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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 CdCl2 solution and annealed in vacuum at 400 °C，the photocurrents of n-

type CdTe thin films achieved 301 μA/cm2.
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摘要：采用溅射法制备了 n型碲化镉薄膜。研究了不同沉积时间制备的 n型碲化镉薄膜的形貌、结构和光学

性质，以及薄膜厚度和退火工艺对 n型碲化镉薄膜光电化学特性的影响。实验结果表明，溅射时间为 25 min
的碲化镉薄膜具有较好的PEC性能。退火工艺可以提高沉积的 n型碲化镉薄膜的光电化学性能。当用饱和

氯化镉溶液涂覆碲化镉薄膜并在真空中 400 ℃退火时，n型碲化镉薄膜的光电化学性能最佳，光电流达到 301
μA/cm2。
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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 greatattention because of their clean and reusable features.Solar power generation and hydrogen production are im⁃portant ways of renewable energy utilization. Cadmiumtelluride（CdTe）has a suitable bandgap（1. 5 eV）andhigh absorption coefficient（104 cm-1）in the visible lightrange［1-4］. 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，CdTethin film solar cells have achieved the conversion efficien⁃cy of 21. 5%［5］. As an absorption layer of photocathodefor photo-electro-chemistry（PEC） solar energy watersplitting，CdTe photocathode achieved the photocurrentabout（24. 5 ± 0. 5）mA cm-2［6］.However，most of the studies are focused on p-typeCdTe for their solar cells and solar energy water splittingapplications［7］. Even though n-type CdTe are also inves⁃tigated［8-10］，little studies have been performed on PECproperties of n-type CdTe. During the water splitting pro⁃cess，H+ ions are reduced at the surface of p-type CdTeand O2- ions are oxidized at the surface of n-type CdTe.As known，CdTe can be prepared using various tech⁃niques like electrodeposition ［11］，spray pyrolysis ［12］，ra⁃dio frequency sputtering ［13-14］，close spaced sublimationand vacuum evaporation ［15］，metal organic chemical va⁃por deposition ［16］. 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 goodquality.Then，the PEC properties of n-type CdTe thin filmsdeposited with different time were studied in this paper.And the effect of annealing process on the PEC propertiesof n-type CdTe thin films was also investigated under illu⁃mination of AM 1. 5 G，which was contributive to expandtheir applications on photoelectric devices.

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，ethanoland distilled water for 30 minutes. The cleaned FTO wasdried with N2，covered with plastic wrap and placed inthe oven for drying. The background pressure beforesputtering was less than 8. 0×10 -4 Pa. Argon（99. 99%）was admitted under control at gas flow rate of 25 sccm

（standard cubic centimeter minute） through a needlevalve. The sputtering pressure was fixed at 1. 2 Pa.CdTe layer was deposited on FTO substrates with thesputtering power of 150 W for 15 ~ 30 min.The structural properties of n-type CdTe thin filmswere characterized by X-ray diffraction （XRD， D/

MAX2550）. Morphologies of n-type CdTe thin filmswere measured by scanning electron microscopy（SEM，FEI Sirion 200）. Compositional ratios were determinedby 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-typeCdTe thin films were determined by X-ray photoelectronspectroscopy（XPS，ESCALAB 250Xi，Thermo SCIEN⁃TIFIC）. During the XPS measurement，the excitationsource was Al Kα and C1s was used as a referencing ofthe binding energy. The energy of X ray was 1486. 6 eVand X-ray tube voltage was15 kV. The size of analyzedarea was 500 μm2 and the current was 10 mA. Analysischamber background vacuum was 2×10-9mbar and charg⁃es were compensated by electron neutralization gun.The electrical test and PEC test of CdTe thin filmwere carried out with three electrode workstation
（chi600b）. CdTe thin film on FTO was used as the work⁃ing electrode，Ag/AgCl electrode（1M KCl）was used asthe reference electrode and platinum wire（Pt）was usedas the counter electrode. The AM 1. 5 standard sunlightsimulator（Oriel 91159A，100 mW/cm2） was used aslight source with spot size of 50 × 50 mm. 0. 5 M Na2SO4solution 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 of0. 01V/s and scanning time of 400 s. The I-T curveswere measured at a constant voltage of 0. 6V（Ag / AgCl）with a scanning speed of 0. 01v/s. In the process of im⁃pedance test，a mixed solution of 0. 1 mol/L potassiumchloride（KCl），5 mmol/L potassium ferricyanide（K3Fe
（CN）6），5 mmol/L potassium ferrocyanide（K4Fe（CN）6）was used as the test solution. The test voltage was -0. 4∼0. 4 V，the input frequency was 962 Hz and the scanningrate was 0. 01 V.
2 Results and discussions
2. 1 Physical properties of deposited n-typeCdTe
thin filmsFigure 1 shows the morphologies of n-type CdTethin films sputtered with time from 15 mins to 30 min. Itindicates that the surfaces of CdTe thin films are verycompact and the average crystalline sizes are increasedslightly with the increasing of deposition time. The crosssectional morphologies also present that compact CdTethin 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 havebeen 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 ofSnO2 from FTO substrates，the other peaks correspond toCdTe. The diffraction peaks at 2θ =23. 7°、39. 2° and45. 4° correspond to the（111），（220）and（200）planes

