541 5 4 ) A5 2 KRR Vol. 41, No. 4
2022 4 8 1 J. Infrared Millim. Waves August, 2022

XEHS: 1001-9014(2022)04-0659-09 DOI: 10. 11972/j. issn. 1001-9014. 2022. 04. 001

Photoelectrochemical properties of sputtered n-type CdTe thin films

CAO Meng"*, YU Bin', ZHANG Xiang’, XU Cheng-Gang’, ZHANG Shan’, SUN Li-Ying",
TAN Xiao—Hongz, JIANG Yu—Cheng5 ,  DOU Jia-Wei’, WANG Lin-Jun™°

(1. State Key Laboratory of Nuclear Power Safety Monitoring Technology and Equipment, China Nuclear Power
Engineering Co. , Ltd. , Shenzhen 518172, China;
2. School of Materials Science and Engineering, Shanghai University, Shanghai, 200072, China;
3. Key Laboratory of infrared imaging materials and detectors, Shanghai Institute of Technical Physics, Chinese
Academy of Sciences, Shanghai, 200083, China;
4. Intensive Care Unit, Yangpu District Shidong Hospital, , Shanghai 200438, China;
5. School of Physical Science and Technology, Suzhou University of Science and Technology, Suzhou 215009, China;
6. Zhejiang Institute of Advanced Materials, SHU, Jiashan 314113, China)

Abstract: In this paper, n-type CdTe thin films were prepared by sputtering method. The morphology, structure
and optical properties of n-type CdTe thin films deposited with different time and the influence of film thickness
and annealing process on the photoelectrochemical (PEC) characteristics of n-type CdTe thin films were studied.
The experimental results demonstrated that CdTe thin films with sputtering time of 25 min had better PEC perfor-
mance. Annealing process could enhance the PEC properties of deposited n-type CdTe thin films. When CdTe
thin films were coated with saturated CdCl,solution and annealed in vacuum at 400 °C, the photocurrents of n-
type CdTe thin films achieved 301 wA/cm’.
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Introduction

Fossil resources, such as petroleum, coal and natu-
ral gas, are greatly needed in modern society. However,
they will be exhausted ultimately with the large-scale ex-
ploitation and utilization. Renewable energy, such as so-
lar energy, wind energy and so on, have attracted great
attention because of their clean and reusable features.
Solar power generation and hydrogen production are im-
portant ways of renewable energy utilization. Cadmium
telluride (CdTe) has a suitable bandgap (1.5 eV) and
high absorption coefficient (10* cm™) in the visible light
range "', Then, it has been used as an excellent absorp-
tion layer in thin film solar cells. As the second lowest-
cost material after silicon in the solar cells market, CdTe
thin film solar cells have achieved the conversion efficien-
ey of 21.5%"". As an absorption layer of photocathode
for photo-electro-chemistry (PEC) solar energy water
splitting, CdTe photocathode achieved the photocurrent
about (24.5 +0.5) mA em™™.

However, most of the studies are focused on p-type
CdTe for their solar cells and solar energy water splitting
applications . Even though n-type CdTe are also inves-
tigated *'* , little studies have been performed on PEC
properties of n-type CdTe. During the water splitting pro-
cess, H' ions are reduced at the surface of p-type CdTe
and O ions are oxidized at the surface of n-type CdTe.
As known, CdTe can be prepared using various tech-
niques like electrodeposition "', spray pyrolysis "', ra-
dio frequency sputtering "', close spaced sublimation
and vacuum evaporation , metal organic chemical va-
por deposition . In this paper, PEC properties of n-
type CdTe thin films were prepared by sputtering meth-
od, which can obtain compact CdTe thin films with good
quality.

Then, the PEC properties of n-type CdTe thin films
deposited with different time were studied in this paper.
And the effect of annealing process on the PEC properties
of n-type CdTe thin films was also investigated under illu-
mination of AM 1.5 G, which was contributive to expand
their applications on photoelectric devices.

