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Synergistic photovoltaic–thermoelectric effect in
a nanostructured CdTe/Bi2Te3 heterojunction for
hybrid energy harvesting†

Bingwei Luo,a Yuan Deng,*a Yao Wang,a Min Gao,b Wei Zhu,a Hasan Talib Hashimb

and Jorge Garćıa-Cañadasb

Recent advances in the photovoltaic and thermoelectric material

synthesis and characterization have engendered significant interest in

their solar energy harvesting. However, examples of energy harvesting

by the two effects in one single cell are relatively rare, and at present

there are no known examples to solve the heat problem in a conven-

tional solar cell. Here we show that a synergistic photovoltaic and

thermoelectric effect takes place in a single heterojunction solar cell

that consists a p-type CdTe nanorod array and n-type Bi2Te3 nano-

structures. This novel cell is capable of converting light and heat into

electricity via combined photovoltaic and thermoelectric processes,

providing a simple and elegant material structure for development of

high efficiency solar cells which can harvest solar energy over a wider

solar spectrum. In addition, this discovery may provide a viable solu-

tion to the heat problems in conventional solar cells. Based on the

synergistic photovoltaic and thermoelectric effect, the cell of FTO/

CdS/CdTe/Bi2Te3 has been prepared and an efficiency (h) increase of

23.3% is achieved after 1 min illumination.

Solar energy is an attractive candidate for producing clean and

renewable power due to the increasing demand for carbon-

neutral energy production.1 To date, the conversion of solar

energy into electricity is achieved either directly using photo-

voltaics (PVs) or indirectly using concentrated solar thermal

power.2 The solar radiation covers a very broad spectrum,

extending from ultraviolet (UV) to infrared (IR). Currently, the

majority of PV cells can only harness the photons in a narrow

spectrum of 400–800 nm. About 60% of the photons, which

have wavelengths longer than 800 nm, are not utilized and

converted into waste heat.3 IR light does not contribute to PV

conversion. Instead, it contributes to an increase in operating

temperature of PV cells. Consequently, the conversion efficiency

of PV cells decreases approximately 5–15% and reduces further

with increased temperature.4

In theory, almost the entire solar radiation can be converted

into thermal energy. A temperature difference generated by

thermal energy can be converted to electrical energy by ther-

moelectric (TE) effects. To date, several solar TE generators have

been reported.5–7 However, the conversion efficiencies of these

generators are typically less than 5%, which is lower than those

of PV cells due to the current state of TE materials.8 In order to

use the full spectrum of solar radiation, a hybrid generation

system that consists of PV and TE devices has been proposed.9–11

A hybrid system reported in ref. 9 consists of a separately

located Si solar cell and a TE generator. Sunlight collected by

a lens is split into two beams with the UV-visible light onto the

solar cell and infrared light onto the TE generator.9 Recently,

Meng et al. reported a two-compartment hybrid tandem struc-

ture that has a dye-sensitized solar cell on the top and a TE cell

at bottom to increase the overall conversion efficiency.10 Wang

et al. and our group also proposed a similar integrated PV–TE

hybrid system to improve the overall conversion efficiency.11

However, the present hybrid solar technologies are simple

combination of two individual devices, which offers no solu-

tions to problems of temperature increase in the solar cell or

harvest entire solar radiation in a single cell. Then, Chen et al.

integrated Bi2Te3 into the TiO2 photoanode of a dye-sensitized

solar cell that resulted in an improvement in the charge

collection and conversion efficiency.12 Recently, Dou et al. and

Wan et al. respectively proposed similar system with Bi2Te3 into

the ZnO photoanode of a dye-sensitized solar cell to achieve the

synergistic effect.13,14 However, the exact mechanism respon-

sible for the improvement has not been identied due to the

incompact composite nanostructure.

Among the various PV materials, CdTe is regarded as one of

the most promising compounds for device fabrication because

of its near optimum direct band gap, large absorption coeffi-

cient, and easy manufacturability.15,16 Meanwhile, Bi2Te3 based

alloys are the best TE materials around room temperature,17

with a gure-of-merit of about 1.12,18 In this work, a novel solar
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cell has been fabricated based on a heterojunction structure

consisting of nanostructured CdTe and Bi2Te3. Bi2Te3 in the cell

not only facilitates the charge collection but also converts heat

into electricity, leading to a new energy conversion process

where both PV and TE effects occur in a single cell. The purpose

of this work is aimed at demonstrating the feasibility of

enhancing full-solar-spectrum energy conversion through

simultaneous PV and TE conversion in a single cell.

