction 

solution of the time-dependent Schrodinger equation. 
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Figure 2. 3 Energy band diagram at temperature > 0K for a direct bandgap 

semiconductor material. 

 

 The lower energy level is known as the valence band (VB) while the upper level 

where electrons can move freely is referred to as the conduction band (CB). At absolute 

temperature i.e. T = 0K, the VB is assumed to be fully occupied with electrons while the 

CB is assumed to be fully emptied. The separation between the CB minimum and the VB 

maximum is known as the forbidden gap, where no state is allowed to exist, and the 

corresponding energy difference is called the band gap (EG). The EG is the minimum energy 

needed to excite an electron from the VB to the CB. Electrons can be thermally excited 

from the VB to the CB, leaving behind positively charged holes in the VB. 

 The probability of occupation of an energy state obeys the Fermi-Dirac function, 

given by [4]: 

                                              ὪὉ  
ρ

ρ Ὡ

                                                               ςȢσ 
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Where EF = Fermi energy, k = Boltzmannôs constant = 1.38 Ĭ 10-23 J/K or 8.62 Ĭ 10-5 eV/K, 

T = temperature in Kelvin. 

Fermi-Dirac function is strongly dependent on temperature. At T = 0K, f(E) = 1, thus the 

state below the EF is filled with electrons and those above the EF are empty. As the 

temperature increases (T > 0), electrons are thermally excited from the VB to the CB, 

leaving behind some empty states below the EF, therefore the corresponding number of 

states above the EF are filled with the excited electrons.  

 From the Maxwell approximation, the electron and hole concentrations derived 

from the Fermi-Dirac statistics are given respectively in equation (2.4) and (2.5). 

                                                                     ὲ  ὔὩ                                              ςȢτ   

                                                                     ὴ  ὔὩ                                              ςȢυ   

Where n and p = electron and hole concentration respectively. 

Nc and Nv = density of states in the conduction band and valence band respectively, and 

given by 

                                         ὔ ς
ς“άᶻὯὝ

Ὤ
                                                             ςȢφ 

                                         ὔ ς
ς“άᶻὯὝ

Ὤ
                                                             ςȢχ 

Where  άᶻ and άᶻ = effective mass of electrons and holes respectively. 
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 For an intrinsic semiconductor, the product of equilibrium n and p is independent 

of EF location, given by the product of the equation (2.4) and (2.5) to obtain: 

                                         ὲ  ὲὴ  ὔὔὩ     ὔὔὩ                                 ςȢψ 

The above equation (2.8) is known as the mass action law. The number of holes in the CB 

is equal to the number of electrons in the VB for an intrinsic semiconductor. Therefore, 

computing the square root of equation (2.8) gives the intrinsic concentration (ni) as: 

                                   ὲ ὔὔ ȢὩ    ὔὔ ȢὩ                                     ςȢω 

The EF of an intrinsic semiconductor is at the center (or in the middle) of the bandgap and 

equal to the intrinsic potential energy i.e. EFi = EF and n = p = ni. Therefore, equating 

equation (2.4) and (2.5) gives: 

                                 ὲ ὔὩ     ὔὩ                                               ςȢρπ 

Rearranging the equation (2.10) gives: 

                                   
ὔ

ὔ
 
Ὡ

Ὡ

      Ὡ                                                                ςȢρρ 

                                ςὉ Ὁ Ὁ   ὯὝὰὲ
ὔ

ὔ
                                                          ςȢρς 

Therefore, the intrinsic Fermi level (EFi) is given by: 

                                    Ὁ    
Ὁ Ὁ

ς

ρ

ς
ὯὝὰὲ

ὔ

ὔ
                                                       ςȢρσ 
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The ni is typically small compared to the n, p, Nc, and Nv. 

The first term of the equation (2.13) is also equal to EG/2, indicating that the EF is located 

midway between the CB and the VB. This occurs when the number of electrons in the CB 

equals the number of holes in the VB. 

 

2.2.1 Doping and energy level 

In solar cells, the balance of n and p concentrations must be broken to enhance 

carrier extraction, by introducing extrinsic impurities such an n-type donor (ND) or a p-type 

acceptor (NA) into the semiconductor lattice structure. This process is known as extrinsic 

doping. In the case of n-type doping, the incorporated dopants present an additional 

electron in the CB leaving behind a positively charged ND
+. Thus, the EF shifts to a position 

between the doping level and the CB and above the center of the bandgap as seen in Figure 

2.4(a). Similarly in the case of the p-type doping, the incorporated dopants give up holes 

to the VB and leave behind a negatively charged NA
-. Therefore, the EF shifts to a position 

between the doping level and the VB and below the center of the bandgap as seen in Figure 

2.4(b). 
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Figure 2. 4 Schematic of energy band diagrams in extrinsic doped-semiconductors (a) 

An n-type semiconductor with a donor level close to the conduction band 

(CB) (b) A p-type semiconductor with an acceptor level close to the valence 

band (VB). 

  

Considering charge neutrality with 100% ionization efficiency of dopants. We have 

                                                          ὲ ὔ ὴ ὔ                                                       ςȢρτ 

Combining equation (2.8) and (2.14), the minority carrier concentrations in an n-type and 

a p-type materials can be respectively given as 

                                           ὴ  
ὲ

ὔ
                   ὲḻὴȟ   ὔ πȟ ὲ ὔ                 ςȢρυ 

                                           ὲ  
ὲ

ὔ
                   ὴḻὲȟ   ὔ πȟ ὴ ὔ                 ςȢρφ 

The n and p are expressed in terms of Fermi-Dirac statistics under a thermal equilibrium 

as stated in equation (2.4) and (2.5). They can also be expressed in terms of intrinsic 

concentration by dividing the equation (2.4) by (2.10) for n-type and dividing the equation 

(2.5) by (2.10) for p-type. Therefore, for n-type semiconductor material: 
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ὲ

ὲ
 
ὔὩ

ὔὩ

      Ὡ                                                                ςȢρχ 

                                       ὲ   ὲὩ                                                                                           ςȢρψ 

Also, for p-type semiconductor material: 

                                   
ὴ

ὲ
 
ὔὩ

ὔὩ

      Ὡ                                                                ςȢρω 

                                       ὴ   ὲὩ                                                                                            ςȢςπ 

The position of the EF can be obtained by rearranging the equation (2.19) and (2.20) for n-

type and p-type dopants respectively as 

               Ὁ Ὁ ὑὝὰὲ
ὔ

ὲ
ȟ                      ὔ ḻὲȟ   ὲḻὔ                              ςȢςρ  

               Ὁ Ὁ ὑὝὰὲ
ὔ

ὲ
ȟ                      ὔ ḻὲȟ   ὴḻὔ                               ςȢςς  

And the EF position can also be expressed in terms of Nc and Nv for n-type and p-type 

dopants respectively by rearranging equation (2.4) and (2.5) as  

                                     Ὁ Ὁ ὑὝὰὲ
ὔ

ὔ
                                                                ςȢςσ  

                                      Ὁ Ὁ ὑὝὰὲ
ὔ

ὔ
                                                             ςȢςτ  
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2.2.2 Doping in cadmium telluride solar cell 

The present approaches to increasing the Voc in cadmium telluride (CdTe) solar cells 

require the improvement of bulk properties and reducing both the bulk and interface 

defects. The bulk properties can be improved by doping to increase the hole concentration, 

while reducing the trap-assisted recombination by reducing the bulk defects. Doping of the 

CdTe bulk lowers the EF thus leading to an increase in built-in voltage (Vbi) and 

consequently increased Voc. For instance, the doping of CdTe with copper (Cu) resulted in 

doping concentration or density in the order of 1014 cm-3. This doping density corresponds 

to an EF of about 0.3 eV above the VB. The formation of compensating donor defects can 

limit the CdTe doping to order of 1014 cm-3 and hence pins the EF at about 0.3 eV at 300K. 

Also, an attempt to further increase the CdTe doping beyond 1014 cm-3 with excess Cu can 

lead to instability that will degrade the cell performance.  

To further improve the Voc, the doping density up to a value between 10
16 cm-3 and 

1017 cm-3 has been achieved with Arsenic (As) doping [5,6] and with antimony doping [7], 

corresponding to EF position between 0.13 and 0.19 eV above the VB. Therefore, higher 

Vbi is achieved, resulting in an improved Voc. By approximating equation (2.24), the EF 

corresponding to the doping density of 1016 cm-3 and 1017 cm-3 is estimated with: 

                                                    Ὁ ὑὝὰὲ
ὔ

ὔ
                                                                  ςȢςυ  

. Where KT = 0.0259 eV at 300K, Nv = density of states in the VB = 1.8 Ĭ 10
19 cm-3. 
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2.2.3 Defects 

Defects can be classified as a shallow state defects and deep state defects. Shallow 

states are those with energy close to the band edge. Close to the band edges are impurities 

with a shallow donor or acceptor state due to loosely bound electrons or holes around them, 

thus contributing to an increased free-carrier density. However, the deep states are strongly 

localized due to stronger binding than shallow defects. They are located deeper in the 

bandgap, typically a couple of KT away from the band edges, thus acting as recombination 

centers and traps. Defects can be intrinsic (native) such as lattice vacancy, self-interstitial, 

Frenkel or Schottky defects or can be extrinsic such as impurities. Impurities can be 

introduced into semiconductors (e.g. introduction of either group V or group III element 

into silicon crystal) to increase the free carrier concentration thus contributing to electrical 

conductivity. However, free carriers can also be trapped in localized states caused by 

intrinsic defects thus resulting in reduced device performance. Grain boundary or surface 

defects can also cause reduced semiconductor device performance. 

There are four processes through which free carriers interact with the localized 

states. These processes are categorized as the electron capture (cn), the electron emission 

(en), the hole capture (cp) and the hole emission (ep), as shown in Figure 2.5 
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Figure 2. 5 Free-carrier interaction with localized states. These are recombination 

events: electrons and holes captures (cn and cp) and generation events: 

electrons and holes emissions (en and ep).  

 

For electron capture (cn) process, the electron falls from the CB into the trap state 

within the bandgap at an electron capture rate (Rcn), given by [4,8]: 

                              Ὑ ὔὺ „ὲρ ὪὉ                                                              ςȢςφ 

Where Nt = trap state density, vth = thermal velocity (å 10
7 cm/second), ůn = electron capture 

cross-section (cm2) = effectiveness of the localized state to capture an electron, n = electron 

concentration. 

 For electron emission (en) process, electron is emitted into the CB at an emission 

rate (Ren), given by [4,8]: 

                               Ὑ Ὡὔ ὪὉ                                                                               ςȢςχ 

The principle of detailed balance states in thermal equilibrium requires that the capture and 

emission rates must be equal i.e. 

                             ὔὺ „ὲρ ὪὉ   Ὡὔ ὪὉ                                                ςȢςψ  
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At thermal equilibrium, probability that the trap is occupied, ὪὉ  = probability that the 

trap is emptied, ρ ὪὉ , therefore the en from the equation (2.28) becomes 

                                                         Ὡ ὺ „ὲ                                                        ςȢςω 

Substituting equation (2.4) or (2.18) into (2.29), after replacing the EF with Et gives: 

                          Ὡ ὺ „ὲὩ       ὺ „ὔὩ                           ςȢσπ 

Also, for hole capture (cp) process, the hole is captured from the VB into an energy 

state within the bandgap at a hole capture rate (Rcp), given by [4,8]: 

                         Ὑ ὔὺ „ὴὪὉ                                                                    ςȢσρ 

Where ůp = hole capture cross-section (cm2) = effectiveness of the localized state to capture 

a hole, p = hole concentration. 

 For the hole emission (ep) process, hole is emitted into the VB at an emission rate 

(Rep), given by [4,8]: 

                    Ὑ               Ὡὔ ρ ὪὉ                                                             ςȢσς 

At thermal equilibrium, the hole capture and emission rates are equal i.e. 

                    ὔὺ „ὴὪὉ   Ὡὔ ρ ὪὉ                                                ςȢσσ 

Also, at thermal equilibrium, probability that the trap is occupied, ὪὉ  = probability 

that the is trap emptied, ρ ὪὉ , therefore: 

                                                                    Ὡ ὺ „ὴ                                             ςȢστ 
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Substituting equation (2.5) or (2.20) into (2.34), after replacing the EF with Et gives: 

                                    Ὡ ὺ „ὲὩ       ὺ „ὔὩ                              ςȢσυ 

 

2.3 Junctions 

2.3.1 P-N homojunction 

A p-n homojunction is formed when a p-type and an n-type materials of the same 

electronic properties are joined together to form a continuous structure as shown in Figure 

2.6(a) (with a metallurgical junction at x = 0). In other words, the electronic properties such 

as the bandgap (EG), the electron affinity (ɢ) and the work function ()ʟ on both sides of the 

semiconductor materials are the same. The ɢ is the minimum energy required to free an 

electron from the bottom of the CB to the vacuum level. 

Upon bringing the p-type and the n-type materials into close contact, a 

concentration gradient is created. Therefore, holes diffuse from the p-type region into the 

n-type region, leaving behind a negatively charged ionized acceptor atoms. Similarly, 

electrons diffuse from the n-type region into the p-type region, leaving behind a positively 

charged ionized donor atom. The net charges set up an internal electric field (ǚ), and 

consequently a Vbi, in opposition to the diffusion tendency of the p-n junction i.e. an 

electrostatic potential difference is created to stop further diffusion of holes and electrons 

across the junction. An equilibrium is reached when the drift current created by the field 

balances out the diffusion current, such that there is no net flow of current. Under this 

equilibrium condition, the Fermi levels for both the p-type and n-type materials must align 
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as shown in Figure 2.6(b). A transition region that exists due to alignment of Fermi levels 

is called the space-charge region (SCR) or the depletion region, since the region is depleted 

of both holes and electrons. The region on either side of the SCR is known as the quasi-

neutral region (QNR) because the space-charge densities in these regions are assumed to 

be equal to zero, as indicated in Figure 2.6(c). Also, the ǚ created will have the highest 

value at the junction and assumed to go to zero at the edge of the SCR as shown in Figure 

2.6(d). 

 

Figure 2. 6 (a) P-N homojunction diode under equilibrium condition i.e. at zero bias 

voltage (b) Corresponding energy bands (c) Charge density (ɟ) within the 

SCR (d) Electric field distribution in the SCR. 
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It should be noted that the vacuum energy level (Eo) shown in Figure 2.6(b) serves 

as a convenient reference point and is universally constant with position. An electron at the 

vacuum level is not influenced by all external forces. 

The charge neutrality required that the number of charges(Q) on both sides of the 

junction must be equal i.e. 

                                            ὗ ήὃὔὼ ήὃὔὼ                                                          ςȢσφ 

Where q = elementary charge, A = cross-sectional area, xn = width of the SCR on the n-

side, xp = width of the SCR on the p-side. 

The electric field (ǚ) gradient related to the space charge (ɟ) is governed by the Poissonôs 

equation, given by: 

                                                        ɳȢὉ ᶯ‰  
”

‐
                                                         ςȢσχ  

Or 

                                                        
ὨὉ

Ὠὼ
  
Ὠ‰

Ὠὼ
   
”

‐
                                                      ςȢσψ  

Where Ů = ŮoŮr, Ůo = permittivity of free space (8.854 Ĭ 10
-14 F/cm), Ůr = relative permittivity 

of the semiconductor material. 

The ɟv on the p-side and the n-side respectively is given by: 

                                       ”  ήὔ  ȟ                      ”  ήὔ                                              ςȢσω 
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Substituting equation (2.39) into (2.38) gives the ǚ gradient on the p-side and n-side 

respectively as: 

                           
ὨὉ

Ὠὼ
  
Ὠ‰

Ὠὼ
   

ήὔ

‐
    ȟ                       π ὼ ὼ                            ςȢτπ  

                       
ὨὉ

Ὠὼ
  
Ὠ‰

Ὠὼ
   

ήὔ

‐
    ȟ                       ὼ ὼ π                            ςȢτρ  

The ǚ is obtained by integrating the equation (2.40) and (2.41) for the p-type and n-type to 

give: 

                      Ὁ  
ήὔ

‐
Ὠὼ    

ήὔὼ

‐
    ȟ                  π ὼ ὼ                     ςȢτς 

                     Ὁ  
ήὔ

‐
Ὠὼ    

ήὔὼ

‐
    ȟ                  ὼ ὼ π                    ςȢτσ 

Equating equation (2.42) and (2.43), The maximum ǚ is given by: 

                                 Ὁ  
ήὔὼ

‐
  
ήὔὼ

‐
                                                               ςȢττ 

For conservation of charge, equation (2.44) can also be expressed as follows: 

                                     ὔὼ   ὔὼ                                                                       ςȢτυ 

The equation (2.45) shows that the total charge on either side of the SCR balances with 

each other, and thus the SCR extends further into the more lightly doped side of the 

junction. The ǚ can be expressed in terms of the negative potential, given by: 
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                                        Ὁ  
Ὠὠ

Ὠὼ
                                                                                 ςȢτφ 

Therefore, the Vbi obtained by substituting the equation (2.44) into (2.46), and then 

integrating, gives: 

ὠ ὠ ὠ    ὉὨὼ              
ήὔ

‐
ὼὨὼ 

ήὔ

‐
ὼὨὼ         ςȢτχ 

Solving the equation (2.47) gives Vbi as: 

                                                  ὠ
ή

ς‐
ὔὼ ὔὼ                                                ςȢτψ 

It can be deduced from the band diagram in Figure 2.6(b) that: 

                                         Ὁ ήὠ Ὁ Ὁ Ὁ Ὁ                                  ςȢτω 

Therefore, 

                                      ήὠ Ὁ Ὁ Ὁ Ὁ Ὁ                                   ςȢυπ 

To derive the Vbi in terms of the doping density, we re-arrange the equation (2.9) to give: 

                                                     Ὁ ὑὝὰὲ                                                          ςȢυρ 

And rearranging the equation (2.23) and (2.24) for n-type and p-type materials respectively 

gives: 

                                            Ὁ Ὁ ὑὝὰὲ
ὔ

ὔ
                                                  ςȢυς  
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                                             Ὁ Ὁ ὑὝὰὲ
ὔ

ὔ
                                                     ςȢυσ  

Then, substitution of equation (2.51), (2.52) and (2.53) into (2.50) gives: 

                      ήὠ ὑὝὰὲ
ὔὔ

ὲ
ὑὝὰὲ

ὔ

ὔ
ὑὝὰὲ

ὔ

ὔ
                       ςȢυτ 

Re-arranging equation (2.55) results in 

                                                    ὠ
ὑὝ

ή
ὰὲ
ὔὔ

ὲ
                                              ςȢυυ     

To obtain the xn in terms of the Vbi and doping densities (NA & ND), the equation 

(2.45) is re-arranged as ὼ  , and then substitute into the equation (2.48) to obtain: 

                               ὠ
ή

ς‐
ὔ
ὔὼ

ὔ
ὔὼ                                                ςȢυφ   

Re-arranging the equation (2.56) results in 

  
ς‐ὠ

ή

ὔὼ

ὔ
ὔὼ       

ὔ ὔὔ

ὔ
ὼ                                         ςȢυχ 

Therefore, 

   ὼ
ς‐ὠ

ή

ὔ

ὔ ὔὔ
      

ς‐ὠ

ή

ὔ

ὔ

ρ

ὔ ὔ
                               ςȢυψ        

The square root of equation (2.58) gives: 
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         ὼ  
ς‐ὠ

ή

ὔ

ὔ

ρ

ὔ ὔ
                                                           ςȢυω 

Similarly, to obtain xp in terms of Vbi and doping densities (NA & ND), the equation 

(2.45) is arranged as ὼ  , and then substitute into the equation (2.48) to obtain: 

                               ὠ
ή

ς‐
ὔὼ ὔ

ὔὼ

ὔ
                                        ςȢφπ   

Re-arranging the equation (2.60) results in 

ς‐ὠ

ή
ὔὼ

ὔὼ

ὔ
       

ὔ ὔὔ

ὔ
ὼ                                         ςȢφρ 

Therefore, 

ὼ
ς‐ὠ

ή

ὔ

ὔ ὔὔ
      

ς‐ὠ

ή

ὔ

ὔ

ρ

ὔ ὔ
                         ςȢφς  

The square root of equation (2.62) gives: 

         ὼ  
ς‐ὠ

ή

ὔ

ὔ

ρ

ὔ ὔ
                                                          ςȢφσ 

 Combining equation (2.59) and (2.63), the width of the SCR in terms of Vbi, NA and ND, is 

obtained as: 

         ὡ ὼ ὼ  
ς‐ὠ

ή

ὔ

ὔ

ὔ

ὔ

ρ

ὔ ὔ
                        ςȢφτ 
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                      ὡ
ς‐ὠ

ή

ὔ ὔ

ὔὔ
                                                  ςȢφυ 

 Under non-equilibrium conditions, an electrostatic potential difference across the 

junction is modified by an applied bias voltage.  When a forward bias voltage is applied 

(i.e. positive bias on p-side with respect to n-side), the ǚ within the SCR and the Vbi are 

lowered. Therefore, flood of electrons from the n-sides go over the lowered barrier and the 

flood of holes from the p-sides go over the lowered barrier as shown in Figure 2.7(a).  

However, when a reverse bias voltage is applied (i.e. positive bias on the n-side with respect 

to the p-side), the ǚ within the SCR and the Vbi are increased, limiting the number of 

electrons and holes that can cross the junction, as shown in Figure 2.7(b). 

 As the ǚ changes with the bias voltage, the width of the SCR (W) also changes. 

Therefore, the W is dependent on the applied bias voltage. Consequently, the total junction 

voltage is Vbi - V in a forward bias case and Vbi + V in the reverse bias case. Therefore, with 

the forward bias voltage, the equation (2.65) is modified as follows: 

                      ὡ
ς‐ὠ ὠ

ή

ὔ ὔ

ὔὔ
                                                      ςȢφφ 

And with the reverse bias voltage, the equation (2.65) is modified as follows: 

                      ὡ
ς‐ὠ ὠ

ή

ὔ ὔ

ὔὔ
                                                    ςȢφχ 
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Figure 2. 7 P-N homojunction under (a) Forward bias voltage (b) Reverse bias voltage. 

