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Overall, CdSe:Ag+ quantum dots were prepared by the successive ionic layer absorption and reaction method using two solutions:
mixing molar concentrations of 0.003mM AgNO3 and a Cd(CH3COO)2·2H2O anion to make solution 1 and 2.27 g Se powder and
0.6M Na2SO3 were dissolved in 100ml deionized water, solution 2. The FTO was coated with TiO2 nanoparticles and then was
dipped in both solutions, which created a FTO/TiO2/CdSe:Ag

+ photoanode with a thickness of 1 layer to 4 layers. The layers of
the CdSe:Ag+ film show an effect on the morphology, crystalline structure, optical properties, and photovoltaic through optical
and photovoltaic measurements. Finally, the performance of the device based on a FTO/TiO2/CdSe:Ag

+ photoanode with the
different thickness increased significantly to exactly 3.96%. Moreover, in the pattern of an explanation of the optical and
photovoltaic properties of materials, we use Tauc’s theory to determine the band gap, the conduction band, and the valence band.

1. Introduction

Quantum dot-sensitized solar cells (QDSSCs) are promi-
nently becoming as a dye sensitized for the 3rd generation
solar cells due to low cost fabrication technology, high photo-
stability, the controlled sizes [1], higher absorption coeffi-
cient [2], and the multiple exciton generation [3]. However,
the QDSSCs have reached approximately 13% performance,
which is lower than the theory limits [4]. Recently, plenty
of quantum dots (QDs) like CdS, CdSe, CdTe [5], and PbS
[6] have been widely applied in the QDSSCs because of their
unique properties [7]. It is noticeable that the CdS and CdSe
QDs have attracted considerable interest due to their optical
property stability [8], a higher conduction band (CB) than
that of TiO2 [9], low resistivity [10], and wide absorbed
spectrum [11]. However, this result was still low compared
with that of the dye-sensitized solar cells (DSSCs). The struc-
ture tandem as CdS/CdSe cosensitized was widely investi-
gated due to their wide absorption spectrum, the shift of
the absorption peak toward the visible region, and improve-
ment of the CB of a cosensitized system compared to that of

TiO2 nanoparticles. The performance of this device based
on a cosensitized system was approximately 4% [9], but
it was still low compared to that of DSSCs, mostly due to
the trapped and recombined TiO2/QDs/electrolyte tripple
interfaces [12].

In recent times, metal ions doped into the QDs can be
replaced by single QDs and a cosensitized system to reduce
achievable recombination [13–23] because it can be improved
by charge collection and transfer process. In addition, metal
ions are famous for its lowest resistance and large mobility.
For example, Nguyen and colleagues achieved a performance
of 4.22% as Cu2+ ion doped into CdSe QDs due to its good
optical and magnetic properties as compared with each other
[13]. The improved properties can be archived by doping
metal in QDs like Ref [14, 15], [19–23] that can boost absorp-
tion of photons and the current density of devices.

In this work, Ag+ ions were doped on CdSe QDs to
study the properties of devices when the thickness of the
CdSe:Ag+ layers change while the molar concentration of
Ag+ ions doped on CdSe nanoparticles was optimized at
3% for the champion device. Moreover, resistance dynamic
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was determined from an experiment J-V curve compared
with that of electrochemical impedance spectra.

2. Experiment

2.1. Materials. Na2SO3, NaOH, Cd(CH3COO)2·2H2O,
Zn(NO3)2, Na2S·9H2O, methanol, Se powder, TiCl4, and

AgNO3 were bought from Merck, and the fluorine-doped
tin oxide was bought from Dyesol.

2.2. Preparation. TiO2 paste was purchased from Dyesol in
Australia with 20 nm sized average. The fluorine-doped tin
oxide (FTO) was coated with TiO2 layers by doctor blade
and then heated to 400°C for 5 minutes, 450°C for 5 minutes,
490°C for 5 minutes, and 500°C for 30 minutes [24]. It was
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Figure 1: (a) FESEM image, (b) Cross-section, (c) TEM, (d) EDX spectrum, and (e) XRD pattern of TiO2/CdSe:Ag
+(3%)/ZnS and (f) the

Raman spectrum of photoanode with the different thickness.
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then immersed in 40mM TiCl4 for 30 minutes at 70°C.
Finally, the postheating treatment of TiO2 film was carried
out at 500°C for 30 minutes.

The TiO2/CdSe:Ag
+
film: the TiO2 film was dipped into a

Cd2+ solution (molar concentrations of 0.001mM, 0.002mM,
0.003mM, 0.004mM, and 0.005mM of AgNO3 were mixed)
and 0.5M Cd2+ solution (13.3 g Cd(CH3COO)2·2H2O was
dissolved in 100ml ethanol) for 5 minutes, rinsed 3 times with
ethanol, and dried in the air. It was then dipped into Se2+ ions
(2.27 g Se powder, 0.6M Na2SO3 were dissolved in 100ml
deionized water and added 5ml NaOH 1M). Finally, we
got 0.3M Se2+ solution at 50°C for 5 minutes, rinsed 3 times
with deionized water for 1 minute, which was noticed one
cycle. This process was repeated a total of 3 times SILAR.

The coated ZnS passivation: the TiO2/CdSe:Ag
+
film was

dipped in a mix of 0.2M Zn(NO3)2 with deionized water for
1min and rinsed with deionized water to remove ligands.
Nextly, it was dipped in a solution of 0.2 Na2S·9H2O and
methanol for 1 minute and rinsed with methanol to get a 1
cycle of SILAR. This process was repeated a total of 3 times
SILAR. The detailed preparation process of electrolyte and
counter electrode is listed in Ref [13].

2.3. Characterization. The scanning electron microscopy
(SEM) with a JEOL 7500F high-resolution scanning electron
microscope was used to determine the morphology of the
films. Their characteristic and structure were confirmed
using an X-ray diffractometer (Philips, PANalytical X’Pert,
CuKα radiation), and optical properties are recorded by
using a JASCO V-670. The J-V curves were measured (2400
Series SourceMeter, Keithley Instruments) under simulated
AM 1.5G sunlight at 100mW·cm−2. The active area of the
solar cell measured under AM 1.5G is 0.192 cm2. The J-V
scans were measured forward bias at a scan rate of
5mV·s−1. The electrochemical impedance spectroscopy
(EIS) Series G 750 was measured under dark conditions at

a forward bias of 0.75V within the frequency range of
100 kHz to 0.1Hz.

3. Results and Discussion

In order to determine the morphology of the films, we used
the FE-SEM images and cross-sectional of the previous
paper. The result shows that the porous TiO2 nanoparticles
look like a sphere and the size average of 62.5 nm and thick-
ness of the TiO2/CdSe:Ag

+ were about 13μm (Figure 1(b))
[24]. This result is also confirmed by TEM (shown in
Figure 1(c)). The CdSe:Ag+ nanoparticles in the film were
not observed in the FE-SEM, but they can be clearly seen
from TEM image. The average size of CdSe:Ag+ nanoparti-
cles was determined from Figure 1(c) approximately several
nanomet. Moreover, the EDX spectrum of the photoelec-
trode was recorded in Figure 1(d). It is immediately obvious
that the peak at 3 keV can be assigned to the characteristic of
Ag+ ions. The result shows that Ag+ ions would be doped in
CdSe QDs and effected on the photovoltaic. The typical
XRD pattern of the photoelectrode was obtained in a vac-
uum environment at 200°C with the molar atomic of Ag+

ion and CdSe QDs (3%) (shown in Figure 1(e)). The XRD
pattern was recorded many diffraction peaks in a 2θ range
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Figure 2: (a) UV-Vis spectra and (b) (αhν)2 vs. (hν) curves of TiO2/CdSe:Ag
+ with thickness from 1 layer to 4 layers.

Table 1: The parameters of CdSe:Ag+ films are determined using
Tauc plots and UV-Vis spectra.

