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1 Introduction 

1.1 Solar cells 
Solar cells convert sunlight directly to electricity by absorbing photons in one or more semiconductor 

materials. This conversion is based on the photovoltaic effect with an efficiency that greatly depends 

on the material of the semiconductor that the solar cell utilises. W. Shockley and H. Queisser in 

1960[1] have calculated that the theoretical maximum efficiency of a single junction solar cell when 

taking into account the available solar spectrum (AM 1.5) and radiative recombination is around 33% 

[2].This theoretical maximum efficiency is calculated for a semiconductor with an optimum band gap 

(Eg) of around 1.4 eV. The requirements for a solar cell to achieve its maximum theoretical efficiency 

are stated below:  

 All of incident photons with energy of E>Eg are absorbed  

 Each photon absorbed generates one electron - hole pair 

 All of the generated hole-pairs do not recombine except radiatively 

 All excited charges are completely separated by the p-n junctions electric field 

 Charge is transported to an external circuit without any losses    

2 Polycrystalline CdS/CdTe Solar cells 
 

Crystalline silicon until now has dominated the PV market but in recent years thin film technologies 

have attracted the attention of researchers worldwide. Because of their superior material properties 

such as direct band gap, higher absorption coefficient and a wide range of deposition processes thin 

films can potentially reduce the levelized cost of electricity (LCOE). Thin film materials up to date 

used in PV include cadmium telluride (CdTe), copper-indium-gallium-selenide (CIGS) and amorphous 

silicon (a-Si).  CdS/CdTe heterojunction thin film devices are one of the most encouraging thin film 

technologies that can compete with crystalline silicon.  Currently the efficiency record for these 

devices is 21% reported by First Solar in 2014[3]. This only accounts for 70% of the theoretical 

maximum and makes CdTe a promising area of research in order to achieve higher efficiencies. 

Cds/CdTe solar cells can be manufactured either in substrate or superstrate configuration (Figure 1) 

with the lateral being established for commercial use. A Cds/CdTe solar cell consist of a glass 

substrate, a transparent conductive oxide (usually Flurine doped tin oxide) which acts as the front 

contact (Eg =3.3 eV), an n-type CdS  window layer (Eg = 2.4 eV), a p-type CdTe absorber layer and a 

back contact comprising of a hole transport layer and a metal. CdTe is a binary compound with 

semiconducting properties. CdTe has a high electron affinity of 4.3-4.5 eV and direct band gap of 

1.45 eV which is close to optimum. CdTe can be deposited by various methods including physical 
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vapour deposition, RF sputtering, electrodeposition and close space sublimation with the lateral 

providing the state of the art efficiencies and is presented briefly in section 6 of this report. 

 
Figure 1: A schematic diagram of substrate and superstrate configuration for CdS/CdTe Solar cells 

In superstrate configuration the incident photons first pass through the glass substrate, the front 

contact and CdS window layer and finally reach the CdTe absorber. Any photons with energy higher 

than 1.45 eV (band gap of CdTe) are absorbed and electrons from the valence band are excited to 

the conduction band resulting in the generation of electron hole pairs. Generated electron-hole pairs 

are transported to the p-n junction where are separated by the built in electric field of the junction 

before recombination occurs. When charges are separated electrons flow and collected by the front 

contact and holes by the back contact. An external load is then connected to the contacts to 

complete the circuit in order for useful work to be carried out. The equivalent circuit diagram of a 

solar cell is illustrated in Figure 2. 

Power conversion efficiency in solar cells can be described by the equation below: 

𝑛 =  
𝑉𝑂𝐶 × 𝐽𝑆𝐶 × 𝐹𝐹

𝑃𝑖𝑛
 

Where VOC, JSC, FF, Pin are the open circuit voltage, short circuit current density, fill factor and the 

incident light power density respectively[2].  

Fill factor is defined as the ratio: 

 𝐹𝐹 = 𝐽𝑚𝑉𝑚 / 𝐽𝑆𝐶𝑉𝑂𝐶    

Where Jm and Vm represent the maximum power, which is generated from a solar cell on a Current – 

Voltage solar cell curve (Figure 3).  
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 Figure 2: Solar Cell Equivalent Circuit               Figure 3: J-V Characteristic Curve of a Solar cell 

 

Currently Cds/CdTe heterojunction devices as discussed before have only reached 70% of their 

theoretical maximum efficiency potential. Table 1 illustrates the comparison between theoretical 

(Shockley – Queisser limit) and measured record values up to date for CdTe solar cells. 