 

2.3.2 P-N heterojunctions 

In contrast to homojunction, the p-n heterojunction has different materials on either 

side of the junction. The materials on the either side of the junction have different EG, ɢ,  ʟ

and Ůr. When these two materials are joined together, the Fermi levels are aligned 

throughout the device at equilibrium state and an electrostatic potential is built up across 

the device, as shown in Figure 2.8(a). Unlike in homojunction, discontinuities or band 

offsets can occur due to the difference in the EG, ɢ,  ʟand Ůr of the materials brought together 

in close contact. The discontinuity at the conduction band is called the conduction band 

offset (æEc) and the one that occur at the valence band is called the valence band offset 

(æEv). These æEc and æEv affects the carrier transport, especially the æEv which shows a 

spike-like shape (as seen in Figure 2.8(a)) i.e. when EGn > EGp and ɢn > ɢp, the spike-like 

VB occurs thus impeding the hole transport. The charge density (ɟ) and the electric field 
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(ǚ) distribution are shown in Figure 2.8(b) and 2.8(c) respectively. The ǚ is seen to be 

different at x = 0+ (p-side) and x = 0- (n-side) due to discontinuity [9,10]. 

 

Figure 2. 8 P-N heterojunction with band offset (æEc and æEv) due to junction 

formation from materials of different properties (a) Band diagram (b) Space 

charge density (c) Electric field distribution. 

  

Like equation (2.44), electric field at the p-side and at the n-side of the SCR in p-n 

heterojunction is given respectively by: 

                                  Ὁ
ήὔ ὼ

‐
   ȟ                         π ὼ ὼ                                     ςȢφψ 
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                                  Ὁ
ήὔ ὼ

‐
   ȟ                        ὼ ὼ π                           ςȢφω 

Where Ůp and Ůn = permittivity of a p-type and n-type materials respectively. 

Just like the equation (2.50) for a p-n homojunction, the built-in voltage (Vbi) can be 

deduced from a p-n heterojunction in the Figure 2.8(a) as: 

ήὠ ή… Ὁ Ὁ Ὁ ή… Ὁ Ὁ Ὁ                      ςȢχπ 

Therefore, 

  ήὠ ή… … Ὁ Ὁ Ὁ Ὁ Ὁ Ὁ              ςȢχρ 

Substitution of equation (2.52) into (2.71) gives: 

                  ήὠ ɝɞ ɝὉ ὑὝὰὲ
ὔ

ὔ
ὑὝὰὲ

ὔ

ὔ
                              ςȢχς 

                            ήὠ ɝɞ ὑὝὰὲ
ὔ

ὔ
Ȣ
ὔ

ὔ
                                                      ςȢχσ 

Where NAp & NAn = acceptor concentration in p-type and n-type materials respectively, Nvp 

& Nvn = effective density of states in the VB and CB respectively. 

Also, substitution of equation (2.53) into (2.71) gives: 

                             ήὠ ɝɞ ὑὝὰὲ
ὔ

ὔ
Ȣ
ὔ

ὔ
                                                  ςȢχτ 

Furthermore, Vbi can be determined by substituting the equation (2.68) and (2.69) into 

equation (2.47) i.e. 
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                     ὠ ὠ ὠ     ὉὨὼ            
ή

ς

ὔ ὼ

‐

ὔ ὼ

‐
                ςȢχυ 

To obtain xn in terms of Vbi and doping densities, the equation (2.45) is re-arranged as ὼ

, and then substitutes into the equation (2.75) to obtain:  

                                   ὠ  
ή

ς
ὔ
ὼ

‐

ὔ

‐
Ȣ
ὔ ὼ

ὔ
                                                     ςȢχφ 

Re-arranging equation (2.76) gives: 

                  
ςὠ

ή
     

ὔ ὼ

‐

ὔ ὼ

‐ὔ
      

‐ὔ ὔ ‐ὔ

‐‐ὔ
ὼ                       ςȢχχ 

                            ὼ  
ςὠ

ή

‐‐ὔ

‐ὔ ‐ὔ ὔ
                                                           ςȢχψ 

The square root of the equation (2.78) gives: 

                                ὼ  
ς‐‐ὔ

ήὔ ‐ὔ ‐ὔ
Ȣὠ                                                   ςȢχω 

Similarly, to obtain xp in terms of Vbi and doping densities, the equation (2.45) is re-

arranged as ὼ , and then substitutes into the equation (2.75) to obtain:  

                                        ὠ  
ή

ς

ὔ

‐
Ȣ
ὔ ὼ

ὔ
ὔ
ὼ

‐
                                                ςȢψπ 

Re-arranging equation (2.80) gives: 
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ςὠ

ή
    

ὔ ὼ

‐ὔ
 
ὔ ὼ

‐
      

‐ὔ ‐ὔ ὔ

‐‐ὔ
ὼ                    ςȢψρ  

                                               ὼ  
ςὠ

ή

‐‐ὔ

‐ὔ ‐ὔ ὔ
                               ςȢψς 

The square root of the equation (2.82) gives: 

                                ὼ  
ς‐‐ὔ

ήὔ ‐ὔ ‐ὔ
Ȣὠ                                         ςȢψσ 

Combining the equation (2.79) and (2.83), the width of the SCR for a p-n heterojunction is 

obtained as: 

                     ὡ ὼ ὼ  
ς‐‐ ὔ ὔ

ήὔ ὔ ‐ὔ ‐ὔ
Ȣὠ                         ςȢψτ 

Under non-equilibrium conditions, when a forward bias voltage is applied, the equation 

(2.84) is modified to become: 

                        ὡ  
ς‐‐ ὔ ὔ

ήὔ ὔ ‐ὔ ‐ὔ
Ȣὠ ὠ                             ςȢψυ 

And when a reverse bias voltage is applied, the equation (2.84) is modified to become: 

                        ὡ  
ς‐‐ ὔ ὔ

ήὔ ὔ ‐ὔ ‐ὔ
Ȣὠ ὠ                          ςȢψφ 
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2.3.3 Schottky junctions 

The Schottky junction is formed in a solar cell when a metal contact with a 

semiconductor creates a barrier at the junction due to non-ohmic behavior.  

For a metal/n-type semiconductor junction as shown in Figure 2.9(a), it is assumed 

that the metal work function is greater than the semiconductor work function i.e. mʟ > ʟs 

(because for ohmic contact to appear, the mʟ < ʟs). Before coming into close contact, the 

EF of the semiconductor was above that of a metal. After the contact was made between 

the semiconductor and the metal, electrons from the semiconductor flow into the lower 

energy state in the metal, thus the Fermi levels align throughout the device under thermal 

equilibrium. The positively charged donor atoms left behind in the semiconductor created 

a SCR with ǚ across it [4]. 

 The metal/p-type semiconductor junction is shown in Figure 2.9(b). Here, only 

holes in the VB with sufficient thermal energy can escape over the Schottky barrier. 

Electrons (minority) carriers in the CB band can freely move from the semiconductor to 

the metal. For instance, in CdTe device with a blocking contact, the electrons move in the 

metal in opposite direction to the primary p-n junction, thus forming a recombination 

current. The blocking contact can have a strong effect on Voc if the CdTe absorber is thinner 

(< 1.5 um) [11]. 

 The potential barrier height (bʟ) is seen by electrons in the metal trying to move 

into the semiconductor. This barrier is known as the Schottky barrier, and is given by: 

                                              ‰ ‰ …                                                                      ςȢψχ 
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On the semiconductor side, the Vbi is the barrier seen by electrons in the CB trying to move 

into the metal, and is given by: 

                                              ὠ ‰ ‰                                                                     ςȢψψ 

 

Figure 2. 9 Energy band diagram of a metal/semiconductor under equilibrium (a) 

metal/n-type semiconductor (b) metal/p-type semiconductor. 

 

 The ǚ in the SCR is determined from the Poissonôs equation given by 

                                                                   
ὨὉ

Ὠὼ

”

‐
                                                           ςȢψω 

Where ɟ = space charge density, Ůs = permittivity of a semiconductor. 

 Therefore, equation (2.89) becomes: 

                   Ὁ  
”

‐
Ὠὼ         

ήὔ

‐
Ὠὼ           

ήὔὼ

‐
                       ςȢωπ 

The Vbi is obtained by integrating the equation (2.90) with respect to x to give: 
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                 ὠ  ὉὨὼ    
ήὔ

‐
ὼὨὼ           

ήὔὼ

ς‐
                   ςȢωρ 

Therefore, the width (W) of the SCR is obtained by re-arranging the equation (2.88) to 

give: 

                                            ὼ  
ς‐

ήὔ
ὠ                                                                   ςȢως 

The square root of the equation (2.92) gives the W of the SCR as: 

                          ὡ ὼ  
ς‐

ήὔ
Ȣὠ                                                                     ςȢωσ 

For a non-equilibrium condition under a reverse bias voltage (i.e. a negative voltage 

applied to the metal with respect to the semiconductor), the Vbi increases while the bʟ 

remain constant. Thus, the equation (2.93) becomes is modified to become [4]: 

                         ὡ ὼ  
ς‐

ήὔ
Ȣὠ ὠ                                                         ςȢωτ 

However, under a forward bias condition (i.e. a positive voltage applied to a metal with 

respect to the semiconductor), the Vbi is reduced while the bʟ remain constant. Therefore, 

electrons flow easily from the semiconductor into the metal since the barrier has been 

reduced. The equation (2.93) is then modified to give [4]: 

                          ὡ ὼ  
ς‐

ήὔ
Ȣὠ ὠ                                                        ςȢωυ 
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2.4 Light absorption and carrier generation 

When an incident of sunlight penetrates through a solar cell, it is absorbed as it 

propagates through the depth of the cell materials, resulting in a generation of charge 

carriers (i.e. electron-hole pairs). Once the incident photon is absorbed, an electron is 

excited from the VB to the CB, leaving behind a hole in the VB. The light excitation leads 

to generation of excess charge carrier densities of electrons and holes, given by 

                       ɝὲ ὲ  ὲ      ȟ                               ɝὴ ὴ ὴ                                        ςȢωφ 

Where no and po = initial majority carrier electrons and holes respectively, æn and æp = 

excess carriers: excess electrons and excess holes respectively. 

 The conservation of energy requires that: (i) for the photon energy less than the 

bandgap i.e. hf < EG, the photons pass through the material unabsorbed; (ii) for the photon 

energy equal to the bandgap i.e. hf = EG, the photons are absorbed, and electrons are 

promoted to the CB band edge, and electron-hole pairs are generated; (iii) for the photon 

energy greater than the bandgap i.e. hf > EG, photons are strongly absorbed, and electrons 

are promoted to energy level above the CB edge. Therefore, electrons relax to the CB edge 

and in the process releasing an extra energy (= hf ï EG) in form of heat called thermalization 

loss. 

 In direct bandgap semiconductor materials (such as in GaAs, GaInP, CIGS and 

CdTe), the crystal momentum of the CB and the VB have the same value of k as seen in 

Figure 2.10(a). The CB minimum and the VB maximum are aligned in momentum space 

thus facilitating a direct transition of electrons from the VB to the CB. Consequently, both 
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the energy and the momentum are conserved. The minimum energy required to excite and 

electron from the VB to the CB is given by: 

                              Ὁ Ὁ Ὁ ὬὪ                                                                      ςȢωχ 

And the absorption coefficient for a direct transition is given by [1]: 

                            ‌ὬὪ ὃᶻὬὪ Ὁ                                                                   ςȢωψ 

 In indirect bandgap semiconductor materials (such as Si and Ge), where the CB 

minimum energy and the VB maximum energy have different value of crystal momentum, 

photons absorption involves an additional particle called phonon to conserve momentum, 

as illustrated in Figure 2.10(b). Phonons is a particle representation of lattice vibrations in 

semiconductor material. Thus, for energy to be conserved, the minimum energy required 

to excite electron from the VB to the CB is given by: 

                               ὬὪ  Ὁ Ὁ  Ὁ Ὁ Ὁ                                          ςȢωω 

Where Ep = phonons energy (+Ep for absorption and -Ep for emission).  

In indirect semiconductors, the light absorption is facilitated by either phonon absorption 

(Ŭpa) or phonon emission (Ŭpe) as seen in Figure 2.10(b). The absorption coefficient where 

there is Ŭpa is given by [1]: 

                                  ‌ ὬὪ  
ὃὬὪ Ὁ Ὁ

Ὡ ρ

                                         ςȢρππ 

And the absorption coefficient where there is Ŭpe is given by [1]: 
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                                  ‌ ὬὪ  
ὃὬὪ Ὁ Ὁ

ρ Ὡ

                                            ςȢρπρ 

Both the phonon absorption (Ŭpa) and phonon emission (Ŭpe) are possible in a 

semiconductor. In such as case, Ŭ is given by: 

                               ‌ὬὪ  ‌ ὬὪ  ‌ ὬὪ                                                ςȢρπς 

 

Figure 2. 10 Photon absorption in (a) Direct bandgap semiconductor (b) Indirect 

bandgap semiconductor for a photon energy hf < EG (phonon absorption) 

and hf > EG (phonon emission). 

  

For both direct and indirect gap semiconductors, the absorption coefficient (Ŭ) is 

related to an extinction coefficient (k) and can be experimentally obtained using the 

equation: 

                                    ‌ὬὪ  
τ“ὯὬὪ

‗
                                                            ςȢρπσ 
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Incident photon on the solar cells can either be reflected at the top surface, absorbed within 

the solar cells, or transmitted through the cell. Assuming the incident photon on the cell 

surface occur at position x = 0, the generation rate G(x) of the electron-hole pair (number 

of electron-hole per cm3 per second) at any position within the cell, according to Beer-

Lambert law, is given by: 

                                  Ὃὼ ρ Ὑ‗ Ὅ‗‌‗Ὡ Ὠ‗                                          ςȢρπτ 

Where R(l) = surface reflectance of the incident photons, I(l) = incident photon flux = 

number of photons incident per unit area per second per wavelength. 

The measured absorption coefficient (Ŭ) and the absorption depth for CdTe (direct 

bandgap materials) versus the Si (indirect bandgap materials) solar cells are shown in 

Figure 2.11. In CdTe solar cells, there is strong absorption between 320nm and 825nm, 

corresponding to a direct bandgap process. The steep or sharp drop in the absorption around 

the band edge in the CdTe cell is related to its direct bandgap. However, in Si cells, there 

is high energy photons å 106 cm-1 that can excite electrons for direct transition from the 

VB to the CB, but for all wavelength greater than 400nm, absorption coefficient is less than 

106 cm-1. Therefore, most photons are absorbed below 400nm i.e. close to the front surface 

is Si cells. The gentle drop in the absorption in Si is related to its indirect bandgap [12]. 
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Figure 2. 11 Absorption coefficient as a function of wavelength for Si versus CdTe solar 

cells. Data obtained from [12,13]. 

  

It should be noted for energy conservation that, asides transmission when hf < EG, 

photons less than the EG might also be absorbed and excite electrons from the VB to the 

trap sites located within the bandgap. The transitions through the defect states provide 

useful information about the localized defects, distribution of deep states and band tail 

states [14]. 

 

2.5 Recombination 

A recombination process is a reverse of photogenerated process, and it is a 

transition of electrons from the CB to the VB, thereby eliminating the VB holes. To 

conserve energy and momentum, the CB electrons are relaxed back into the VB whereby 

energy is dissipated by photon emission, and this is called radiative recombination. 
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Whereas energy dissipation by phonon emission i.e. an indirect energy transfer is known 

as a non-radiative recombination.  

Average time between photogeneration of carriers and recombination is known as 

the carrier lifetime (Ű). Generally, for recombination process, the recombination rate (R) 

(unit in cm-3s-1) at any position (x) in a solar cell can be given by: 

                                Ὑὼ ὲὼὴὼ‍ ὲὼὴὼὺ „                                   ςȢρπυ 

Where ɓ = recombination coefficient, vth = thermal velocity (unit in cm/second), ů = capture 

cross-section (unit in cm-2). 

The photogenerated excess carrier (æn, æp) decay as the cell is restored back to its thermal 

equilibrium via recombination. The average lifetime, with which is the excess carrier can 

exist before recombination, follows the rate equation and is given by: 

    
‬Ўὲὸ

‬ὸ
  ὙЎὲὸ ȟ                         

‬Ўὴὸ

‬ὸ
  ὙЎὴὸ                        ςȢρπφ 

The average lifetime is therefore obtained from the equation (2.106) as 

              †
Ўὲ

Ὑ

ὲ ὲ

Ὑ
  ȟ                  †

Ўὴ

Ὑ

ὴ ὴ

Ὑ
                             ςȢρπχ 

Recombination can be intrinsic, as found in ideal semiconductor, or extrinsic 

relating to impurities due crystal defects (such as dislocations, impurity atoms, complexes 

and so on). Examples of intrinsic defect are seen in radiative (band-to-band) and Auger 

recombination as seen in Figure 2.12(a) and 2.12(b) respectively, while an example of 

extrinsic defect is seen in trap-assisted (band-to-bound) recombination which is described 
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by Shockley-read Hall (SRH) formalism (as shown in Figure 2.12(c)). Recombination also 

occurs at the surface or interface between two materials, whereby the recombination rate 

is characterized in terms of surface recombination velocity (SRV) and this is shown in 

Figure 2.12(d). Recombination processes in solar cells can simultaneously occur at the 

same time. Therefore, the total or effective lifetime (Űeff) is the sum of the individual 

recombination mechanisms, given by: 

             
ρ

†
 
ρ

†

ρ

†

ρ

† ͺ

ρ

†
                                    ςȢρπψ 

 

 

Figure 2. 12 Different types of recombination (a) Radiative (Band-to-band) (b) Auger (c) 

Trap-assisted or Shockley-read Hall (SRH) or Band-to-bound (d) Surface 

or Interface. 
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2.5.1 Radiative (band-to-band) recombination 

 Radiative recombination is an intrinsic recombination and a direct inverse of 

generation. It is more efficient in direct bandgap semiconductor materials than in indirect 

bandgap semiconductor materials [1]. It involves a spontaneous recombination of hole and 

electron pair, thus giving the energy of electron to the emitted photon. The photon energy 

in this case is equal to the bandgap energy (i.e. hf = EG) as seen in Figure 3.12(a). Therefore, 

the radiative recombination rate (due to and electron-hole pair) is proportional to the 

product of electron density (n) and hole density (p), given by: 

                                    Ὑ ὄὲὴ ὲ                                                              ςȢρπω 

And the radiative lifetime (Űrad) is inversely proportional to n and p, and is given by: 

                                     †  
ρ

ὄὲ ὴ Ўὲ
                                                    ςȢρρπ 

Where B = radiative recombination constant (typically small å 0.95 Ĭ 10-14 cm-3s-1 

in Si at T = 300K) [15] indicating that radiative recombination is not a limiting factor in Si 

cell). The ὄὲὴ is equation (2.109) represent the radiative recombination rate, while the 

ὄὲ represent the generation rate. Under equilibrium condition (Rrad = 0), the generation 

rate is balanced by the generation rate due to ὲὴ ὲ. Radiative recombination is used in 

photoluminescence and electroluminescence measurements which we used to characterize 

defects and recombination in Si cells in Chapters 4. 
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2.5.2 Auger recombination 

Auger recombination is a more dominant intrinsic recombination process for high 

carrier concentrations [15,16]. It depends on doping at low injection level and on carrier 

concentrations at high injection level. It involves interaction of three particles. It is a 

process whereby an electron recombines with a hole leading to excess energy transfer to 

either another electron and raising it higher away from the CB band edge or to another hole 

pushing it lower away from the VB edge. This process is shown in Figure 2.12(b). The 

Auger recombination rate (RAuger) is proportional to the carrier densities involved, and is 

given by: 

               Ὑ ὲὄ ὴὄ ὲὴ ὲ                                 ςȢρρρ 

And the Auger lifetime is inversely proportional to the carrier densities, and given by: 

               
ρ

†
   

ρ

ὄ ὄ Ўὲ
                                            ςȢρρς 

 

2.5.3 Shockley-Read Hall or trap-assisted recombination 

The Shockley-read Hall (SRH) recombination is caused by a localized defect states 

within the bandgap, and it is described by a SRH formalism [17,18,19]. The allowed 

localized defects states in the bandgap originated from crystal defects in the bulk of the 

semiconductor material, as shown in Figure 3.12(c). The rate of recombination through a 

single state defect is derived using a SRH statistics, with an assumption that the difference 
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in the rate of electron capture and emission equal to the difference in the rate of hole capture 

and emission i.e. the net rate of generation-recombination is given by: 

              Ὑ Ὃ    ὭȢὩȢ         Ὑ Ὑ  Ὑ Ὑ                                                        ςȢρρσ 

The substitution of equation (2.26), (2.27), (2.31) and (2.32) into equation (2.113) gives: 

ὔὺ „ὲρ ὪὉ Ὡὔ ὪὉ   ὔὺ „ὴὪὉ Ὡὔ ρ ὪὉ     ςȢρρτ 

After substituting for en and ep using equation (2.29) and (2.34), the equation (2.114) 

becomes 

ὔὺ „ὲρ ὪὉ ὺ „ὲὔ ὪὉ  ὔὺ „ὴὪὉ ὺ „ὴὔ ρ ὪὉ     ςȢρρυ 

Where nt and pt = electron and hole densities where the quasi-Fermi level matches the trap 

energy. 