Samples Eg (eV) X (eV) CB (eV) VB (eV)

CdSe 2.16 5.102 -4.065 -6.225

CdSe:Ag+ (1 layer) 2.0 5.102 -3.766 -5.766

CdSe:Ag+ (2 layers) 1.96 5.102 -3.786 -5.746

CdSe:Ag+ (3 layers) 1.96 5.102 -3.786 -5.746

CdSe:Ag+ (4 layers) 1.95 5.102 -3.791 -5.741
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from the 20° to 70°, which exhibits the structure of materials.
By comparing the observed XRD patterns for the prepared
film, Figure 1(e) shows the characteristic peaks of CdSe
QDs, which correspond to the standard JCPDS card No.
88-2346 for the zinc blende structure and standard JCPDS
card No. 05-0566 for the cubic phase of ZnS passivation.
This result is consistent with that observed in the zinc blende
phase [25, 26]. Figure 1(f) for the Raman spectrum of the
completed QDSSCs with thickness between 1 layer and 4
layers always gives information about the TiO2 anatase
modes at 207.7 cm-1, 416 cm-1, and 622 cm-1 positions [27]
and the TiO2/CdSe:Ag

+ cubic at 207.7 cm-1, 270 cm-1,
416 cm-1, and 622 cm-1 positions. All peaks shifted toward
the high frequency because of the strengthening CdSe:Ag+-
TiO2 associate as in those of CdSe-TiO2 associate.

To research the effect of thickness on optical properties of
TiO2/CdSe:Ag

+
films, we use the UV-Vis spectra. We can see

the differences from Figure 2(a) such as: while the thickness
varied from 1 layer to 4 layers, the diagram describes an
increase absorption intensity and shift of the absorption peak
toward long wave because of Ag+ trapping dopant inside the
band gap of CdSe QDs [28–31]. Figure 2(b) shows the Tauc
plots of CdSe:Ag+ layers, and its parameters are shown in
Table 1. The Eg of CdSe:Ag+ nanoparticles decreased from
2.0 eV for 1-layer photoelectrode to 1.95 eV for 4-layer
photoelectrode. This result shows that there was a strong
influence of the thickness on the Eg of CdSe:Ag

+
film [32].

In order to study the photovoltaic characteristic, we con-
ducted a set of the QDSSCs with different thickness (an active
area of 0.38 cm2) from 1 layer to 4 layers, and their parame-
ters are listed in Table 2. When doping, open circuit param-
eters, short circuit currents, and efficiency are increased
because the CB level of CdSe:Ag+ layers raised higher than
that of TiO2 nanoparticles (listed in Table 1 and see in
Figure 3) [24]. In the same optical properties, while 1.22%
of performance for CdSe:Ag+ 1 layer was recorded, the per-
formance of devices for CdSe:Ag+ 2 layers was sharply raised,
at 3.96%. On the other hand, the performance of QDSSCs
for CdSe:Ag+ 2 layers and CdSe:Ag+ 4 layers, which was
recorded at 3.96% and 2.11%, respectively. It is obvious that
the concentration impurities affect the properties of CdSe
nanoparticles. Briefly, the highest performance was approxi-
mately 3.96%, corresponding to 3% of Ag+ concentrations
and 2 layers of CdSe:Ag+ film. Figure 4 shows data on the
CB and the VB of TiO2 semiconductor and CdSe:Ag+ nano-
particles; some parameters are referenced from Ref [33, 34].
Generally, the charges are not easy to transfer from the CB
of QDs to TiO2 oxide because -4.5 eV of the CB level for CdSe
bulk was slightly lower than -4.3 eV of the CB level for TiO2

semiconductor bulk [22]. Therefore, in this work, Ag+ ion
was doped on CdSe nanoparticles to improve the conduc-
tion band and the absorption spectra. The graph gives infor-
mation about the conduction band, bandgap, and valence
band of CdSe:Ag+ nanoparticles, which was calculated from
Tauc’s theory. -4.102 eV of the CB level for CdSe nanoparti-
cles 1 layer and -3.786 eV of the CB level for CdSe nanopar-
ticles 4 layers raised higher than those of the CB of TiO2
nanoparticles (Figure 3). Finally, the charges can be easily
removed from QDs to TiO2. That is why the conversion effi-
ciency and current density for device champion is high, at
3.96% and at 15.36mA, respectively.

The EIS curves were used to determine the resistance
dynamic in the QDSSCs (shown in Figure 5(b)) with differ-
ent layers; the parameter values are shown in Table 2. Gener-
ally, there are two semicircles in the EIS curve, one small
semicircle at high frequency of the resistance through poly-
electrolyte/Cu2S surface (Rct1) and one large semicircle at
low frequency of the diffuse resistance through TiO2 film
and TiO2/CdSe:Ag

+ surface (Rct2) [35]. In the recorded EIS
curve, the fit process used Nova software to determine the
parameters as the resistances (Rct1 and Rct2), the capacitance
(Cμ), and the lifetime (τn). The formulas of the lifetime and
the capacitance are determined by τn = 1/ð2πfminÞ, and
Cμ = τn/Rct2 (shown in Table 2). Overall, Table 2 shows data

Table 2: The values of J-V curves and EIS with thickness from 1 layer to 4 layers.

QDSSCs JSC (mA/cm2) FF VOC (V) η (%) RS (Ω) Rct1 (Ω) Rct2 (Ω) τn (ms) Cμ (μF)

CdSe:Ag+ (1 layer) 7.46 0.44 0.38 1.22 21.29 30.77 18.92 2.38 12.25

CdSe:Ag+ (2 layers) 15.36 0.41 0.50 3.96 21.3 46.54 26.94 6.86 72.66

CdSe:Ag+ (3 layers) 12.22 0.42 0.44 2.83 24.34 193.1 81.46 5.19 86.72

CdSe:Ag+ (4 layers) 9.89 0.46 0.47 2.11 19.44 293.5 82.6 5.51 39.70
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Figure 3: Photocurrent density-voltage (J-V) curves of QDSSCs
with different thickness from 1 layer to 4 layers.
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on the proportion of the device based on TiO2/CdSe:Ag
+

photoelectrodes with the thickness of 1 layer to 4 layers,
which affects the dynamic parameters of the photovoltaic
properties. While the capacitance and lifetime of the excited
charge was higher, the 293.5 Ω of Rct1 for CdSe:Ag

+ 4-layer
photoelectrode and 82.6Ω of Rct2 for CdSe:Ag+ 4-layer
photoelectrode were always higher than those of Rct1 and
Rct2 for CdSe:Ag+ 1-layer photoelectrode, at 30.77Ω and
18.92Ω, respectively [34]. Briefly, the improvement of energy
band structure of CdSe nanoparticles as raising the conduc-
tion band reduces recombination and trapping surfaces,
shifting the absorption spectra toward longwave due to the
Ag+ dopant, which appeared inside the band gap of CdSe
nanoparticles. This result is also consistent with the results
of Ref [33, 34, 36–38].

4. Conclusions

In conclusion, the device based on TiO2/CdSe:Ag
+ photo-

anode with cycles changing from 1 to 4 was successfully
prepared using the SILAR method with the obtaining
highest efficiency of 3.96%. This result was also confirmed
by the corporation of Ag+ ion in photoelectrode, the chan-
ged sizes of QDs. The increase of the CB of the CdSe:Ag+

QDs was caused by improvement of the performance. We
also optimized the optical (Eg and lifetime τ), photovol-
taic, and electrochemical properties through the optimized
thickness of CdSe:Ag+ films, thereby raising the efficiency
of 3.96%. In order to compare with each other, we deter-
mined the values of dynamic resistances by EIS (Rs, Rct1,
Rct2, and Cμ).
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Supplementary Materials