[15]

1 Experiments

N-type CdTe thin films were deposited by RF mag-
netron sputtering method at room temperature and a Cd-
rich CdTe compound target (99.999%) was used. Be-
fore depositing the n-type CdTe thin films, FTO sub-
strates were ultrasonically cleaned by acetone, ethanol
and distilled water for 30 minutes. The cleaned FTO was
dried with N,, covered with plastic wrap and placed in
the oven for drying. The background pressure before
sputtering was less than 8. 0x10™ Pa. Argon (99.99%)
was admitted under control at gas flow rate of 25 scem
(standard cubic centimeter minute) through a needle
valve. The sputtering pressure was fixed at 1.2 Pa.
CdTe layer was deposited on FTO substrates with the
sputtering power of 150 W for 15 ~ 30 min.

The structural properties of n-type CdTe thin films
were characterized by X-ray diffraction (XRD, D/

MAX2550). Morphologies of n-type CdTe thin films
were measured by scanning electron microscopy (SEM,
FEI Sirion 200). Compositional ratios were determined
by EDS systems attached to the SEM. The optical proper-
ties were studied using an ultraviolet-visible spectropho-
tometer (Jasco UV-570). The valence states of n-type
CdTe thin films were determined by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo SCIEN-
TIFIC). During the XPS measurement, the excitation
source was Al Ka and Cls was used as a referencing of
the binding energy. The energy of X ray was 1486. 6 eV
and X-ray tube voltage was15 kV. The size of analyzed
area was 500 pwm’ and the current was 10 mA. Analysis
chamber background vacuum was 2X10” mbar and charg-
es were compensated by electron neutralization gun.

The electrical test and PEC test of CdTe thin film
were carried out with three electrode workstation
(chi600b ). CdTe thin film on FTO was used as the work-
ing electrode, Ag/AgCl electrode (1M KCI) was used as
the reference electrode and platinum wire (Pt) was used
as the counter electrode. The AM 1.5 standard sunlight
simulator (Oriel 91159A, 100 mW/cm®) was used as
light source with spot size of 50 X 50 mm. 0.5 M Na,SO,
solution with pH of 1 ~ 10 was used as the test solution.
The I-V curves were measured in the range of -0.8 V
(Ag/AgCl) ~ 0.8V (Ag/AgCl) with scanning speed of
0.01V/s and scanning time of 400 s. The I-T curves
were measured at a constant voltage of 0. 6V (Ag/ AgCl)
with a scanning speed of 0. 0lv/s. In the process of im-
pedance test, a mixed solution of 0.1 mol/L. potassium
chloride (KC1), 5 mmol/L potassium ferricyanide (K,Fe
(CN),), 5 mmol/L potassium ferrocyanide (K,Fe(CN),)
was used as the test solution. The test voltage was -0. 4~
0.4V, the input frequency was 962 Hz and the scanning
rate was 0. 01 V.