After re-arranging the equation (2.115), the f(Et) is obtained as: 

                              ὪὉ
ὲὺ „  ὴὺ „

ὺ „ ὲ ὲ   ὺ „ ὴ ὴ
                                       ςȢρρφ 

The equation (2.116) can either be substituted back into either the left-hand side or the 

right-hand side of equation (2.115). Substituting the equation (2.116) into the left-hand side 

of the equation (2.115) gives: 

 Ὑ   Ὑ Ὑ ὔὺ „ ὲρ ὪὉ ὲὪὉ                       

    ὔὺ „ ὲρ
ὲὺ „ ὴὺ „

ὺ „ ὲ ὲ ὺ „ ὴ ὴ
ὲ ρ

ὲὺ „  ὴὺ „

ὺ „ ὲ ὲ  ὺ „ ὴ ὴ
     ςȢρρχ 
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Ὑ

ὔὺ „
ὲὺ „ ὲὲὺ „ ὲὴὺ„ ὲὴὺ „ ὲὺ „ ὲὴὺ „ ὲὲὺ „ ὲὴὺ „

ὺ „ ὲ ὲ ὺ „ ὴ ὴ
   ςȢρρψ 

                                    Ὑ  
ὔὺ „„ ὲὴ ὲὸὴὸ

„ ὲ ὲ „ ὴ ὴ
                                                   ςȢρρω 

Or by substituting equation (2.116) into the right-hand side of equation (2.115) gives: 

Ὑ   Ὑ Ὑ ὔὺ „ ὴὪὉ ὴ ρ ὪὉ         

ὔὺ „ ὴρ
ὲὺ „ ὴὺ „

ὺ „ ὲ ὲ ὺ „ ὴ ὴ
ὴ ρ

ὲὺ „  ὴὺ „

ὺ „ ὲ ὲ  ὺ „ ὴ ὴ
       ςȢρςπ 

Ὑ

ὔὺ „
ὲὴὺ„ ὲὴὺ „ ὲὴὺ „ ὲὴὺ „ ὴὴὺ „ ὴὺ „ ὲὴὺ „ ὴὺ „

ὺ „ ὲ ὲ ὺ „ ὴ ὴ
 ςȢρςρ 

                                            Ὑ  
ὔὺ „„ ὲὴ ὲὸὴὸ

„ ὲ ὲ „ ὴ ὴ
                                         ςȢρςς 

At equilibrium, equating the equation (2.119) and (1.122), and substitution of  ὲὴ  ὲ  

give the RSRH_bulk as: 

                 Ὑ ͺ  Ὑ Ὑ   
ὔὺ „„ ὲὴ ὲ

„ ὲ ὲ „ ὴ ὴ
                             ςȢρςσ 

Re-arranging the equation (2.123) gives: 

 Ὑ ͺ

ὲὴ ὲ

ρ
ὔὺ „ ὲ ὲ

ρ
ὔὺ „ ὴ ὴ

ὲὴ ὲ

† ὲ ὲ † ὴ ὴ
  ςȢρςτ 
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Where, the hole lifetime (Űpo) and the electron lifetime (Űno) from the equation (2.124) are 

given respectively by: 

                                                              †
ρ

ὔὺ „
                                                   ςȢρςυ 

                                                            †
ρ

ὔὺ „
                                                     ςȢρςφ 

Where ůn and ůp = electron and hole capture cross-section respectively = size that the target 

present to the carrier travelling at a thermal velocity vth. The vth for electrons and holes 

respectively are given by [20]: 

                           ὺ ȟ

σὑὝ

άᶻ
      ȟ                           ὺ ȟ

σὑὝ

άᶻ
                   ςȢρςχ 

According to equation (2.125) and (2.126), if the trap presents a large target to a carrier, 

the RSRH_bulk will be high, and thus leading to lower carrier lifetime. Also, if the vth of the 

carrier is high, there is a higher probability of encountering a trap within a given period, 

and thus resulting in lower carrier lifetime. Lastly, as the trap concentration increases, there 

is a higher probability of carrier encountering a trap, and thus leading to lower carrier 

lifetime. 

 

2.5.4 Surface or interface recombination 

The quality of a surface or interface can be characterized by a surface 

recombination velocity (SRV), given by [21]: 
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                         ὛὙὠЎὲ
Ὑ

Ўὲ
   ȟ                  ὛὙὠЎὴ

Ὑ

Ўὴ
                                   ςȢρςψ 

Where Rs = surface recombination rate (recombination rate per unit area per second). 

 The interface between two semiconductor materials typically possesses a large 

density of SRH-like recombination centers or interface states due to an abrupt termination 

of the crystal lattice (i.e. due to a large crystal disorder). The interface defect states are 

continuously distributed over an entire bandgap, as shown in Figure 3.12(d), thus necessary 

to integrate the equation (1.124) over the entire bandgap to obtain the equation (2.129). 

Consequently, extending the SRH formalism of a single defect to a continuous defect at the 

interface gives [22]: 

          Ὑ ὲὴ ὲ
ὺ Ὀ Ὁ

ὲ ὲ Ὁ
„   

ὴ ὴ Ὁ
„

ὨὉ                              ςȢρςω 

Substitution of equation (2.129) into any of the equation (2.128), and considering ns = no 

+ æn and ps = po +æp, we have 

 ὛὙὠЎὲ
Ὑ

Ўὲ
 ὲ ὴ Ўὲ

ὺ Ὀ Ὁ

ὲ Ўὲ ὲ Ὁ
„

ὴ Ўὴ ὴ Ὁ
„

ὨὉ  ςȢρσπ 

Where Dit(E) = density of interface state per energy interval (cm-2eV-1), ns and ps = electron 

and hole densities respectively at the surface, Et = trap energy. 
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2.6 Carrier transport and extraction 

 Electrical current is created by the flow of carriers in a semiconductor. These 

carriers can either be transported by drift or diffusion; such that the total current in a 

semiconductor is equal to the sum of the drift current and the diffusion current. 

 

2.6.1 Drift current 

 The charge carriers will be transported by drift when their motion is driven by an 

electric field (ǚ). When an ǚ is applied across a solar cell, there is an upward band bending 

in the direction of the applied ǚ. Band bending occurs in the space charge region and 

carriers generated in this region are transported by drift due to strong electric field. Holes 

in the VB moves in the direction of the applied ǚ while the electrons in the CB move in 

opposite direction of the ǚ, thus contributing to drift current. 

 The current density (J) is given by the current (I) per unit area (A), and the current 

is given by the charge (Q) per unit time (t). Therefore 

                                                          ὐ
Ὅ

ὃ

ὗ

ὸ
Ȣ
ρ

ὃ
                                                             ςȢρσρ 

Substitution of volume charge density  ”   into equation (2.131) gives: 

                ὐ
Ὅ

ὃ
         

”ȢὺέὰόάὩ

ὸ
Ȣ
ρ

ὃ
         

”ȢὨὭίὸὥὲὧὩ

ὸ
       ”Ȣὺ               ςȢρσς 

Since the volume charge density, ɟ = -qNA = qND i.e.  ɟ = -qp = qn (since n å ND and p å 

NA according to equation (2.39)) , the equation (2.132) therefore becomes: 
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                        ὐ ȟ  ήὲȢὺ ȟ  ȟ            ὐ ȟ  ήὴȢὺ ȟ                         ςȢρσσ  

Average drift velocity (vdrift) is proportional to the ǚ i.e.  

                                                        ὺ  ‘Ὁ                                                                       ςȢρστ 

Where Õ = constant of proportionality = carrier mobility. 

Substitution of equation (2.134) into equation (2.133) for electrons and holes respectively 

gives: 

                                        ὐ ȟ  ήὲ‘Ὁ   ήὲ‘ ‰ɳ                                            ςȢρσυ  

                                      ὐ ȟ  ήὴ‘Ὁ   ήὴ‘ ‰ɳ                                               ςȢρσφ  

Where  Ὁ ‰ɳ  according to equation (3.37). Therefore, the total drift current gives: 

                  ὐ ὐ ȟ ὐ ȟ    ήὲ‘ ὴ‘ Ὁ                                         ςȢρσχ 

By comparing the microscopic Ohmôs law i.e., J = ůE with the equation (2.137), the total 

conductivity (ů) can be obtained as: 

                           „
ρ

זּ
    ήὲ‘ ὴ‘                                                                      ςȢρσψ 

Where  ּז  = total resistivity. The individual electron conductivity (ůn) and hole conductivity 

(ůp) are respectively given by: 

                  „
ρ

זּ
  ήὲ‘  ȟ            „

ρ

זּ
  ήὴ‘                                                ςȢρσω 

Where  ּז and ּז  = electrons and holes resistivity respectively.  
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 The mobilities are also expressed in terms of the effective mass of the carriers. An 

ǚ applied to a solar cell produces a force (F) on electrons and holes, such that they 

experience net acceleration (a) and net movement, provided there are available states in 

the CB and the VB [4]. Therefore, the equation of the motion for electrons and holes (which 

require that F = ma) is equated with the force (F) on charges carriers that is cause by an ǚ 

(i.e. F = qǚ) to give 

                                               Ὂ άὥ ήὉ                                                                   ςȢρτπ 

Substitution of acceleration,  ὥ  into equation (2.140) gives: 

                                           ά
ὺz

†
ήὉ                                                                        ςȢρτρ 

Where Ű = carrier scattering time. 

After re-arranging the equation (2.141), the electrons and holes vdrift are given respectively 

by: 

                      ὺ ȟ     
ήὉ 

άᶻ
†  ȟ                 ὺ ȟ     

ήὉ 

άᶻ
†                              ςȢρτς 

Comparing the equation (2.133) and (2.142) gives the electrons and holes mobility 

respectively as: 

                        ‘     
ή

άᶻ
†  ȟ                 ‘     

ή 

άᶻ
†                                                 ςȢρτσ 

Where Õn and Õp = mobility of electrons and holes respectively, Űn and Űp = scattering time 

of electrons and holes respectively. 
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2.6.2 Diffusion current 

 The diffusion current is driven by the gradient of the carrier densities. When there 

is spatial variation of carrier density within the cell structure, the concentration gradient is 

created such that the electrons or holes tend to diffuse from the region of higher 

concentrations to a region of lower concentrations. The rate of charge concentrations (i.e. 

diffusion flux) obey Fickôs law of diffusion and proportional to the concentration gradient, 

for holes or electrons, given respectively by: 

                       Ὂ     Ὀ
Ὠὲ

Ὠὼ
    Ὀ Ȣɳὲ                                                                           ςȢρττ 

                    Ὂ     Ὀ
Ὠὴ

Ὠὼ
    Ὀ Ȣɳὴ                                                                             ςȢρτυ 

Therefore, the current density in relative to diffusion flux (i.e. the number of carriers per 

unit time per area) is given by: 

            ὐ ȟ  ήὊ      ήὈ
Ὠὲ

Ὠὼ
              ήὈɳ Ȣὲ                                            ςȢρτφ 

            ὐ ȟ  ήὊ     ήὈ
Ὠὴ

Ὠὼ
            ήὈɳ Ȣὴ                                       ςȢρτχ 

Therefore, the total diffusion current density gives: 

                        ὐ    ὐ ȟ ὐ ȟ          ήὈ
Ὠὲ

Ὠὼ
 ήὈ

Ὠὴ

Ὠὼ
                   ςȢρτψ 

Where Dn, Dp = diffusion current of electrons and holes respectively. They are related to 

electron and hole mobilities respectively by Einstein relation. 
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Therefore, the total electron currents due to the sum of the drift and the diffusion 

currents give: 

                    ὐ  ὐ ȟ  ὐ ȟ    ήὲ‘Ὁ ήὈ                                  ςȢρτω  

And the total hole currents due to the sum of drift and diffusion currents give: 

                                ὐ  ὐ ȟ  ὐ ȟ    ήὴ‘Ὁ ήὈ                       ςȢρυπ  

Since the concentration gradient is created, majority carriers in the n-region diffuses 

into the p-region leaving behind positively charged donor atoms, while the majority carrier 

in the p-region diffuses into the n-region leaving behind negatively charged acceptor atoms, 

consequently inducing an ǚ in the direction from the positive to the negative charge. The 

ǚ prevents further charge separation due to diffusion. The ǚ is related to the potential 

energy (◖) by  

                         Ὁ  
Ὠ‰

Ὠὼ
       

ρ

ή
Ȣ
ὨὉ

Ὠὼ
                                                 ςȢρυρ 

Where ‰   = potential energy. 

For electrons diffusion, equation (2.21) is re-arranged as: 

                                           Ὁ Ὁ ὑὝὰὲ
ὲ

ὲ
ȟ                                     ςȢρυς  

Finding the derivatives of the EFi in equation (2.152) with respect to x gives: 

                                            
ὨὉ

Ὠὼ
 
ὑὝ

ὲ
Ȣ
Ὠὲ

Ὠὼ
                                                         ςȢρυσ 
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And substituting the equation (2.153) back into (2.151) gives: 

                                          Ὁ  
ὑὝ

ή
Ȣ
ρ

ὲ
Ȣ
Ὠὲ

Ὠὼ
                                                       ςȢρυτ 

Under thermal equilibrium, the drift and the diffusion current must balance out i.e. net 

electrons and holes will be equal to zero (Kirchoffôs current law).  Therefore, substitution 

of equation (2.154) into equation (2.149) and then setting the total electron current to zero 

resulted in Einstein relation i.e. 

                                  π  ήὲ‘
ὑὝ

ή
Ȣ
ρ

ὲ
Ȣ
Ὠὲ

Ὠὼ
   ήὈ

Ὠὲ

Ὠὼ
                            ςȢρυυ 

Therefore, the Õn is related to Dn by Einstein relation, given by: 

                                               
Ὀ

‘
 
ὑὝ

ή
                                                             ςȢρυφ 

Similarly, for holes diffusion, equation (2.22) is re-arranged as: 

                                                Ὁ Ὁ ὑὝὰὲ
ὴ

ὲ
ȟ                                     ςȢρυχ  

Finding the derivatives of the EFi in equation (2.157) with respect to x gives: 

                                                
ὨὉ

Ὠὼ
 
ὑὝ

ὴ
Ȣ
Ὠὴ

Ὠὼ
                                                 ςȢρυψ 

And substituting the equation (2.158) back into (2.151) gives: 

                                          Ὁ  
ὑὝ

ή
Ȣ
ρ

ὴ
Ȣ
Ὠὴ

Ὠὼ
                                                          ςȢρυω 
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The diffusion current and the drift current balance out under thermal equilibrium. 

Therefore, substitution of equation (2.159) into equation (2.150) and then setting the total 

holes current to zero resulted in Einstein relation i.e. 

                                  π  ήὴ‘
ὑὝ

ή
Ȣ
ρ

ὴ
Ȣ
Ὠὴ

Ὠὼ
  ήὈ

Ὠὴ

Ὠὼ
                                        ςȢρφπ 

Therefore, the Õp is related to Dp by Einstein relation, given by: 

                                                     
Ὀ

‘
 
ὑὝ

ή
                                                                  ςȢρφρ 

Comparing the equation (2.156) and (2.161), the Einstein relation is obtained as: 

                                               
Ὀ

‘
   
Ὀ

‘
  
ὑὝ

ή
                                                          ςȢρφς 

Dn and Dp are related to diffusion length Ln and Lp respectively by: 

                              ὒ  Ὀ†   ȟ                ὒ  Ὀ†                                        ςȢρφσ 

 

2.6.3 Heterojunction transport mechanisms 

2.6.3.1 Thermionic emission 

In a p-n heterojunction, the band alignment creates an energy barrier in the VB 

and/or CB, consequently inhibiting the carrier transport and collection. A heterojunction 

interface can limit the drift and the diffusion processes when there is a high barrier, thereby 

necessitating the need for thermionic emission process to control the transport mechanism 

at such heterointerface. For the band diagram in Figure 2.8(a), a CB offset (æEc) due to 
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band bending at the interface can inhibit electron collection and the spike generated by the 

VB offset (æEv) due to band bending at the interface can inhibit the hole collection. 

The forward current path is dominated by thermionic emission at the 

heterointerface. The current density controlled by this thermionic emission over the 

barriers, æEc and æEv respectively is given by [20]: 

                                 ὐ
ὃᶻὝ

ὔ
ὲπ Ὡ                                                                             ςȢρφτ 

                                   ὐ
ὃᶻὝ

ὔ
ὴπ Ὡ                                                                             ςȢρφυ 

Where n(0-) and p(0+) = electron density and hole density respectively at the side of the 

structure with higher doping. And  

ὃ
τ“ήάᶻὑ

Ὤ
   ȟ                  ὃ

τ“ήάᶻὑ

Ὤ
     ᵼ  ὉὪὪὩὧὸὭὺὩ ὙὭὧὬὥὶὨίέὲ ὧέὲίὸὥὲὸȢ 

 

2.6.3.2 Tunneling 

Forward current can also tunnel through a barrier at the heterojunction interface e.g. 

tunneling through a spike caused by the VB offset at the interface. Tunneling can be 

increased by reducing the interface potential barrier width, and this can be achieved by 

heavy doping of the layer forming an interface with the absorber. The tunneling probability 

and the tunneling current can be obtained by solving a time-independent Schrodinger wave 

equation [9,10]. The depletion width of the barriers æEc and æEv respectively are given as 

[4]. 



74 

 

                       ὡ ȟ

ς‐ὠ

ήὔ
    ȟ             ὡ ȟ

ς‐ὠ

ήὔ
                    ςȢρφφ 

The tunneling has a negligible impact at low injection level, and this is outside the 

operations of solar cells. 

 

2.6.4 Shockley diode equation 

 Shockley diode equation is used to describe the current density-voltage (J-V) 

characteristics of an ideal diode. It is applicable to homojunction, heterojunction and 

Schottky junction. To account for loss, this equation can be modified by considering the 

ideality factor (A), series resistance (Rs) and the shunt conductance (Gsh).  

Continuity equation provides information about time-dependent phenomena such 

as low-level injection, generation, and recombination. The net charge carrier density 

 έὶ  is the difference between the thermal generation (G) and the recombination 

(R), plus current flowing in and out of a region of interest. Therefore, continuity equation 

for electrons and holes, is given respectively as [20]: 

                 
‬ὲ

‬ὸ
  Ὃ Ὑ

ρ

ή
Ȣɳὐ      Ὃ Ὑ

ρ

ή
Ȣ
‬ὐ

‬ὼ
                           ςȢρφχ 

                
‬ὴ

‬ὸ
  Ὃ Ὑ

ρ

ή
Ȣɳὐ      Ὃ Ὑ

ρ

ή
Ȣ
‬ὐ

‬ὼ
                            ςȢρφψ 

For obtaining the minority carrier concentrations, substitution of equation (2.107) (i.e. 

recombination equation) and equation (2.149) and (2.150) (i.e. equation for total current 
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density due to drift and diffusion) into the above equation (2.167) and (2.168) respectively 

gives: 

       
‬ὲ

‬ὸ
  Ὃ  

ὲ ὲ

†
  
ρ

ή

‬

‬ὼ
ήὲ‘Ὁ ήὈ

Ὠὲ

Ὠὼ
                          ςȢρφω 

  
‬ὴ

‬ὸ
  Ὃ  

ὴ ὴ

†
  
ρ

ή

‬

‬ὼ
ήὴ‘Ὁ ήὈ

Ὠὴ

Ὠὼ
                                ςȢρχπ 

The derivative of equation (2.169) and (2.170), using the production rule, respectively give: 

‬ὲ

‬ὸ
  Ὃ  

ὲ ὲ

†
  ὲ‘

‬Ὁ

‬ὼ
  ‘Ὁ

‬ὲ

‬ὼ
 Ὀ

‬ὲ

‬ὼ
                    ςȢρχρ 

‬ὴ

‬ὸ
  Ὃ  

ὴ ὴ

†
  ὴ‘

‬Ὁ

‬ὼ
  ‘Ὁ

‬ὴ

‬ὼ
 Ὀ

‬ὴ

‬ὼ
                    ςȢρχς 

Also, the minority carrier concentration can be obtained in terms of quasi-Fermi level 

splitting. The equation (2.18) and (2.20) is rewritten in terms of quasi-Fermi level splitting 

for electrons and holes as: 

                                         ὲ   ὲὩ                                                                             ςȢρχσ 

                                         ὴ   ὲὩ                                                                            ςȢρχτ 

By mass action law, the np product from equation (2.173) and (2.174) is 

                                       ὴὲ   ὲὩ                                                                            ςȢρχυ 
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Under a non-equilibrium condition, assuming the majority carrier concentrations at each 

contacts retain their equilibrium value, the applied voltage is given by: 

                                   ήὠ Ὁ Ὁ                                                                ςȢρχφ 

Substitution of equation (2.176) into (2.175) results in 

                                  ὴὲ   ὲὩ                                                                                        ςȢρχχ 

From the equation (2.177), the minority carrier in a p-type material can be obtained as: 

            ὲ   
ὲ

ὴ
Ὡ              ὲ Ὡ                                                                                  ςȢρχψ 

Where  ὲ   = minority carriers (electrons) in a p-type material at equilibrium (i.e. at 

V = 0). 

And the minority carrier in an n-type material, from the equation (2.177), can be obtained 

as: 

               ὴ   
ὲ

ὲ
Ὡ              ὴ Ὡ                                                                             ςȢρχω 

Where  ὴ   = minority carriers (holes) in an n-type material at equilibrium (i.e. at V 

= 0). 

Considering that the excess carriers are injected begin to decay at the edge of the edges of 

the SCR, as shown in Figure 2.13, and assuming that both p-layer and n-layer thickness is 
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greater than three diffusion lengths such that the contacts have no impact on the carrier 

densities. 

 

Figure 2. 13 Fickôs law representation of minority carrier concentration under a forward 

bias voltage. 

 

Assuming that no generation i.e. diode in the dark at x > 0 when a zero bias is 

applied, the zero applied bas voltage leads to ǚ = 0 and G = 0. At a steady state, there is a 

concentration gradient near the surface. Therefore, the equation (2.171) and (2.172) 

respectively becomes: 

                                    π   
ὲ ὲ

†
   Ὀ

‬ὲ

‬ὼ
                                           ςȢρψπ 

                                   π   
ὴ ὴ

†
  Ὀ

‬ὴ

‬ὼ
                                             ςȢρψρ 

For minority carriers (electrons) in a p-type material; substitution of †  into equation 

(2.180) leads to 
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‬ὲ

‬ὼ

ὲ ὲ

ὒ
 π                                                           ςȢρψς 

The general solution to equation (2.182) gives: 

                                ὲ ὲ ὃὩ
 

                                                           ςȢρψσ 

The boundary condition at ὲ ὼ Њȟ i.e. at  Ὡ π on equation (2.183) gives: 

                                           ὲ ὲ   ȟ                    ὥὸ  ὼ Њ                                       ςȢρψτ 

And the boundary condition at ὲ ὼ πȟ i.e. at  Ὡ ρ on equation (2.183) gives: 

                                           ὃ ὲ ὲ   ȟ               ὥὸ  ὼ π                                      ςȢρψυ 

Substitution of equation (2.185) back into equation (2.183) gives: 

                                  ὲ  ὲ ὲ ὲ Ὡ
 

                                             ςȢρψφ 

And substitution of equation (2.178) into (2.186) gives: 

                                     ὲ  ὲ ὲ Ὡ   ρὩ
 

                                    ςȢρψχ 

And substitution of equation (2.187) into (2.146) results in 

ὐ ήὊ  ήȢὈ
Ὠὲ

Ὠὼ
  ήȢὈ

Ὠ

Ὠὼ
 ὲ ὲ Ὡ   ρὩ

 
ςȢρψψ 

After differentiating the equation (2.188), we have: 
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                                                   ὐ  
ήὈὲ

ὒ
Ὡ   ρ                                           ςȢρψω 

Similarly, for minority carriers (holes) in an n-type material; substitution of †  into 

equation (2.181) leads to 

                                      
‬ὴ

‬ὼ
  
ὴ ὴ

ὒ
 π                                                         ςȢρωπ 

The general solution to equation (2.190) gives: 

                                    ὴ ὴ ὃὩ
 

                                                          ςȢρωρ 

The boundary condition at ὴ ὼ Њȟ i.e. at  Ὡ π on equation (2.191) gives: 

                  ὴ ὴ   ȟ                    ὥὸ  ὼ Њ                                                       ςȢρως 

And the boundary condition at ὴ ὼ πȟ i.e. at  Ὡ ρ on equation (2.191) gives: 

               ὃ ὴ ὴ   ȟ               ὥὸ  ὼ π                                                         ςȢρωσ 

Substitution of equation (2.193) back into equation (2.191) gives: 

                 ὴ  ὴ ὴ ὴ Ὡ
 

                                                    ςȢρωτ 

And substitution of equation (2.179) into (2.194) gives: 

                          ὴ  ὴ  ὴ Ὡ   ρὩ
 

                                    ςȢρωυ 

And substitution of equation (2.195) into (2.147) results in 
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ὐ ήὊ  ήȢὈ
Ὠὴ

Ὠὼ
  ήȢὈ

Ὠ

Ὠὼ
 ὴ  ὴ Ὡ   ρὩ

 
ςȢρωφ 

After differentiating the equation (2.196), we have: 

                                       ὐ  
ήὈ ὴ

ὒ
Ὡ   ρ                                                           ςȢρωχ 

Combining the equation (2.189) and (2.197), the total current density (when there is no 

generation, G = 0), gives: 

  ὐ  ὐ  ὐ        
ήὈὲ

ὒ

ήὈ ὴ

ὒ
Ὡ   ρ        ὐ Ὡ   ρ      ςȢρωψ 

At room temperature,  Ὡ    ḻρ , Therefore the Shockley diode equation in equation 

(2.198) becomes: 

                                                     ὐ  ὐὩ                                                                          ςȢρωω 

Where   ὐ
 
 = reverse saturation current density. 