Supplemental Figure 1: (a) FESEM image, (b) Cross-section,
and (c) XRD pattern of TiO2/CdSe:Ag+(3%)/ZnS and (d) the
Raman spectrum of QDSSCs with the different thickness.
The morphology of preparing as-photoelectrodes with 3%
doping concentration could be obtained from FE-SEM. In
addition, the compositions and structure of films could be
investigated from EDX and Raman spectra. In general, this
is the main data sets, which provided all information about
the morphology, sizes, thickness of a sandwich layer, and
structure of preparing as-photoelectrodes. Supplemental Fig-
ure 2: (a) UV-Vis spectra and (b) (αhν)2 vs. (hν) curves of
TiO2/CdSe:Ag+ with thickness from 1 layer to 4 layers. This
is the supplementary material, which supports for us to
determine the band gap of sample as getting the peak of
UV-Vis spectra, in particular, calculate the conduction band
and valence band of material. Supplemental Figure 3: photo-
current density-voltage (J-V) curves of QDSSCs with differ-
ent thickness from 1 layer to 4 layers. The performance of
the quantum dot-sensitized solar cells could be obtained
from the photocurrent density-voltage curves. This results
support for the discussion from the electrochemical imped-
ance spectra. Supplemental Figure 5: Nyquist plots of
QDSSCs with the different layers. The data set obtained from
the electrochemical impedance spectra such as Nyquist
curves and Bode phase. They used to determine resistance
dynamic, lifetime, and capacitances of the photoelectrodes
to correlate with the shift of excited electrons from quan-
tum dots to TiO2 nanoparticles, the diffusion of electrons.
(Supplementary Materials)
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In this work, the stability of unpackaged CdTe solar cells with different configurations was investigated according to the
International Electrotechnical Commission IEC 61215-2016. The measurements of thermal cycling from -40°C to +85°C and 24-
hour temperature cycling from -40°C to +85°C withstanding the effects of 20-hour penetration of 85°C were carried out in
CdS/CdTe solar cells with structures of FTO/CdS/CdTe/Au, FTO/CdS/CdTe/back contact/Au, and FTO/MZO/CdS/CdTe/back
contact/Au, respectively. The performances of these cells before and after the thermal aging experiments were investigated by
using light and dark I‐V together with C‐V . The results reveal varied performance degradation before and after thermal aging
in the cells with different structures. Among these, the most deteriorated device is the one without back contact (BC), whose
efficiency decreased by 25.12% after thermal cycling accompanying an obvious roll-over phenomenon when forward bias was
greater than open circuit voltage. On the contrary, the reduction in the efficiency was about 16.80% in the case cells with BC,
and the roll-over phenomenon was not so significant. Furthermore, for the devices with optimized front contact of FTO/MZO, the
thermal stability was improved obviously. Interestingly, short-circuit current density associated with the carrier concentration of
cells remained relatively small variations compared with the change of Voc and fill factor. All the results indicated that an efficient
back contact layer and an optimized front electrode were the indispensable structural elements to attain high stabilization in the
CdS/CdTe solar cells.

1. Introduction

The research on weather resistance of a solar cell is always
time-consuming, expensive, and thus complicated. There-
fore, it is necessary to accelerate the test process to study
the stability and failure mechanism of the solar cell under
thermal cycling, which is supposed to predict the actual evo-
lution of solar cell performance without too long duration.
This technique is of great importance in providing reliable
indications for the device design and stability optimization
of the solar cell. At present, the qualification tests of the Inter-
national Electrotechnical Commission IEC 61215-2016 and
IEC 61583 [1], such as visual inspection and thermal cycling
test, are applied to all terrestrial flat plate module materials

such as crystalline silicon and thin-film modules. The litera-
ture survey on degradation rates reported by Jordan et al.
indicated that the qualification tests have been quite success-
ful in identifying and eliminating module types that suffer
high degradation rates early in their lifetime [2]. However,
stability test experiments showed that standard device test
results cannot be used to predict the service life of cell prod-
ucts [3]. Therefore, it is necessary to prioritize studying the
factors that cause aging acceleration of a specific freshly fab-
ricated cell in a lab.

A CdTe thin-film solar cell has attracted intensive
research interests because CdTe has a direct band gap of
1.46 eV matching the energy of a solar spectrum and an
absorption coefficient as high as 10-5 cm-1 meaning 90% of
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visible light can be absorbed by CdTe with a thickness of 1
micron [4]. Although the CdTe solar cell with a new world
conversion efficiency record of 22.1% has been fabricated
successfully [5], there are still some key issues that need to
be understood with respect to the changes in device perfor-
mance operated in general open-air conditions, as defined
in IEC 60721-2-1. Generally, the failure causes of the CdTe
solar cell mainly come from the functional materials and
device configuration, especially in thickness, grain boundaries,
and internal defects of films [6–9]. On the other hand, the per-
formance of a solar cell is closely related to the properties of
the package process as well as the materials. For example,
one representative packaging material, adhesive EVA (Ethyl-
ene+Vinyl+Acetate), is supposed to be corresponding to the
possible failures that include delamination, air leakages, insu-
lation failure, and package damage [10]. The manufacture of
the CdS/CdTe solar cell includes at least 4 different processes,
specifically including a high temperature process of cadmium
telluride preparation, which means that the control of the
quality of each layer and the characteristics of the interface
is critical [11, 12]. Therefore, through in-depth study on the
correlation between the aforementioned factors and the
device performance in a certain duration under designated
conditions, the degradation mechanisms of devices might
be clarified effectively [11]. Currently, various methods have
been developed to study the stability of the cadmium tellu-
ride solar cell, including theoretical simulations and practical
tests [13–15]. For example, the stabilization was achieved to
varying degrees using either light-soaking or dark-bias
methods, and the existing IEC 61646 light-soaking interval
might be appropriate for CdTe modules [16].

Current standard tests were employed to simulate the
degradation properties of modules under outdoor operation
conditions. However, the decomposed analysis after the sta-
bility test on packaged modules will be extremely difficult.
Therefore, it is important to develop short-term experimen-
tal methods to verify the changes in the outdoor performance
of devices without the package, and the conditions of these
methods need to be adjusted accordingly to avoid unneces-
sary damages, such as humidity and insulation testing. So
far, little research was involved in the stability of the CdTe
solar cell under thermal cycling. With the change of thermal
cycling from -40°C to +85°C, the cell will be repeatedly
frosted and thawed, resulting in some complicated effects of
thermal shock on the cell chip. For study on the stability of
unpackaged devices by selecting the terms of the standard
test, there should be targeted trade-offs to avoid introducing
more uncertainties. In previous studies, we found that IEC
thermal cycling test conditions were applicable to the
unpackaged CdTe solar cell to a certain extent.

Based on the above analysis, the stabilization of
CdS/CdTe solar cells with different structures was analyzed
according to the International Standard IEC 61215-2016 test
specifications in this work. These structures were depicted as
the following: FTO/CdS/CdTe/Au corresponding to sample
1, FTO/CdS/CdTe/BC/Au corresponding to sample 2, and
FTO/MZO/CdS/CdTe/BC/Au corresponding to sample 3,
respectively. All the CdS/CdTe solar cells were subjected to
the thermal cycling tests from ‐40°C ± 2°C to +85°C ± 2°C

and 24-hour temperature cycle test with only 1 cycle from ‐
40°C ± 2°C to +85°C ± 2°C under a constant relative humid-
ity of 85%. The stability of cells with different structures has
been investigated after thermal experiments by using the
light and dark I‐V and C‐V test methods.

2. Experimental Procedure

In this work, CdS/CdTe heterojunction thin-film solar cells
with different structures were fabricated as follows: the
SnO2:F (FTO) films coated on commercial glasses commonly
used in our laboratory were selected as substrate, and
ZnO:Mg was prepared by using magnetron sputtering tech-
nology as an optional buffer layer between FTO and CdS. A
50nm thick CdS thin film was deposited by using the chem-
ical bath deposition (CBD) technique at about 85°C, followed
by the deposition of the CdTe film (~5μm) by using the
close-space sublimation (CSS) method for 4 minutes. The
CSS chamber was initially evacuated to a pressure of 5 × 10‐
2 Pa, and a mixture of 99.999% pure argon and 99.999% oxy-
gen (the oxygen partial pressure was 8%) was then charged
into the chamber to maintain a pressure of 1 kPa. The space
from substrate to source was 2mm, and the source and sub-
strate were simultaneously heated to about 650°C and 550°C,
respectively. Afterwards, CdTe films were annealed for 30
minutes with a CdCl2 source in a tube furnace preheated to
380°C under 1 atmospheric pressure of mixed N2+O2 gas
(volume ratio 4 : 1). And then, ZnTe:Cu as the back con-
tact layer was deposited by using the vacuum thermal
evaporation technique after the CdTe film was etched by
bromine methanol solution with a bromine concentration
of 0.2% for 4 s. The ZnTe and Cu powders with high purity
(99.999%) were used as evaporation sources with separate
crucibles. Two quartz crystal monitors were employed to
monitor the deposition rates of ZnTe and Cu on-line, respec-
tively. Finally, unit cells with areas of 0.5 cm2 were achieved
by depositing a 100nm thick gold electrode with a shadow
mask. The structure schematic diagram of sample 3 was
shown in Figure 1.