As shown in Fig. 1(a), the single cell is designed at material

level that converts the visible light and heat (besides infrared

radiation) into electricity simultaneously through photovoltaic

and thermoelectric processes. CdTe nanorod arrays are depos-

ited on the conductive glass substrate, which serves as a p-type

material in the cell. Then, Bi2Te3 with layered nanostructure are

deposited onto the CdTe as the n-type material. When the

sunlight is illuminating from the back of the cell, this p–n

junction absorbs the UV and visible light from 200–800 nm to

produce a photovoltage. The holes move towards the bottom

side and the electrons move towards up side. Due to a large

difference in the energy bands between CdTe and Bi2Te3, the

electrons and holes need to be separated quickly. A partial

solution to this problem is to use CdTe nanorod arrays with

wurtizite phase because they have higher carrier mobility than

the other zinc blende phase, which is demonstrated by our

previous work.15 Thus, the holes will move fast and enable

efficient transfer from CdTe nanorods to the conductive

substrate. Meanwhile, the IR light from 800–2500 nm can

produce a temperature difference between the two sides of

Bi2Te3. The direction of the temperature gradient in the layered

Bi2Te3 is from top to bottom, which generates a TE current with

electrons moving upwards, as shown in Fig. 1. Herein, Bi2Te3 in

the cell not only acts as an n-type material to facilitate the

charge separation, but also converts waste heat into electricity

in the same polarity as the PV. This is equivalent to two batteries

connected in series, leading to an enhanced output voltage by

combined PV and TE effects. Furthermore, the new design

facilitates simultaneous PV and TE conversion in a single cell,

which differs radically from the traditional approach of using

two separate devices. Herein, the CdTe without CdCl2 activation

is primarily prepared tomake the voltage value comparable with

that of TE. In this way, the relationship between PV and TE

effect in one cell will be easily observed. Then, the Bi2Te3 (Sb

heavy doping) with the treated CdTe are forming to a FTO/CdS/

CdTe/Bi2Te3 cell to investigate the overall efficiency.

Fig. 1(b) and (c) are the image of practical measurement

scene and the sample, respectively. The electrodes of the sample

are prepared by the Ag paste. The value of the resistance

between point 1 and 6 (label as R16) is 0.2 U, the values of R25

and R34 are both 0.1 U, which ensures the ohmic contact. The

crystal structures of the thin lm heterojunction (CdTe/Bi2Te3
sputtering time 90/60 min) are investigated by X-ray diffraction

(XRD), as shown in Fig. 1(d). Compared with standard data

(JCPDS No. 19-0193), only two characteristic diffraction peaks,

(002) and (006), can be attributed to the wurtizite phase of CdTe,

which reveals that CdTe in the heterojunction has grown along

the c-axis perpendicular to the substrate with good crystalline

quality. The other seven peaks, indexed as (003), (006), (015),

(1010), (0015), (0018), and (0021), correspond to Bi2Te3 standard

data (JCPDS No. 15-0863). The strongest peak, (0015), reveals

that Bi2Te3 is in (00l) orientation. No peaks corresponding to

impurity materials can be found in Fig. 1(d), which indicates

a success in obtaining a CdTe/Bi2Te3 single cell with preferably

oriented nanostructure. Fig. 1(e) shows a typical SEM cross-

sectional image of a CdTe/Bi2Te3 heterojunction prepared

using magnetron sputtering for 90 and 60minutes, respectively.

The junction consists of a layered structure of Bi2Te3 with an

average thickness of about 300 nm on the top of an array of

CdTe nanorods with an average length of about 3 mm. The

diameter of the CdTe nanorods is approximately 150 nm. A

more detailed image of the junction interface between CdTe

and Bi2Te3 is shown in Fig. 1(f). A gapless transition between

CdTe and Bi2Te3 layers indicates that a CdTe/Bi2Te3 hetero-

junction has been prepared successfully.