 Under illumination and when there is optical generation (G > 0), the current 

density-voltage (J-V) curve shifts along the current-density axis by an amount equals to 

the photogenerated current density (Jph). Therefore, the Jph is added to the basic Shockley 

diode equation in equation (2.198) to give: 

  ὐ   ὐ Ὡ   ρ   ὐ          ὐ ὐὩ     ὐ  ȟ     ύὬὩὶὩ Ὡ   ḻρ              ςȢςππ 
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With assumption of current collection loss, defect states, series resistance, shunt 

conductance or other blocking contact, the recombinational and parasitic effects are 

considered, such that the equation (2.199) becomes: 

ὐ  ὐ Ὡ   ρ Ὃ ὠ Ὑὐ  ὐ  ὐὩ    Ὃ ὠ Ὑὐ  ὐ  ςȢςπρ 

Where Jph = photocurrent = Jsc ideally, Gsh = shunt conductance, Rs = series resistance, V 

= forward applied voltage, Jph = photocurrent density, A = ideality factor (describe how 

close a solar cell follows the Shockley equation of an ideal diode). The A depends on the 

dominant recombination mechanisms occurring in solar cells. 

 

2.7 Depletion capacitance  

In a p-n junction solar cell, capacitance can be created by dipole of charges across the SCR 

or depletion region. The behavior of these charges is critical to obtain information about 

the doping density and the depth of the SCR. The depletion or junction capacitance is 

analyzed using the depletion approximation theory. This theory assumes that the SCR is 

precisely defined, ends abruptly and fully depleted of free carriers. Also with this theory, 

the depletion width varies with the applied bias while the charge density within the SCR 

remains constant and the bulk remains neutral. The capacitance is thus given by: 

                                                             ὅ  
Ὠὗ

Ὠὠ
                                                                    ςȢςπς 

 For asymmetrical junction (one-sided junction) where one side is heavily doped 

and the other side lightly doped (e.g. in p-n+ junction solar cell), the charge neutrality is 



82 

 

maintained in such a way that the charge neutrality on both sides remains the same. This is 

achieved with the heavily doped (i.e. n+) region made extremely thin in such a way that no 

SCR or band bending is introduced, while light-doped (p) region called the absorber is 

made thick and the SCR and band bending fall within this absorber layer. Therefore, xp >> 

xn, ND >> NA, then W å xp for a one-sided junction. The equation (2.36) then becomes: 

             ὗ ήὃὔὼ    ήὃὔὡ ȟ                     Ὢέὶ ὡ ὼȟ   ὔ ḻὔ                ςȢςπσ 

Using the equation (2.66), the width of the SCR (W) with a forward bias voltage for this 

one-sided junction becomes: 

            ὡ
ς‐ὠ ὠ

ήὔ
      ȟ                       Ὢέὶ ὡ ὼȟ   ὔ ḻὔ                       ςȢςπτ 

To obtain the junction capacitance in terms of doping density and depletion width, the 

equation (2.203) and (2.204) are substituted into equation (2.202) to give: 

                ὅ  
Ὠὗ

Ὠὠ
      ήὃὔ

Ὠὡ

Ὠὠ
         ήὃὔ

Ὠ

Ὠὠ

ς‐ὠ ὠ

ήὔ
                   ςȢςπυ 

The derivative of equation (2.205) results in: 

                                           ὅ ὃ ήὔ Ѝς‐ 
ρ

ς
ὠ ὠ                                        ςȢςπφ 

                                              ὅ ‐ὃ
ήὔ

ς‐ὠ ὠ
                                                             ςȢςπχ 

By comparing the equation (2.204) and (2.207), the C is obtained as: 
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                                               ὅ
‐ὃ

ὡ
                                                                                    ςȢςπψ 

Therefore, the width of the SCR (W) can be estimated by re-arranging the equation (2.208) 

to give: 

                                                ὡ
‐ὃ

ὅ
                                                                                  ςȢςπω 

Also, by re-arranging the equation (2.207), we have: 

                                         
ρ

ὅ
  
ςὠ ὠ

ή‐ὃὔ
                                                                   ςȢςρπ 

Using the equation (2.210), the plots of   ὺί  ὠ, known as Mott-Schottky plot, can be 

obtained from the capacitance versus bias voltage data. For solar cells with uniform doping 

(e.g. in crystalline solar cell), the NA can be obtained from the slope and the Vbi from the 

intercept of the Mott-Schottky plot. However, for solar cells with non-uniform doping (e.g. 

in thin-film solar cells), the Mott-Schottky plot is not linear and hence difficult to extract 

an accurate value of NA and Vbi. In this case, the doping density can be obtained from the 

derivative of equation (2.210) as: 

                               
Ὠ

Ὠὠ
 
ρ

ὅ
  

ς

ή‐ὃὔ
                                                                          ςȢςρρ 

Re-arranging the equation (2.211), the doping density is given as: 
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                             ὔ  ὔ ὼ    
ς

ή‐ὃ
 Ὠ
ρ
ὅ
Ὠὠ

                                                       ςȢςρς 

The doping density (NA) in equation (2.212) can also be expressed as [23]. 

                                   ὔ  ὔ ὼ    
ὅ

ή‐ὃ
 Ὠὅ
Ὠὠ

                                                         ςȢςρσ 

Furthermore, the equation (2.209), (2.212) and (2.213) are valid for depletion 

approximation theory if the free-carriers (shallow states) relaxation frequency is greater 

than the angular frequency of the applied AC voltage (i.e. ɤdr > ɤac). In this case the free 

carriers are fast enough (i.e. Űdr < Űac) causing free carriers moving through semiconductor 

material to respond in less than one AC cycle, thereby charge carriers are detected during 

capacitance measurements. However, if the ɤdr < ɤac, free carriers are not fast enough (i.e. 

Űdr > Űac) to respond in less than one AC cycle, thus charge carriers cannot be detected 

during capacitance measurements [24,25]. 

 

2.7.1 Influence of deep defect state on capacitance 

The depletion approximation theory only holds in the present of a high significant 

ionization of shallow dopant, whereby the doping concentration obtained from the 

capacitance-voltage (C-V) measurement equal to the free-carrier concentration. However, 

this theory may not be valid in the presence of a significant density of defects in the deep 
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state, whereby the total concentration obtained from the C-V measurement is a combination 

of shallow free carrier concentration and the deep state defect concentration.  

 

           

Figure 2. 14 (a) Band diagram showing the discrete defects states: A shallow state (blue 

color) exhibiting fast emission, a deep defect state (red color) displaying 

slow emission, and an intermediate state (green color) exhibiting an 

emission rate between the deep and the shallow states (b) Charge density 

variation in the depletion region for the deep state, the intermediate state 

and the shallow state (c) Change in space charge density   in response to 

change in bias voltage   at the xe(deep), xe(intermed), xe(shallow) and at W (d) 

Equivalent circuit demonstrating change of total or equivalent capacitance 

due to variation in  frequency and temperature. The Cjunction and the Cdefect 

are functions of bias voltage, and in addition, the Cdefect changes with 

frequency and temperature. 
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Considering a discrete defect state (Et) inside a p-layer bandgap of a solar cell 

shown in Figure 2.14, discrete defects (either shallow, deep, or intermediate) at the different 

defect energy levels, Ee are seen to cross the Fermi energy level at the demarcation energy 

(xe) because of band bending influenced by the frequency of the AC voltage.  

The defect state can only respond to the AC voltage if the emission rate of the state 

is higher than the angular frequency of the AC voltage i.e. ep Ó ̟ac. But if the emission rate 

of the state is lower than the angular frequency of the AC voltage i.e. ep < ̟ac, the state 

will not respond to the AC voltage and will not contribute to capacitance. Therefore, the 

emission rate of the state is obtained from equation (2.35) by setting the Ev to 0 eV to give 

[23,26]. 

               Ὡ ὺ „ὔὩ     ‫Ὡ      ‫ὝὩ                                ςȢςρφ 

Substitution of ep = ̟ac into the equation (2.216) gives: 

                               ‫   ‫Ὡ      ‫ὝὩ                                               ςȢςρχ 

Finding the logarithm of both sides of equation (2.217) results in the demarcation energy 

(Ee) given by: 

                         Ὁ ὑὝὰὲ
‫

‫
     ὑὝὰὲ

   ‫Ὕ

‫
                                      ςȢςρψ 

Where ɤp = ɤ0T
2 = Nvvthůp = thermal emission prefactor = attempt-to-escape frequency 

(which is a temperature-dependent parameters), ů = hole capture cross-section (about 10-12 

ï 10-15 cm-2  in CdTe), Nv = effective density of states in the valence band 
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ὔ ᶿὝ ὥὧὧέὶὨὭὲὫ ὸέ ὩήόὥὸὭέὲ ςȢχ  = 1.8 Ĭ 1019 cm-3, vth = thermal velocity 

ὺ ᶿὝ ὥὧὧέὶὨὭὲὫ ὸέ ὩήόὥὸὭέὲ ςȢρςχ = 107cm/s. Ee = demarcation energy (energy 

separating responsive and unresponsive states at the demarcation distance xe). It is the 

deepest energy level that can respond to an AC voltage signal at a particular combination 

of frequency (ɤ) and temperature (T). At lower frequency of the AC voltage signal, a̟c < 

p̟, the defect states respond to the AC voltage, therefore contributing to capacitance 

measurement. However, that higher frequency, a̟c > ̟p, the defect states do not follow the 

AC voltage and will not contribute to capacitance measurement. According to equation 

(2.218), solar cell temperature can also be used to probe different defect states. At higher 

temperature, deep defect states can respond to AC voltage thus contributing to capacitance, 

while at low temperature, defects are frozen out and will not contribute to capacitance. 

 As shown in Figure 2.14, the position xe is the location separating the responsive 

and the unresponsive state. It is the location at which the EF ï Ev = Ee and it is determined 

from the band bending in the SCR. Between x = 0 (i.e. the interface) and the xe (either at 

xe(deep), xe(intermed) or xe(shallow)), the occupation of the defect states respond to the AC voltage 

at an angular frequency (ɤ), thus contributing to capacitance. However, beyond the 

location xe (ὭȢὩȢὥὸ ộὼỚ ὼ) where the Ee is above the EF, there is no defect contribution to 

capacitance, because the defects do not have enough time to follow the AC voltage signal. 
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2.7.2 Drive level capacitance profiling and the influence of interface defect state on 

capacitance 

 In solar cells with high density of defect states, a measurement known as the drive-

level capacitance profiling (DLCP) yields a more accurate estimation than the standard 

capacitance-voltage (C-V) measurement. The DLCP helps to identify energetic and spatial 

distribution of defects that are localized in deep states and at the surface. It uses a large 

range of AC voltage amplitudes in addition to a range of DC bias voltage to accurately 

obtain the capacitance response and the density of defect states. 

 

Figure 2. 15 (a) Band bending with a single defect state when a small AC voltage ‏ὠ 
is applied. solid and dash blue represent the band bending before and after 

the application of ‏ὠ respectively (b) Charge density before (solid red line) 
and after (dash blue line) the application of ‏ὠ. The diagram is modified 
from J. T. Heath et al. (2004) [27]. 



89 

 

 Assuming a single defect under a fixed frequency and temperature results in a 

defect demarcation energy, Ee, as shown in Figure 2.15(a), with the corresponding charge 

density shown in Figure 2.15(b).  

The potential at the interface oʟ can be expressed by using Poissonôs equation (2.38) 

to obtain [27]: 

          ‰ π  ὼ
” ὼ

‐
Ὠὼ         ὼ

” ὼ

‐
Ὠὼ  ὼ

” ὼ

‐
Ὠὼ         ςȢςρω  

Where ɟo(x) = charge density before the applying small voltage ‏ὠ 

If a small voltage ‏ὠ is added, the potential at the barrier interface will increase from 

‰ π to ‰ π  :ὠ. After integration of the equation (2.219), we have‏

                             ‰ π  
ὼ” ὼ

ς‐
  ὼ

” ὼ

‐
Ὠὼ                                               ςȢςςπ  

Correspondingly, the position ὼ move away from the barrier interface to ὼ  ὼ as shown‏

in Figure (2.16). The charge density at this new position becomes ɟ(x). Therefore, at a time 

† , the application of ‏ὠ gives: 

 ‰π ὼ
” ὼ

‐
Ὠὼ ὼ

” ὼ

‐
Ὠὼ ὼ

” ὼ

‐
Ὠὼ ὼ

”ὼ

‐
Ὠὼ     ςȢςςρ  

Where ɟo(x) = charge density between ộὼỚ π  and ộὼỚ ὼ ,  ɟe(x) = charge density 

between ὼ and ὼ ὼ, while ɟ(x) = charge density between ὼ‏  ὼ and Њ. After‏

substitution of the condition ”ὼ ” ὼ  ὼ  into equation (2.221) and integrating the‏

result, we have: 
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 ‰π
ὼ” ὼ

ς‐
  
” ὼ

ς‐
ὼ ὼ‏ ὼ  ὼ

” ὼ ὼ‏

‐
Ὠὼ        ςȢςςς 

Since the value of the potential at the barrier interface increases from ‰ π to  ‰π

‰ π  :ὠ, then it follows that‏ ὠ after an application of a small voltage‏

ὠ‏                                             ‰π ‰ π                                                           ςȢςςσ 

Subtraction of equation (2.220) from (2.222) gives: 

ὠ‏                   
” ὼ

ς‐
ὼ ὼ‏ ὼ     ὼ‏ὼ

” ὼ

‐
Ὠὼ                       ςȢςςτ   

From the Poissonôs equation in equation (2.38), the electric field (ǚ) can be found to be: 

                                   Ὁ   
Ὠ‰

Ὠὼ
Ὠὼ    ὼ

”

‐
Ὠὼ                                                ςȢςςυ  

Substitution of equation (2.225) into (2.224) gives: 

ὠ‏                                  
”

ς‐
ὼ ὼ‏ ὼ    Ὁ‏ὼ                                   ςȢςςφ   

After expanding the ὼ   :ὼ term, we obtain‏

ὠ‏                                
”

ς‐
ὼ ςὼ‏ὼ ‏ὼ   Ὁ‏ὼ                              ςȢςςχ   

Noting that ‏ὼ is very small (‏ὼO π, and both sides of the equation (2.227) is multiply 

by  , and then re-arranged to give: 

                       
”

ς
  ὼ‏

”ὼ ‐Ὁ

”
   ὼ‏

‐

”
   ὠ   π                             ςȢςςψ‏
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Applying quadratic formula, with ὥ ,  ὦ   and ὧ  ὼ is‏ ὠ , the‏

obtained as: 

ὼ‏                    

”ὼ ‐Ὁ
”

”

”ὼ ‐Ὁ
”

”

”
ςȢ
‐
ὠ‏”

”
ς

                         ςȢςςω 

After re-arranging equation (2.229), we have: 

  ὼ‏                     
‐Ὁ ”ὼ

”
ρ  ρ  

ς”‐‏ὠ

‐Ὁ ”ὼ
                             ςȢςσπ 

Invoking the Binomial theorem of the form ρ ὲ ρ ὲὼ
Ȧ

Ễ , the 

equation (2.230) becomes 

 ὼ‏
‐Ὁ ”ὼ

”
ρ ρ  

ς”‐‏ὠ

‐Ὁ ”ὼ
Ȣ
ρ

ς
   

ς”‐‏ὠ

‐Ὁ ”ὼ
Ȣ
ρ

ψ
 Ễ    ςȢςσρ 

 ὼ‏           
‐Ὁ ”ὼ

”

ὠ‏‐”

‐Ὁ ”ὼ
   

ὠ‏‐”

ς‐Ὁ ”ὼ
 Ễ                      ςȢςσς 

The equation is then re-arranged to become: 

 ὼ‏                     
‐

‐Ὁ ”ὼ
  ὠ‏

”‐

ς‐Ὁ ”ὼ
  ὠ Ễ                               ςȢςσσ‏ 

Where  ὅ   is a total change in depletion capacitance due to total change in charge ‏ὗ 

in response to voltage ‏ὠ. Therefore, the charge lying between ὼ and ὼ  ὼ is obtained‏

by re-writing the equation (2.36) as: 
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ὗ‏              ὃήὔ‏ὼ  ὃ”‏ὼ                                                                          ςȢςστ    

Substitution of equation (2.233) into (2.234) gives: 

 
ὗ‏

ὠ‏
  

ὃ”‐

‐Ὁ ”ὼ
  

ὃ”‐

ς‐Ὁ ”ὼ
ὠ Ễ      ὅ‏  ὅ‏ὠ                ςȢςσυ  

Where: 

                                              ὅ   
ὃȿ”ȿ‐

‐Ὁ ȿ”ȿ ὼ
                                                    ςȢςσφ  

                                                  ὅ
ὃ” ‐

ς‐Ὁ ȿ”ȿὼ
                                            ςȢςσχ  

Finding the cube of equation (2.236) and then dividing the result by equation (2.237) yield: 

                                         
ὅ

  ὅ

ὃȿ”ȿ‐
‐Ὁ ȿ”ȿ ὼ

ὃ” ‐
ς‐Ὁ ȿ”ȿὼ

           ςὃ”‐                     ςȢςσψ 

Substitution of  ȿ”ȿ  ήὔ  from the equation (2.39) into equation (2.238) and re-

arranging leads to: 

                                  ὔ
ȿ”ȿ

ή
 

ὅ

  ςή‐ὃὅ
                                                     ςȢςσω 

Where C0 = limiting value of capacitance as the AC bias amplitude goes to zero, C1 = linear 

correction term (unit in pF/V), that allows the determination of ionized state density at the 

position xe, which is 
ȿ ȿ
. The coefficient C1 is assumed that ‏ὠ is applied asymmetrically 

with respect to a DC bias voltage. This is important to keep the charge density fixed at 
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position xe as the amplitude of the AC voltage is varied to determine the C1. Therefore, for 

a given DC bias voltage, the maximum voltage must remain constant i.e. Vac + Vdc = 

constant for a particular chosen voltage. 

In a p-type material, the 
ȿ ȿ
 is given by: 

                              
ȿ”ȿ

ή
ὴ  ὫὉȟὼ ὨὉ                                           ςȢςτπ 

Where p = free-carrier density at location xe, g(E) = density of states near the spatial 

location xe, Ὁ = Fermi energy level in the bulk, Ee = response depth above the Ev. 

 The distance ộὼỚ, called the first moment of charge response or center of gravity of 

the charge response, can be found as a function of capacitance C0. Since the capacitance is 

given as: 

                                   ὅ  
ὗ

ὠ
  

ὗ

ὉȢὨὼ
                                                         ςȢςτρ 

The Q according to equation (2.234) can be written as: 

                                 ὗ ὃ ”ὼ‏ὼ                                                           ςȢςτς 

Substitution of equation (2.242) and the Poissonôs equation in equation (2.225) into the 

equation (2.241) gives: 

          ὅ  
ὗ

ὠ
  

ὗ

ὉȢὨὼ
        

ὃ᷿ ”ὼ‏ὼ

᷿ ὼ
”ὼ
‐ ὼ‏

      
‐ὃ

ộὼỚ
                 ςȢςτσ 



94 

 

Therefore, the first moment of charge response ộὼỚ is given as: 

                                                  ộὼỚ
‐ὃ

ὅ
                                                              ςȢςττ 

The ộὼỚ can also be expressed in terms of the demarcation distance (xe) and the charge 

density (ɟe), by comparing the equation (2.236) and (2.243) i.e. 

                                    
ὃȿ”ȿ‐

‐Ὁ ȿ”ȿ ὼ
   
‐ὃ

ộὼỚ
                                                        ςȢςτυ  

Rearranging equation (2.242) leads to 

                             ộὼỚ ὼ  
‐Ὁ

ȿ”ȿ
                                                                    ςȢςτφ 

The 
ȿ ȿ
 term in the equation (2.246) will be approximately constant for a given temperature 

and frequency of the AC voltage as the DC bias voltage is varied, provided the spatial 

properties of the semiconductor vary slowly. Therefore, the differences in ộὼỚ  will roughly 

approximate the actual change in position of defect response. The ộὼỚ is affected by factors 

such as charged layers near the barrier interface and shallow doping density (if it is on the 

order of or larger than the density of the deeper states) [27]. 

 

2.8 Metastability  

 Stability issues can occur in the form of an irreversible degradation or a reversible 

metastability. As illustrated in Figure 2.16, degradation is an irreversible process, whereby 

solar cell performance diminishes due to long term exposure to illumination and high 
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temperature. For metastability (a reversible process), the solar cell exhibits an inferior 

performance in the dark state (e.g. when stored in the dark) and an improved performance 

upon exposure to light for some hours as reported by most papers on CdTe solar cells, 

though a paper has reported an improvement in performance on CdTe solar cells in the dark 

state than in the light-soaked state [28]. 