Table 1: Comparison between theoretical and achieved record values of CdTe Solar cells 

Category Theoretical Measured Measured/Theoretical (%) 

JSC (ma/cm2) 33 30.3 92 

VOC (V) 1.156 0.876 75.8 

FF (%) 89.5 79.4 88.7 

Efficiency (%) 30 21 70 

 

Recent enhancements in efficiency have resulted from increase in photocurrents. JSC of CdTe devices 

has reached 92%of its fundamental limit and thus future improvements in this aspect are limited. In 

contrast VOC and FF have only reached 75.8% and 88.7% respectively of their true potential, leaving 

room for further efficiency improvements [4].  

Fill factor losses arise from the non-ideal value of the VOC and ideality factor and from parasitic 

resistances (Rseiries, Rshunt)[4]. 

Voltage limitations in CdTe devices have been related to two major reasons. The firs reason is been 

attributed to low recombination lifetime in CdTe thin films (≈ 1ns) and low carrier density due to 

insufficient p-type doping (≈1014 cm-3). The second reason has been related to the non-ohmic back 

contact barrier. This non-ohmic behaviour results from insufficient work function of back electrode 

contacting materials or by CdTe surface pinning [5].  



Christos Potamialis  CREST 2015 

5 |  P a g e
 

Marco Topic et al suggested that further increase in CdTe efficiencies will result from fully depleting 

the CdTe absorber to increase carrier densities and by reducing the back contact barrier that results 

from the non-ohmic behaviour [4].  

3 Review of back contact buffer layers 
According to the classical Anderson model the formation of an ohmic contact (Figure 4) is developed 

by the use of a metal which has a higher work function than the semiconductor (p-type CdTe) [6]. 

This prevents the formation of a Schottky barrier (Figure 5), which acts as a reversed biased diode to 

the Cds/CdTe junction, increasing the back contact resistance. This hole transport barrier when 

formed at the CdTe/metal interface reduces the carrier collection at the back contact and naturally 

limits the device performance[7][8]. 

The summation of CdTe band gap and electron affinity yields a work function of 5.7-5.9 eV and since 

there are no metals with higher work function, if one excludes noble metals for economic reasons, 

the formation of a Schottky barrier is inevitable [7]. 

 

Figure 4: Ohmic Contact                                                                    Figure 5: Schottky Barrier 

  

 

An alternative solution is to create a pseudo-ohmic contact by heavily doping the semiconductor 

surface; this improves its transport properties and enables tunnelling of carriers through the surface 

of the material. Due to the large band gap of CdTe, directly increasing the doping density is 

extremely difficult as CdTe is an intrinsic semiconductor and is vulnerable to self-compensation [9]. 

Up to date several techniques have been employed to create a low-resistive, stable ohmic contact to 

Cds/CdTe heterojuction devices. A critical review of these techniques will be discussed and analysed 

briefly at the following sections.  
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3.1 Te-ritch buffer layer 
A common method to achieve an ohmic contact is based on making a Te-rich layer on the surface of 

the CdTe. Te is a p-type semiconductor with a bandgap of Eg =0.33 eV. In order to create a Te rich 

layer, CdTe is submerged either in Br-methanol or HNO3-H3PO4 (NP) solutions before the application 

of the back electrode [10] with the lateral providing   a better contact performance[11]. 

This approach has received contradictive reports, if indeed an ohmic contact is formed between the 

CdTe/Te/, metal interface. 

Niles et al [12] suggested that a barrier of 0.26 eV is formed at the CdTe/Te interface when CdTe is 

etched with NP solution promoting hole transport. Contractively D. Kraft et al [13] have showed a 

valence band offset of 0.5 eV at the CdTe/Te interface when highly p-doped Te layer was assumed 

and a 0.7 eV valence band offset with an intrinsic Te layer, and thus limiting hole transport. 

Solution based etching has proved to have various disadvantages including non-compatibility with 

vacuum processing which increases the cost of production, controlling the etching process is very 

difficult and can result in over-etched films were shunt resistance decreases dramatically causing 

shunt paths degrading device performance[10][11]. 

D Albin et al [10] showed that 100 nm of evaporated tellurium on CdTe can provide an alternative 

solution to address the mentioned challenges and deliver a better contact than solution etching 

process with enhanced stability. 