Due to the band gap large difference between Bi2Te3 and

CdTe, the formation junction need to be veried and investi-

gated by the I–V curve. As shown in Fig. 2(a), the shape of the I–V

curve is not a straight line and it is different with the traditional

p–n junction as staggered pattern, which shows that an special

p–n junction is formed. The measurement process can be

expressed to an equivalent circuit, as shown in lower inset of

Fig. 2(a). When the positive current import in the cell from

Bi2Te3 to FTO, the same current lead to a higher voltage value in

light state than that of dark state. Because the xenon light

illuminate in the same direction from FTO, this phenomenon is

Fig. 1 (a) Schematic of the novel cell based on p-CdTe nanorod array/
n-Bi2Te3 nanostructure; (b) the image of practical measurement
scene; (c) the image of practical sample treated with Ag paste elec-
trode; (d) XRD patterns of CdTe/Bi2Te3 single cell, the CdTe nanorod
arrays and layered Bi2Te3 are in (00l) orientation; (e) SEM cross-
sectional images of CdTe/Bi2Te3; (f) magnified section of CdTe/Bi2Te3
in (e).
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caused by the current with same direction produced by the PV

effect. Meanwhile, the TE effect is negligible here due to the

temperature here only 3 K from FTO (302.15 K) and Bi2Te3
(299.15 K). Based on the constant direction of light illumina-

tion, the reverse current import in the cell from FTO to Bi2Te3
will lead to a higher voltage value in dark state than that of light

state. Then, the current import in greater scope from �100 mA

to 100 mA is used to investigate the I–V curve, as shown in

Fig. 2(b). In the positive range, the same current import bring

the similar voltage, it can be explained by the import current is

much higher than the PV and TE synergy. Meanwhile, the

current import from top to bottom of Bi2Te3 (n-type) can help

heat transfer from bottom to top of Bi2Te3, in this way, the

temperature gradient can not easy to establish, and the TE effect

are not remarkable in light or dark state. On the contrary, when

the negative current imported, the temperature gradient from

bottom to top of Bi2Te3 will establish the TE effect. Meanwhile,

the TE effect of dark state will higher than that of light state due

to the PV effect in light state. Therefore, the same current lead to

a higher voltage value in light state than that of dark state.

However, with the imported current increase to �100 mA, the

voltage of light state and dark state is become similar nally.

In this work, V–t plots are employed to distinguish the PV

from the TE effect based on the fact that the response time of

the photoelectric effect is much faster than that of the TE effect.

A photovoltage can be generated almost instantaneously once

the light is illuminating the junction, while the Seebeck voltage

builds up relatively slowly depending on the rate of the process

to establish a temperature difference across the material. Fig. 3

shows the V–t results of the CdTe/Bi2Te3 single cell. Xenon light

and halogen light were used as the light sources to illuminate

the cell. Xenon light generates less heat than halogen light at

the same light intensity. The V–t curves of CdTe/Bi2Te3 single

cell are obtained by the xenon light with an illumination

intensity of 8 mW cm�2, 25 mW cm�2 and 50 mW cm�2,

respectively, as shown in Fig. 3(a)–(c). The dark voltage at t¼ 0 s

is �3 mV, as shown in Fig. 3(a). When the light is switched on,

the cell rapidly generates a photovoltage of 119 mV which then

decreases slowly to 113 mV irregularly. In this case, the voltage

generated by the TE effect is not clearly observed during the

light illumination. This can be attributed to the low power of

xenon light with less heat generation. When the light is turned

off, the voltage quickly decreases to 8 mV and then it takes 46

seconds to return to the dark voltage. The time required to

return to the dark voltage suggests that a small Seebeck voltage

has been generated due to the production of heat in the cell

during the illumination process. Fig. 3(b) shows the results of

the same device for an increased illumination intensity to 25

mW cm�2. The dark voltage at t ¼ 0 s is �12 mV. When the light

is turned on, the voltage increases to 402 mV rapidly, this is

higher than the voltage in Fig. 3(a) due to higher illumination

intensity. However, the voltage decreases with time during the

continuous illumination. This can be explained by a well-

established fact that the photovoltage of a PV cell decreases

with increasing its junction temperature. It appears that the

Fig. 2 I–V curve of CdTe/Bi2Te3 single cell (a) the value of the import
current from�6 mA to 10 mA; (b) the value of the import current from
�100 mA to 100 mA. The light state is illuminated using xenon light
source at 8 mW cm�2 and the device was illuminated from the
conductive substrate side. The imported current is first from Bi2Te3 to
FTO and then current reversal. The lower inset is the equivalent circuit
schematic diagram of the measurement process.