of CdTe thin films.

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：

αhv=K(hv-Eg)1/2 , （1）
where α is the optical absorption coefficient，hv is the
photoelectron energy，Eg is the band gap width，and K isa 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 beseen that Cd and Te exist in the films. The binding ener⁃gies at 582. 7 and 572. 2 eV correspond to Te2-3d3/2 andTe2-3d5/2［18］. The width between Te2-3d3/2 and Te2-3d5/2 is 10eV，which indicates that Te exists as Te2- in n-type CdTefilms. The peaks at 575. 18 eV and 585. 52 eV show thatTeO2 exist in CdTe thin films. The peaks at 411. 7 eVand 405. 0 eV correspond to Cd3d3/2 and Cd3d5/2. Thewidth between Cd3d3/2 and Cd3d5/2 is 6. 7 eV，which indi⁃cates that Cd2+ is existed in n-type CdTe films［19］.

2. 2 Photoelectrochemical properties of n-type
CdTe thin filmsThe conductive type of the film can be judged by lin⁃ear scanning the volt-current characteristic curves，andthe light-dark curves of the films under different voltagescan be obtained by continuously cutting the light underAM1. 5 light. In Fig. 5（a），the IV curves of CdTe thinfilms were measured from -0. 8 V to 0. 8V under acidic，alkaline and neutral conditions. It can be seen fromFig. 5（a） that the photocurrent density is larger whenthe sample is forward biased，which indicates that theconductivity type of the CdTe thin films is n-type. Figure5（b）presents the I-T curves of CdTe thin films. A con⁃stant voltage of 0. 6 V（Ag/AgCl）is applied during the

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.
图 1 不同沉积时间的 n 型碲化镉薄膜表面形貌和截面形貌
（a）15 min，（b）20 min，（c）25 min，（d）30 min，（e）20 min，
（f）30 min

Fig. 2 XRD patterns of n-typeCdTe thin film with deposition
time（a）15 min，（b）20 min，（c）25 min，（d）30 min
图 2 不同沉积时间 n型碲化镉薄膜的X射线衍射图谱（a）15
min，（b）20 min，（c）25 min，（d）30 min

Fig. 3 Diffuse reflection spectra of n-type CdTe thin film with
deposition time（a）UV-Vis diffuse reflection spectra，（b）band-
gap spectra
图 3 不同沉积时间 n 型碲化镉薄膜的反射图谱（a）漫反射
谱，（b）光学带隙谱
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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 μA/cm2. It can be seen thatdifferent test environments have a great effect on the pho⁃tocurrent values of the CdTe thin films. The photocurrentin acidic conditions is relatively unstable，which may bedue to the dissolution of the CdTe thin films in the acidicenvironment and then causes the damage of the CdTethin films. By comprehensively comparing the I-V and I-
T data graphs in the three pH environments，it indicatesthat the alkaline environment is a more suitable mea⁃surement environment. It is because of that an oxygenevolving photoanode material must be an n-type semicon⁃ductor，such that the electric field generated by bandbending drives holes toward the surface. Due to a poten⁃tial drop across the Helmholtz layer，the positions of theFermi level of semiconductors shift up by the adsorptionof excess H+/OH- species ［20］. Then，the reducing powerof 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 selectedto 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 filmshave been achieved. From the I-T curves in Fig. 6（b），it can be calculated that the average photocurrent densi⁃ties enlarge from 48 μA/cm2，130 μA/cm2，148 μA/cm2

to 146 μA/cm2with the increasing of deposition time from15 to 30 min. Under the same bias voltage，the photocur⁃rent densities of CdTe films are first increased and thendecreased with the increasing of film thickness. Whenthe thicknesses of CdTe films are small，the corrosion ofelectrolyte solutions will damage the surface of CdTefilms rapidly，which will lead to a significant change ofthe surface morphology and composition of CdTe films.But it does not contribute to the transportation and sepa⁃ration of photogenerated carriers， if the thickness ofCdTe films is too large. In these experiments，the photo⁃currents of the films with the deposition time of 25 minand 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 thinnerthickness of n-type CdTe thin films. From Fig. 6，it canbe concluded that the optimal sputtering time is 25 min.Using the open circuit voltage as the input voltage，theelectrochemical impedance spectroscopies of the filmswere tested in the same solution，and the electrochemicalpolarization 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 Rct，Ru，Cd and σ are deter⁃mined，it can be seen that the solution ohmic resistance
Ru of the CdTe thin films with different sputtering time ba⁃sically does not change，all being around 37. 5 Ω，while