 

3.2 Cux buffer layer 
Cu integration as a buffer layer in CdTe solar cells plays a vital role in device performance. Cu is an 

important p-type dopant of CdTe [14], were it can act as a substitutional acceptor for Cd, increasing 

doping concentration near the CdTe surface. Introduction of Cu in CdTe devices can be achieved by 

numerous techniques such as Cu-doped graphite contact [15], evaporation of Cu/Au [14] or 

sputtered CuxTe [16], with the last two being the most commonly used, and presented briefly at the 

following sections. 

 

3.3 Cu/Au evaporated contact 
H. Chiou et al [14] have used evaporated Cu/Au back contacts for their CdTe solar cell. Cdte Films 

were etched by Bromine-methanol solution to remove residual surface oxides before the 

evaporation of Cu/Au back contact. Cu/Au was deposited by thermal evaporation following by a 90 

minute post annealing at 150° C to activate the back contact. Optimal device performance was 

found to be at a Cu thickness range of 7 to 10 nm, introduction of excessive Cu (<10 nm) resulted in 

shunt paths degrading cell performance[14]. 
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3.4 Sputtered CuxTe buffer layer 
Ferekides group used sputtering of CuxTe as a method of incoperating Cu in CdTe solar cells. The 

surface of CdTe was etched using Br or NP solutions and CuxTe was sputtered from a CuTe 

compound target. Optimal device performance was found at a CuxTe thickness of 5 nm at a 

substrate temperature of 250° C. A 1 μm of sputtered Mo was used as the back electrode and 

performance was found to be unaffected by the type of back electrode. 

Record device exhibited a Voc, JSC, FF, and efficiency of 838 mv, 23.72 mA/cm2, 74.95 % and 14.9 % 

respectively. Thin films showed a carrier concentration in the range of 2-4 ×1014 cm-3. 

Excess CuxTe inclusion (>5 nm) was found to degrade device performance[16]. 

3.5 Physics of Te/Cu interface 
The physics of CdTe/CuTe and CdTe/Cu interfaces were studied by Spath et al[17]. it has been 

concluded that CuxTe is a heavily concentrated p-type material with a bandgap of 1.04 eV. Thin films 

Cu2Te were deposited on CdTe by co-evaporation of Cu and Te. A valence band off set of 0.8 eV at 

the CdTe/CuxTe interface was proposed, with no elemental Cd0 formation, whereas at the CdTe/Cu 

interface created by evaporation of Cu, elementary Cd0 was detected resulting at a Schottky barrier 

of 1 eV. Even though the barrier height difference is noteworthy between the two different contacts, 

Spath et al proposed that CuxTe forms a better contact due to the formation of a tunnelling hole 

transport junction[17].    

3.6 Sb2Te buffer layer 
Sb2Te is a highly p-type material with a band gap of 0.3 eV[18]. Romeo et al [19] have used this 

material as a back contact buffer layer for CdTe devices successfully developing a copper free back 

contact. A 300 nm buffer layer of Sb2Te was deposited on non-etched CdTe cells by sputtering at a 

substrate temperature of 300° C. to complete the back contact 200 nm of Mo thin film was 

sputtered to act as the back electrode and improve the overall conductivity of the contact. Best 

device exhibited a Voc, JSC, FF, and efficiency of 826 mv, 25.5 mA/cm2, 72 % and 15.8 % respectively. 

Stability of the back contact was tested using light soaking under 20 suns were cells reached 200° C. 

No significant degradation of cells was observed and generally efficiencies improved[19].  

S.Hu et al [20] have estimated a valence band offset of 0.65±0.15 eV at the CdTe/ Sb2Te interface, 

while Fahrenburch et al estimation was 0.45 eV[21]. 

Two of the main advantages of Sb2Te buffer layers as CdTe back contact is first,  the elimination of 

Cu which degrades the solar cell performance and second, the possibility of an in-line dry process 

(there is no need for solution etching) which can potentially reduce production costs of CdTe 

devices. 
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3.7 ZnTe buffer layer 
ZnTe is a p-type semiconductor with a band gap of 2.35 eV [22] and can provide a very small valence 

band offset (ΔE=0.1 eV) when contacted with CdTe[23]. Additionally ZnTe can be easily highly doped 

with group V elements (N, P, As, Sb) [6] which makes ZnTe a promising candidate to form a stable 

back contact for CdTe solar cells. Traditionally ZnTe is doped with Cu because of coppers capability 

of doping CdTe, and various groups have tried different techniques of incorporating ZnTe:Cu into 

CdTe solar cells. 