2 Results and discussions

2.1 Physical properties of deposited n—typeCdTe
thin films

Figure 1 shows the morphologies of n-type CdTe
thin films sputtered with time from 15 mins to 30 min. It
indicates that the surfaces of CdTe thin films are very
compact and the average crystalline sizes are increased
slightly with the increasing of deposition time. The cross
sectional morphologies also present that compact CdTe
thin films have been prepared. As measured from a pro-
filometer, the thicknesses of CdTe thin films are 116,
218, 338 and 557 nm when the deposition time are 15,
20, 25 and 30 min, respectively. EDS measurements in-
dicate that the compositional ratios of Cd: Te at deposi-
tion time of 15, 20, 25 and 30 min are 51. 06: 48. 94,
51.33: 48.67, 51.24: 48.76, 51.51: 48.49, respec-
tively. It indicates that Cd rich CdTe thin films have
been deposited. Figure 2 presents the structural proper-
ties of CdTe thin films analyzed according to XRD pat-
terns. In the XRD patterns, except for the peaks of
Sn0O, from FTO substrates, the other peaks correspond to
CdTe. The diffraction peaks at 260 =23.7° | 39.2° and
45. 4° correspond to the (111), (220) and (200) planes
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Fig. 1 Surficial and sectional SEM images of n-type CdTe thin
film with deposition time (a) 15 min, (b)20 min, (c)25 min,
(d)30 min, (e)20 min, (f)30 min.
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Fig. 2 XRD patterns of n-typeCdTe thin film with deposition
time (a)15 min, (b)20 min, (¢)25 min, (d)30 min
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Figure 3 (a) shows the UV-Vis diffuse reflection
spectra of n-type CdTe thin films sputtered with different
time. N-type CdTe thin films have obvious absorption in
the visible light range from 300 to 800 nm. From the dif-
fuse reflection spectra, the band gaps of CdTe thin films
can be calculated according to the Eq. 1:

ahv=K(h-E,)" , (1)
where « is the optical absorption coefficient, hv is the
photoelectron energy, E, is the band gap width, and K is
a constant of the material. In Fig. 3(b), the band gaps of

n-type CdTe thin films are determined to be 1.55 eV,
1.53eV, 1.52eV, 1.51eV, respectively. Figure 4 pres-
ents the XPS spectra of n-type CdTe thin films. It can be
seen that Cd and Te exist in the films. The binding ener-
gies at 582.7 and 572.2 eV correspond to Te*3d,, and
Te™3d,,"". The width between Te*3d,, and Te*3d,, is 10
eV, which indicates that Te exists as Te” in n-type CdTe
films. The peaks at 575. 18 eV and 585. 52 eV show that
TeO,exist in CdTe thin films. The peaks at 411.7 eV
and 405.0 eV correspond to Cd3d,, and Cd3d,,. The
width between Cd3d,, and Cd3d,, is 6. 7 eV, which indi-

cates that Cd” is existed in n-type CdTe films """,
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Fig. 3 Diffuse reflection spectra of n-type CdTe thin film with
deposition time (a) UV-Vis diffuse reflection spectra, (b) band-
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2.2  Photoelectrochemical properties of n-—type
CdTe thin films