 

Figure 2. 16 Degradation and metastability processes. The diagram is modified from C-

S Jiang et al. (2022) [29]. 

  

Metastable defects are unstable defects that can be influenced either by a long 

exposure of solar cells to light or by an application of bias voltage, thereby leading to a 

transitory change in electrical performance on the solar cell. An application of a forward-

bias voltage or light exposure on the cell can improve the electric field profile across the 

junction, therefore improving the Vbi, facilitating charge separation and consequently 

leading to and increased Voc.  
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 Metastable defects are mostly associated with defect states at an interface of a p-n 

junction solar cells [30]. These defects or trap states play an important role in the light 

soaking phenomenon. The interface traps are significant in the dark state (DS) and are 

passivated by photogenerated carriers upon light exposure in the light-soaked state (LS), 

thereby leading to improved performance. For cells stored in the dark for a prolonged 

amount of time, the carriers can accumulate at the interface, thereby generating an ǚ and 

the Vbi that can impede the charge transport [31,32]. The J-V curves obtained in this DS 

may exhibit an s-shape because of the barrier (or band offset) at the interface of the p-n 

junction. This barrier inhibits the carrier transport and consequently reduces the FF. The 

accumulated carriers at the interface can eventually be captured by interface traps as shown 

in Figure 2.17(a), thereby resulting in a non-radiative recombination, and consequently 

leading to a reduced Voc. However, under prolonged light exposure, the interface traps can 

be filled or populated with excess photogenerated carriers of opposite charge, thereby 

neutralizing or passivating these defects. This process enables the carriers that were 

previously trapped to be de-trapped as illustrated in Figure 2.17(b), thereby restoring the 

Vbi and leading to an improved Voc. At the same time, more photogenerated carriers are 

collected due to lowered interface barrier leading to an improved free carrier density, and 

consequently to enhanced device performance. 
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Figure 2. 17 Schematic diagram of a light-generated mechanism (a) Dark state (DS) with 

higher interface defects due to trapping process (b) Light-soaked state (LS) 

with lesser interface defects due to de-trapping process.
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       Chapter 3

3 EXPERIMENTAL TECHNIQUES 

This chapter covers fabrication, instrumentation, characterization, and device modeling 

applicable to silicon heterojunction solar cells and cadmium telluride solar cells. 

3.1 Fabrications 

3.1.1 Fabrication of front junction silicon heterojunction solar cells 

Fabrication of silicon heterojunction (SHJ) solar cells involved processes such as 

wafer preparation, plasma-enhanced chemical vapor deposition (PECVD) of intrinsic and 

doped hydrogenated amorphous silicon (a-Si:H) on crystalline silicon (c-Si), metallization 

(sputtering indium tin oxide and evaporation of aluminum contacts) and annealing in the 

air. The fabrication sequence is shown in Figure 3.1 

 

Figure 3. 1 Fabrication sequence of silicon heterojunction solar cells 
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3.1.1.1 Wafer preparation 

 Before the cell fabrication, procedures of surface etching, cleaning, and texturing 

were carried out on 150 Õm, <100> oriented, 1 ï 10 Ý-cm resistivity, n-type Czochralski 

monocrystalline silicon (c-Si) wafer. A 5ò Ĭ 5ò pseudo-square wafers were cut into 1ò Ĭ 1ò 

sized wafers. Thereafter, 4Õm was etched away from the c-Si wafer surface using an HNA 

solution (diluted hydrofluoric acid + nitric acid) at an etching rate of 5Õm/minute. This 

etching was done to remove any residues of saw damage and ensure uniform deposition of 

a-Si:H film. 

 After the etching, the wafers were cleaned in two steps: The first step was the use 

of piranha (hydrogen peroxide + sulfuric acid) to cause a chemical oxidation on the wafersô 

surface, which removed any organic residues and reduced ionic contaminants. The second 

step was the removal of oxide using diluted hydrofluoric acid (HF) [1]. 

Afterward, the etched and cleaned wafers were immediately immersed into 

tetramethylammonium hydroxide (TMAH) solution (1% TMAH + 9% isopropyl alcohol + 

deionized water) for the surface texturing process. This process created anisotropic etching, 

with the help of isopropyl alcohol (IPA), which resulted in the creation of randomized 

upright pyramids on both surfaces of the wafers [1,2]. 

 

3.1.1.2 Amorphous silicon layers deposition on crystalline layer 

 After the etching, cleaning and texturing processes, the c-Si wafers were 

immediately loaded into the multi-chambered plasma-enhanced chemical deposition 

system. At first, a 10 nm thick intrinsic film was deposited on both sides of the wafer using 
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a direct-current (DC)-powered plasma at a substrate temperature of 250ÜC. After that, the 

wafer was annealed in a vacuum under a pressure of 10-6 torr and at a temperature of 250ÜC 

for 25 minutes. Thereafter, at a substrate temperature of 250ÜC, a 30 nm thick phosphorus-

doped n-type a-Si:H layer was deposited at the rear side to serve as a n-base and a back-

surface field, followed by the deposition of a 10nm thick boron-doped p-type a-Si:H layer 

at the front side to serve as an emitter and a hole collection junction [3,4,5]. 

 

3.1.1.3 Depositing transparent conductive oxide and metal contact layers 

After the deposition of intrinsic and doped a-Si:H film on a c-Si wafer, a transparent 

conductive oxide layer was deposited by radio frequency (RF) sputtering of indium tin 

oxide (ITO) followed by aluminum (Al) contact formation by electron-beam evaporation 

on the rear a-Si:H n-layer and Al grids on the front ITO. 

An 80 nm ITO layer was deposited at room temperature by RF sputtering on both 

sides or in some cases on the front side (p a-Si: H) only, using a 2.5cm2 shadow mask. The 

front-side ITO was sputtered in a mix of Argon (Ar) and O2 to create a wider bandgap ITO 

for increasing the light penetration into the cells. The area of the ITO defines the active 

area of the SHJ cell. It acted to promote hole lateral transport and serves as an anti-

reflection coating with a refractive index of 1.96. [2,6]. However, rear-side ITO was 

sputtered in Ar ambient thereby creating a narrower bandgap for preventing light 

transmission through the cell. Therefore, it served as a reflector to increase the optical path 

length of photons [6,7,8]. 
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After the ITO deposition, a 3Õm Al contact was evaporated via a matching grid 

shadow mask to facilitate electron current collection from the ITO, followed by 

evaporation of 0.5Õm at the rear side using a shadow mask to facilitate electron injection. 

The complete cell structures with and without the rear-side ITO are shown in Figure 3.2(a) 

and 3.2 (b) respectively. Also, the image of the front and the rear side of the fabricated SHJ 

of 2.5 cm2 area are shown in Figure 3.2(c). 

 

 

Figure 3. 2 SHJ solar cell structures (a) BSI cell ï with both-side ITO (b) FSI cell ï 

with only front ITO (c) image of the front and the rear side of the fabricated 

SHJ cell. 

 

After the fabrication and before characterization, cells received heat treatment or 

annealing at 150ÜC for 15 minutes to improve the cell performance. Open-circuit voltage 

(Voc) was improved by annealing out potential damage induced by ion bombardment during 
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the ITO sputtering, and the fill factor (FF) was improved by inducing the thermal activation 

of dopants to form better ohmic contacts at ITO/doped a-Si:H interfaces [9]. 

 

3.1.2 Fabrication of cadmium telluride solar cells 

The copper-doped cadmium selenide telluride/cadmium telluride 

(CdSeTe/CdTe:Cu) and the antimony-doped cadmium selenide telluride/cadmium telluride 

(CdSeTe/CdTe:Sb) used in this work were fabricated at the Institute of Energy Conversion 

(IEC), while the arsenic-doped cadmium selenide telluride/cadmium telluride 

(CdSeTe/CdTe:As) and another set of copper-doped cadmium selenide telluride/cadmium 

telluride (CdSeTe/CdTe:Cu) were fabricated at the National Renewable Energy Laboratory 

(NREL). A 4ò Ĭ 4ò TEC-12D glass superstate from Pilkington was used for depositions in 

both laboratories. Each glass superstate was coated with a fluorine-doped transparent 

conducting oxide (SnO2:F or FTO) and a high resistance transparent (HRT) layer composed 

of an undoped or intrinsic SnO2. The FTO layer provided a lateral conduction pathway for 

electrons at the front or n-side of the cell, whereas the HRT helped to prevent cell shunting 

in case of pinholes. Before deposition, each TEC-12D superstate was subjected to crest and 

plasma cleaning to remove surface contaminants. The fabrication sequence of the 

CdSeTe/CdTe solar cells is shown in Figure 3.3. 
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Figure 3. 3 Fabrication sequence of cadmium telluride solar cells. 

 

3.1.2.1 Deposition of cadmium selenide telluride by thermal evaporation 

 After crest and plasma cleaning, the 4ò Ĭ 4ò superstrate was loaded into the thermal 

evaporation system at the IEC for the deposition of a 500nm cadmium selenide telluride 

(CdSeTe) layer. The evaporator pressure was set at a low vacuum of about 10-6 torr, 

substrate temperature to 300ÜC and deposition rate at 40 nm/minute. To prevent the 

oxidation of the CdSeTe layer, a 250nm capping layer was deposited on top of the CdSeTe 

while still inside the evaporator. Thereafter, the sample was transferred to a close-space 

sublimation (CSS) system for high-temperature annealing (HTA) at 575ÜC for 10 to 15 

minutes in argon ambient. 
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3.1.2.2 Deposition of cadmium telluride absorber by vapor transport 

 After the HTA, the cadmium telluride (CdTe) film was deposited inside a vapor 

transport (VT) system designed and constructed at the IEC. In most cases, antimony (Sb) 

was incorporated into CdTe film during the VT deposition [10].  

High-purity CdTe crystal and CdSb crystal were held in perforated quartz 

ampoules, which were enclosed in a boron nitrogen (BN) source container. The CdTe 

source temperature was set to about 905ÜC, the CdSb dopant source temperature was set to 

about 510ÜC while the pyrolizer temperature was held at 1110ÜC. The pyrolizer was 

designed to crack the polyatomic Sb into monoatomic, to enhance Sb incorporation into 

the tellurium site and consequently help to increase the doping efficiency. As the source 

container was heated, the CdTe and the Sb vapors (at a pressure of 20 torrs, a carrier gas 

flow rate of 20 sccm, and a deposition rate of 50 nm/minute) were transported onto a 

continuously moving substrate that was held at about 450ÜC. Since the source temperature 

was higher than the substrate temperature, the vapor species condensed and reacted on a 

substrate to form 3 ï 4 Õm polycrystalline film. Therefore, the structure becomes TEC-

12D/CdSeTe/CdTe [11].  

After the VT deposition, the sample was transferred again to the CSS system for 

HTA at 575ÜC for 10 to 15 minutes in Ar environment, to improve the film quality. After 

the VT deposition, the 4ò Ĭ 4ò sample was cut into 16 species of 1ò Ĭ 1ò samples for post-

deposition processing. 



109 

 

Almost the same processes were used by the NREL for the VT deposition of the 

CdSeTe/CdTe:As absorber, while the CdSeTe/CdTe:Cu absorber was deposited by thermal 

evaporation. 

 

3.1.2.3 Cadmium chloride activation 

 After the absorber layer deposition and the HTA, the 1ò Ĭ 1ò CdTe:Cu and the 

CdTe:Sb samples obtained were subjected to cadmium chloride (CdCl2) heat treatment to 

improve the cell performance. Using an optimized CdCl2 activation, the samples were 

exposed to CdCdl2/methanol vapor treatment, followed by annealing between 445 to 455ÜC 

for 60 minutes [12]. For the NREL samples, CdCl2 anneal was carried out on CdTe:Cu and 

CdTe:As between 420 and 450 ÜC for 60 minutes. 

 The CdCl2 activation has been reported to increase grain growth and reduce the 

grain boundary defects by recrystallization of the CdTe layers. Also, it helped to increase 

the intermixing, reduce the lattice mismatch, and increase the carrier transport through the 

grain boundaries by better passivation of the CdSeTe/CdTe interface compared to the 

traditional cadmium sulfide/cadmium telluride (CdS/CdTe) solar cells with a bandgap of 

1.5 eV [13]. 

 After the CdCl2 activation, the intermixing resulted in band-bowing with a bandgap 

energy of about 1.41 eV for both the IEC and the NREL samples. Furthermore, the 

intermixing transformed the CdSeTe layer from a non-photoactive wurtzite phase to a 

photoactive zincblende phase, with a Se/Te ratio of about 30%/70% (i.e. CdSe0.3Te0.7). 
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3.1.2.4 Sample surface treatment 

After the CdCl2 activation and before back contact formation, bromine/methanol 

etch was carried out on the samples for 5 to 20 minutes to remove surface oxides. 

Afterward, ethylenediamine (EDA)/glycerin etch was conducted on the samples, followed 

by heat treatment at about 80 to 100ÜC for about 1 minute, to create a thin Te-rich surface. 

 

3.1.2.5 Contacts formation 

Copper is typically used as back contact because of its high electron affinity, thus 

helping to minimize the valence band offset and facilitate the intermediate tunneling layer 

for hole at the metal/semiconductor interface. 

Our samples with and without Sb doping were dipped into CuCl2 solution for 10 

minutes and thereafter heat treated at 250 to 260ÜC for 30 minutes in Ar ambient. This 

resulted in the formation of a copper II telluride (Cu2Te) layer at the rear side of the cells.  

The same process was used at NREL on CdSeTe/CdTe:Cu samples but at an 

annealing temperature of 210ÜC in the air. Also at NREL, the CdSeTe/CdTe:Cu with Cu 

dip and CdSeTe/CdTe:As without Cu dip were loaded into the thermal evaporation system 

where a 100 nm gold (Au) was deposited through a 0.25cm2 shadow mask to form a back 

contact. Therefore, each substrate consists of four 0.25 cm2 cells. Furthermore, Cu-doped 

cells fabricated at the NREL comprise both the solution CuCl2 and metallic Au back 

contacts.  
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Secondary contact was used to provide robustness to the primary contact during 

electrical probing and measurements. Samples made at NREL had a carbon paste applied 

as a secondary contact on top of the Au contact to protect the thin Au contact during 

characterizations with an electrical probe. For samples made at IEC, after the CuCl2 dip 

and the heat treatment, carbon paste was applied through a shadow mask. The shadow mask 

was used to define the area of the cells, with four 0.36cm2 cells on a 1ò Ĭ 1ò substrate. 

Then, the silver paste was added on top of the carbon paste. 

 In all the cell samples, the front or n-type contact was formed by mechanically 

scribing off a small portion of the CdSeTe/CdTe stack, thereby leaving the TCO layer 

exposed. Thereafter, electrical contact was made by applying an indium solder to the 

exposed TCO layer. The complete cellsô structure (with or without Sb) fabricated at IEC is 

shown in Figure 3.4(a), while the CdSeTe/CdTe:Cu doped cells and CdSeTe/CdTe:As 

fabricated at NREL are shown respectively in Figure 3.4(b) and 3.4(c). Also, the front and 

the rear images of the cell fabricated at the IEC are shown in Figure 3.4(d), whereas the 

front and the rear images of the cell fabricated at the NREL are shown in Figure 3.4(e). 
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Figure 3. 4 (a) CdSeTe/CdTe:Sb vs No Sb cell fabricated at the IEC (b) 

CdSeTe/CdTe:Cu cell fabricated at the NREL (c) CdSeTe/CdTe:As cell 

fabricated at the NREL (d) The front-side and the rear-side images of the 

CdSeTe/CdTe cell with or without Sb) fabricated at the IEC (d) The front-

side and the rear-side images of the CdSeTe/CdTe cell (either Cu-doped or 

As-doped) fabricated at the NREL. 

 

3.2 Solar cells exposure 

3.2.1 Accelerated lifetime testing on silicon heterojunction solar cells 

A facility with vacuum-compatible four chambers, which was designed and 

constructed at the IEC, was used for the accelerated lifetime testing (ALT) experiments on 

SHJ solar cells. The top view of the test chamber is shown in Figure 3.5 while the image 

of the set up shown in Figure 3.6. 
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Figure 3. 5 Top view of the ALT chamber designed and constructed at the IEC (Image 

Courtesy: D. Desai) [14] 
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Figure 3. 6 Image of the of the ALT chamber designed and constructed at the IEC. 

 

Each of the chambers is 5ò high and 6ò in diameter, with a glass vacuum viewport 

that serves as a cover. Each can have up to four 1ò Ĭ 1ò samples, thus a total of sixteen cells 



115 

 

can be exposed at the same time. The ALT chambers can be subjected to various controlled 

illumination, temperature, atmospheres, and electrical biases. The chambers are equipped 

with gas manifolds which enable pumping down to 20 torr and backfilling of Ar to reduce 

the atmospheric air and moisture before cellsô exposure. The heat source was provided by 

a 250 W halogen flood lamp mounted at the top and outside of each chamber. The 

illumination source (which was calibrated to 1 sun illumination intensity) was provided by 

a 32 W, 3000 lumen light emitting diode (LED) lamp, mounted at the bottom and outside 

of each chamber. Thus, the cells were loaded into the chamber with the front junction facing 

the LED light sources while the rear side was facing the halogen lamp heat source. The cell 

temperature in each chamber was monitored by thermocouples. 

For this research, the ALT experiments were carried out on SHJ solar cells under 

open-circuit conditions, with no electrical bias. All cells were exposed to 1 sun illumination 

in argon ambient inside the ALT chambers. Some cells were exposed to temperatures of 

90ÜC and others to 120ÜC. During the experiments, samples were regularly removed, and 

ex-situ current density-voltage (J-V) characterizations were repeated. Other 

characterizations besides the J-V were done only at the beginning and the end of the ALT. 

 

3.2.2 Light soaking on cadmium telluride solar cells 

 Light soaking (LS) on CdSeTe/CdTe samples was conducted with an Oriel J-V 

simulator operating at the standard test conditions of 1 sun or 1000 mW/cm2 illumination 

intensity, air-mass index (AM) 1.5 spectra and at room temperature. The details of the J-V 

simulator are given in section 3.3.1. The light-soaking was done on each cell under open-
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circuit conditions. J-V measurements were carried out at the beginning of the LS 

experiment, repeated a few times during the LS, and then conducted at the end of the LS. 

Other characterizations besides the J-V were done on the cells only before and after the LS 

experiment. 

 

3.3 Devices characterizations 

 This section covers the measurement techniques used to characterize recombination 

mechanisms, photocurrent losses, parasitic losses, doping density, defect density, and space 

charge width. 

 

3.3.1 Current density-voltage characterizations 

The basic current density-voltage (J-V) parameters are the open-circuit voltage 

(Voc) which is the voltage at which no current flows through the solar cell and is directly 

related to built-in voltage (Vbi); short-circuit current (Jsc) which is the current at which the 

bias voltage across the cell sample is zero; the maximum power density is the product of 

maximum voltage and maximum current density (i.e. Pmp = VmpJmp); fill factor (FF) is the 

ratio of the blue curve in Figure 3.7 to the green curve. i.e. the ratio of VmpJmp to VocJsc, 

defined by the equation: 

                                    ὊὊ  
ὠ ὐ

ὠὐ
 ρππϷ                                                          σȢρ    
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Figure 3. 7 Light and dark J-V curves taken at the IEC on a single-junction diode solar 

cell. 

 

The power conversion efficiency (ɖ) is the ratio of maximum output power density (Pmp) 

to input power density i.e.  

                              –  
ὖ

ὖ
 ρππϷ   

ὠὐὊὊ

ὖ
 ρππϷ                                σȢς 

Where Pin = input power density from the light source = 100 mW/cm2 

 

3.3.1.1 Instrumentations for current density-voltage measurements 

 The J-V measurement setup consists of optical and electrical stages. The 

schematic of the measurement setup is shown in Figure 3.8(a) and the circuit diagram in 

Figure 3.8(b). 
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Figure 3. 8 (a) Schematic of a J-V measurement setup (b) Circuit diagram of a J-V 

measurement setup. 

 

To achieve a light with a close match to the solar spectrum at the AM 1.5G, xenon 

lamp output was filtered before reaching the sample. Before J-V measurements, the light 

source was calibrated to 1 sun using a standard silicon (Si) cell from the NREL with Jsc 

previously measured at the standard test condition (STC). The cells were contacted using 

a Kelvin probe (also called a four-point probe) to ensure that the resistive loss in the wire 
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(Rwire) and contact (Rc) do not affect the measurement. In addition, the high input 

impedance (Rmeter) provided by the voltmeter ensured that no current traveled through the 

voltage loop. 

J-V measurements were taken on SHJ cells using a class AAA solar simulator from 

the Optical Association Inc. (OAI) under 1 sun illumination intensity. The OAI simulator 

was designed to illuminate cell samples from the top. The measurement setup using the 

OAI simulator is shown in Figure 3.9(a). For the CdTe cells, J-V measurements were taken 

with an Oriel solar simulator under 1 sun illumination intensity. The Oriel simulator was 

designed to illuminate cell samples (e.g. CdTe solar cells) from the bottom while the 

electrical probes were connected from the top. The measurement setup using the Oriel 

simulator is shown in Figure 3.9(b). 
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Figure 3. 9 (a) Image of the J-V measurement setup using the AAA solar simulator (b) 

Image of the J-V measurement setup using the Oriel solar simulator. 
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The Oriel system uses a thermoelectric cooler while the OAI system uses a water-

cooling system to regulate the cell temperature. The J-V measurements were performed 

with a Keithley 2400 source meter unit (SMU). This SMU was connected to a computer 

via an IEEE general-purpose interface bus (GPIB). Thus, voltage bias was swept from 

reverse bias voltage of -0.3 V into forward bias of 1.2 V, with a 4-mV voltage increment. 

Next, after a brief delay, the voltage bias was swept from the forward bias to reverse bias, 

to monitor the presence of hysteresis between the forward and the reverse sweeps. 

Therefore, four measurements (light up, light down, dark up, dark down) were taken on 

each sample. At the forward bias of 1.2V, the cell current density limit reaches about 50 

mA/cm2, after which the measurements automatically stopped to prevent cell damage due 

to the I2R dissipation.  

 

3.3.1.2 Single diode equivalent circuit model 

 A simple lumped circuit model in Figure 3.10 was used to approximate the behavior 

of solar cells. The lumped circuit consists of a light-activated constant current source, a 

diode, a series resistor, and a shunt resistor.  