Aging tests including thermal cycling (from -40°C to
+85°C with different cycles) and 24-hour temperature cycle
with 1 cycle from -40°C to +85°C as shown in Figure 2 were
carried out according to IEC 61215-2016 by using a climatic
chamber produced by Hong Zhan Technology Co., Ltd. with
a programmable temperature controller having an accuracy

Figure 1: The structure of sample 3.
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of ±2.0°C attached with a suitable temperature sensor to the
front of the representative cell near the middle with means
for circulating the air inside to improve the uniformity of
the temperature field and minimize condensation on the
devices during the test. Light I‐V characteristics of CdTe
solar cells were carried out by using a Solar Cell Tester (Gsola
XJCM-9) under AM1.5 with light intensity of 1000W/m2

and temperature of 25°C according to IEC 60904-1 and IEC
TS 61836, and dark I‐V characteristics of all solar cells were
performed at room temperature by Agilent 4155C. Mean-
while, C‐V curves were obtained at room temperature via
an Agilent 4155A with a test frequency of 1MHz and scan
bias range from -1V to +1.5V.

3. Results and Discussion

3.1. Thermal Cycling

3.1.1. Visual Inspection. In this section, the inspection was
focused on the visual defects, such as warping, delamination,
bubbles, scratches, and stains in cells under an illumination
of no less than 1000 lux as defined in IEC 61215-1. Figure 3
shows the implementation of inspection. Before the demon-
stration of device performance, a laser was employed to etch
and remove the films at the edge of the electrode to eliminate
bypass collection of devices. Because of a relatively weak
adhesion between the gold electrode and the ZnTe:Cu films,
a peeling off at the edge of the back electrode usually occurred
during the etching process, which was marked with a red cir-
cle in Figure 3(a). This defect seriously affected the current

collection of the back electrode and cannot meet the specifi-
cation of the test standard, so in the later device test, cells
with partial electrode peeling off have been ignored. No other
defects as mentioned above were found in the electrode of
other cells. Figure 3(b) displays the back of cells through
the glass side, and a uniform and dark black colour with no
red or yellow spot, no scratch, or no damage can be observed,
meaning that a uniform and complete cathode in the cell has
been obtained.

3.1.2. Light I‐V Characteristics. The accelerated thermal cycle
tests were conducted on 16 unit cells with designated struc-
tures fabricated from one batch to determine the ability of
them to withstand thermal mismatch, fatigue, and other
stresses caused by repeated changes of temperature, as shown
in Figure 3. After 100 thermal cycles, 5 cells from sample 1
failed and the reasons of the failure included the aforemen-
tioned electrode peeling off. As for the cells from sample 2
and sample 3, 2 cells of each group failed. The I‐V curves
of the representative cells before and after thermal cycling
were shown in Figure 4. Note that for the cells that under-
went thermal cycling, the I‐V measurement was carried out
after 1 hours’ recovery time at 23°C.

From Figure 4, a roll-over phenomenon of current-voltage
characteristics near the open circuit voltage of sample 1 can be
observed obviously, which was due to a metal-semiconductor
barrier caused by a nonohmic contact between CdTe and Au
because of the work function of CdTe ~5.5 eV greater than
that of most metals, including gold ~5.1 eV as the back elec-
trode in this work [17]. As the number of thermal cycles
increased, the fill factor (FF), short-circuit current (Jsc), and
open circuit voltage (Voc) of sample 1 kept declining. After
100 thermal cycles, FF, Jsc, and Voc of cells from sample 1
decreased by 10.11%, 5.90%, and 11.48%, respectively, even-
tually resulting in a degradation in conversion efficiency (η)
of 25.13% compared with the initial η as shown in Figure 5.
No roll-over phenomenon near Voc of sample 2 and sample
3 was perceived in Figures 4(b) and 4(c) under illumination.
After 100 thermal cycles, FF, Jsc, and Voc of sample 2
decreased by 8.2%, 4.1%, and 5.6%, respectively, resulting in
a degradation in η of 16.80% as compared with the initial η
while the corresponding parameters of sample 3 reduced by
6.2%, 7.1%, and 0.1%, respectively, accompanied by a 10.6%
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Figure 2: The profile of one cycle time: (a) thermal cycling and (b) 24-hour temperature cycle.
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Figure 3: The visual inspection of front (a) and back (b) sides of
cells (the view of the right area observed through convex lens)
under 1000 lux of fluorescent light.
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reduction in conversion efficiency. The above changes in
performances of sample 2 and sample 3, especially in series
resistance, should be attributed to a good back contact
ZnTe:Cu between CdTe and Au which can effectively reduce
the contact barrier and eliminate the influence of the
Schottky junction [18]. As MZO layer was introduced
between FTO and CdS, the initial performance of sample 3
was lower than that of sample 2.

In our other work, the CdTe cell with conversion effi-
ciency exceeding 16% has been achieved when introducing
MZO as an optimized buffer layer [19]. In Kephart et al.’s
report, MZO has completely replaced the window layer
CdS with a further optimized structure [20].However, in this
work, in order to compare the stability of devices with differ-
ent configurations, the thicknesses of the functional layers
were kept the same and the device performance was therefore
not optimized. Interestingly, the stability of sample 3 was
superior, especially reflected by the almost unchanged Voc
after 100 thermal cycles. However, Jsc degradation of sample
3 was more severe close to 7.1% as compared to that of sam-
ple 2. This indicated that the MZO absorbed some of the
photons which were supposed to be entering CdS/CdTe het-

erojunction and induced an extra barrier between FTO and
CdS, which resulted in an increased electron reflection.

Meanwhile, the fluctuation of Jsc was much smaller than
that of other parameters of all the samples. During the ther-
mal cycling, the cooling process will cause obvious decrease
in the minority carrier concentration, while as temperature
increases, the short-circuit current increases moderately
owing to an improvement of contact performance by alleviat-
ing the residual stress between the layers in the cell and an
increase in lifetime and diffusion coefficient of photogener-
ated carriers. Furthermore, the reverse saturation current I0
increased greatly with an increase of thermal cycling num-
bers as analyzed later, revealing that after a thermal cycle,
the change of the carrier was irreversible. Therefore, a shift
in the current-voltage curve of the cell was negligible, where
the degradation in η of all cells exceeding 10% was not only
related to the influence of the grain boundary on the diffusion
of dopants, impurities, electromigration of charged atoms,
and self-compensation effect during thermal cycling but also
related to the water vapor in the environment that will enter
the interior of unpackaged cells causing a considerable dam-
age to CdS/CdTe heterojunction [12].
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Figure 4: Comparison of light J‐V curves of (a) sample 1, (b) sample 2, and (c) sample 3 before and after different cycles of thermal cycling.

0 40 80

8

10𝜂
 (%

)

12

14

Sample 1
Sample 2
Sample 3

Temperature cycle numbers

0 40 80

50

55

60

65
FF

 (%
)

(a)

0 40 80
20

22

24

26

Temperature cycle numbers

0 40 80

600

700

800

J sc
 (m

A
/c

m
2 )

V
oc

 (m
V

)

Sample 1
Sample 2
Sample 3

(b)

Figure 5: The photovoltaic parameters of cells as a function of thermal cycling numbers: (a) η and FF; (b) Jsc and Voc.

4 International Journal of Photoenergy



3.1.3. C‐V Characteristics. As shown in Figure 6, the capaci-
tance of the cell with the nonlinear characteristic increased
obviously when forward bias was greater than 0.3V, while
the capacitance decreased when bias increased in the vicinity
of Voc (0.8V), which correspond to an inversion region. The
capacitance tended to be saturated when bias was less than
0.3V, especially in reverse bias, assigned to an accumulation
region. As the number of thermal cycles increased, the capac-
itance variation of sample 1 and sample 2 became signifi-
cantly larger than that of sample 3, which was closely
related to the change of the p‐n junction region. The struc-
ture of the CdTe thin-film solar cell can be equated to a plate
capacitor, and its physical properties such as doping concen-
tration ND, depletion region width XD, and built-in electric
field VD can be explained by the C‐V characteristic [21, 22].

Under the condition of depletion layer approximation,
the barrier capacitance CT of CdTe/CdS considered as an
abrupt heterojunction is depicted as the following:

CT =
Aεrε0
XD

,

CT = A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εrε0qND

2 VD −Vð Þ

s
,

ð1Þ

where A is the cell area, the relative dielectric constant εr of
CdTe is about 9, and the vacuum permittivity ε0 is 8:85 ×
10‐12 F/m. Simply change the above formula to get the fol-
lowing formula:

1
C2
T

=
2VD

A2εrε0qND

−
2V

A2εrε0qND

: ð2Þ

Then, differentiate the above formula:

d 1/C2
T

� �
dV

=
2

A2εrε0qND

: ð3Þ

ND and VD can be obtained from the slope and intercept
by fitting the straight line portion of the 1/C2~V relationship
curve plotted in Figure 6 under a bias range of 0.4V~0.6V,
respectively. All the values of XD, ND, and VD were listed
in Table 1.