The conductive type of the film can be judged by lin-
ear scanning the volt-current characteristic curves, and
the light-dark curves of the films under different voltages
can be obtained by continuously cutting the light under
AM1. 5 light. In Fig. 5 (a), the IV curves of CdTe thin
films were measured from -0. 8 V to 0. 8V under acidic,
alkaline and neutral conditions. It can be seen from
Fig. 5 (a) that the photocurrent density is larger when
the sample is forward biased, which indicates that the
conductivity type of the CdTe thin films is n-type. Figure
5(b) presents the I-T curves of CdTe thin films. A con-
stant voltage of 0.6 V (Ag/AgCl) is applied during the
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measurement, and the scanning speed is 0.01 V/S.
From the I-T curves, it can be calculated that the aver-
age photocurrent densities of CdTe thin films under acid-
ic (pH=1), alkaline (pH=10), and neutral (pH=7) con-
ditions are 60, 148, and 25 wA/cm’. It can be seen that
different test environments have a great effect on the pho-
tocurrent values of the CdTe thin films. The photocurrent
in acidic conditions is relatively unstable, which may be
due to the dissolution of the CdTe thin films in the acidic
environment and then causes the damage of the CdTe
thin films. By comprehensively comparing the I-V and I-
T data graphs in the three pH environments, it indicates
that the alkaline environment is a more suitable mea-
surement environment. It is because of that an oxygen
evolving photoanode material must be an n-type semicon-
ductor, such that the electric field generated by band
bending drives holes toward the surface. Due to a poten-
tial drop across the Helmholtz layer, the positions of the
Fermi level of semiconductors shift up by the adsorption
of excess H'/OH species . Then, the reducing power
of electrons (i. e., a more negative electrode potential )
will be increased by increasing the solution pH. There-
fore, the rate of photocatalytic reaction increases at high-
er pH values. Then, the alkaline environment is selected
to measure the PEC properties of n-type CdTe thin films.
Figure 6(a) is the I-V curves of CdTe thin films de-
posited with different sputtering time in alkaline environ-
ment, which also confirms that n-type CdTe thin films
have been achieved. From the I-T curves in Fig. 6(b),
it can be calculated that the average photocurrent densi-
ties enlarge from 48 wA/cm®, 130 wA/cm®, 148 wA/cm’
to 146 wA/cm’with the increasing of deposition time from
15 to 30 min. Under the same bias voltage, the photocur-
rent densities of CdTe films are first increased and then
decreased with the increasing of film thickness. When
the thicknesses of CdTe films are small, the corrosion of
electrolyte solutions will damage the surface of CdTe
films rapidly, which will lead to a significant change of
the surface morphology and composition of CdTe films.
But it does not contribute to the transportation and sepa-
ration of photogenerated carriers, if the thickness of
CdTe films is too large. In these experiments, the photo-
currents of the films with the deposition time of 25 min
and 30 min are relatively stable without significant atten-
uation. The photocurrent curves of the films with deposi-
tion time of 15 min and 20 min show a decay trend,
which may be due to the severe corrosion of the thinner
thickness of n-type CdTe thin films. From Fig. 6, it can
be concluded that the optimal sputtering time is 25 min.
Using the open circuit voltage as the input voltage, the
electrochemical impedance spectroscopies of the films
were tested in the same solution, and the electrochemical
polarization complex plane diagrams (Nyquist diagram)
were presented, as shown in Fig. 7. The electrical prop-
erties can be calculated from the diagram in Fig. 7 (a).
The characteristic parameters R, R,, C,and o are deter-
mined, it can be seen that the solution ohmic resistance
R, of the CdTe thin films with different sputtering time ba-
sically does not change, all being around 37.5 (), while
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Table 1 performance parameters of CdTe thin film with different deposition time
R1 AR B LR E R RS
Compositional ratios of Photocunrent densitiy/ the flat band
Deposition time/min Thickness/nm Bandgap/eV ) R /Q
Cd:Te rA/em : potential/V
15 116 51.06:48. 94 1.55 48 354.93 0. 357
20 218 51.33:48.67 1.53 130 376. 11 0.363
25 338 51.24:48.76 1.52 148 341.55 0. 380
30 557 51.51:48.49 1.51 146 417.20 0.377

the data of the charge transfer resistance R, of the sam-
ples have obvious changes. The R, values of CdTe thin
films deposited at sputtered duration of 15, 20, 25 and
30 min are 354.93 Q, 376.11 Q, 341.55Q, and
417.20 Q, respectively. Among them, the R, value of
the sample with a sputtering time of 25 min is the small-
est, which is 341. 55 Q). The smaller R values, the bet-
ter of PEC properties of CdTe thin films. the Compared
with other samples, the sample with a sputtering time of
25 min has better film electrical properties. In order to
further understand the electrical properties of the prod-
ucts, Mott-Schottky test was performed on CdTe films
with different thicknesses. The test voltage is -0. 4 to 0
V, and the input frequency is 962 Hz. The intersection
of the tangent of the curve and the X axis is the flat-band
potential. The flat-band potential of a semiconductor is
an important factor in explaining the charge transfer pro-
cess across the semiconductor-electrolyte junction of the
cell. It can be seen from Fig. 7(b) that the slopes of the
curves are all positive, which indicates that the conduc-
tivity types of the films are all n-type. The flat band volt-
ages of the samples with different sputtering time are

0.357 V, 0.363V, 0.380 V and 0.377 V, respective-

ly. The change of flat band potential may be due to the
surface states presented on CdTe films. And higher flat
band potential is contributive to improve the photocatalyt-
ic properties of CdTe films. Based on Fig. 7, it can be
seen that the sample with a sputtering time of 25mins has
better film electrical properties than other samples. It in-
dicates that 25 min is a relatively suitable sputtering time
for n-type CdTe thin films. The performance parameters
of CdTe thin film with different deposition time have been
summarized in Table 1.