 

Figure 3. 10 Single diode equivalent circuit model of a solar cell. 
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Application of Kirchoffôs current law at the junction V of the circuit in Figure 3.10 gives: 

                                                   ὐ  ὐ 
ὠ

ὶ
ὐ                                                        σȢσ 

Where Jph = photocurrent density, Jd = diode forward current density, J = total current 

density, Rs = series resistance, rsh = 1/Gsh i.e. shunt resistance = 1/shunt conductance, V = 

applied voltage. 

The substitution of the Jd derived in chapter 2 (i.e. equation 2.199) into equation 3.3, and 

considering the parasitic elements, leads to: 

                                               ὐ  ὐὩ  Ὃ ὠ  ὐ                                     σȢτ 

Where q = electronic charge, A = ideality factor, k = Boltzmannôs constant, and T = 

temperature in Kelvin.  

The approach by Hegedus et al. was used to separate the recombination from the parasitic 

losses [15]. Parasitic losses occur due to Rs perhaps originating from the bulk, the front 

contact, the back contact, or the interface(s); and/or due to rsh created by pinholes. 

The light and the dark J-V curves of a SHJ cell fabricated at the IEC are shown in 

Figure 3.11(a). The shunt conductance (Gsh = 1/rsh) was determined by plotting the 

derivative dJ/dV versus V, as seen in Figure 3.11(b), both for the light and the dark J-V 

curves.  

Rearranging the equation (3.4) and substituting Jsc = Jph (in case of low Rs), gives: 

                                                   ὠ  Ὑὐ  
ὃὯὝ

ή
Ὅὲὐ ὐ Ὃ ὠ                 σȢυ 



123 

 

The derivative of equation (3.5) gives: 

                                      
Ὠὠ

Ὠὐ
 Ὑ  

ὃὯὝ

ή
ὐ ὐ Ὃ ὠ                    σȢφ 

Where Rs = intercept and AkT/q = 1/slope, obtained from the data linear fit. 

The Rs was extracted from the region of high applied forward bias voltage, where the dark 

current is saturated and limited by the Rs. The Rs is therefore obtained at the intercept and 

the A from the slope of the Figure 3.11(c) 

Also, semi-logarithm plot was obtained by re-arranging equation (1) to give: 

                               ὐ ὐ Ὃ ὠ  ὐὩ  Ȣ                           σȢχ 

Where J0 = intercept and q/AkT = slope, obtained from the data semi-logarithm fit. 

The recombination parameters, J0 was extracted from the intercepts and A from the slope 

of Figure 3.11(d). 
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Figure 3. 11 (a) Light and dark J-V characteristic curves of a SHJ cells fabricated at the 

IEC (a) J-V curves (b) dJ/dV versus V plots used to obtain Gsh (c) Linear 

plots used to extract the A and the Rs (d) Semi-logarithm plots used to obtain 

the A and the J0. 

 

3.3.2 Temperature-dependent current density-voltage measurements 

Temperature-dependent current density-voltage (J-V-T) can be used to estimate the 

solar cell recombination parameters such as an activation energy (EA) and the blocking 

potential barrier (bʟ). The plot of Voc versus T can be obtained from the light J-V data. There 

is no current flow at Voc, thus the Voc(T) measurements can facilitate the understanding of 

loss mechanisms without the effect of Rs or blocking-contact behaviors. An extrapolation 
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of Voc at 0 Kelvin gives the activation energy of the Jo of the device as shown below. 

Considering the single diode J-V model in equation 3.5 without the effect of Rs or Gsh (i.e. 

VocGsh << Jsc), results in: 

                                               ὐ  ὐὩ  ὐ                                     σȢψ 

Where the recombination current, Jo is given by: 

                                                 ὐ  ὐὩ                                           σȢω 

Where Joo = temperature-independent prefactor of the saturation current density. 

 

By substitution of equation (3.9) into (3.8), and considering that J = zero at Voc, the equation 

(3.11) is obtained. 

                                                 ὐ  ὐὩ  Ȣ  Ὡ                                σȢρπ 

After re-arranging, the equation (3.10) becomes: 

                                          ήὠ  Ὁ ὃὑὝȢὰὲ
ὐ

ὐ
                               σȢρρ 

Considering the bulk recombination (Rbulk) equation derived in Chapter 2 in equation 

(2.109), it is seen that the bulk recombination is proportional to minority carrier density, n, 

where 

                                         ὲ  
ὲ

ὔ
  
ὔὔ

ὔ
Ὡ                                           σȢρς 

Where ni = intrinsic concentration, NA = acceptor density (cm
-3), Nc = density of states in 

the conduction band (cm-3), Nv = density of states in the valence band (cm
-3), EG = bandgap 

energy. 

Substitution of equation (3.12) into equation (2.109) gives: 
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                Ὑ ὦὴὲ ὲ ὦὴ
ὔὔ

ὔ
Ὡ ὲ                         σȢρσ 

Where b = recombination constant. 

It is evident from the equation 3.13 that the Rbulk rate scales with the term Ὡ  , 

leading to EA = EG for a case of bulk recombination. However, EG Í EA in most cases due 

to the dominant interface recombination. Figure 3.12 uses a band diagram to describe 

different recombination paths in solar cells, which include bulk recombination (in the space 

charge and quasi-neutral regions), front interface recombination and back contact 

recombination (RBC). 

 

Figure 3. 12 Band diagram displaying different recombination paths in solar cells. 

 

Considering the equation (3.11), EA = EG is an indication of bulk recombination in 

the quasi-neutral region (QNR) or even in the space charge region (SCR), thus suggesting 

a well-behaved device. However, EA < EG indicates recombination dominated by the traps 
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at the interface(s), thus suggesting a poorly behaved device. The EA due to interface 

recombination is the potential barrier (bʟ = EFn ï EV) at the interface. 

 The Voc versus T plots for CdSeTe/CdTe cells with varying CdCl2 vapor treatments 

at the IEC are shown in Figure 3.13. CdSeTe/CdTe sample VT753-12-001 shows an EA = 

1.20 eV, indicating lesser interface recombination, compared to sample VT762-43(H)-002 

with EA = 0.97eV which suggests that a higher interface recombination is dominant. 

 

Figure 3. 13 Voc vs T measurements on CdSeTe/CdTe solar cells with two different CdCl2 

vapor treatment conditions. 

  

Furthermore, the J-V-T curves obtained were used to reveal the presence of barriers 

or blocking contacts. The blocking contacts can occur in form of s-shape J-V curves as 

seen in the 4th quadrant of Figure 3.14(a), as roll-over in the high forward bias region as 

seen in the power (1st) quadrant of Figure 3.14(b) or as light and dark cross-over as 

displayed in Figure 3.14(c). These non-ideal limitations to solar cell J-V behavior can occur 
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in SHJ or CdTe cells, in light or dark, or at room temperature or only at low temperature as 

shown in Figure 3.14.  

 

           

 

Figure 3. 14 (a) 4th-quandrant S-shaped light J-V curves in SHJ solar cells at lower 

temperatures (b) 1st-quandrant rollover in high forward bias region of J-V 

curves in CdSeTe/CdTe:Sb solar cell at lower temperatures (c) J-V curves 

displaying a light and dark cross-over but no s-shape or rollover. in a 

CdSeTe/CdTe:As solar cell. 
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3.3.2.1 Instrumentation for the temperature-dependent J-V Measurements 

 J-V-T measurements were conducted on SHJ cells inside a temperature-controlled 

chamber from Tenney Engineering Inc., while the J-V-T on CdTe solar cells were 

conducted inside a Linkam cryostat system. 

The Tenney chamber at the IEC can operate at a temperature range of 200K to 

470K. It can be heated using a resistive element and cooled down using a refrigeration 

system. A resistance temperature detector (RTD) placed on cell sample served as a 

temperature sensor. On the chamber panel is a temperature monitor and control, where the 

temperatures were set and the signal coming from the RTD were monitored. Outside the 

chamber is an ELH projection lamp that illuminated the sample via a window constructed 

at the door of the chamber. This lamp was calibrated to 1 sun illumination intensity using 

a Si cell from the NREL. Inside the chamber is vertical stage that supported a four-point 

electrical probe on samples. The probes were connected to a Keithley 2400 SMU. With the 

SMU, voltage was swept from reverse bias voltage of -0.3 V to a forward bias region of 

1.2 V, ending the forward sweep at 50 mA/cm2, and thereafter the voltage was swept 

backward from 1.2V to -0.3V. This process was repeated for temperature ranging between 

200K and 300K on several SHJ cells before and after ALT. The schematic diagram of the 

J-V-T measurement set up with Tenney chamber is shown in Figure 3.15(a) and the image 

of the measurement system is seen in Figure 3.15(b). 
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Figure 3. 15 (a) Schematic diagram of a J-V-T measurement setup using a temperature-

controlled Tenney chamber (b) Image of a J-V-T setup using a temperature-

controlled Tenney chamber. 

 

J-V-T measurements on CdTe solar cells were taken using a Linkam cryostat. The 

schematic diagram of the J-V-T measurement using a Linkam cryostat is shown in Figure 

3.16(a) and the image of the measurement setup is shown in Figure 3.16(b). 
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Figure 3. 16 (a) Schematic diagram of a J-V-T measurement setup using a Linkam 

cryostat (b) Image of a J-V-T setup using a Linkam cryostat. 

 

While the CdTe sample was placed on a mounting plate inside the Linkam cryostat 

chamber, the temperature of the sample was controlled either by the heating element 
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underneath the plate or by using the liquid nitrogen (LN2) pump/dewar system to cool the 

chamber. The heating and the cooling elements were connected to the temperature 

controller, which in turn interfaced to a computer. The heating and the cooling were 

adjusted from the temperature controller through Linksys software installed on the 

computer. Cell samples were connected using a four-probe electrical contact situated on 

the mounting plate. The probes were in turn connected to a Keithley 2400 SMU for J-V-T 

measurements. 

 

3.3.3 Quantum efficiency measurements 

 A spectrally resolved measurement of Jsc is a powerful tool for characterizing 

different regions of solar cells, to provide information regarding generation, optical and 

recombination losses. 

 Spectral response (SR) is a measure of current produced per unit optical power. It 

can be converted to quantum yield, or electron-hole pairs produced per incident photons 

via the equation [16]: 

                                         ὛὙ  
Ὠὐ‗
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Where (ʟl) = incident photon flux (unit in # photons.cm-2s-1), given by: 
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Where QE = external quantum efficiency, l = wavelength (in nm), E = photon energy, h = 

Planckôs constant (in J-s), c = speed of light (in nm), q = electronic charge (in Coulombs). 

Therefore, substitution of equation (3.15) into (3.14) gives: 

                                        ὛὙ ήȢὗὉ‗ Ȣ
‗

Ὤὧ
                                                      σȢρφ   

 External quantum efficiency (QE) determines the spectral output of a device. It is 

defined as the number of carriers collected at a device terminal per incident photon [16] 

i.e. 

                   ὗὉ‗  
Π έὪ ὧὥὶὶὭὩὶί ὧέὰὰὩὧὸὩὨ
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             σȢρχ 

Re-arranging the equation (3.17) results in 

                                     Ὠὐ‗ ήȢὗὉ‗ȢὨ‰‗                                      σȢρψ 

Therefore, the Jsc can be obtained by integrating the product of the QE curves at short 

circuit condition (i.e. at V = 0) to give: 

                       ὐ ‗ ή ὗὉ‗ȟὠ πȢ‰  Ȣ ‗ ȢὨ‰‗        σȢρω 

Where AʟM 1.5G = spectral irradiance from the AM 1.5 G condition. 

QE < 1, for E Ó EG due to optical losses (reflected, parasitically absorbed, and incompletely 

absorbed photons); and/or recombinational losses (incomplete collection of 

photogenerated carriers). 
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 Reflection losses (R) are typically obtained separately using an ultraviolet-visible-

near infrared (UV-VIS) spectrophotometer, therefore allowing reflection losses to be 

separated from the total losses. This leads to another quantity called the internal quantum 

efficiency (IQE). The IQE is defined as the ratio of the total number of carriers collected 

at the output terminals to the number of photons absorbed within the solar cell i.e. 

                   ὍὗὉ‗  
Π έὪ ὧὥὶὶὭὩὶί ὧέὰὰὩὧὸὩὨ

Π έὪ ὴὬέὸέὲί ὥὦίέὶὦὩὨ
 
ὗὉ‗

ρ Ὑ‗
                           σȢςπ 

 In addition, at longer wavelength, energy of the incident photons is closer to the 

bandgap of the cell. Therefore, by assuming no band tailing or potential fluctuation in the 

sub-gap region i.e. the Urbach Energy = 0, the long wavelength QE data was used to extract 

the bandgap energy (EG) of solar cells, by finding the derivative of QE with respect to 

energy (E), given by 

                                           Ὁ ‗  
ὨὗὉ‗

ὨὉ‗
 

                                       σȢςρ   

Therefore, the EG was obtained from the peak point on the Gaussian curve produced by 

equation (3.21).  The QE response of a SHJ cell, a CdS/CdTe cell and CdSeTe/CdTe cell 

fabricated at the IEC are shown in Figure 3.17(a). Their corresponding bandgaps, extracted 

from the plots in Figure 3.17(b), are EG(Si) = 1.1 eV, EG(CdS/CdTe) = 1.49 eV and EG(CdSeTe/CdTe) 

= 1.41 eV. The bandgap of the CdSeTe/CdTe is seen to be lower than that of the CdS/CdTe 

due to interdiffusion at the CdSeTe/CdTe interface owing to a band bowing of the 

CdSe0.3Te0.7 alloy. 
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Figure 3. 17 (a) QE response of SHJ, CdS/CdTe and CdSeTe/CdTe solar cells (b) 

Bandgap of SHJ, CdS/CdTe and CdSeTe/CdTe solar cells derived from peak 

of the derivative of QE with respect to E. The solid lines represent the data, 

and the dashed lines represent a Gaussian fit on the data. 

  

Another piece of information that was obtained from the QE data is the crystal 

disorders in the CdTe cells in form of band tails or potential fluctuations. These disorders 

are characterized in terms of Urbach energy (EU). The EU was extracted from the QE results 

at the exponential absorption tail near the band edge where the QE is limited by absorption 

coefficient of the absorber layer. The slope of the sub-gap absorption is the inverse of the 

EU. A steeper slope indicates sharper band edge hence less defect and disorder of the band 

tails i.e. lower EU.  It was calculated using [17]: 

                                                                   ÌÎὗὉ ὧ  
Ὁ

Ὁ
                                          σȢςρ 

The equation (3.21) holds for photons with E < EG. The EU for CdS/CdTe versus 

CdSeTe/CdTe cells, as shown in Figure 3.18, was extracted from the slope of the curves.  
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The EU in crystalline Si cell is lower compared to that in thin-film CdTe solar cells, as seen 

in Figure 3.18, due to well-ordered crystal structures and less impurities in Si material. 

 

Figure 3. 18 Urbach energy (EU) extracted for CdS/CdTe versus CdSeTe/CdTe solar 

cells. The SHJ has no band tail effect. 

 

 The QE measurements being discussed up till now were taken at 0V. However, 

CdTe cell photocurrent may depend on the voltage or illumination bias. In such a scenario, 

applying a bias voltage or a light bias can provide a useful insight into loss mechanism at 

different wavelength regions. For instance, the bias dependent photocurrent collection 

arising from electric field variation as a function of bias voltage variation will lead to higher 

photocurrent at reverse bias voltage than at 0V. The voltage-dependent QE measurements 

taken on CdSeTe/CdTe:Cu cells at the IEC are shown in Figure 3.19. The lower QE 

response (i.e. more collection loss) at longer wavelengths is an indication of an absorber 

with a low diffusion length or poor lifetime. However, such collection loss is not typically 

seen in Si cells because they have a very large diffusion length or very long lifetime, and 
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thus collection is majorly due to diffusion. Therefore, Si cells have no bias-dependence 

QE. 

 

Figure 3. 19 Voltage-dependent QE measurements on the CdSeTe/CdTe:Cu solar cells 

 

3.3.3.1 Instrumentation for quantum efficiency measurements 

 The QE measurement setup consists of an optical system and an electrical system. 

The schematic of the measurement setup is shown in Figure 3.20(a) and the image of the 

setup is shown in Figure 3.20(b). The light source uses a 250 Watts quartz tungsten halogen 

(QTH) projection lamp. Its intensity was controlled and monitored using a DC power 

supply. 
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Figure 3. 20 (a) Schematic diagram of the QE measurement setup at the IEC (b) Image 

of the QE measurement setup. 
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Starting from the optical stage, the light source was incident, through a filter wheel, 

on the Oriel Cornerstone monochromator. The filter wheel, which houses long pass filters, 

helped to eliminate high order modes before the light was passed into monochromator. The 

monochromator separated the white light beam into monochromatic light. This 

monochromator houses a diffraction grating that helped to reflect spectrally dispersed light 

into a slit, thereby producing a narrow Gaussian beam (with a full width half maximum of 

about 10 ï 15 nm). The narrow beam was in turn incident on an optical chopper operating 

at about 72 ï 78 Hz. The chopper was needed to obtain a periodic signal, which is suitable 

for use by (or synchronized to) a lock-in amplifier. Therefore, the reference signal provided 

by the chopper to the lock-in amplifier facilitated phase sensitive detection. 

The narrow monochromatic beam from the chopper output was then focused and 

collimated with lenses on the cell sample. The resulting beam area after focusing and 

collimation was 4 mm2, thereby making measurement independent of area and ensured 

non-uniformities in illumination was avoided. 

The cell sample was connected to a four-probe electrical system, and the current 

signal obtained was converted to voltage output using a current-to-voltage (I-V) converter. 

The I-V converter also provided gain with an amplification ratio between 102 ï 105 V/A. 

These conversions and gain are needed to amplify the current to a measurable (or 

detectable) voltage signal and to increase the signal-to-noise ratio. The I-V converter 

voltage output was fed into a lock-in amplifier, that used a synchronization output of the 
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chopper as a trigger input. Therefore, the amplified voltage was read on a Labview-

controlled computer interface. Also, all other components of the electrical stage were 

interfaced to the computer. 

In addition to using the monochromatic beam, cells might be illuminated with a 90 

mW/cm2 constant white or filtered light. Therefore, QE response can be obtained under 

illumination (with a DC bias light) or in the dark (without a DC bias light). In this work, 

only measurements in the dark were considered. Also in this work, bias voltage was applied 

to some samples with a voltage bias source. Therefore, QE measurements were conducted 

at 0V on some samples, while some other measurements were carried out under a varying 

bias voltage. 

Before the QE measurement was carried out on any sample, an NREL Si cell of a 

known Jsc was used for calibration. The light spectrum is assumed to be correctly calibrated 

if the integrated current density of the reference Si sample is within Ñ1% of the reference 

integrated current density of the previously taken data. However, variation may be greater 

than Ñ1% due to deterioration of the source lamp due to aging. In such a case, the system 

would need calibration after the lamp replacement. 

The correction performed on raw data of the sample under measurement can be 

given by 

                                      ὗὉ ȟ  ȢὗὉ                                                   σȢςς) 
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Where QESi,ref = QE reference data of the previously measured calibrated sample under 

AM 1.5G condition, QESi = QE reference data of the Si cell taken prior to the measurement 

on the samples under test. 

 

3.3.4 Suns-Voc measurements 

 Injection-level-dependent open-circuit voltage (Suns-Voc) measurements were 

carried out on SHJ cells with Sinton equipment. The approach involved simultaneous 

measurements of Voc and light intensity as a function of decay time as shown in Figure 

3.21(a). The illumination provided by a xenon photoflash decayed slowly by more than 

three-order of magnitude, hence allowing Voc measurements to be taken quickly. The Suns-

Voc measurements were taken with no current flow, hence the effect of Rs was neglected. 

The illumination versus the Voc is plotted in Figure 3.21(b).  

 By applying the principle of superposition, a pseudo-J-V curve was 

constructed from the Suns-Voc data using [18]. 

                              ὐ  ὐ ρ ίόὲ ὉὪὪὩὧὸὭὺὩ Ὓόὲ                              σȢςσ) 

Where the Jsc = short-circuit current density obtained from the J-V simulator, Jterminal = 

current density obtained at different light intensities (Jterminal = 0 at 1 sun). 
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Figure 3. 21 Xenon flashlamp simultaneous measurements of illumination and Voc as a 

function of time (b) Illumination versus Voc obtained from the Suns-Voc 

measurement (c) Pseudo-J-V curve constructed from the Suns-Voc data. 
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The constructed pseudo-J-V curves (without the effect of Rs) versus the measured 

J-V curves at 1 sun (with the Rs effect) are shown in Figure 3.21(c). From the pseudo-J-V 

curve, a pseudo-fill factor (pFF) and a pseudo-efficiency were obtained. The series 

resistance was also determined using: 

                                   Ὑ
      

                                                  σȢςτ) 

Where Vmp(Suns-Voc) = maximum voltage obtained from the Suns-Voc measurement,  Vmp(J-

V), Jmp(J-V) = maximum voltage and maximum current density respectively, obtained from 

the J-V measurement. 

Data taken from the Suns-Voc measurements can be used to reveal blocking 

(parasitic) barriers or contact properties of SHJ solar cells, especially at light intensity 

beyond 1 sun. Under 1 sun, the barrier will be effectively shorted by shunt resistance (or 

leakage). But at higher light intensity, a significant photovoltage can be developed across 

a barrier opposing the main diode junction voltage, thereby producing a current that the 

shunt resistance would be unable to fully shunt [18]. This consequently resulted in Suns-

Voc backward bending in case of Schottky barrier and Suns-Voc saturation in the case of 

collection barrier. Figure 3.22 displays SHJ solar cell MC1584-01-001 exhibiting Schottky 

barrier, MC1642-12-003 manifesting collection barrier and MC1642-11-001 showing 

insignificant barrier at higher light intensity. The Voc will decrease as the illumination 

(excess carrier density inside the device, analogous to the current flow) increases.  
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Figure 3. 22 Sun-Voc measurements taken on the SHJ solar cell (MC1584-01-001) 

displaying Schottky barrier (as evident by Suns-Voc curve backward 

bending at higher light intensity), on a SHJ cell (MC1642-12-003) 

exhibiting collection barrier (as evident by Suns-Voc curve saturation at 

higher light intensity), and on a well-behaved SHJ cell (MC1642-11-001). 