Fig. 4 XPS spectrum of n-type CdTe thin film（a）full spec‐
trum，（b）Cd3d，（c）TeO2，（d）Te3d

图 4 n型碲化镉薄膜的 X射线光电子谱（a）全谱，（b）镉 3d，
（c）氧化碲3d，（d）碲3d

the data of the charge transfer resistance Rct of the sam⁃ples have obvious changes. The Rct values of CdTe thinfilms deposited at sputtered duration of 15，20，25 and30 min are 354. 93 Ω，376. 11 Ω，341. 55Ω，and417. 20 Ω，respectively. Among them，the Rct value ofthe sample with a sputtering time of 25 min is the small⁃est，which is 341. 55 Ω. The smaller Rct values，the bet⁃ter of PEC properties of CdTe thin films. the Comparedwith other samples，the sample with a sputtering time of25 min has better film electrical properties. In order tofurther understand the electrical properties of the prod⁃ucts，Mott-Schottky test was performed on CdTe filmswith different thicknesses. The test voltage is -0. 4 to 0V，and the input frequency is 962 Hz. The intersectionof the tangent of the curve and the X axis is the flat-bandpotential. The flat-band potential of a semiconductor isan important factor in explaining the charge transfer pro⁃cess across the semiconductor-electrolyte junction of thecell. It can be seen from Fig. 7（b）that the slopes of thecurves 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 are0. 357 V，0. 363V，0. 380 V and 0. 377 V，respective⁃

ly. The change of flat band potential may be due to thesurface states presented on CdTe films. And higher flatband potential is contributive to improve the photocatalyt⁃ic properties of CdTe films. Based on Fig. 7，it can beseen that the sample with a sputtering time of 25mins hasbetter film electrical properties than other samples. It in⁃dicates that 25 min is a relatively suitable sputtering timefor n-type CdTe thin films. The performance parametersof CdTe thin film with different deposition time have beensummarized in Table 1.N-type CdTe thin films with deposition time of 25min were annealed under different temperatures in vacu⁃um. Figure 8（a）shows the I-V curves of annealed n-typeCdTe thin films，which were measured in an alkaline en⁃vironment（pH=10）. After annealing process，CdTe thinfilms are still n-type. Figure 8（b）shows the I-T curvesof CdTe thin films annealed with different temperaturesin vacuum. It can be seen from the Fig. 8（b）that thephotocurrent densities are 158 μA/cm2，183 μA/cm2，225 μA/cm2 at the annealing tempera⁃tures of 350 ℃，375 ℃ and 400 ℃. When the annealingtemperature exceeds 400 ℃，CdTe thin films will disap⁃pear from the FTO substrates due to the evaporation of

Fig. 5 PEC properties of n-type CdTe thin film measured in different solution（a）I-V，（b）I-T
图5 不同溶液中测得的碲化镉薄膜光电化学特性图（a）电流-电压图，（b）电流-时间图

Table 1 performance parameters of CdTe thin film with different deposition time
表1 不同沉积时间碲化镉薄膜的性能参数
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Deposition time/min
15
20
25
30

Thickness/nm
116
218
338
557

Compositional ratios of
Cd：Te

51. 06：48. 94
51. 33：48. 67
51. 24：48. 76
51. 51：48. 49

Bandgap/eV
1. 55
1. 53
1. 52
1. 51

Photocunrent densitiy/
μA/cm2
48
130
148
146

Rct/Ω
354. 93
376. 11
341. 55
417. 20

the flat band
potential/V
0. 357
0. 363
0. 380
0. 377
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Fig. 6 PEC properties of n-type CdTe thin film deposited with different time（a）I-V，（b）I-T.
图6 不同时间沉积的碲化镉薄膜光电化学特性图（a）电流-电压图，（b）电流-时间图