N-type CdTe thin films with deposition time of 25
min were annealed under different temperatures in vacu-
um. Figure 8(a) shows the I-V curves of annealed n-type
CdTe thin films, which were measured in an alkaline en-
vironment (pH=10). After annealing process, CdTe thin
films are still n-type. Figure 8 (b) shows the I-T curves
of CdTe thin films annealed with different temperatures
in vacuum. It can be seen from the Fig. 8 (b) that the
photocurrent densities are 158 wA/cm?,

183 wA/cm?®, 225 pA/em’at the annealing tempera-
tures of 350 C, 375 °C and 400 ‘C. When the annealing
temperature exceeds 400 °C, CdTe thin films will disap-
pear from the FTO substrates due to the evaporation of
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the relative thin CdTe films. With the increasing of an-
nealing temperature from 350 ‘C to 400 ‘C, EDS mea-
surements indicate that the compositional ratios of Cd: Te
in CdTe thin films are 49.08: 50.92, 48.47. 51.53,
47.47: 52.53, respectively. The annealing process will
lead to the evaporation loss of Cd in CdTe thin films. As
previously discussed in Sect. 3.1, Cd has higher atomic
composition than Te regardless of the thin film thickness
used in this work. It has been reported by researchers
that Cd-rich CdTe thin films are n-type while Te-rich
CdTe thin films are p-type *'". However, despite the loss
of Cd after annealing process, which makes the atomic
composition of Te to be higher than Cd in CdTe thin
films, the materials still remain n-type as seen in Fig. 8
(a). This therefore shows that EDS technique may not be
a suitable technique to qualitatively ascertain the electri-
cal conductivity type of semiconductors. Figure 9 (a)
shows the I-V curves of CdTe thin films annealed in nitro-
gen atmosphere at 400 ‘C. CdTe thin films are still n-
type at this condition. I-T curves in Fig. 9 (b) indicate
that the average photocurrent density of the sample is cal-
culated to be 152 wA/cm®. Even though the photocurrent
value is obviously larger than that of the as-deposited
samples, it is smaller than that of n-type CdTe thin films
annealed in vacuum. Besides, the photocurrent is de-
cayed obviously after annealed in nitrogen atmosphere.

Table 2 PEC properties of different annealing conditions

®2 AREIBAEHTHEER

EDS measurements indicate that the compositional ratio
of Cd: Te is 45.36: 54. 64 when CdTe thin film is an-
nealed in nitrogen atmosphere. It indicates that the ele-
ment Cd in CdTe thin films will evaporate during the an-
nealing process, which leads to the decreasing of the pho-
tocurrents of CdTe thin films . Annealing in nitrogen
atmosphere will cause more loss of Cd element than in
vaccum. Then, saturated

CdCl, solution was applied onto the surface of CdTe
thin films and then annealed in vacuum at 400 °C. Fig-
ure 9 (b) indicates that the photocurrent of annealed
CdTe thin films after applying saturated CdCl, condition
is greatly enhanced, which reaches 301 pwA/ecm®. EDS
measurements indicate that the compositional ratio of Cd:
Te is 53.55: 46.45. Then, it can be concluded that,
the compositional ratio of Cd element in CdTe thin films
has a great influence on the photocurrent values and their
stabilities, as shown in Table 2. But the conductive
types of CdTe thin films are not changed by the composi-
tional ratio of Cd element. Cd-rich CdTe thin films have
better PEC properties, which can be achieved by apply-
ing saturated CdCl, solution onto the surface of CdTe thin
films and annealed in vacuum. Besides the element of
Cd, the influence of O element at the surface of the sam-
ple was also investigated. The EDS mappings of O were
presented in Fig. 10. It can be seen that the distribution