Gessert et al fabricated ZnTe:Cu back contacts by sputtering from a ZnTe:Cu target achieving 12.1% 

efficiency. Solar cells were exposed to ion beam milling for dry pre-treatment. Prior to ZnTe:Cu 

deposition an intrinsic ZnTe layer was deposited. A 6% copper ZnTe target was used to deposit the 

thin films at a substrate temperature of 300° C. Devices were completed by deposition of 0.6 μm 

sputtered nickel[24]. Best cell exhibited a Voc, JSC, FF, and efficiency of 790 mv, 21.15 mA/cm2, 

70.93 % and 12.1 % respectively.  

Trelny et al [25] at the National Renewable Energy Laboratory (NREL) obtained cells with efficiencies 

of 12.9% . ZnTe:Cu was deposited by thermal evaporation of ZnTe and Cu (2%). Optimum thickness 

and annealing temperature was found to be 5 nm and 270° C respectively. The best performing 

device exhibited an efficiency, VOC, FF, and JSC of 12.9%, 780 mV, 74.04 % and 22.38 mA/cm2 

respectively. Different back contact electrodes were deposited and it was concluded that the work 

function of the back contact metal does not influence the device performance as long ZnTe is highly 

p-type doped with Cu[25].  

Stability test showed degradation of cell performance mostly due to increase of series resistance 

increasing schottky barrier due to decrease in CdTe doping levels. This indicates migration of Cu 

away from CdTe/ZnTe:Cu  interface.  

 

3.8 Transition Metal Oxide Buffer Layers (TMO’S) 
In recent years high work function transition metal oxides (TMO’s) have received worldwide 

attention. TMO’s including MoO, V2O5, and WoO3 were utilised in organic light emitting diodes 

(OLED’s) and organic solar cells as hole transport layers between ITO’s and organic thin films. Key 

advantages of TMO’s are the tuneable work function and electrical properties by controlling the 

oxygen concentration when depositing thin films[26]. The physics of this mechanism is described as 

follows: An oxygen vacancy in a metal can provide two electrons that are weakly bonded to the 

metal ions and can escape at room temperature and become free carriers. By increasing oxygen 

concentration, more metal oxygen vacancies are filled, decreasing carrier concentration (n) that 

leads to two important consequences. First resistivity (ρ) increases, due to the decrease of carrier 
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concentration. Second, work function increases because the Fermi level shifts closer to the valence 

band (away from vacuum level)[27]. 

These adjustable properties have attracted the interest of researchers due to the potential 

applications for back contacts in inorganic solar cells and particularly in CdTe technology due to the 

need of a material which exhibits low resistance and high work function.  

Hao Lin et al demonstrated that MoOx can be a suitable back contact buffer layer for CdTe devices. A 

40 nm MoOx layer was deposited on CdTe cells by thermal evaporation, prior to the deposition of 

sputtered Ni acting as the back electrode. Record cell exhibited an efficiency, VOC, FF, and JSC of 

12.2%, 816 mV, 70.4 % and 21.3 mA/cm2 respectively. Stability tests of the contact were carried out 

by thermal annealing at 200° C and light soaking under 1 KW/m2 illumination. Results showed that in 

comparison with the control cell (NP etched for 40 seconds, Ni deposited contact) MoOx/Ni back 

contacted cells had superior stability and much lower degradation rates. Moreover it has been 

concluded that controlling the thickness of MoO layer is vital for optimum device performance. 

Optimum thickness was found to be at around of 40 nm of evaporated MoO while thicker films 

exhibit over coverage of the CdTe surface resulting in higher series resistance. Evaporated MoOx 

films deposited on ITO films showed work functions as high as 6.86 eV while sputtered MoOx films 

showed lower work functions (5.09 eV)[26]. MoO buffer layer displayed suitability with a number of 

back electrodes such as Ni, Mo, Cr, and Al achieving similar device performances but high work 

function metals (Ni, Mo) exhibit much lower device degradation[26]. 

N. Paudel et al[28] have achieved similar cell efficiencies (12.9 %) with evaporated MoOx/Au buffer 

layers but reported much lower optimal thicknesses for MoOx (2.5-5 nm) compared to H. Lin et 

al[26]. Improvements in cell efficiencies ( 14.1 %) were realised when CdS layer was deposited by 

sputtering. 

In the same report V2O5/Au and WO3/Au back contacts were deposited on CdTe solar cells by 

thermal evaporation and compared with MoO3/Au and Cu/Au contacts. A summary of these results 

is illustrated in Table 2. 