 

In addition, spectral-dependent Suns-Voc was conducted to investigate the region 

of dominant recombination in SHJ cells. Before the Suns-Voc measurement was done in 

this work, the transmission of a blue and different red filters was obtained using a UV-VIS 

spectrophotometer, as represented in Figure 3.23(a). Thereafter, the spectra-dependent 

Suns-Voc was conducted by placing blue and red filters between the cell sample and the 

light source. The blue light generated carriers close to the front junction of the cell, while 

the red filters generated light more uniformly than the blue including some at the rear side 

in addition to the generation at the front junction. The normalized carrier generation versus 

depth into the solar cell is shown in Figure 3.23(b) [19]. The Suns-Voc results taken with 

different filters, on 0.56cm2 cells lacking rear ITO, are shown in Figure 3.23(c). 
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Figure 3. 23 (a) Transmission measurements of a blue and different red filters (b) 

Normalized carrier generation versus depth into solar cell (Image courtesy: 

M. A. Green 1982) [19] (c) Suns-Voc on 0.56cm
2 SHJ cells with various 

filters.  

 

It is seen in Figure 3.23 that the blue 4-72 filter which generated all carriers at the 

front junction produced the highest Voc. The red 7-56 filter which generated carrier at the 

longest wavelength than others produced the lowest Voc. While red 7-56 and the red RG780 

filters (that generated carriers starting from a lower wavelength than the red 7-56 filter) 
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produced an intermediate Voc values. This situation suggests the presence of rear-side 

recombination in the cell under measurement. 

 

3.3.4.1 Instrumentation for Suns-Voc measurements 

The Suns-Voc equipment from Sinton comprises of a xenon light source, 

photodetector, power supply electronic circuit and computer (for data acquisition and 

analysis). The schematic of the equipment setup is shown in Figure 3.24(a) and the image 

of the setup is shown in Figure 3.24(b). 

The light source was provided by a xenon photoflash. The light source was 

equipped with two diffusers to ensure uniformity of light on each sample measured, and 

neutral density filter for low intensity Suns-Voc measurements. The equipment setup 

deployed a separate monitor cell (Si photodetector) to monitor the illumination intensity. 

To ensure the accuracy of the Voc measurement, the photodetector was calibrated with a 

flashlight to match the bandgap of the Si cells. Also, the photodetector had different 

calibration numbers (different aperture sizes) for varying the light intensity during 

measurements. The generation rate was computed by this photodetector. To determine the 

voltage at the p-n junction of the cell, a 2-point electrical probe was used to contact the 

cells. 

The power supply electronic circuit consists of a coil and an RC bridge oscillator 

network. The oscillating field in the coil in addition to the photogenerated carriers in the 

cell sample resulted in an eddy current which induced an opposing current in the coil [20] 

according to Lenzôs law. Consequently, this resulted in the production of a voltage signal 
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in the same order of the illumination intensity as shown in Figure 3.21(a). The data 

acquisition was obtained in about few milliseconds without heating up the solar sample. 

 

 

Figure 3. 24 (a) Schematic diagram of a Sinton Sun-Voc measurement setup (b) Image of 

a Sinton Sun-Voc measurement setup. 
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3.3.5 Spatially-resolved electroluminescence  

Solar cells absorb light and generate carriers which are collected at their output 

terminals. Inversing their operational mode by injecting charge carriers under forward bias 

voltage lowers the potential barrier at the junction, consequently leading to detectable 

emission of light. The electroluminescence (EL) measurement was used in this work to 

achieve this light emission at forward bias voltage.  

The EL reveals information about optical, recombination and resistive losses. EL 

emission at any position r(x,y) is directly proportional to the minority carrier density (i.e. 

inversely proportional to the recombination level) according to [21,22]. 

                                      ὉὒὉȟὶ  ὗὉὉȟὶ Ȣ• Ὁ ȢὩ                               σȢςυ 

Where E = photon energy, QE (E, r) = energy and position dependent external quantum 

efficiency which reflects the optical and recombinational losses, V(r) = Internal junction 

voltage, which accounts for the resistive losses (increase in Rs would result in junction 

voltage drop), KT/q = thermal voltage. 

 

3.3.5.1 Electroluminescence instrumentation and image processing 

The EL setup consists of a charge-couples device (CCD) camera made up of a 

silicon-germanium complementary metal-oxide-semiconductor (Si-Ge CMOS) image 

detector, a frame grabber, a dark box, cooling fans, a dark box, a Keithley 2400 SMU, a 

four-wire electrical probe system, a vertical stage, and a computer. The schematic of the 

measurement setup is shown in Figure 3.25(a) and the Image of the setup in Figure 3.25(b). 



149 

 

The dark box encloses CMOS detector, the vertical stage for sample mounting, the cell 

sample, and cooling fans to provide ventilation. This box helped to eliminate any stray light 

from getting to the detector. 

 

 

Figure 3. 25 (a) Schematic diagram of a spatially-resolved EL measurement setup (b) 

Image of the EL measurement setup. 
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Since the Jsc value taken with a J-V simulator on each cell was above 30 mA/cm2, 

then, the total current flowing a cell area of 2.5cm2 was estimated to be around 80 mA. 

Therefore, a Keithley SMU was used to inject a maximum current of 80 mA on each of the 

2.5cm2 SHJ cells measured. The SMU was connected to the cell samples using a 4-wire 

electrical probe, thus allowing current and voltage to be measured independently, such that 

the effect of Rs on voltage bias was eliminated. 

The current injection drives the solar cell into far forward bias near Voc which 

reduces the barrier at the junction, thereby enabling holes and electrons to combine 

radiatively, consequently leading to photons emission. The CMOS detector (which was 

held at -80oC with a thermos-electric cooler) detected these photons emission from the cell 

under measurement and then sent the acquired image, through a sensory frame grabber, to 

the computer [23,24]. The frame grabber was configured to convert a video signal (both 

the NTSC and the PAL formats) to a digital uncompressed or a JPEG compressed image. 

There is no spectral resolution since all photons with energy > 1.1 eV are collected by the 

CMOS camera and processed identically.  

 The exposure time (tex) of the sample was controlled by adjusting the frame rate 

(FR) and the integration time (IT), determined using [23,24]. 

                                                             ὸ
ρ

ὊὙ
 Ȣ
ὍὝ

υςυ
                                                        σȢςφ 

Where FR = frame rate = number of frames per second (fps), IT = integration time = row 

per lines. 



151 

 

The computer contained an installed FIJI software for image acquisition and 

analysis, and the ImageJ software for image processing. Both the FIJI and ImageJ were 

obtained from the National Institute of health [25]. With ImageJ, an image taken without 

any current injection (dark frame) was subtracted from the image taken with forward 

current injection, to further eliminate the effect of dark signal and little stray light that 

reached the detector. An image taken at forward current injection is shown in Figure 

3.26(a), an image taken without current injection is shown in Figure 3.25(b), and the 

resultant image after subtraction is seen in Figure 3.25(c). 

 

Figure 3. 26 (a) Image taken at the forward current of 80 mA (b) Image taken at zero 

current (c) Resultant image after subtraction ï effect of stray light has been 

removed. 

 

3.3.6 Capacitance-Voltage measurements  

Capacitance profiling method can be used to characterize the carrier density and 

the width of the depletion layer in solar cells. It can also provide information about the 

defect states. As explained in Chapter 2, the capacitance model assumed a measurement of 

a one-sided junction as a function of DC bias voltage (Vdc), in which the absorber is lightly 

doped and not fully depleted at zero-volt bias while the emitter is heavily doped and 
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extremely thin. Also, the charge response originates from the space-charge region (SCR) 

of the absorber layer. The SCR or the depletion layer is precisely defined, end abruptly and 

charge density remains the same as the SCR width varies with Vdc. As derived in equation 

(2.210), capacitance is given by:  

                                             
ρ

ὅ

ςὠ ὠ

ή‐‐ὃὔ
                                                     σȢςχ 

Using the equation (3.27), the 1/C2 versus Vdc plot, called a Mott-Schottky plot, was 

generated from the C-V results in Figure 3.27(a). Figure 3.27(b) exhibits a linear 1/C2 

versus Vdc behavior for a crystalline SHJ cell, therefore enabled the doping density (NA) 

and the built-in voltage (Vbi) to be extracted from the slope and the intercept respectively. 

However, the 1/C2 versus Vdc plot for CdTe cell is not linear due to non-uniform doping 

and relatively high density of deep states associated with the thin film, hence difficult to 

extract an accurate value of NA and Vbi with the Mott-Schottky approach. The carrier 

concentration in the case of thin-film CdTe cells was obtained from the derivative of 

equation (3.27) as 

                                    
Ὠ

Ὠὠ

ρ

ὅ

ς

ή‐‐ὃὔ
                                                      σȢςψ  

Therefore, the doping density gives: 

                                ὔ ὔ ὼ  
ς

ή‐‐ὃ
Ὠ
ρ
ὅ
Ὠὠ

                                 σȢςω 
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The Ncv equation (3.29) can also be written as [26]: 

                                ὔ ὔ ὼ 
ὅ

ή‐‐ὃ
Ὠὅ
Ὠὠ

                             σȢσπ 

And the depletion width, as derived in Chapter 2, is given as 

                                            ὼ 
‐‐ὃ

ὅ
                                                         σȢσρ 

Using the equation (3.29) or (3.30) versus equation (3.31), the Ncv versus x were obtained 

for the CdSe/CdSeTe CdTe:Sb cell, as seen in Figure 3.27(c). 

      

 

Figure 3. 27 (a) C-V measurements taken on the Si versus the CdSeTe/CdTe solar cells 

at 100 kHz (b) Mott-Schottky plots on the Si versus CdSeTe/CdTe;Sb solar 

cells at 100 kHz (c) Estimation of Ncv versus x for CdSeTe/CdTe:Sb solar 

cell at 100 kHz. 
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3.3.6.1 Contribution of deep states to capacitance-voltage measurements 

 The depletion approximation using equation (3.29) or (3.30) versus equation (3.31) 

holds in the presence of high significant ionization of shallow dopant. In such a case, the 

Ncv value is approximately equal to the free carrier density. However, in the presence of a 

significant defect density in the deep state, the depletion approximation no longer valid. In 

this case, the Ncv value is overestimated, being a combination of shallow carrier density 

and the charge captured or emitted from the deep states. 

 As discussed in detail in Chapter 2, the demarcation energy (Ee) of a single deep 

trap state is given by: 

                               Ὁ ὯὝὰὲ
‫

‫
 ὯὝὰὲ

‫Ὕ

‫
                                       σȢσς  

Where Ee = demarcation energy = energy separating defect responsive and unresponsive 

states at the demarcation distance xe, 

 ɤp = ɤ0T
2 = Nvvthůp = thermal emission prefactor = attempt-to-escape frequency (which is 

a temperature-dependent parameters), ů = hole capture cross-section (about 10-12 ï 10-15 

cm-2), Nv = effective density of states in the valence band ὔ ᶿὝ  = 1.8 Ĭ 1019 cm-3, vth 

= thermal velocity ὺ ᶿὝ  = 107cm/s. 

According to equation (3.32), increasing the frequency of the AC signal results in 

a lower Ee (i.e. Ee closer the valence band), leading to lower defect contribution to the 

capacitance measurement. In other word, if the emission rate of the defects is lower than 
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the frequency of the AC signal (i.e. ɤe < ɤac), the defect state will not follow the AC signal, 

and they will not contribute to capacitance. Consequently, the Ncv obtained from the 

shallow states is a close approximation of a free-carrier density. However, at lower 

frequency, the Ee becomes larger (i.e. Ee moved away from the valence band). In this case, 

emission rate of the deep state defects is higher than the frequency of the AC signal (ɤe > 

ɤac), then the defect states keep up with the AC voltage, resulting in an overestimated 

capacitance value. Consequently, the Ncv obtained from the C-V measurement is a 

contribution of both the shallow and the deep states. The variation of Ncv with change in 

the frequency of the AC signal is shown in Figure 3.28(a) for CdSeTe/CdTe cells measured 

at the IEC. 

     

Figure 3. 28 (a) Variation of the Ncv with the frequency of the AC signal on 

CdSeTe/CdTe:Sb cell (b) Variation of the Ncv with temperature during 

measurement on CdSeTe/CdTe:Cu cell. 

 

Aside from frequency, the temperature can also be used to probe different energies 

in the deep states. At higher cell temperatures, the Ee is higher (i.e. Ee moves towards the 
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deep states). The capacitance measured in this case is a contribution from shallow and deep 

states. However, the Ee is lower (Ee moves towards the valence band edge) at lower cell 

temperatures. In this case, only the shallow states will contribute a capacitance 

measurement, thus Ncv is a close approximation of free-carrier density. The variation in Ncv 

with temperatures is shown in Figure 3.28(b). 

 

3.3.6.2 AC circuit model of a solar cell 

  An LCR meter was used to measure the capacitance of a solar cell. Based on the 

LCR meter setting, the real (resistive) and imaginary (capacitive) response of a p-n junction 

solar cell can either be represented in series or in parallel. The series circuit model is shown 

in Figure 3.29(a) and the parallel circuit model is shown in Figure 3.29(b). 

       

Figure 3. 29 (a) Series circuit model of a solar cell (b) Parallel circuit model of a solar 

cell. 

 

The impedance of a series circuit (Zs) in Figure 3.29(a) is given by: 

                                                     ὤ Ὑ
ρ

Ὦ‫ὅ
                                                           σȢσσ 
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Where Rs = series resistance, Cs = capacitance in a series circuit, ɤ = 2ˊf = angular 

frequency 

Similarly, the admittance (Yp) of a parallel circuit in Figure 3.29(b) is given by: 

                                                    ὣ Ὃ Ὦ‫ὅ                                                            σȢστ 

Where Gp = shunt conductance, Cp = capacitance in a parallel circuit, ɤ = 2ˊf = angular 

frequency 

Equating (3.33) and (3.34) as  ὣ   gives 

                           Ὃ Ὦ‫ὅ 
ρ

Ὑ
ρ
Ὦ‫ὅ

   
Ὦ‫ὅ

ρ Ὦ‫Ὑὅ
                                     σȢσυ 

By rationalization, the equation (3.35) is separated into the real and the imaginary parts, 

given by 

                      Ὃ Ὦ‫ὅ 
‫Ὑὅ

ρ ‫Ὑὅ
 Ὦ

‫ὅ

ρ ‫Ὑὅ
                                      σȢσφ 

The relationship between the Gp and the Rs is represented by the real part of the equation 

(3.36), given by 

                          Ὃ  
‫Ὑὅ

ρ ‫Ὑὅ
 Ȣ
ρ

Ὑ
      

Ὀ

ρ Ὀ
 Ȣ
ρ

Ὑ
                                    σȢσχ 

While the relationship between the Cp and the Cs is represented by the imaginary part of 

the equation (3.36), given by 
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                              ὅ  
ρ

ρ ‫Ὑὅ
 Ȣ  ὅ     

ρ

ρ Ὀ
 Ȣ  ὅ                                        σȢσψ 

Where  ╓▼ ⱷ╡▼╒▼  = dissipation factor of a series circuit model 

 Similarly, equating (3.33) and (3.34) as  ὤ   gives 

                                  Ὑ
ρ

Ὦ‫ὅ
  

ρ

Ὃ Ὦ‫ὅ
                                                                 σȢσω 

By rationalization, the equation (3.39) is separated into the real and the imaginary parts, 

given by 

                     Ὑ
Ὦ

‫ὅ
     

Ὃ

Ὃ  ‫ὅ
Ὦ

‫ὅ

Ὃ  ‫ὅ
                                          σȢτπ 

The real part of the equation (3.40) is given by: 

                                        Ὑ   
Ὃ

Ὃ  ‫ὅ
                                                                   σȢτρ 

By re-arranging equation (3.41), the relationship between the Rs and the Gp is thus given 

by: 

                   Ὑ   
Ὃ

ρ  
‫ὅ

Ὃ

 Ȣ
ρ

Ὃ
         

Ὃ

ρ  Ὀ
 Ȣ
ρ

Ὃ
                                             σȢτς 

While the imaginary part of the equation (3.40) is given by: 

                                             ὅ     
Ὃ  ‫ὅ

‫ὅ
                                                          σȢτσ 
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By re-arranging equation (3.43), the relationship between the Cs and the Cp is thus given 

by: 

                            ὅ   

ρ  
‫ὅ

Ὃ

‫ὅ

Ὃ

 Ȣὅ        
ρ  Ὀ

Ὀ
 Ȣὅ                                     σȢτυ 

Where the ╓▬  
ⱷ╒▬

╖▬
 = dissipation factor of a parallel circuit model.  

The dissipation factor (D) is used to quantify the loss-rate of an oscillation mode. It is the 

ratio of resistive power loss to reactive power oscillating in a capacitor. 

 

3.3.6.3 Instrumentation for capacitance-voltage measurements 

 The schematic of the capacitance-voltage (C-V) measurement setup used in this 

work is shown in Figure 3.30(a) and the image of the setup is shown in Figure 3.30(b). The 

setup consists of a 4 Hz to 8 MHz Hioki LCR meter, Keithley 2400 SMU, Keithley 2110 

digital multimeter (DMM), 2 kÝ bias adapter, Python-programmed computer interface and 

temperature controlled Linkam cryostat. The cell sample was placed on a mounting plate 

located inside a Linkam cryostat chamber, thus allowing the sample temperature to be 

controlled during measurements. The detail of the cryostat is explained in section 3.2.2.1. 
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Figure 3. 30 (a) Schematic of the C-V measurement setup (b) Image of the C-V 

measurement setup at the IEC. 
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  The LCR meter was connected to a CdTe cell sample using a four-probe electrical 

system. The meter used a small AC voltage signal of 50mV to measure the complex 

impedance (Z) on the sample. When the small AC signal was applied, it created a linear 

current response consisting of current component with both amplitude and phase (in-phase 

and out-of-phase) with the applied voltage. The applied voltage can be expressed as  

                       ὠὸ  ὠὩ  ὠ ÃÏÓ‫ὸ ÓÉÎ ‫ὸ                                      σȢτφ 

Considering a capacitive dominated circuit in Figure 3.31(a) with the Rs effect neglected, 

the current leads the voltage by a phase angle ()ʟ as seen in Figure 3.31(b), therefore, the 

current gives: 

                 Ὅὸ  ὍὩ  ὠ ÃÏÓ‫ὸ ‰ ÓÉÎ ‫ὸ ‰                   σȢτχ 

The Y of the parallel model is given by: 

                                ὣ  
ρ

ὤ
 Ὃ Ὦὄ  Ὃ Ὦ‫ὅ                                                    σȢτψ   

The magnitude of the Y gives: 

                                            ὣ  Ὃ Ὦὄ                                                                   σȢτω 

And the phase between the current and the voltage given by 

                                       ÔÁÎ‰  
‫ὅ

Ὃ
                                                                  σȢυπ 

Where G = conductance (unit in Siemens) = 1/R, B = Susceptance (in Siemens) = 1/X, 

where X = reactance (in Ohms). 



162 

 

The total current (I) measured from the LCR meter gives: 

                                      Ὅ ὠὣ  ὠὋ Ὦ‫ὅ                                                  σȢυρ  

     

Figure 3. 31 (a) A parallel model circuit representation of a CdTe cell (b) Phasor diagram 

representation of a parallel circuit model. 

  

In Figure 3.30, the Keithley 2400 SMU (which served as the voltage source) 

provided a bias voltage across the cell sample via a 2 kÝ bias adapter. The bias adapter in 

series with the cell sample protected the LCR meter from excessive current and voltage. 

With SMU being controlled by a GPIB-interfaced computer, the DC bias voltage was swept 

from the reverse bias to a forward bias region, and the corresponding capacitance values 

were measured with the LCR meter.  The output voltage across the cell sample was 

measured with a DMM and the results were recorded on the computer. 

 

3.3.6.4 Complications of capacitance-voltage measurements 

 One of the complications of the parallel equivalent circuit used in this work is the 

low frequency of the LCR meter or the presence of high Rs and contact-related problem in 
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a device. In such a case, the effect of Rs can no longer be neglected, and the circuit in Figure 

3.31(a) is redrawn as that shown in Figure 3.32(b). 

                

Figure 3. 32 (a) Parallel equivalent circuit model with the Rs effect (b) Parallel equivalent 

circuit behaving like a low-pass filter under a high significant effect of Rs. 

  

In parallel model, when Rs >> 1/Gp or ɤRsC >> 1, the Rs and the C form a low-pass 

filter circuit as shown in Figure 3.32(b), leading to a higher dissipation factor (D), and 

consequently leading the LCR meter reading an erroneous capacitance value. When D is 

higher either due to high Rs of the device or low frequency of the LCR meter, a small error 

in ◖ leads to a large error in determining the capacitance, according to: 

                               Ὀ  
ρ

ὗ

‫ὅ

Ὃ
ÔÁÎ‰                                                    σȢυς 

Where Q = quality factor of the measuring instrument. 

An approximate value of the instrument error is given by: 

                            Ϸ Ὡὶὶέὶ 
Ѝρ Ὀ

ρπ
                                                           σȢυσ 

According to equation (3.53), at D = 0, % error would be kept to a barest minimum. 
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The problem of higher value of D is particularly observed at a high forward bias 

voltage (where Vdc >> KT/q) due to large in-phase AC current resulting from an effective 

lowering of the p-n junction barrier. The real signal greatly exceeds the imaginary or 

capacitive signal.  Therefore, capacitance value obtained at such a forward bias voltage 

was inaccurate and was not considered as a measure of Ncv.  An instance of this is seen in 

Figure 3.33(a) as peaking behavior at the forward Vdc and at a relatively lower frequency 

of 1 kHz, thereby producing noisy Ncv data as seen in Figure 3.33(b). Such effect was 

minimized when the measurement was conducted at a higher frequency of 500 kHz as seen 

in Figure 3.33(a) and (b). 

      

Figure 3. 33 (a) Effect of higher D on capacitance results taken on a CdS/CdTe:Sb cell ï 

higher D is observed in larger forward Vdc (b) Higher D creating noisy data 

at lower frequency (1 kHz) on the measurements taken on a CdS/CdTe:Sb 

cell. 

 

Besides measurement error at low frequencies, measurement at a very high 

frequency (Ó 1 MHz) can introduce a parasitic or stray inductance, thereby leading to an 

inaccurate capacitance measurement. Figure 3.34 shows Ncv results of measurements 
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conducted on an CdSeTe/CdTe:Sb at 1 kHz and 500 MHz. The Ncv taken at 1 MHz was not 

close to an ideal CV line due to error introduced during measurement. 

 

Figure 3. 34 Ncv measurements conducted from 1 kHz to 1 MHz ï erroneous Ncv results 

seen at 1 MHz due to stray inductance of the LCR meter. 

 

Furthermore, the C-V measurement helps to obtain the Ncv as a function of x through 

the thickness of the cell, with a spatial resolution characterized by the Debye length (LD). 