These parameters of sample 1 and sample 2 were consid-
erably different from those of sample 3. Taking the change of
XD at a forward bias of 0.6V as an example, XD of sample 1
increased by 45.45%, 23.63%, and 40.00% after 25, 50, and
100 cycles, respectively. Meanwhile, XD of sample 2 and sam-
ple 3 increased by 7.69%, 27.69%, and 35.38% and -8.77%,
3.50%, and 3.50%, respectively. It was worth noting that ND
and VD of the samples decreased as XD increased after ther-
mal cycles, and the change trend of ND and VD was basically
the same as that of Jsc and Voc described above, respectively,
which means that the thermal shock has a significant effect
on the minority carrier concentration and electric field
strength inside p‐n heterojunction.

3.1.4. Dark I‐V Characteristics. Dark current was very small
and relatively insensitive to variation at a bias less than
0.4V, especially under reverse bias, while dark current
increased exponentially as forward bias exceeding 0.4V as
depicted in Figure 7. However, significant differences in dark
current variations of cells with different configurations can
be observed clearly as a function of thermal cycling num-
bers. When forward bias was greater than 0.4V, dark current
of sample 1 rose rapidly with an inflection point defined as
roll-over phenomenon at a bias around 0.6V. As the num-
ber of thermal cycles increased, roll-over phenomenon
became more obvious. However, the change of dark current
of sample 2 was still small at a bias closed to 0.6V, and no
roll-over phenomenon of current can be observed even
when bias increased to 0.8V. For sample 3, its current had
risen by a certain amplitude near 0.6V, but a very small
inflection point can be perceived at a bias exceeding 0.7V.
Furthermore, a relatively obvious roll-over phenomenon
was presented after the number of thermal cycles increased
to 100 times.
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Figure 6: Comparison of C‐V and C‐2‐V curves before and after different cycles of thermal cycling: (a) sample 1, (b) sample 2, and (c) sample 3.
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The above changes might be analyzed by using the
current-voltage equation of ideal p‐n junction in the dark
state described as follows:

I = I0 eq V−IRsð Þ/AKT − 1
� �

+
V − IRs
Rsh

, ð4Þ

where I0 is dark reverse saturation current, K is Boltzmann’s
constant, A is defined as the diode ideality factor representing
the diffusion and recombination current components, Rs is
series resistance, Rsh is shunt resistance, and in this work T
is 298K. Before thermal cycling, A of all samples was around
2.0 as listed in Table 1, indicating that the junction current
was mainly composed of recombination current [23, 24].
After 100 cycles of thermal cycling, A of sample 1 increased
to 5.76, indicating that the carrier transport has changed to
the hot-electron emission mechanism. The dark reverse satu-

ration current density J0 of sample 1 increased by 3 orders of
magnitude while that of sample 2 and sample 3 increased by
321% and 29%, respectively, meaning CdS/CdTe heterojunc-
tion was destroyed to some extent. The evolution of dark cur-
rent was attributed to varying barrier height exposed by the
change of Rs at the interface of the cell [25]. In this case, car-
riers needed extra energy to “climb” the barrier, resulting in a
significant decrease in the amount of electrons which arrived
at the back electrode by the hot-electron emission mecha-
nism. Furthermore, when a back contact layer was intro-
duced into devices, as shown in Figure 7(b), the roll-over
phenomenon of sample 2 was well suppressed. While MZO
was introduced as a buffer layer between FTO and CdS, J0
of sample 3 remained a relatively small variation as the num-
ber of thermal cycling cycles increased, but a slight roll-over
phenomenon can be perceived, which was due to an increase
of Rs caused by MZO. These conclusions were consistent
with the results discussed above.

Table 1: Dark I‐V and C‐V parameters of samples before and after thermal cycling.

Sample Experimental condition A J0 (mA/cm2) XD (μ) ND (1014 cm-3) VD (V)

1

Initial 2.10 2:59 × 10−11 0.65 1.36 0.65

After 25 temperature cycles 2.34 4:05 × 10−11 0.70 1.29 0.60

After 50 temperature cycles 3.01 1:786 × 10−10 0.83 1.22 0.66

After 100 temperature cycles 5.76 1:85 × 10−8 0.88 1.28 0.66

2

Initial 1.98 8:55 × 10−12 0.55 1.30 0.60

After 25 temperature cycles 2.20 2:09 × 10−11 0.80 1.24 0.74

After 50 temperature cycles 2.22 4:7 × 10−11 0.68 1.14 0.59

After 100 temperature cycles 2.20 3:6 × 10−11 0.77 1.24 0.68

3

Initial 2.12 3:52 × 10−11 0.57 1.37 0.56

After 25 temperature cycles 2.10 2:54 × 10−11 0.52 1.32 0.52

After 50 temperature cycles 2.14 3:84 × 10−11 0.59 1.24 0.51

After 100 temperature cycles 2.36 4:54 × 10−11 0.59 1.27 0.53
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Figure 7: Comparison of dark current-voltage curves before and after different cycles of thermal cycling: (a) sample 1, (b) sample 2, and (c)
sample 3.
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3.2. 24-Hour Temperature Cycle. The 24-hour temperature
cycle test (1 cycle from -40°C to +85°C) was conducted on
samples with the aforementioned structure, named as sam-
ples 1, 2, and 3, respectively, and the parameters derived
from light I‐V curves of these samples were listed in
Table 2. After the 24-hour temperature cycle, FF, Jsc, Voc,
and η of sample 1 decreased by 6.2%, 1.8%, 9.5%, and
16.7%, respectively, and the corresponding parameters of
sample 2 and sample 3 decreased by 6.1%, 1.3%, 4.9%, and
12.0% and 5.6%, 1.4%, 2.5%, and 9.1%, respectively. Com-
pared to the change of other parameters of all samples, the
variation of Jsc was very weak. The parameter variation of
sample 3 was consistent with the results of the above thermal
cycling experiments. This further verified that a back contact
layer was critical to the stability of the CdS/CdTe solar cell,
and a composite front electrode was also conducive to
potentially improve cell stability.

4. Conclusion

In summary, the effects of thermal shock according to the
IEC standard on the stability of the unpackaged CdTe solar
cell with different structures were analyzed while the reasons
of cell performance degradation were also discussed. The
experimental results showed that there were significant dif-
ferences in the change of parameters of cells under different
aging conditions. The main junction CdS/CdTe of the cell
was destroyed in the absence of buffer layers close to front
and back electrodes. Therefore, the cell with a structure of
FTO/MZO/CdS/CdTe/BC/Au demonstrates an optimized
stability among solar cells with different configurations,
which mean that an efficient back contact layer and a com-
posite front electrode are the indispensable structural ele-
ment to attain high stability in the CdS/CdTe solar cell.
However, the test results also expose that the introduction
of the buffer layer between front electrode and CdS is a dia-
lectical consideration. These conclusions not only are condu-
cive to the study on CdTe solar cell stability but also provide a
certain experimental basis for standard test and outdoor
applications of CdTe solar cell.
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In order to explore the influence of vibration that the vehicles are often subjected on water management of PEMFC, the dynamic
characteristics of vibrating droplet on gas diffusion layer (GDL) surface were investigated through a high-speed image technology.
The operating condition of vertical and horizontal excitations separately or coupled with air flow under different frequencies and
amplitudes are applied on the substrate, so that the laws for the transition from Wenzel-Cassie regime to Cassie regime and the
contact angle, the deformation rate for the width and height are obtained. It is observed that the wetting diameter of the droplet
is smaller than the initial value under vertical vibration, making it easier for the gas to discharge the water droplets from the
PEMFC. For the horizontal excitation, the droplet is pulled apart when the applied energy exceeded the cohesive energy at
elevated frequency and amplitude. Moreover, as to the interaction of vibration and air flow, the droplet was more likely to move
forward under the gas-driven force.