Annealing condition Vacuum 350°C Vacuum 375°C Vacuum 400°C N, . CdCl.z
annealing annealing
photocurrent densitiy/( wA/em®) 158 183 225 152 301
Compositional ratios of Cd:Te 49.08:50. 92 48.47:51.53 47.47:52.53 45.36:54. 64 53.55:46.45




666 EANP/ RS IR 3 S 3 41 %
Or il i -100 | - A
" |
2 - M | .
0 A1 -200F 1
f
-400F [
| -300f
1 ,1‘
6001 |
£ W g
< _gook! ©
3 b i it N3 : N,
g g -1007 0% B g
5 E— Hdddddnddridadidddd
£ E
5 2 200}
O o
E 5
Q Q
-300} ‘
~400 ‘ IHHHHT
AT i I
-600 €dcl, ——Cddl,
08 06 04 02 00 -02 -04 06 —08 0 200 400
Potenticl/V Time/s
(€] (b)

Fig. 9 PEC properties of n-type CdTe thin film annealed in different conditions(a) I-V, (b) I-T.
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of O element on the surface of CdTe film turns denser
when CdTe thin films were annealed in N, atmosphere.
The elemental compositional ratio of O: Cd: Te in CdTe
thin films annealed in vacuum, CdCl, coated CdTe thin
films annealed in vacuum, and CdTe thin films annealed
in N, atmosphere are 20.15: 38.9: 38.31; 20.05:
42.28:37.67; and 23.05:39.74, :37.22, respective-
ly. CdTe thin films annealed in N, atmosphere have more
O content at the sample surface, which may be due to the
fact that some O are mixed into the N, atmosphere, even
though high pure nitrogen (99.99%) is used in the an-
nealing process. From the EDS mapping, we really find
that O element is segregated to grain boundaries at the
surface of CdTe thin films. The existence of O at the sur-
face of CdTe thin films will also decrease the PEC proper-
ties of CdTe thin films. Beside these, the other studies
have reported the surface modification of CdTe thin
films, such as fabrication of CdTe/CdS PN junction. The
presence of this junction should improve the charge sepa-
ration and the deep valence band maximum of CdS also
enhances charge separation by suppressing the diffusion
of holes to the photocathode surface . Deposition of
TiO, and Pt can also enhance the photocurrents and sta-
bilities of CdTe thin films ***'. For n-type CdTe, deposi-
tion of p-type window layer, such as CdS: Cu, is also
worthy of studies in detail. The PN junction of p-type
CdS: Cu/n-type CdTe can also enhance the PEC proper-
ties of n-type CdTe thin films .

3 Conclusions

N-type CdTe thin films have been fabricated by sput-
tering method and its PEC properties were studied. CdTe
thin films have better PEC properties under alkaline elec-

(2) (b)

©

Fig. 10 EDS mapping of O in n-type CdTe thin film annealed
in different conditions (a) annealed in vacuum, (b) CdCl, coat-
ed n-type CdTe annealed in vacuum, (c) annealed in N, atmo-

sphere
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trolyte solution, which confirms its n-type properties.
The thickness of sputtered CdTe thin films increased
from116 nm to 557 nm when the deposition time is in-
creased from 15 to 30 min. The photocurrents of n-type
CdTe thin films can reach 148 wA/cm’® when the sputter-
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ing time is 25min. The photocurrent densities are 158
pA/em?, 183 pA/em®, 225 wA/cm’when the annealing
temperatures are 350 C, 375 °C and 400 °C in vacuum,
respectively. When n-type CdTe thin films were coated
with saturated CdCl,solution and annealed in vacuum at
400 °C, its photocurrents can be enhanced to 301 wA/
cm’. The PEC properties of n-type CdTe thin films can be
further improved by fabrication of suitable PN junctions,
which still needs further studies.
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