Fig. 7 （a）Schematic diagram of equivalent circuit of electrolytic cell，（b）schematic diagram of simplified equivalent circuit，（c）sim‐
ple schematic diagram of Nyqusit diagram calculation Ru，Rct，Cd；PEC curves of n-type CdTe thin film deposited with different time（d）
Nyquist spectrum，（e）MS spectrum
图 7 （a）电解池等效电路示意图，（b）简化后的等效电路示意图，（c）Nyquist图计算Ru、Rct、Cd简单示意图，不同沉积时间 n型碲
化镉薄膜的电化学特性谱（d）奈奎斯特谱，（e）莫特-肖特基谱

the relative thin CdTe films. With the increasing of an⁃nealing temperature from 350 ℃ to 400 ℃，EDS mea⁃surements indicate that the compositional ratios of Cd：Tein CdTe thin films are 49. 08：50. 92，48. 47：51. 53，47. 47：52. 53，respectively. The annealing process willlead to the evaporation loss of Cd in CdTe thin films. Aspreviously discussed in Sect. 3. 1，Cd has higher atomiccomposition than Te regardless of the thin film thicknessused in this work. It has been reported by researchersthat Cd-rich CdTe thin films are n-type while Te-richCdTe thin films are p-type［21］. However，despite the lossof Cd after annealing process，which makes the atomiccomposition of Te to be higher than Cd in CdTe thinfilms，the materials still remain n-type as seen in Fig. 8
（a）. This therefore shows that EDS technique may not bea 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 ℃ . CdTe thin films are still n-type at this condition. I-T curves in Fig. 9（b）indicatethat the average photocurrent density of the sample is cal⁃culated to be 152 μA/cm2. Even though the photocurrentvalue is obviously larger than that of the as-depositedsamples，it is smaller than that of n-type CdTe thin filmsannealed in vacuum. Besides，the photocurrent is de⁃cayed obviously after annealed in nitrogen atmosphere.

EDS measurements indicate that the compositional ratioof 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 ［22］. Annealing in nitrogenatmosphere will cause more loss of Cd element than invaccum. Then，saturatedCdCl2 solution was applied onto the surface of CdTethin films and then annealed in vacuum at 400 ℃. Fig⁃ure 9（b） indicates that the photocurrent of annealedCdTe thin films after applying saturated CdCl2 conditionis greatly enhanced，which reaches 301 μA/cm2. EDSmeasurements 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 filmshas a great influence on the photocurrent values and theirstabilities，as shown in Table 2. But the conductivetypes of CdTe thin films are not changed by the composi⁃tional ratio of Cd element. Cd-rich CdTe thin films havebetter PEC properties，which can be achieved by apply⁃ing saturated CdCl2 solution onto the surface of CdTe thinfilms and annealed in vacuum. Besides the element ofCd，the influence of O element at the surface of the sam⁃ple was also investigated. The EDS mappings of O werepresented in Fig. 10. It can be seen that the distribution

Fig. 8 PEC properties of n-type CdTe thin film annealed with different temperatures in a vacuum（a）I-V，（b）I-T
图8 不同真空退火温度的碲化镉薄膜光电化学特性图（a）电流-电压图，（b）电流-时间图

Table 2 PEC properties of different annealing conditions
表2 不同退火条件下的光电流
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the relative thin CdTe films. With the increasing of an⁃nealing temperature from 350 ℃ to 400 ℃，EDS mea⁃surements indicate that the compositional ratios of Cd：Tein CdTe thin films are 49. 08：50. 92，48. 47：51. 53，47. 47：52. 53，respectively. The annealing process willlead to the evaporation loss of Cd in CdTe thin films. Aspreviously discussed in Sect. 3. 1，Cd has higher atomiccomposition than Te regardless of the thin film thicknessused in this work. It has been reported by researchersthat Cd-rich CdTe thin films are n-type while Te-richCdTe thin films are p-type［21］. However，despite the lossof Cd after annealing process，which makes the atomiccomposition of Te to be higher than Cd in CdTe thinfilms，the materials still remain n-type as seen in Fig. 8
（a）. This therefore shows that EDS technique may not bea 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 ℃ . CdTe thin films are still n-type at this condition. I-T curves in Fig. 9（b）indicatethat the average photocurrent density of the sample is cal⁃culated to be 152 μA/cm2. Even though the photocurrentvalue is obviously larger than that of the as-depositedsamples，it is smaller than that of n-type CdTe thin filmsannealed in vacuum. Besides，the photocurrent is de⁃cayed obviously after annealed in nitrogen atmosphere.