1. Introduction

With the steady promotion of public awareness on environ-
mental protection and sustainable development, fuel cells
will become the major power options to replace the tradi-
tional fossil energy in the future. Among all kinds of fuel
cells, the proton exchange membrane fuel cell (PEMFC)
has a very wide range of application in military and civil
fields, such as aerospace industry, deep-sea submarines, sta-
tionary and portable power sources, or transportation sector,
because it offers low operating temperatures, high energy
conversion efficiency, rapid cold start-up, no pollution, long
service life, and compact structure [1, 2]. As an alternative
vehicular power train, the PEMFC has extensive market
prospect in automotive application, the world’s major car
manufacturers in recent years have launched their new
PEMFC models. From 2013 to the end of 2017, the PEMFC
passenger cars’ global sales totaled 6,475 vehicles, 3,382 of

which were sold in 2017, accounting for 52.23% of the total
sales [3].

In the actual road conditions, the PEMFCs in vehicles are
often subjected to the harsh dynamic situations accompanied
with mechanical vibration and shock. Passenger vehicles
generally experience vibrations in the range of 8-16Hz due
to the unevenness of the road and the oscillation of the axel
and wheel with the suspension system [4]. The long-term
vibration behaviors may cause and exacerbate the defects of
PEMFC components, such as pinholes, cracks, and delami-
nation, having influence on the performance, durability,
and reliability of the PEMFC stack [5, 6]. Therefore, the effect
and function mechanism of vibrations on PEMFCs have
gained more and more attention from researchers, mainly
by means of experiments and numerical simulations for
further insight.

Rajalakshmi et al. [7] subjected a 500W PEMFC stack to
shocks, random and swept-sine excitations by using a
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vibrating platform at various frequencies and different accel-
eration in three axe directions. The electrochemical perfor-
mance of the stack is in good agreement before and after
the vibration and shock tests, showing the mechanical integ-
rity of the system, and a posttesting stack inspection shows a
minor compression force release at the bolts. Diloyan et al.
[8] experimentally investigated the effect of different con-
stant mechanical vibration conditions on platinum particle
agglomeration and growth in the catalyst layer of a
Membrane Electrode Assembly (MEA) for a PEMFC with a
25 cm2 active surface area. By using 300h accelerated tests
and transmission electron microscopy (TEM), they came to
the conclusion that the average diameter of Pt particles under
vibration is 10% smaller than the ones without vibration con-
ditions. Hou et al. [9–13] conducted a series of long-term
strengthened road vibration studies on PEM fuel cell stack
with a road simulation test bench and a six-channel multiax-
ial simulation table. They analyzed and determined the
negative changes in gas tightness, electrical insulation, char-
acteristic parameters (open circuit voltage V0, Tafel slope b,
and ohmic resistance R), steady-state efficiency, and hydro-
gen utilization, as well as performance degradation of the fuel
cell stack in detail.

Another part of related studies in the published works is
mainly focused on numerical simulations. Ahmed et al. [14]
developed a three-dimensional finite element model of a
PEMFC for the free vibration analysis. They modelled the
PEMFC as a laminated composite plate composed of a mem-
brane, gas diffusion electrodes, and bipolar plates and then
investigated the relationship between natural frequency and
material thickness, Young’s modulus, and density for each
component layer. Banan et al. [15] established a two-
dimensional model based on the cohesive element approach
to predict the delamination and crack evolution at the mem-
brane/catalyst layer interface in PEMFCs. After a parametric
study, they found the effects of amplitude and frequency of
applied vibrations as well as initial delamination length on
damage propagation. Al-Baghdadi [16] created a model
about the natural frequencies and mode shapes of the PEM
fuel cell stack to discuss how the natural frequency varies as
a function of material properties and thickness of the stack
components, number of cells, and misalignment during
assembly process under a vibration environment.

However, the transport of liquid water under vibration
conditions in PEMFCs remains an area of research in prog-
ress. Breziner et al. [17] failed to run a custom-made fuel cell
stack with a clear window in the cathode side and replaced it
with a commercial, 36 cm2 single cell to investigate the influ-
ence exerted by frequency and acceleration of vibration on
the overall fuel cell performance. They conjectured that the
decay could be due to an alteration of water transport in
the MEA. Santamaria et al. [18] experimentally characterized

water droplet motion and adhesion on GDL materials in the
presence of vibration. They designed a simplified experimen-
tal setup to consider only GDL and liquid interface effects.
Moreover, they concluded that vibration leads to liquid redis-
tribution that causes an increased wetting diameter and
reduced height, resulting in up to a 15% higher net force
required for removing water from PEFC GDL materials.
Sellman and Santamaria [19] on this basis added a single
Lexan channel mounted on the vibration stage to simulate
two-phase flow. The results show that flow-channel detach-
ment velocity is increased for higher vibration scenarios
potentially due to altered droplet aerodynamics and net
adhesion force. This work uses ex situ experimental tech-
niques to progressively investigate the dynamic characteris-
tics of vibrating droplet on GDL surface under vertical and
horizontal excitations separately or coupled with air flow
through high-speed image technology, which is motivated
by the performance fluctuation of the PEMFC from the in
situ experiment.

2. Experimental Methods and Apparatus

At first, an in situ experiment was performed to investigate
the effect of PEMFC performance under mechanical vibra-
tion. As to the PEMFC, a commercially available Nafion®
211 membrane with an active area of 25 cm2 and SGL-25BC
carbon papers of which the porosity was 80% and the air per-
meability was 1.0 cm3/(cm2·s) were chosen. The Pt catalyst
loading of both cathode and anode sides was 0.5mg cm−2.
For under the vibrational frequency of 25Hz, the amplitude
of 2.5mm and the PEMFC operating conditions are summa-
rized in Table 1; after repetitive tests, a sudden rise in cell
voltage while loading vibration was obtained. According to
this law, the influence of vibration on the performance of
the vehicle stack will be more obvious under the condition
of a large area and multiple cells. Therefore, we designed
an ex situ test platform with an image acquisition system
to explore the critical condition of the vibrating droplet on
GDL surface.

2.1. Experimental Setup. The image acquisition system con-
sists of a high-speed camera (OLYMPUS i-SPEED TR), a
macro lens (OLYMPUS SZ61), an auxiliary light, and a com-
puter. The high-speed camera is equipped with a macro lens
so as to collect clearer real-time images, as is displayed in
Figure 1(a). There are two kinds of light sources employed
in this test shown in Figures 1(b) and 1(c): one is the halogen
light source, as the backlight for observing the dynamic
behavior of vibrating droplet on GDL surface, can avoid
the uneven color distribution caused by photochromatic
migration. The other is the LED light (LG-150E), serving
as a reflection light source. The vibration generator can
provide horizontal excitations and vertical excitations in

Table 1: The experimental operating conditions.

Current density (mA/cm2) Temperature (°C) Stoichiometry (air/H2) Relative humidity (air/H2)

300 65 2/1.2 0/0
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the frequency range from 1Hz to 600Hz with the maximum
displacement of 5mm, capable of acceleration amplitude up
to 20 g. It can be used to simulate the real vehicle vibration
frequencies ranging from 17Hz to 40Hz with the maximum
amplitude of 0.95 g during its operation [20, 21]. In this
paper, each experiment was repeated three times under sta-
ble test condition control to avoid accidental phenomena.

2.2. Description of the Experimental Test Platform. Figure 2
exhibits the schematic diagram of the droplet vibration tests
which were realized by using the vibration generator, the
image acquisition system, and the mass flow controller. The
GDL substrate was tightly seated to the vibration generator
and illuminated by a cold light source with a high-speed cam-
era mounted opposite to record the movement of water drop-
let under vibration conditions. In view of the diameter of
water droplets in the gas flow channels of PEMFC which
was usually between 0.6mm and 1mm, we used a pipettor
to put the deionized water droplet on the surface of GDL
and fixed a nozzle 2mm away from the droplet with a diam-
eter of 0.8mm, which was connected to the mass flow meter
in order to control the gas flow rate.

3. Results and Discussion

Due to the strong hydrophobicity of the diffusion layer sur-
face in PEMFC, the water generated by the reaction exists
in the form of droplets on the GDL. From Figure 3(a), the
droplets will present different contact forms for the low sur-
face flatness and the uneven distribution of PTFE as well as
different pore structures of GDL. Figure 3(b) shows the infil-
trating state of the droplets on the rough surface, which are
the Wenzel regime, the Cassie regime, and the Wenzel-
Cassie regime, respectively [22, 23]. The water produced by
PEMFC breaks through the GDL and reaches the surface,
which exists briefly in the regime of Wenzel, and then, the
droplets will be in the form of Wenzel-Cassie [19]. As to a
droplet in the Wenzel-Cassie regime, it receives the vibration
energy Ek, the adhesion power between the droplet and GDL
surface Ea, and the cohesion force Er generated when the
droplet is stretched.