Even though the best performing cell was realised with Cu incorporation in the back contact it was 

concluded that TMO’s can provide alternative high performance cells which can potentially render 

better stability to CdTe solar cells. 
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Table 2: Performance indicators of various Back contact buffer layers 

Back Contact VOC (mV) JSC(mA/cm2) FF (%) Efficiency (%) 

MoO3/Au 815 25.4 67.9 14.1 

V2O5/Au 778 25.1 69.4 13.6 

WO3/Au 787 24.6 66.7 12.9 

Cu/Au 844 24.4 76.3 15.7 

 

4 Degradation mechanisms in CdTe devices 
In order to understand the current limitations of Cds/CdTe heterojunction devices it is important to 

investigate the various degradation mechanisms that are associated with this technology. Cu 

containing back contacts have been widely investigated in the literature and it has been 

demonstrated that high efficient devices can be realised. Cu buffer layers though have been 

correlated as the main degradation mechanism in CdS/CdTe solar cells that limit long term device 

stability and performance. A brief discussion about the various degradation mechanisms with focus 

on copper diffusion will be presented. 

   

4.1 P-N Junction Stability 
Before one can investigate any external stability issues due to the back contact it is vital to look at 

the stability of the Cds/CdTe heterojunction. Hexagonal Cds and cubic CdTe exhibit a lattice 

mismatch of 9.7% but due to interfusion that is enhanced by post-deposition of CdCl2 and 

recrystallization of CdTe grains it is possible to construct high efficient devices. Intrinsic stability of 

the junction was tested by Hegedus et al [29] by stressing Cds/CdTe devices without any contact 

with light soaking at 100° C for 10 days. After stressing the devices a 6 nm of Cu back contact was 

alloyed on these devices and compared with freshly made devices. All devices showed similar 

performances demonstrating that the junction has not degraded. Subsequent experiment showed 

that cells prepared with 6 nm of Cu and stressed with the previous apparatus severely degraded 

compared to a freshly prepared cell, concluding that Cu is responsible for device degradation mainly 

due migration in the p-n junction indicated by the drop in open circuit voltage (VOC) .   
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4.2 Cu back contact diffusion from the back contact 
Since copper migration has been identified as the main degradation mechanism in CdTe solar cells it 

was important to understand the diffusion mechanism and magnitude of Cu, in order to control and 

optimise copper incorporation in CdTe devices. H. Chou et all [30] established a correlation between 

copper diffusion and grain size of CdTe. In their experiment three set of CdTe cells were fabricated 

with different grain size: 1) Single Crystal CdTe 2) Polycrystalline CdTe: 10 μm grain size   3) 

Polycrystalline CdTe: 2 μm grain size. SIMS measurements were carried out and it was found that in 

the single crystal CdTe, Cu concentration was below the detection limit of SIMS while in the 

polycrystalline cells Cu concentration could be detected. In the polycrystalline device with the 

smallest grain size (2 μm) copper concentration was found to be two orders of magnitude more that 

in the device with 10 μm grain size. This led the authors to suggest that grain boundaries are the 

main channels of Cu rapid diffusion towards the CdS/CdTe junction. One possible explanation is that 

Cd can be easily replaced because of the ionic radius of Cd2+ and Cu+ is similar, also due to the small 

radius of Cu+ diffusion along the grain boundaries is enhanced[14].  

Another factor that was found to enhance device degradation was the amount of cooper 

incorporated at the back contact.  In the same report H. Chou et all fabricated two sets of CdTe cells 

with 5 nm and 15 nm of Cu at a deposition rate of 0.03 nm/s respectively. Back contacts were 

finalised by deposition of 40 nm of gold for both sets of cells. It has been concluded by SIMS analysis 

that cells with 15 nm of as deposited copper exhibited much higher concentration densities in CdTe 

at all depths. Also performance measurements showed Reduction in Shunt resistance (RSh) resulting 

in degraded device performance. Similar results were achieved by S. Erra et all[31] where light 

soaking tests at a temperature of 65° C were performed on cells with different amounts of Cu. Thin 

films of Cu were deposited on CdTe cells in the range of 1-4 nm before annealing at 240° C. Results 

demonstrated that the cell with 1 nm of incorporated Cu had much slower degradation rate (VOC loss 

of 130 mV) compared to the 4 nm Cu thickness cell (VOC loss of 270 mV), after subjected to light 

soaking.  Both of the presented reports concluded that Increase in Cu thickness during the formation 

of the back contact increases the Cu concentration in the CdS/CdTe interface which leads to increase 

device instability.    