EDS measurements indicate that the compositional ratioof 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 ［22］. Annealing in nitrogenatmosphere will cause more loss of Cd element than invaccum. Then，saturatedCdCl2 solution was applied onto the surface of CdTethin films and then annealed in vacuum at 400 ℃. Fig⁃ure 9（b） indicates that the photocurrent of annealedCdTe thin films after applying saturated CdCl2 conditionis greatly enhanced，which reaches 301 μA/cm2. EDSmeasurements 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 filmshas a great influence on the photocurrent values and theirstabilities，as shown in Table 2. But the conductivetypes of CdTe thin films are not changed by the composi⁃tional ratio of Cd element. Cd-rich CdTe thin films havebetter PEC properties，which can be achieved by apply⁃ing saturated CdCl2 solution onto the surface of CdTe thinfilms and annealed in vacuum. Besides the element ofCd，the influence of O element at the surface of the sam⁃ple was also investigated. The EDS mappings of O werepresented in Fig. 10. It can be seen that the distribution

Fig. 8 PEC properties of n-type CdTe thin film annealed with different temperatures in a vacuum（a）I-V，（b）I-T
图8 不同真空退火温度的碲化镉薄膜光电化学特性图（a）电流-电压图，（b）电流-时间图

Table 2 PEC properties of different annealing conditions
表2 不同退火条件下的光电流

Annealing condition
photocurrent densitiy/（μA/cm2）
Compositional ratios of Cd：Te

Vacuum 350℃
158

49. 08：50. 92

Vacuum 375℃
183

48. 47：51. 53

Vacuum 400℃
225

47. 47：52. 53

N2annealing
152

45. 36：54. 64

CdCl2annealing
301

53. 55：46. 45
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of O element on the surface of CdTe film turns denserwhen CdTe thin films were annealed in N2 atmosphere.The elemental compositional ratio of O：Cd：Te in CdTethin films annealed in vacuum，，CdCl2 coated CdTe thinfilms annealed in vacuum，and CdTe thin films annealedin N2 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 N2 atmosphere have moreO content at the sample surface，which may be due to thefact that some O are mixed into the N2 atmosphere，eventhough high pure nitrogen（99. 99%）is used in the an⁃nealing process. From the EDS mapping，we really findthat O element is segregated to grain boundaries at thesurface 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 studieshave reported the surface modification of CdTe thinfilms，such as fabrication of CdTe/CdS PN junction. Thepresence of this junction should improve the charge sepa⁃ration and the deep valence band maximum of CdS alsoenhances charge separation by suppressing the diffusionof holes to the photocathode surface ［23］. Deposition ofTiO2 and Pt can also enhance the photocurrents and sta⁃bilities of CdTe thin films［24-25］. For n-type CdTe，deposi⁃tion of p-type window layer，such as CdS：Cu，is alsoworthy of studies in detail. The PN junction of p-typeCdS：Cu/n-type CdTe can also enhance the PEC proper⁃ties of n-type CdTe thin films［26］.
3 Conclusions

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

trolyte solution，which confirms its n-type properties.
The thickness of sputtered CdTe thin films increasedfrom116 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 μA/cm2 when the sputter⁃

Fig. 9 PEC properties of n-type CdTe thin film annealed in different conditions（a）I-V，（b）I-T.
图9 不同退火条件的n型碲化镉薄膜光电化学特性图谱（a）电流-电压图，（b）电流-时间图

Fig. 10 EDS mapping of O in n-type CdTe thin film annealed
in different conditions（a）annealed in vacuum，（b）CdCl2 coat‐
ed n-type CdTe annealed in vacuum，（c）annealed in N2 atmo‐
sphere
图 10 不同退火条件下 n 型碲化镉薄膜的表面氧元素分布图
（a）真空退火，（b）表面涂覆氯化镉的真空退火，（c）氮气退火

ing time is 25min. The photocurrent densities are 158μA/cm2，183 μA/cm2，225 μA/cm2when the annealingtemperatures are 350 ℃，375 ℃ and 400 ℃ in vacuum，respectively. When n-type CdTe thin films were coatedwith saturated CdCl2 solution and annealed in vacuum at400 ℃，its photocurrents can be enhanced to 301 μA/cm2. The PEC properties of n-type CdTe thin films can befurther improved by fabrication of suitable PN junctions，which still needs further studies.
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ing time is 25min. The photocurrent densities are 158μA/cm2，183 μA/cm2，225 μA/cm2when the annealingtemperatures are 350 ℃，375 ℃ and 400 ℃ in vacuum，respectively. When n-type CdTe thin films were coatedwith saturated CdCl2 solution and annealed in vacuum at400 ℃，its photocurrents can be enhanced to 301 μA/cm2. The PEC properties of n-type CdTe thin films can befurther improved by fabrication of suitable PN junctions，which still needs further studies.
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