For a vibration device with vibrational frequency f and
amplitude A, the energy transmitted to the droplet through
the vibration is given as follows [24]:

Eko ∝
1
2 ρV 2πf Að Þ2: ð1Þ

The kinetic energy transferred to the droplet by vibration
is as follows:

Ek = k ⋅
1
2 ρV 2πf Að Þ2, ð2Þ

where k is the energy transfer efficiency, ρ is the density of the
droplet, V is the volume of the droplet, f is the vibrational
frequency, andA is the amplitude. It is necessary to overcome
the adhesion power between the droplet and solid surface to
realize the transition of the droplet state on GDL surface:

Ea = γ1ν 1 + cos θð ÞΔA: ð3Þ

When Ek < Ea, the droplet cannot change from the
Wenzel-Cassie regime to the Cassie regime, while Er > Ek >

(a)

(b)

(c)

Figure 1: The photographs of the high-speed camera and light source.

GDL

Droplet

High-speed
camera

Halogen
Nozzle
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Motor
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Droplet

High-speed
camera
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Nozzle

Motor

Vibration table

Figure 2: The schematic diagram of droplet vibration experiment.
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Ea, the droplet starts the transition from the Wenzel-Cassie
regime to the Cassie regime.

3.1. Dynamic Performance of the Droplet under Vertical
Vibration. It was found in the experiment that as the vibration
amplitude increased, there were three different situations
when the vertical vibration at a certain value of frequency

was applied to the surface ofGDL. In Figure 4(a), the vibration
deformation of the droplet on GDL was too small to start the
transition from the Wenzel-Cassie regime to the Cassie
regime while the input frequency was 20Hz and the ampli-
tude was 1mm. Keeping the same frequency and gradually
increasing the amplitude to 2mm, the droplet would be
snapped during oscillation, leaving a trail behind. As shown

(a)

𝜃c𝜃w 𝜃wc

(b)

Figure 3: (a) The carbon paper and droplet and (b) different contact patterns of droplet on the GDL.

(a)

(b)

(c)

Figure 4: Under the vertical vibration frequency of 20Hz, different amplitude conditions, the movement of droplets on the surface of GDL.
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in Figure 4(b), after falling back to the GDL surface, the drop-
let could not break away again for cyclic motion. It can be
observed from Figure 4(c) that when the amplitude was
increased to 2.5mm, the vibrational energy of the droplet
could overcome the adhesion power between droplet and
GDL surface so that the droplet was completely separated
from the gas diffusion layer to achieve the transition from
the Wenzel-Cassie regime to the Cassie regime.

If the vibration amplitude remained unchanged and the
frequency was variate, the vibrating mode of the droplet
had the similar variation trend as that under the same fre-
quency. From Figure 5, it can be found that after vibrating
at an amplitude of 2mm and the frequencies added from
15Hz to 30Hz, the vibration of the droplet became apparent
and the droplet accomplished the transition from the
Wenzel-Cassie regime to the Cassie regime at a larger
frequency. For the water management of the PEMFC,
Figures 4(c) and 5(c) are ideal state as the droplets completely
bounced off the GDL surface and were easily blown away
under a small gas flow rate.

The deformation rate is a parameter to quantitatively
measure the deformation extent of the droplet with time. In
this work, the gradient of the wetting diameter D/D0 and
the height H/H0 during the droplet vibration were analyzed

in real time, where D0, D, H0, and H represent the wetting
diameter and height of the droplet at rest or under vibration,
respectively. Figure 6(a) shows the maximum height of the
droplet increasing with the augmentation of amplitudes,
and the droplet height presents a periodical change with the
cycle of vibrating motion at a constant frequency of 20Hz.
When the amplitude was 1mm, the height of the droplet
deformed little, while the droplet being vibrated at an ampli-
tude of 2mm, its height reached two different maximum
values, which were 1.8 h0 and 1.6 h0 within 60ms. The peak
value came up to 3.0 h0 with the amplitude added to
2.5mm. Furthermore, there was a correspondence between
the gradient of the wetting diameter and the height of the
droplet. When the wetting diameter reached the maximum
value, the corresponding height of the droplet was the mini-
mum as shown in Figure 6(b).

To observe how the frequencies influence the wetting
diameter and the height of the droplet at a constant ampli-
tude of 2mm, the results of the experiments are exhibited
in Figure 7. The maximum of the droplet height gradually
rises along with the increase of frequency; also, the vibrational
frequencies of the droplet were different under various driving
frequencies. When the driving frequency was 15Hz, which
was basically consistent with the vibrational frequency, the

(a)

(b)

(c)

Figure 5: Under the vertical vibration amplitude of 2mm, different frequency conditions, the movement of droplets on the surface of GDL.
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droplet always contacted with the GDL surface. With the rise
of driving frequency to 20Hz and 30Hz, the wetting diameter
was decreased to 0 during 11-27ms and 12-20, 43-58ms so
that the vibrational frequencies were corresponding to 22Hz
(T = 45ms) and 32Hz (T = 31ms), different from the driving
frequencies.

The gradient of the maximum height of droplet under
different frequencies was obtained by calculating the average
value of the maximum height of droplet in three cycles under
various frequencies and amplitudes. As shown in Figure 8,
the gradient of the droplet height increased with the augmen-
tation of frequency at the same amplitude, especially under

large amplitude (2.5mm), and the gradient of the maximum
height of droplet enhanced rapidly. When the vibrational
frequency was greater than 15Hz and the amplitude was
2.5mm, the droplet was separated from the surface of
GDL. When the frequency was greater than 20Hz and the
amplitude was 2mm, the droplet broke away from the
GDL surface.

3.2. Dynamic Performance of the Droplet under Horizontal
Vibration. Under a constant horizontal frequency of 20Hz
from Figure 9, it can be seen that while the amplitude was
increased to 2mm, the droplet showed a tendency of fracture
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Figure 7: The change rate of the droplet with time under different frequencies: (a) height of droplet and (b) wetting diameter of droplet.
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Figure 6: The change rate of the droplet with time under different amplitudes: (a) height of droplet and (b) wetting diameter of droplet.
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at 10ms and left a water film on the surface of GDL, stretch-
ing the wetting diameter between the droplet and GDL
surface longer. With the rise of amplitude to 2.5mm in
Figure 9(c), the droplet would be snapped during the expan-
sion, leaving a trail, because the bottom of the droplet was
still attached to the micropores of the GDL due to its viscosity
and the applied energy exceeded the cohesive energy of the
droplet so that the droplet was pulled off to form a new small
droplet. For an 8μL droplet, keeping the same amplitude
at 2mm and inputting a changing vibrational frequency
(less than 7Hz), the variation trend was similar as the case
above, as shown in Figure 10.

The static contact angle of the droplet changes under the
condition of horizontal vibration. The contact angle corre-
sponding to the front contact point is known as the advanc-
ing contact angle θA, and that corresponding to the rear
contact point is called the receding contact angle θB. The
difference between the advancing contact angle and the
receding contact angle (θA‐θB) is contact angle hysteresis.

Figure 11 exhibits the periodic changes of the advancing
contact angle (θA) and the receding contact angle (θB). As
the vibration moved to the right from the equilibrium posi-
tion, the advancing contact angle of the droplet increased
gradually and reached the maximum value of 172° when
the vibration arrived at the far-right end. Accordingly, the
receding contact angle decreased gradually to the minimum
value of 80° and the contact angle hysteresis (θA‐θB) gradu-
ally enhanced in the process just as 0-17ms in Figure 11(b).
As mentioned above, the wetting diameter of the droplet
became larger so that the adhesion force between the droplet
and GDL rose up. Therefore, even if the contact angle of the
droplet increased to the maximum, the droplet did not scroll
on the GDL. When the vibration moved from the far-right
end to the far-left end, the advancing contact angle of
the droplet gradually decreased to the minimum value of
76°, but the receding contact angle gradually enhanced to
the maximum value of 165°. While the advancing contact

angle reduced to equal to the receding contact angle, the
droplet was in the equilibrium position. At this point,
the wetting diameter of the droplet was smallest and the
height was largest.

