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A B S T R A C T   

The development of lightweight and flexible solar modules is highly desirable for high specific power applica
tions, building integrated photovoltaics, unmanned aerial vehicles and space. Flexible metallic and polyimide 
foils are frequently used, but in this work an alternative substrate with attractive properties, ultra-thin glass 
(UTG) has been employed. CdTe solar cells with average efficiency reaching 14.7% AM1.5G efficiency have been 
produced on UTG of 100 μm thickness. Little has been reported on the effects on PV performance when flexed, so 
we investigated the effects on J-V parameters when the measurements were performed in 40 mm and 32 mm 
bend radius, and in a planar state before and after the bend curvature was applied. The flat J-V measurements 
after 32 mm bending test showed some improvement in efficiency, Voc and FF, with values higher than the first 
measurement in a planar state. In addition, two CdTe solar cells with identical initial performance were subjected 
to 32 mm static bending test for 168 hours, the results showed excellent uniformity and stability and no sig
nificant variation on J-V parameters was observed. External quantum efficiency and capacitance voltage mea
surements were performed and showed no significant change in spectral response or carrier concentration. 
Residual stress analysis showed that no additional strain was induced within the film after the bending test and 
that the overall strain was low. This has demonstrated the feasibility of using CdTe solar cells on UTG in new 
applications, when a curved module is required without compromising performance.   

1. Introduction 

CdTe is the leading commercial thin film technology, 6% of the 
photovoltaic (PV) production is covered by CdTe [1]. Its success, over 
other thin film technologies, is due to its remarkable qualities such as, 
having a direct energy band gap of 1.45eV, a high absorption coefficient 
(>1 � 104cm� 1) and excellent thermodynamic stability [1,2]. 

CdTe PV is manufactured using a superstrate approach where a 3 mm 
float glass provides the outward facing environmental barrier and gives 
mechanical stability to the thin film stack. For some applications it is 
desirable to produce a flexible PV module which, for CdTe, would 
require a transparent, flexible and thermally stable substrate material. 
Transparent polyimides are not well suited to the relatively high thermal 
exposure of the CdTe deposition processes. Ultra-thin glass (UTG) 
however is far better suited and can yield a lightweight and flexible, in 1- 
dimension, PV module. The suitability of UTG substrates to roll-to-roll 
processes could significantly reduce the manufacturing cost of large 
area lightweight flexible modules [3]. Flexible thin film PV, other than 

CdTe, has been well researched looking at the deposition processes, 
mechanical behaviour and electronic properties when using substrates 
such as metallic foil [4,5] and polyimide [6,7]. There is little literature 
for the flexing of CdTe on UTG, but the few reports show promising 
results [3,8]. 

The UTG substrate used in this work offers several advantages such 
as low chemical contamination, low surface roughness, mechanical 
flexibility and high temperature resistance. The UTG is specifically 
designed for use in space applications such as a cover glass for PV 
whereby it is laminated atop of the solar cells. Its cerium content pro
vides protection from high energy radiation. Its inherent mechanical 
flexibility, allowing it to be rolled and un-rolled, could lead to cost 
savings when considering production, storage, transport and deploy
ment for both terrestrial and space applications. In addition, lightweight 
and flexible modules on UTG could find application in building inte
grated photovoltaics (BIPV), low load surfaces and unmanned aerial 
vehicles (UAVs). 

Understanding of solar cell performance, when flexed, is important 
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for flexible devices applications. Also, knowledge of any changes in the 
mechanical and electrical properties under flexing could provide 
fundamental information on the device stability. Very little has been 
reported on the effects of flexing PV devices on UTG. Gerthoffer et al. 
reported the fabrication of CIGS solar cells with 11.2% efficiency grown 
on flexible glass as thin as 100 μm. The results when flexing through 3 
cycles each with a progressive increase of sample curvature showed a 
significant drop of efficiencies. The degradation induced by bending was 
irreversible when the sample was reset into planar state [9]. Rance et al. 
produced CdTe on Corning Willow Glass™ and the solar cells efficiency 
was measured in the flexed and flat state. It was demonstrated that a 
bend radius of 51 mm can be achieved without decreasing device per
formance [3]. Lamb et al. measured the adhesion strength of a device 
structure analogous to the work presented here and found it to be well 
adhered to the UTG resisting tensile stresses, exerted by a pull test, of up 
to 38 MPa [8]. 