In other words, LD governs the spatial extent over which the ǚ influence the distribution of 

charges. The x >> LD must hold to neglect the transition region at the depletion layer. 

However, complication could occur whereby the film is fully depleted due to LD å x, 

because of minority carriersô injection from the contact or other layers [27, 28].  
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3.3.7 Drive-level capacitance profiling 

The C-V measurements described in section 3.3.6 are sensitive to defects at the 

interface in addition to defects at the bulk. Therefore, contribution from both the interface 

and the bulk of the CdTe cells resulted in an overestimation of doping density (Ncv). 

However, the drive-level capacitance profiling (DLCP) measurement is only sensitive to 

bulk states whose energy is greater than Ee and not sensitive to interface states. Therefore, 

at lower Ee i.e. higher frequency (e.g. at f = 100 kHz) or lower temperature (e.g. at T = 

200K), the DLCP gives a more accurate value of free carrier concentration (NDL) than the 

C-V measurement [26,29]. In addition, when there is a significant defect density in the 

deep states, the DLCP can accurately estimate the density of those defect states responding 

to an AC signal. 

 In this work, the same equipment setup used for C-V measurements in section 3.36 

was used for DLCP measurements. The standard C-V measurements were conducted with 

a fixed small AC voltage (Vac) amplitude of 50 mV. For DLCP measurement, a peak-to-

peak AC voltage (Vpp) was swept from a small amplitude (50 mV) to a large amplitude (250 

mV) for each applied voltage point. As the Vac was varied, the Vdc was also varied in such 

a way that the maximum applied voltage remained the same, as represented in Figure 3.35. 

Therefore 

                                                   ὠ ὠ  ὠ                                                      σȢυτ 
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Figure 3. 35 Variation of the peak-to-peak AC voltage during the DLCP measurements. 

The Vac and the Vdc were changed in such a way that the maximum applied 

voltage remained constant. 

 

Since there was a large variation in Vac, the DLCP approach no longer satisfies a 

small-signal condition. As detailed in Chapter 2, the capacitance versus Vac yields higher-

order corrections, given by 

  ὅ ὅ ὅ ὠ ὅ ὠ Ễ     ὅ ὅ ὠ‏ ὅ ὠ‏ Ễ           σȢυυ   

Where Co = small signal capacitance (units in pF), C1 = linear correction capacitance (unit 

in pF/V), that allows the determination of state density at the position xe, C2 = higher order 

capacitance (unit in pF/V2). 

The 2nd order polynomial fit was used to extract the C0, the C1 and the C2 values of the 

equation (3.55) for various applied voltage points, as shown in Figure 3.36. 
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Figure 3. 36 Polynomial fits applied to DLCP results to extract C0, C1 and C2. 

 

The coefficients C0 and the term C1 were used to estimate the ionized gap state density at 

the position xe, given by [26]. 

       ὔ
ὅ

ςή‐‐ὃὅ
   ὔ  ὫὉȟὼ  ὨὉ                                σȢυφ 

Where Ncarrier = free-carrier density (cm-3),  g(E,xe) = density of states at the spatial 

location xe (cm-3/eV),  Ὁ  = Fermi energy in the bulk (far away from the band bending). 

As previously detailed in Chapter 2. The first moment of charge response, ộὼỚ is given by: 
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                                          ộὼỚ  
‐‐ὃ

ὅ
                                                              σȢυχ 

The plot of ὔ  versus ộὼỚ for a CdSeTe/CdTe:Sb solar cells is shown in Figure 3.37 

 

Figure 3. 37 The plot of ὔ  versus ộὼỚ for a CdSeTe/CdTe:Sb solar cells at a 
frequency between 1 kHz and 100 kHz at room temperature. 

  

The DCLP measure shallow acceptor and deep defects up to Ee. The Ee depends on 

the cell temperature and the frequency of the Vac. The DLCP measurement at higher 

frequencies and/or lower temperatures produced more accurate estimation of free-carrier 

density (with no bulk and interface contributions to the measurements) [29], [30]. In this 

case, the 2nd term of the equation 3.56 approaches zero hence the graph becomes a straight 

line. However, lower frequencies or higher temperatures measurements produced an 

estimation of free-carrier density and bulk defects density (with no interface contribution 

to the measurements).  
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Each of the deep state defects are expected to create a set of energy transitions that 

can be summed up to give the overall density of states within the cells, neglecting the 

interaction between states. The g(E,xe) can thus be obtained from the derivative of 2
nd term 

of the equation (3.56), to give: 

                                     ὫὉȟὼ  
Ὠὔ

ὨὉ
                                                               σȢυψ 

Different defects (such as vacancies, interstitials, impurities, dislocations, grain 

boundaries and so on) introduced different energy states. The distribution of these energy 

states within the bandgap is known as the defect density of states g(E,xe). The g(E,xe) is 

critical to the performance of semiconductor devices, and careful device process 

optimization is required to minimize its effect on device performance.
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    Chapter 4

4 INVESTIGATION INTO DEGRADATION IN SILICON 

HETEROJUNCTION SOLAR CELLS UNDER AN ACCELERATED LIFETIME 

TESTING 

4.1 Introduction 

In recent years, emphasis has been shifted towards the development of different 

architectures of highly efficient silicon solar photovoltaic (PV) technologies. So far, a 

record efficiency of 24.5% has been achieved with the passivated emitter and rear contact 

(PERC) solar cell [1], and over 26% with the Tunnel Oxide Passivated Contact (TOPCon) 

solar cell [2], the back junction silicon heterojunction solar (BJ-SHJ) solar cell [3] and the 

interdigitated back contact silicon heterojunction solar cell [4]. Among these technologies, 

the interest in silicon heterojunction (SHJ) has been growing due to excellent surface 

passivation quality provided by the extremely thin hydrogenated amorphous layers (a-

Si:H), which reduce surface defects of the crystalline silicon (c-Si), thereby resulting in 

high open-circuit voltage (Voc). In addition, the SHJ solar cell performs better in hot 

climates due to its lower temperature coefficient of Voc of about -1.6mV/K and lower 

temperature coefficient of fill factor (FF) of about -0.01%/K [5]. In such a hot climate, they 

can provide a 10% power increase relative to a commercially available diffused junction 

crystalline silicon solar cell at a module temperature of about 50ÁC [6]. 
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Despite the outstanding attributes of SHJ cells, the economic viability and the 

concern about long-term stability pose a barrier to large-scale commercialization of this 

solar cell technology. By 2030, the market share of SHJ solar cells is expected to grow up 

to 17% among other silicon technologies, and module installations in deserts, tropical 

climates and other special environments are projected to climb to about 25% [7]. Therefore, 

approaches to ensuring long-term stability and reducing manufacturing costs are critical to 

gaining a growing market share. 

According to past literature, SHJ solar cells have shown higher degradation rates 

than the diffused junction solar cells, under field conditions. For instance, a degradation 

rate of about 1%/year in SHJ PV modules compared to about 0.5%/year in diffused junction 

crystalline Si solar modules has been reported [8]. Also, a degradation rate of about 0.5 to 

1.2%/year in SHJ PV modules compared to about 0.3%/year for silicon homojunction 

modules was published for PV modules installed in subtropical coastal climatic conditions 

[9]. In several studies, Voc has been reported as the major factor contributing to performance 

degradation in SHJ solar cells and modules. However, there are few reports on FF 

contribution to performance loss in SHJ solar cells. To further establish the long-term 

reliability and economic viability of this technology, factors contributing to these Voc and 

FF degradations need a thorough investigation to gain insight into the potential loss 

mechanism and the techniques needed to mitigate them.         

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 



177 

 

4.2 Influence of exposure temperature on the fill factor degradation 

4.2.1 Motivation 

Though the Voc degradation has been reported mostly to have led to performance 

loss in SHJ solar cells and modules, the loss dominated by the FF degradation has also 

been observed with aging under field conditions. For example, efficiency loss dominated 

by FF has been reported for SHJ modules that operated for 28 months under outdoor 

conditions in India. It was reported that the significant FF degradation of about 14.1% of 

the initial value was attributed to the possibility of an increase in series resistance (Rs) 

and/or shunt conductance [10]. Also, FF degradation and non-linear VOC degradation have 

been observed for SHJ modules that operated under field conditions for 10 years. Here, the 

FF loss was ascribed to an increase in Rs which possibly arose from the degradation of the 

transparent conductive oxide (TCO) layer and/or passivation layers or change in the 

discontinuity at the a-Si/c-Si heterointerface(s). [11,12].  

Degradation in pseudo-fill factor (pFF) and Voc have also been reported for SHJ 

solar cells that were exposed to elevated temperatures ranging between 75ÁC and 160ÁC. 

The degradation in Voc and pFF followed by a recovery phase was observed. The Voc and 

pFF degradations were ascribed to a decrease in minority carrier lifetime due to an increase 

in surface recombination. It was concluded that the temperature threshold at which 

degradation occurred during the accelerated testing (ALT) is about 120ÁC, below which 

the light-induced defect is not strongly activated [13,14]. 

Understanding the factors contributing to FF loss can help to minimize or probably 

eliminate the potential losses, and further establish the viability of the SHJ cells technology. 
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To investigate the possible factors that contribute to degradation in FF at elevated 

temperature, we subjected 2.5cm2 standard SHJ solar cells, with both sides indium tin oxide 

(ITO), to ALT under 1 sun illumination intensity and in argon ambient. After exposure, the 

SHJ cells exposed at 90oC were nearly stable even after 2000 hours while those exposed at 

120oC for 1000 hours degraded in performance. The performance degradation was 

dominated by a significant FF loss with a moderate drop in Voc. The cellsô results were 

analyzed to obtain the possible factors contributing to the performance degradation. 

 

4.2.2 Sample preparation and exposure conditions 

A total of ten unencapsulated cells were prepared in batches and the experiment 

was divided into three parts. The details of cellsô fabrication used in this work have been 

explained in section 3.1.1. The ALT experiment took place in the test chambers, and the 

details of the chambersô operations are explained in section 3.2.1. 

In experiment 1, a total of four cells were exposed to ALT conditions inside the test 

chamber for 1000 hours at an elevated temperature of 90ÁC, under 1 sun illumination and 

in argon ambient. In experiment 2, the four cells with both sides ITO (BSI) already exposed 

during experiment 1 were batched equally into two parts. Thereafter, two of those cells 

were exposed to ALT at 90ÁC while the remaining two were exposed to ALT at 120ÁC for 

an additional 1000 hours under 1 sun illumination intensity and in argon ambient. 

Therefore, the total ALT duration adds up to 2000 hours on each cell. The cells' 

identification number and their initial electrical performance before exposure to the ALT 

conditions are shown in Table 4.1. 
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Table 4. 1 Initial average electrical performance of SHJ solar cells 

* Four cells in experiment 1 were separated into two equal batches for the purpose of experiment 

2. 

 

For validation, the same conditions in experiment 2 were used for experiment 3. 

But in this experiment, an exposure temperature of 45ÁC was also considered. A total of 

six unexposed cells were separated into 3 different batches, and 2 samples from each batch 

were exposed to ALT conditions for 1000 hours at temperatures of 45ÁC, 90ÁC and 120ÁC 

in different chambers. The details of the initial average cell performance and their 

identification number are shown in Table 4.1. 

 

# of 

Cell 

Cell 

Identification 

# 

Cell 

Area 

(cm2) 

Exp 

Temp 

(ÁC) 

Exposure 

Time  

(hour) 

Initial J-V Performance 

VOC 

(mV) 

JSC 

(mA/cm2) 

FF 

(%) 

ɖ 

(%) 

Experiment 1 

*4 MC1657-20, 

MC1690-09 

MC1661-07, 

MC1690-04 

 

2.5 

 

90 

 

1000 

 

709 Ñ 14 

 

36.9 Ñ 0.4 

 

67.5 Ñ 1.5 

 

17.7 Ñ 0.5 

Experiment 2 

*2 

*2 

MC1657-20, 

MC1690-09 

MC1661-07, 

MC1690-04 

2.5 

 

2.5 

120 

 

90 

Additional 

1000 

Additional 

1000 

716 Ñ 12 

 

698 Ñ 5 

36.7 Ñ 0.2 

 

36.9 Ñ 0.5 

67.9 Ñ 0.2 

 

67.3 Ñ 2.5 

17.8 Ñ 0.3 

 

17.3 Ñ 0.3 

Experiment 3 

2 

 

 

2 

 

2 

MC1657-03, 

MC1657-07 

MC1690-08, 

MC1652-02 

MC1716-01, 

MC1716-06 

2.5 

 

 

2.5 

 

2.5 

120 

 

 

90 

 

45 

1000 

 

 

1000 

 

1000 

713 Ñ 2 

 

 

713 Ñ 8 

 

704 Ñ 9 

35.8 Ñ 0.1 

 

 

37.0 Ñ 0.3 

 

35.1 Ñ 0.5 

68.0 Ñ 0 

 

 

67.7 Ñ 0.1 

 

64.6 Ñ 2.1 

17.4 Ñ 0.1 

 

 

17.9 Ñ 0.4 

 

16.2 Ñ 0.1 
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4.2.3 Current density-voltage measurements on cells under varying exposure 

conditions 

The normalized J-V performances measured versus exposure time are shown in 

Figure 4.1(a) ï 1(d). Each data point represents an average of two cells. For the first 1000 

hours in experiment 1, all cells (MC1661-07, MC1690-04, MC1657-20 and MC1690-09) 

were exposed to the ALT at 90ÁC and were stable. However, in experiment 2, those cells 

exposed at 90ÁC (MC1661-07 and MC1690-04) remained stable while those cells exposed 

at 120ÁC (MC1657-20 and MC1690-09) degraded in electrical performance. The 

performance degradation is dominated by FF loss, with a slight drop in both the Voc and 

the Jsc, as stated in Table 4.2. 

 

 

Table 4. 2 Relative change in electrical performance for the SHJ cells after 2000 hours 

of ALT exposure under 1 sun illumination intensity (experiments 1 and 2). 

 

 

Cell Identification # Area 

(cm2) 

Exposure Temp  

(ÁC)   

Relative Change in 

Performance 

ȹVOC  
(%) 

ȹJSC  
(%) 

ȹFF  

(%) 

ȹɖ  

(%) 

MC1661-07, MC1690-04 

 

 

MC1657-20, MC1690-09 

2.5 

 

 

2.5 

90 (2000 hours) 

 

 

90 (1000 hours) +  

120 (1000 hours) 

-1.2 

 

 

-3.1 

+0.3 

 

 

-3.4 

-2.5 

 

 

-12.8 

-3.5 

 

 

-18.6 
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Figure 4. 1 Electrical performance of SHJ cells exposed to ALT at 90ÁC under 1 sun 

illumination intensity in argon ambient up to 1000 hours in experiment 1, 

and at 90ÁC vs. 120ÁC between 1000 and 2000 hours in experiment 2 (a) 

Normalized VOC vs Exposure time (b) Normalized JSC vs Exposure time (c) 

Normalized FF vs Exposure time (d) Normalized ɖ vs Exposure time. 

 

The light and the dark J-V curves obtained before and after the ALT exposure on 

the MC1690-04 and MC1690-09 in experiments 1 and 2 are shown in Figure 4.2(a) and 

4.2(b) respectively. At the exposure temperature of 90ÁC, the MC1690-04 cell under the 

ALT remained stable and there was no formation of s-shape J-V curves as seen in Figure 

4.2(a). However, an s-shaped light J-V curve was observed after 2000 hours of ALT 

experiment on the MC1690-09 cell exposed at 120ÁC, as shown in Figure 4.2(b). This s-
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shape light J-V curve emanated from an increase in hole collection barrier at the front 

TCO/a-Si:H(p)/a-Si:H(i)/c-Si contact of the SHJ cell structure. This is because in an n-type 

SHJ solar cell, the majority carriers (electrons) are injected through the rear TCO/a-

Si:H(n)/a-Si:H(i)/c-Si contact as represented by the dark J-V curve while the minority 

carriers (holes) are collected through the front TCO/a-Si:H(p)/a-Si:H(i)/c-Si contact as 

represented by the light J-V curve. As seen in Figure 4.2(b), the dark J-V curve does not 

display an ós-shapeô curve because there is no barrier to electron injection. The only obvious 

change in the dark J-V curves after the ALT experiments is an increase in series resistance 

(Rs), as displayed by the change in the slope of the dark J-V curves. 

   

Figure 4. 2 Light and dark J-V curves obtained before and after the ALT experiment 

under 1 sun illumination intensity and in argon ambient (a) MC1690-04 cell 

exposed at T = 90oC for 2000 hours ï nearly stable performance (b) 

MC1690-09 cell exposed at T = 90oC for 1000 hours and T = 120oC for 

another 1000hours ï almost stable in the first 1000 hours and degraded 

thereafter, as evident in the s-shape curve. 
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For validation purposes, the effect of temperature on FF loss was further 

investigated in experiment 3 with sets of unexposed cells (MC1657-03, MC1657-07, 

MC1690-08, MC1652-02, MC1716-01 and MC1716-06). The normalized electrical 

performance between 0 and 1000 hours is shown in Figure 4.3(a) ï 4.3(d). Each of the data 

points represents an average of two cells.  

As seen in Figure 4.3(a) ï 4.3(d), there is a significant degradation in FF, in addition 

to a slight drop in both the Voc and the Jsc for the cells exposed at 120ÁC (MC1657-03 and 

MC1657-07) in experiment 3, confirming the results obtained in experiment 2. Whereas 

cells exposed at 90ÁC (MC1690-08 and MC1652-02) remained nearly stable in 

performance while the cells exposed at 45ÁC i.e. at NOCT (MC1716-01 and MC1716-06) 

showed light-induced performance improvement. The cells improvement at 45ÁC is 

consistent with previous reported studies; whereby light soaking under a temperature below 

50ÁC has been shown to improve SHJ cells and modules performance, ascribed to reduced 

density of recombination-active interface states [15-19]. 1 sun exposure in conjunction 

with a low temperature annealing was assumed to have led to improvement of passivation 

quality [20]. The relative change in electrical performance after the ALT exposure in 

experiment 3 is shown in Table 4.3. 
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Figure 4. 3 Electrical performance of SHJ cells subjected to an ALT in experiment 3 for 

1000 hours under 1 sun illumination intensity and in argon ambient at 

exposure temperatures of 45ÁC vs. 90ÁC vs. 120ÁC (a) Normalized Voc vs 

Exposure time (b) Normalized Jsc vs Exposure time (c) Normalized FF vs 

Exposure time (d) Normalized ɖ vs Exposure time. 
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Table 4. 3 Relative change in electrical performance after 1000 hours of ALT 

experiment on the SHJ cells under 1 sun illumination intensity (experiment 

3) 

 

The J-V curves for cells exposed to ALT in experiment 3 at temperatures of 90ÁC 

(MC1690-08) and those exposed at 120ÁC (MC1657-07) are shown in Figure 4.4(a) and 

4.4(b) respectively. The MC1657-07 cell exposed at a temperature of 90ÁC shows no sign 

of an s-shape J-V curve while the MC1657-07 cell exposed at 120ÁC displayed an s-shape 

light J-V curve, and this is consistent with the results obtained in experiment 1 and 2.  This 

s-shape light J-V curve is evidence of holes collection barrier in the cell after 1000 hours 

of exposure at 120ÁC. However, such an s-shape curve is not observed in the dark J-V 

curves, indicating that there is no barrier to electron injection. 

Cell Identification 

# 

Area 

(cm2) 

Exposure 

Temp  

(ÁC) 

Exposure 

Time 

(hour) 

Relative Change in Electrical 

Performance 

ȹVOC  
(%) 

ȹJSC  
(%) 

ȹFF  

(%) 

ȹɖ  

(%) 

MC1716-01, 

MC1716-06 

MC1690-08, 

MC1652-02 

MC1657-03, 

MC1657-07 

2.5 

 

2.5 

 

2.5 

45 

 

90 

 

120 

1000 

 

1000 

 

1000 

+1.4 

 

-0.7 

 

-2.2 

+0.7 

 

0 

 

-1.8 

+1.3 

 

-2.4 

 

-11.8 

+3.4 

 

-2.5 

 

-15.6 
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Figure 4. 4 Light and dark J-V curves obtained before and after the ALT experiment in 

argon ambient and under 1 sun illumination intensity and in argon ambient 

(a) MC1690-08 cell exposed at T = 90ÁC for 1000 hours ï nearly stable 

performance and no s-shaped curve (b) MC1657-07 cell exposed at T = 

120ÁC for 1000hours ï degraded significantly in FF, as evident in the s-

shaped curve. 

 

4.2.4 Suns-Voc measurements on cells under varying exposure conditions 

 To gain more insight into the FF loss, the Suns-Voc measurements were conducted 

under a white light on cells exposed to ALT in experiment 1 and 2. This is because any 

hidden barrier in SHJ cells is revealed at a higher light intensity. Also, a visible barrier in 

cells, as displayed by an s-shape light J-V curves, is better revealed at higher illumination 

intensity with the help of a Suns-VOC measurement.  

Barrier is prominent at a higher intensity because an increase in light intensity 

increases the carrier density in the c-Si absorber, therefore affecting the junction 

electrostatic (and weak band bending) and thus creating a reduced surface potential, which 

consequently creates a higher barrier to hole collection [21]. The Suns-Voc measurements 
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cannot directly detect collection loss (because the measurements were taken at open-circuit 

condition, with J = 0), but rather recombination loss. The Suns-Voc curve remained the 

same at 0 and 1000 hours for the MC1690-04 cell exposed at temperature of 90ÜC because 

the recombination rate did not change over time. However, in MC1690-09 cell, when there 

was a poor collection efficiency after 1000 hours of exposure to the ALT at temperature of 

120ÜC, the uncollected holes recombined with electrons, leading to reduced Voc, especially 

at higher light intensity as seen in Figure 4.5(b). 

    

Figure 4. 5 Suns-Voc measurement taken under a white light before and after the ALT 

exposure in experiment 1 and 2, in argon ambient and under 1 sun 

illumination intensity (a) MC1690-04 cell exposed at 90ÁC ï lesser barrier 

with no shift in Suns-Voc curve between 0 and 2000 hours (b) MC1690-09 

cell exposed at T = 90ÁC for 1000 hours and then at T = 120ÁC for another 

1000 hours ï significant barrier with shift in Suns-Voc curve between 1000 

hours and 2000 hours. 

 

As seen in Figure 4.5, the Voc reduces at higher light intensity because of the drop 

in hole quasi-fermi level beyond the a-Si:H/c-Si interface as the illumination intensity 

increases, thereby leading to an increase in internal voltage drop, according to Chavali et. 












































































































































































































