Under a larger amplitude, the shape of the droplet chan-
ged significantly so that the advancing contact angle and the
receding contact angle of the droplet could not be measured
accurately. Therefore, the shape of the droplet was repre-
sented by its wetting diameter. Figure 12 shows the variation
of the droplet wetting diameter with time under the fre-
quency of 20Hz and the amplitude of 2mm as well as
2.5mm. The wetting diameter of the droplet changed irregu-
larly with the vibration. When the amplitude was 2mm, the
wetting diameter of the droplet was larger than the initial
diameter. There were more water molecules entering the
micropores of the GDL, adding the adhesion force between
the droplet and GDL. With the augmentation of the ampli-
tude to 2.5mm, the wetting diameter of the droplet gradually
decreased in the initial stage. At 21ms, the droplet was pulled
apart to form a small droplet which vibrated in the new posi-
tion and after that, the wetting diameter first decreased and
then increased.

Figure 13 clearly indicates the displacement of the droplet
central point varying with time under different amplitudes.
With the rise of amplitude, the maximum displacement of
the droplet gradually increased and the displacement of the
droplet increased and decreased correspondingly with the
recirculation of the vibration in the horizontal direction.
At the amplitude of 1mm, the maximum displacement in
the positive direction was close to that in the negative direc-
tion, both of which were 0.5mm. It indicated that the drop-
let did not slip on the GDL surface. When the amplitude
increased to 2mm, the positive displacement (1.4mm) of
the droplet central point was greater than the negative dis-
placement (0.6mm) so that the droplet slid. As the ampli-
tude added up to 2.5mm, the droplet fractured at 21ms
and then the formed droplet would reciprocate in the new
equilibrium position.

3.3. Dynamic Performance of the Air Flow-Induced Droplet
under Vibration. Above all, several experiments about the
dynamic performance of the air flow-induced droplet with-
out vibration were performed. The movement of the 8μL
water droplet on GDL surface at different air velocities of
2.76m/s, 3.39m/s, 3.9m/s, and 4.52m/s is shown in
Figure 14. From Figures 14(a) and 14(b), it can be observed
that at a low gas flow rate, the receding contact angle of the
droplet gradually decreased and the advancing contact angle
gradually increased over time, because the force that the gas
put on the droplet was less than the adhesion force between
the droplet and GDL, which prevented the droplet from leav-
ing the GDL surface and formed a small water film. As the
flow rate increased to 3.9m/s, the tail of the droplet was
stretched as shown in Figure 14(c). When the flow rate
reached 4.52m/s, the drag force of the gas made the droplet
forming a slender column, the front of the droplet contacted
with the GDL, and the tail was suspended in the air. At this
moment, although the drag force was not enough to over-
come the adhesion force between the droplet and GDL, it
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Figure 8: The maximum gradient of droplet height at different
frequencies.
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exceeded the cohesion force of the droplet so that the droplet
suspended in the air was pulled apart.

To discuss the motion characteristics of the droplets with
different volumes on GDL surface, the droplets of 6μL, 8μL,
and 10μL at the air velocity of 5m/s were investigated in
Figure 15. The 6μL droplet completely broke away from
the GDL, and the bottom of the 8μL and 10μL droplets
fractured and migrated on the surface of GDL. In addition,

the wetting diameter of the 10μL droplet was larger com-
pared with the 8μL droplet. This was because the gravity
and adhesion force of the droplet tiny in size were small,
and the force of the gas could overcome the adhesion force
and gravity of the droplet under a larger gas flow rate, making
the droplet float above the GDL.

Furthermore, the surface properties of the GDL also
affect the movement of the droplet. Figure 16 shows the

(a)

(b)

(c)

Figure 9: Under the horizontal vibration frequency of 20Hz, different amplitude conditions, the movement of droplets on the surface
of GDL.

(a)

(b)

(c)

(d)

Figure 10: Under the horizontal vibration amplitude of 2mm, different frequency conditions, the movement of droplets on the surface
of GDL.
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movement of the 6μL droplet on the surface of dry or wet
GDL at the gas flow rate of 5m/s. On the dry GDL surface,
the bottom of the droplet separated from the GDL under
the gas-driven force and moved forward. While on the wet
GDL surface, the contact angle of the droplet became smaller
and the wetting diameter as well as the adhesion force of the
droplet increased, making it difficult for the droplet to break
away from the GDL surface. The droplet was elongated and
fractured under the gas-driven force, forming several small
droplets on the GDL surface.

Taking the vibration into account, the direction of the
vibration is also an important factor to the movement of

the droplet. Figure 17 shows the movement of the 6μL drop-
let on GDL surface under the interaction of vertical vibration
and air flow at a frequency of 20Hz and an amplitude of
1.5mm. According to the above analysis, the droplet could
not start the transition from the Wenzel-Cassie regime to
the Cassie regime under this condition, but the height of
the droplet changed. The gas flow rate was 2m/s, less than
the critical velocity of the water droplet. It can be seen from
the picture that the droplet could not break away from
GDL under the gas-driven force in the first 20ms. After
34ms, the vibration provided an upward force for the droplet
to be stretched, the wetting diameter between the droplet and
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Figure 11: The variation of the droplet with time at the frequency of 20Hz and the amplitude of 1mm: (a) contact angle and (b) contact angle
hysteresis.
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GDL became shorter, and the height of the droplet increased.
At the same time, the gas-driven force on the droplet
enhanced so that the droplet bounced off the GDL surface
at 74ms. It should be pointed out that when the vibration

provided a downward force to the droplet, the height of
the droplet decreased while the contact line and the adhe-
sion force became larger; meanwhile, the gas-driven force
reduced, making it difficult for the droplet to break away

(a) (b) (c) (d)

Figure 14: The movement of 8μL droplet on GDL surface under different air velocities.

(a)

(b)

(c)

Figure 15: The movement of different volume droplets on GDL surface at air velocity of 5m/s.

(a)

(b)

Figure 16: The movement of droplets on the surface of dry or wet GDL at air velocity of 5m/s.
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from the GDL. The same thing happened when the drop-
let stopped vibrating.

The movement of an 8μL droplet on GDL surface under
the interaction of horizontal vibration and air flow at a fre-
quency of 20Hz and an amplitude of 1mm was shown in
Figure 18. The gas flow rate was 2m/s, less than the critical
velocity of the water droplet. Under the effect of the gas, the
contact angle of the droplet changed (t = 11ms); when the
vibration was opposite to the direction of the gas-driven force
on the droplet, the droplet moved from right to left in the
horizontal direction (t = 43ms) and could not overcome
the adhesion force to break away from the GDL. When the
vibration was in the same direction as the gas-driven force
on the droplet, the droplet was elongated (t = 58ms); at
68ms, the droplet was pulled off and moved forward under
the effect of the gas on the surface of GDL.

4. Conclusions

The PEMFCs in vehicles are often subjected to the harsh
operation environment accompanied with mechanical vibra-
tion in the actual road conditions. In this paper, we designed
an ex situ test platform with an image acquisition system to
explore the dynamic characteristics of the vibrating droplet
on GDL surface. It was found in the study that when the ver-
tical vibration amplitude was 2.5mm and the frequency was
greater than 15Hz or the amplitude was 2mm and the fre-
quency was greater than 20Hz, the droplet was completely
separated from the GDL surface to achieve the transition
from the Wenzel-Cassie regime to the Cassie regime. The
wetting diameter of the droplet was smaller than the initial
diameter for a long time during an oscillation cycle, which
made it easier for the gas to discharge the droplets from the
PEMFC. While the horizontal vibration amplitude was
2.5mm and the frequency was larger than 20Hz or the
amplitude was 2mm and the frequency was larger than
30Hz, the applied energy exceeded the cohesive energy of
the droplet in the expansion process, resulting in the droplet
being pulled apart. For the amplitude and frequency larger
than 1mm and 10Hz, the wetting diameter of the droplet
enhanced and there would be more water molecules going
into the micropores of the GDL. As to the movement of the
droplet on GDL surface under the interaction of vibration

and air flow, the droplet was easier to move forward under
the gas-driven force. At the same time, the wetting diameter
of the droplet added up after vibrating, making it necessary to
increase the gas flow rate to achieve the purging effect. The
content investigated in this paper is a fundamental under-
standing of the liquid behavior on GDL under mechanical
vibration. It has a certain reference value for the water man-
agement of PEMFCs in the actual road conditions.
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