CdTe thin film semiconductor materials have been deposited 
employing various techniques, these include: molecular beam epitaxy 
(MBE) [10], thermal evaporation [11], electrodeposition [12], closed 
space sublimation [13], physical vapour deposition [14], all-sputtered 
[15], pulsed laser [16], and metal organic chemical vapour deposition 
(MOCVD) [17]. Out of these deposition methods, MOCVD employs a 
versatile apparatus that allows independent control of the organome
tallic fluxes and substrate temperature to produce thin films semi
conductor materials with high quality, uniformity and controllable film 
thickness [18]. The thin film microstructure will be strongly affected by 
the deposition method and annealing treatment, and the solar cell per
formance will be influenced by different factors, such as the substrate 
cleaning process, thickness, growth rate, induced residual strain, and the 
variation of the light intensity and temperature [19]. 

In this work we describe the results of current density-voltage (J-V) 
measurements under a previously unreported severe compressive strain 
of 32 mm bend radius of thin film CdTe solar cells on UTG. We also 
report on the solar cell performance versus duration of bending, up to 
168 h in the flexed state. The results reveal valuable information on the 
solar cell’s stability under flexion demonstrating the feasibility of CdTe 
thin films on UTG for applications that require a flexed solar cell 
architecture. 

2. Experimental details 

The UTG used in this work was a chemically toughened, 100 μm 
thick cerium-doped glass of 60 � 60 mm dimensions supplied by Qioptiq 
Space Technology (QST). All thin films were deposited by atmospheric- 
pressure MOCVD with the exception of the final evaporated gold back 
contact. The films thicknesses were monitored real-time using in-situ 
laser interferometry. Firstly, an 800 nm aluminium-doped zinc oxide 
(AZO) followed by a 100 nm high resistivity zinc oxide (ZnO) layer were 
deposited onto the UTG using a nitrogen carrier gas. Both films were 
deposited at a substrate temperature of 400 �C. This yielded a trans
parent bilayer with a sheet resistance of 8 Ω/square as measured by the 
4-point probe method. The UTG/AZO/ZnO sample was then transported 
to a second MOCVD reactor where a hydrogen carrier gas was used. A 
25 nm cadmium sulphide film at 315 �C was followed by a 125 nm 
cadmium zinc sulphide film at 360 �C to form the buffer layer. 3 μm of 
CdTe was deposited at 390 �C with an arsenic incorporation of 2 � 1018 

atoms cm� 3 which yielded a carrier density of 1 � 1016 cm� 3. Further to 
this a subsequent 330 nm CdTe was deposited which received an 
increased incorporation of 1 � 1019 cm� 3, which led to a carrier density 
of 3 � 1016 cm� 3. Finally, a cadmium chloride film of 1 μm thickness was 
deposited at 200 �C and all of the films annealed at 420 �C for 10 min. 

The CdTe was scrapped on two opposite sides to expose the front 
contact AZO/ZnO. 8 individual back contacts were achieved by evapo
rating 0.27 cm2 gold squares on the CdTe. The front contacts were made 
by evaporating two rectangular gold strips to the revealed AZO/ZnO. A 
gold probe contact was used to measure each of the 0.27 cm2 gold back 

contacts with gold wire soldered onto both front contacts completing the 
circuit. 

The photovoltaic performance was measured by J-V under AM1.5G 
at 25 �C, using a Keithley 2400 source meter and an ABET Technologies 
Sun 2000 Solar Simulator calibrated to AM1.5G using a spectrally 
matched GaAs reference cell supplied by RERA Solutions. Before mea
surement a 10-minAM1.5G light soak was applied which is known to 
either depopulate or fill deep level recombination traps stabilising the 
open circuit voltage [20]. The measurements were performed when the 
cell was in a planar state, and then when flexed to a 40 mm and sub
sequent 32 mm bend radius. After flexion the device was relaxed and 
measured flat. Angle of incidence and distance from the light source 
could be expected to influence the J-V measurements when the sample 
was held in the flexed state. However, no significant change in Jsc, the 
parameter most likely affected by these factors, for each of the 8 cells 
was observed between plan and flexed measurements. To avoid cumu
lative effects of light soaking the measurements were carried out every 1 
h with a 10 min light soak before each new batch of measurements. In 
addition, the sample was held at a bend radius of 32 mm for 168 h with 
measurement at 0, 24, 48, 120, 144 and 168 h. Again, the sample was 
measured flat before and after the bending test. Additionally, external 
quantum efficiency (EQE) and capacitance voltage (C-V) measurements 
were performed before and after 168 h bending test. A Bentham PVE300 
photovoltaic spectrometer was used for EQE measurements and a 
Solartron analytical modulab model 2100A was used for C-V 
measurements. 

A sample holder was designed to measure the samples performance 
under bending. It was formed of two sliding plates fixed on two opposite 
sides, on which it was possible to apply a lateral force to achieve the 
bend radius required. This created a convex surface for the PV cells, so 
the films are considered to have been under tensive strain. 