4.3 Cu accumulation in CdS 
Cu migration from the back contact can reach the CdS layer and eventually the front contact. Cu 

accumulation in the CdS layer was studied by I. Fisher et al [32] by subjecting Cu back contacted cells 

under thermal and light soaking tests. It has been concluded from SIMS measurements that 

accumulation of Cu in CdS increases with stress duration. Cells subjected to thermal stress (200° C) 

for 300 h showed larger Cu concentrations than cells subjected to 15 h in CdS. In another experiment 
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cells were subjected to thermal stress in an N2 environment. It was found that Cu in CdTe remained 

relatively the same before stress and after while in the CdS an increase of Cu was observable.  It was 

suggested that Cu migration is aided by the CdCl2 treatment, as CuCd can coplex with ClS in Cds and 

increase solubility of Cu and Cl, accumulation of Cu together with significant amounts of Cl can 

increase photoconductivity in CdS. It was also proposed that excess Copper accumulation in CdS can 

create deep acceptor states and thus act as recombination centres decreasing the effective donor 

concentration.  Furthermore in the same report studies of recovery of Cu contacted cells showed 

that cells subjected to dark heat treatment after exposed to light induced degradation, partially or 

fully recovered. It was assumed that this phenomenon is due to dissociation of acceptor defects in 

CdS and diffusion of migrated Cu+ ions away from CdS layer due to the restored junction field. 

4.4 Oxidation of Back Contact            
It was proposed from various research groups that oxygen formed at the back contact can diffuse 

resulting to formation of an oxide layer at the CdTe/Back contact interface. I. Fisher compared 

annealed cells in nitrogen and air environments with the lateral showing faster degradation rates. 

This observation was confirmed by Singh et al[33] were cells where stressed at 100° C in dry air and 

high humidity environments. Cells stressed in dry air exhibited much lower degradation rates while 

cells in high humidity degraded significantly and a roll over in forward bias was observed. This 

indicates that an oxide layer (CdTeO3) can be a noteworthy degradation mechanism in CdTe non-

encapsulated devices due to formation of Schottky barrier.  Full recovery of cell performance can be 

achieved by etching the cell in a re-metallisation process. The same report showed that native oxides 

on CdTe surface that are thin enough (1-2 nm) are insignificant since a tunnelling contact can be 

achieved.  

4.5 Other degradation mechanisms 

4.5.1 Stability of the back electrode 

Stability of the back electrode was studied by D. Mao et al[34] where ZnTe:Cu/Au and ZnTe:Cu/Ni 

contacted cells are compared. AES and XPS measurements were performed after cells were 

subjected to annealing at 140° C for 165 hr. It was concluded that cells with Ni acting as the back 

electrode exhibited larger degradation rates than cells contacted with Au. This was due to 

interfusion of Cu in the gold back contact, which limits the amount of Cu which can migrate in the 

CdS/CdTe heterojunction increasing thus device stability. Furthermore the authors speculate that 

gold contact can provide additional control to the delicate procedure of Cu incorporation in CdTe 

solar cells. Instability of Ni back contacts was reported by Trenfy et al[25] where light soaking tests at 

75° for 370 hr performed on ZnTe:Cu/Au and ZnTe:Cu solar cells. Performance measurements 
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showed an efficiency loss of 4.3% for the Ni back contact while the efficiency of the cell with Au 

contact was increased from 10.7% to 11.2%.  

In contrast H .Lin et al[26] performed back electrode stability studies for TMO’s. In their experiments 

various metals were deposited on top of MoO3 buffer layer and stability tests illustrated in Table 3 

showed that high work function metals such as Ni and Mo can provide better stability than low work 

function metals (Al, Cr). The authors proposed that MoO3 buffer can stop metal diffusion during light 

soaking. It was suggested that Ni has a dual role in CdTe, where it can diffuse and form NixTe 

interfacial layer which reduces the Schottky barrier. Contractively it can also reduce the build in 

potential (Vbi) by replacing Cd, this leads to formation of NiCd
2 deep acceptor complexes 

compensating the p-type doping of CdTe[5]. 