Residual stress measurements were made with a Bruker D8 Discover 
X-ray diffraction system. The equipment was set up in a point mode with 
a polycapillary element and nickel filter. Scans were made with a 0.02�
step size, at a time of 1 s per step. The scans were over the full 0–0.45 
sin2(ψ) in both positive and negative ψ tilts to confirm the absence of 
shear stress. Peak evaluation was undertaken using the Pearson VII 
fitting and stresses were calculated using a normal stress model. The 
Diffrac, Leptos software was used to model the peaks, then the peak shift 
was changed to strain using the Poisson’s ratio of 0.2 and Young’s 

Fig. 1. CdTe layout showing the 8 � 0.27 cm2 back contacts and the two front 
contacts gold strips on opposite sides. 
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Modulus of 77000 MPa. The Poisson ratio and Young’s module was 
obtained from the cover glass manufacturers technical specification data 
sheet. This data was then plotted with strain vs the sin2(ψ) value. Stress 
was calculated by Ref. [21]: 

σ∅¼
� Е

1þ υ

�

ðhklÞ

1
d∅0

�
∂d∅ψ

∂sin2 ψ

�

(1)  

where E is the modulus of elasticity, v is the Poisson’s ratio. 

3. Results and discussion 

Fig. 1 shows the 8 � 0.27 cm2 gold back contacts are labelled ac
cording to the alphanumeric grid, identified using areas A, B, C, D and 1 
& 2. The rectangular gold strips at either side provide the common front 
contact. 

Fig. 2 shows the mean current density-voltage (J-V) performance of 8 
CdTe solar cells measured using a solar simulator. 

The cells were measured in 40 mm and 32 mm bend radius, and in a 
planar state before and after the bend curvature was applied (Fig. 3). An 
increase in average efficiency was observed when the device was 
measured in 40 mm bend radius, from 14.3% to 14.7%, although this is 

at the margin of the error bars. The same trend was observed for the Voc 
and FF, and this improvement remained when the device was relaxed to 
a planar state. Similar bend radius of 39 mm was applied for Rance et al. 
They observed a significant drop in Voc and Jsc, that led to an overall 
reduced efficiency [3]. It is suggested that the reduction seen in the 
Rance samples was because the cells were p-type doped with Cu, which 
is a faster diffuser, where the defect chemistry is heavily compensated 
and restricts the hole density to <1015 cm� 3, that consequently in
fluences the fill factor, photovoltage and efficiency [22,23]. On the other 
hand, the devices studied here were As doped, which is a much slower 
diffusing dopant and less likely to be influenced by stress, hence main
taining the Voc [24]. When the measurements were carried out in 32 mm 
bend curvature a drop in Voc and FF was observed but again this is at the 
margin of the error bars. The efficiency dropped and recovered to the 
initial state within experimental error. Moreover, the flat J-V measure
ments after 32 mm bending test showed some improvement in effi
ciency, Voc and FF, with values higher than the first measurement in a 
planar state. 

In addition, a static 32 mm bending test was performed for 168 h 
(Fig. 4). The J-V was measured before and after bending and in 32 mm 
bend radius at 0, 24, 48, 120, 144 and 168 h. The mean value of effi
ciency for 8 solar cells was 13.7% with a best cell performance of 14.1% 
for the best cell. For this work we focused on the performance of two 
solar cells (A2 and B2) with identical initial performance (Table 1) but 
located in different areas (Fig. 1). 

The average J-V performance of two solar cells, A2 and B2, measured 

Fig. 2. Average J-V results of 8 CdTe solar cells on UTG measured in different 
conditions; flat, 40 mm and 32 mm bend radius. 

Fig. 3. CdTe device on UTG placed in a sample stage showing the solar cell flat 
(a), 40 mm (b), and 32 mm bend radius (c). The error bars are the standard 
deviation of the 8 solar cells. 
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in different flexing conditions is shown in Fig. 4. The results show no 
significant variation in efficiency for both samples with time. Further
more, both samples didn’t show any degradation and measured as per 
their initial values within experimental error when the measurement 
was reset to a flat state after 168 h of bending test. 

Conflicting results were found by some authors when studying the 
evolution of solar cells when they are held under flexed conditions. 
Micro-cracks were observed after bending tests of various transparent 
conduction oxides on polyethylene terephthalate foils and proved that 
this material was not effective in flexible applications. In addition, the 
commercial flexible modules were measured and confirmed significant 
degradation, caused by a shunt resistance drop [25]. Gerthoffer et al. 
performed J-V measurements on CIGS solar cells on flexible UTG after 
bending cycles and observed an increase of the recombination rate with 
the evolution of Rsh and Jsc, probably caused by the deterioration of the 
electrical and optical properties of the window layer [10]. Kreiml et al. 
carried out cyclic bending tests on Al/Mo bilayer thin films on flexible 
substrates. They observed that the thickness ratio influences the rate of 
damage formation. Thicker Al layers promote less surface damage in the 
form of cracks, this is because the thicker Al layer can accommodate 
more plastic deformation. Additionally, they concluded that tensile 
bending induces more cracks compared to compressive bending and it is 
seen as a more severe test of performance [26]. 