Table 3: Stability of different Back electrodes as a function of their Work Function [5]  

Back Electrode 

(Work Function Φm) 

Efficiency (%) 

Before Annealing 

Efficiency (%) 

After Annealing 

Degradation (%) 

Ni (5.04 -5.35 eV) 12.6 10.9 13.5 

Mo (4.36 -4.95 eV) 12.4 10.3 16.9 

Cr (4.5 eV) 11.3 7.8 31.10 

Al (4.06-4.26 eV) 12.5 4.6 63.2 

 

4.5.2 Chemical etching 

Up to date the most successfully used method for CdTe etching has been wet chemical etching 

either in BM or NP solvents. Over treatment of cells in an etch solution can be detrimental for device 

stability. This was reported by Batzner et al [35] where CdTe cells submerged in NP solution prior to 

contact metallization exhibited poor performance. The authors speculate that over treatment in 

chemical etching widens the grain boundaries providing diffusion paths to the back contact metal 

causing shunting.  Similar effects were reported by X. Li et al [5],  where optimum device 

performance  was found to be 1 min in 2.0 NP solution.     
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5 Summary and Research Outline 
From the presented literature review it can be concluded that back contacting CdS/CdTe devices 

yields a difficult and complex problem. Up to date Cu containing back contacts have provided the 

best performing cells, but due to the diffusing nature of Cu, stability of these devises present major 

challenges for long-term applications. Various studies have investigated the stability issues of Cu 

containing back contacts and the physics of the degradation mechanisms due to copper are well 

understood. This research will investigate alternative materials for the realization of a Cu-free, low-

resistive and stable back contact for CdTe solar cells with the main focus on sputtered TMO’s.  

TMO’s such as MoO, V2O5, and WoO3 due to their high work function capabilities can potentially 

form a barrier free interface with p-type CdTe. Previous studies on MoOx showed that it is possible 

to achieve relatively high performing devices, but the physics behind these mechanisms are not yet 

well understood. Four main research questions arise from the literature review and are presented 

here: 

1) While the rationale of contacting CdTe with a high work function material is well understood 

and explained doping of CdTe can be a major limitation on device performance. It is known 

that Cu dopes CdTe enhancing the Voc [36] thus further investigation is necessary in 

understanding on what are the TMO’s effects on CdTe, and possibly consider different CdTe 

dopants such as Antimony, Phosphorus or Arsenic. 

2) Even though TMO’s are believed to enhance device stability [26], Considerable degradation 

has been reported after light soaking and annealing tests. It is important to understand 

these degradation mechanisms, with main focus on the effects of oxygen incorporation in 

thin films and back electrode metal diffusion. 

3) Up to date high efficient devices are realised with solution based etching, TMO’s can 

potentially provide an in line dry process which is paramount for a cost effective 

manufacturing process. Further investigation on the effects of creating a dry Te rich layer 

processing such us deposition of Te with CSS in junction with deposition of TMO’s is 

required.  

4) Furthermore, in recent studies transition metal Oxynitride thin films such as Zr-O-N, Ti-O-N 

and Mo-O-N have shown promising results and received the attention of researchers 

worldwide. This group of ceramic materials has demonstrated a wide range of physical 

properties by varying the oxygen to nitrogen ratio[37]. By changing the flow rates of oxygen 

and nitrogen the optical, electrical properties (e.g. conductivity) and work function can be 

suitably adjusted[37].  Additionally it has been established that by introducing nitrogen in 

MoOx, has a positive effect on chemical and electrical stability of the thin films [38]. 
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Specifically nitrogen can form diffusion barriers along the grain boundaries and prevent the 

migration of particles towards the p-n junction.  Additionally nitrogen also improves the 

conductivity even further making metal Oxynitride thin films a prominent candidate for 

replacing copper to produce an ohmic contact for CdTe solar cells[39]. Investigation of these 

new materials is necessary with main focus on Mo-O-N thin films as CdTe back contact 

buffer layers.  

    

6 Close Space Sublimation (CSS) 
Up to date the most efficient CdTe devices have been deposited by close sublimation technique, as 

mentioned in the introductory section of this report. Sublimation refers to the direct transition of 

chemical compounds from solid phase to gas without passing through the liquid phase.   CdTe is an 

ideal compound to be sublimated due to its properties. When heated above 600° C, CdTe dissociates 

liberating equal amounts of Cd and Te and condenses stoichiometrically at a temperature of around 

400° C[40]. This reversible reaction process was described by B. Langry et al as: 

𝐶𝑑𝑇𝑒(𝑠) ⇄ 𝐶𝑑(𝑔) +  0.5𝑇𝑒2(𝑔)     [41] 

In practice solid CdTe (powder or granulate) is placed in a graphite crucible (source) at a distance of 

around 2 to 8 mm from a substrate holder in an evacuated chamber. Source and substrate are 

heated at temperatures of 600° to 700° and 400° to 600° respectively in the presence of an inert gas 

(Ar, N or He[40].  Deposition rate strongly depends on temperature of source (Tso) and substrate 

(Tsub), separation between source and substrate, pressure during the deposition process and 

presence of any other gasses (usually oxygen)[42]. 

There are two main scenarios that can describe a CSS process depending on the deposition 

parameters, diffusion limited transport and free sublimation[43]. According to diffusion limited 

transport model, Cd and Te2 atoms collide with inert gas atoms present in the chamber during 

migration to the substrate before condensing. In this case the growth rate is assumed to be inversely 

proportional of gas pressure and proportional to 𝑒−𝐸𝑎/𝑘𝑇𝑠𝑜 where Ea , k and Tso are activation energy , 

Boltzman’s constant and source temperature respectively. In free sublimation scenario (Langmuir’s 

theory) the deposition rate is independent from gas pressure since Cd and Te2 atoms diffuse directly 

to the substrate without any interaction with the chamber gases, but still proportional to 

𝑒−𝐸𝑎/𝑘𝑇𝑠𝑜[44]. 
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Ferekides et al[45] studied the effect of substrate temperature (Tsub) during deposition of CdTe. The 

results showed that when CdTe is deposited at a Tsub of 600° C exhibit’s 3-4 μm of grains while when 

deposited at 500°C grain size is approximately 1 μm and pinholes are observed. Furthermore XRD 

results demonstrated that thin films deposited at 600° C are highly oriented along (1 1 1) direction, 

below 550° C films become randomly oriented and (2 0 0) direction dominates.  Record cell 

efficiency of 15.8% was with achieved the presence of oxygen in the chamber at a high deposition 

temperature (600 °C) which benefits interfusion between CdS and CdTe a process necessary for 

high-quality junctions. Authors proposed that oxygen can enhance the p-type characteristics of CdTe 

semiconductor.  

6.1 Close Space Sublimation System 
 A CSS system was designed and implemented at National Renewable Energy Laboratory (NREL) and 

it is currently during implementation stage at Loughborough University. The schematic diagram of 

the system is illustrated at Figure 6. The system comprises a horizontal Quartz tube supported by a 

stainless steel reactor. The reactor was designed in order to accommodate two gas inlets, a pump 

outlet, a pressure sensor and thermocouple feedthroughs.  A quartz holder is mounted inside the 

chamber to support the source and substrate graphite blocks as illustrated in Figure 7.  In this set up 

the source material (CdTe) is positioned on the source graphite block, quartz spacers are placed 

between the substrate and source graphite block to provide thermal insulation in order to create a 

temperature gradient which is necessary for sublimation process. The thickness of the quartz 

spacers will be in the range of 2mm-8mm depending on deposition parameters.   After the substrate 

positioning another graphite block is placed on top (Substrate graphite block) to complete the 

process. Graphite was chosen as a material for the two blocks (source and substrate) due to very 

good thermal conductivity properties. Heating of the chamber is supplied by six fast response IR 

lamps (300 mm long), 230 V, 1 kW (64231024, Victory Lighting Uk). The lamps are positioned in an 

encapsulated heating element in a two set configuration, with three lamps heating the source 

graphite block and three heating the substrate graphite block. Each lamp is positioned in a reflector 

in order for the infrared light to be focused on the graphite blocks and minimise losses. Each set of 

lamps are controlled by a Power Controller (SCR19/39, Omega engineering) rated at 80 A, connected 

to a PID controller (CN243 series, Omega Engineering). The rationale is that thermocouples 

positioned at source and substrate blocks will feed temperature information independently to the 

PID controllers which in turn will adjust the power on the power controllers depending on the user 

inputs. A pump will be used to evacuate the chamber at a medium vacuum pressure range (≈1 x 10-2 

mbar). Since the system is still under construction more information will be available due time.  
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Figure 6: Schematic diagram of CSS System 

 

Figure 7: Schematic diagram of Substrate Holder 
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7 Research Plan 
 

 

  

 

 

Task/Month 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Construction of CSS System

CSS Baseline Process

Optimisation of Cu buffer reference cell

Optimisation of cells with MoOx Buffer 

Optimisation of cells with MoN Buffer

Optimisation of cells with MoON Buffer

Back electrode optimisation

Optimisation of other TMO's

Comparison between Wet and Dry CdTe Treatment 

Study of Doping CdTe without Cu

Stability Study of Back Contact

Write Up

Legent

Tasks up to 1 month

Tasks up to 2 months

Tasks up to 3 months

Tasks up to 4 months

Tasks up to 5 months

Tasks up to 6 months
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