Additional analysis were performed in order to further understand 
the J-V results from both solar cells, A2 and B2. Fig. 5 shows the EQE 
measurements of a CdTe solar cell on UTG measured before and after 
bending test. The cut-off in the short wavelength region is dominated by 
the bandgap of the AZO/ZnO. In the region between 450 nm and 810 nm 
the EQE of the solar cell measured after 168 h is slightly lower and this is 
consistent with the Jsc current being 0.4 mA/cm2 reduced. In addition, 
the long wavelength region shows the CdTe absorption edge at 850 nm, 
corresponding to the band gap of 1.45 eV. C-V measurements shown in 
Fig. 6 show no change in carrier density before and after 168 h bending 
test. The carrier density remains constant at 1–2 x 1016 atom/cm3, which 

Fig. 4. J-V measurements at 32 mm bend radius of two solar cells (A2 and B2) 
while under a prolonged bending test. 

Table 1 
J-V measurements of solar cells A2 and B2 in a flat state before and after 
bending.  

Solar 
Cell 

Time 
(h) 

η (%) Jsc 

(mA/ 
cm2) 

Voc 

(mV) 
FF 
(%) 

Rs (Ω. 
cm2) 

Rshunt 

(Ω.cm2) 

A2 0 14.1 
(�0.3) 

25.4 747 74 2.4 3233 

168 13.8 
(�0.3) 

24.7 745 75 2.4 3254 

B2 0 14.1 
(�0.3) 

25.4 752 74 2.4 3627 

168 14.2 
(�0.3) 

25.7 751 74 2.5 5122  

Fig. 5. External quantum efficiency of a CdTe solar cell on UTG before and 
after 168 h bending test. 
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confirms the stability of As doping following bending. 
Residual stress measurements were performed using XRD. Knowing 

the thickness and Young’s modulus of the thin film and substrate, it was 
possible to determine the stress induced in the CdTe device. The value of 
residual stress before the bending test was 48.3 � 6.5 MPa and after 168 
h of being held at a bend radius of 32 mm was 48.1 � 6 MPa. The results 
indicate that the residual strain is low when bending forces are removed, 
and no significant change was observed when the device was measured 
after the 168 h bending test, confirming the mechanical stability of this 
device under the relatively severe 32 mm bend radius. The relatively low 
internal stress in the CdTe devices reported here is indicative of the 
excellent thermal expansion coefficient (CTE) match between UTG (CTE 
¼ 6 ppm/⁰C) and CdTe (CTE ¼ 5.7 ppm/⁰C) [27]. 

A residual stress of 1.61 GPa for ZnO in ZnO/Ag/ZnO thin films 
produced by magnetron sputtering technique was reported [28]. This 
value, significantly higher, is likely due to the lower thickness of 660 
nm, in contrast to our device stack of 4 μm. According to Gerthoffer et al. 
the strain during the flexion of devices can be reduced using a substrate 
with low Young’s modulus and low thickness [29]. 

4. Conclusion 

A thin film CdTe solar cell on UTG was successfully produced with 
average efficiency across 8 � 0.27 cm2 cells reaching 14.7%. The J-V 
measurements when the solar cells were subject to a 40 mm bend radius 
showed no significant change. Additionally, a static 32 mm bending test 
was performed for 168 h to study its effect on cell performances. Both 
solar cells studied, A2 and B2, showed excellent uniformity and stability 
and no significant variation on J-V parameters was observed after the 
168 h. The sample A2 decreased slightly the efficiency value from 14.1% 
to 13.8% and sample B2 increased from 14.1% to 14.2%, both at the 

margin of the error bars. In addition, EQE and C-V measurements also 
showed no significant change in the optical and electrical properties of 
the CdTe before and after 168 h bending test. The residual stress analysis 
performed using XRD data showed that no strain was induced within the 
film after the bending test and that the overall strain was low. These 
results have demonstrated the feasibility of using the CdTe solar cells on 
UTG, where storage in a flexed state before use is beneficial or to pro
duce curved modules for different applications without compromising 
photovoltaic performance. This has demonstrated for the first time that 
these CdTe thin film solar cells on UTG can be subjected to a bend radius 
as small as 32 mm and not showing any significant deterioration in 
performance. 
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