Fig. 3 Voltage change as a function of time (V–t plots) for CdTe/
Bi2Te3 single cell illuminated using xenon light source at (a) 8 mW
cm�2; (b) 25 mW cm�2; (c) 50 mW cm�2; and using halogen light
source at (d) 8 mW cm�2; (e) 25 mW cm�2. The light was turned on at
0 s and turned off at approximately 60 s. The first point is the back-
ground voltage generated by ambient light. The device was illuminated
from the conductive substrate side.
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heat generated from xenon light illumination of 25 mW cm�2 is

not sufficient to establish a temperature difference to produce

a Seebeck voltage that compensates a decrease in photovoltage

due to an increase in the operating temperature. It is interesting

to note that the time required to return to the dark voltage

decreased to 18 s and the voltage continues to decrease to reach

�23 mV for another 51 s. To investigate this hypothesis, the

illumination intensity is increased to 50 mW cm�2 and the

corresponding V–t curve is shown in Fig. 3(c). The dark voltage

at 0 s becomes �5 mV. When the light is turned on, the voltage

increases to 842 mV due to the higher illumination intensity.

However, the voltage continues to increase during illumination.

We believe that in this case the heat produced from xenon light

is sufficient to generate a Seebeck voltage to over-compensate

the photovoltage decrease due to an increase in operating

temperature. As a result, the total voltage generated is increased

due to combined PV–TE effects in a single cell. Due to more heat

generated, it takes 100 seconds to return to the dark voltage

when the light is switched off.

In an attempt to conrm this interesting observation, the

halogen lamp was used to carry out comparative experiments

under the same conditions. Since the halogen light contains

a large ratio of infrared spectrum to visible light than that of

xenon light, it is anticipated that the Seebeck voltage will be

more signicant under halogen illumination. Fig. 3(d) and (e)

show the V–t curves of the same CdTe/Bi2Te3 single cell tested

using the halogen light with an illumination intensity of 8 mW

cm�2 and 25 mW cm�2, respectively. As shown in Fig. 3(d), the

dark voltage at 0 s is �4 mV. When the light is switched on, the

voltage increases to 35 mV, which is smaller than that in Fig. 3(a)

because the halogen light consists of signicantly less visible

light than that in a xenon light under the same illumination

intensity. Similar to the trend seen in Fig. 3(c), the voltage

continues to increase under illumination. When the light is

switched off, the voltage immediately drops to 15 mV and

maintains at around this value for about 4 s before it slowly

decreases with time. The time required to return to the dark

voltage is longer than that shown in Fig. 3(a). In addition, the

rate of decrease is also faster than that in Fig. 3(a) as indicated

by the slope of the lines. Clearly, when the heat generation

increases in the cell, the simultaneous PV–TE effects can be

easily observed as in Fig. 3(d). The Seebeck voltage is more

signicant if the halogen light intensity is increased to 25 mW

cm�2 as shown in the Fig. 3(e). The photovoltage under this

illumination intensity is 172 mV, while the voltage increase due

to the TE effect is more than 100 mV.

To further conrm this results and understand the junction

better, the light illuminated direction from Bi2Te3 with the

same experimental method is also been investigated. The

similar results are shown in Fig. S1 (ESI†) excepting the com-

paration between the PV and TE can be observed in Fig. S1(c)

and (d).† Meanwhile, the I–V and P–V curve of the CdTe/Bi2Te3
single cell are shown in Fig. S2 (ESI†) and veried the

phenomenon of PV and TE synergy again.

The TE effect of CdTe/Bi2Te3 single cell is investigated by the

heat import method. Fig. 4(a) is the schematic of the TE effect

measurement method, the light is transformed to heat by the

light-proof Cu and the temperature test points are at the middle

area of Bi2Te3 and FTO, respectively. Fig. 4(b) is the V–DT curve

of the CdTe/Bi2Te3 single cell from 27 K to 63 K, the result shows

that the voltage induced from the TE effect is increasing with

theDT enhancement and the TE effect is veried here. The value

of DT as 27 K is corresponding to the voltage of TE effect is

0.8 mV and the voltage of TE effect become 2.5 mV with the DT

increase to 63 K. The DT with two times enhancement seems to

achieve the three times increase of TE voltage. However, based

on the constant ZT value of Bi2Te3, the slope of the V–DT curve is

decrease with the DT, as shown in Fig. 4(b). Generally, the

thermal condition will limit the thermoelectric property of

Bi2Te3 membrane, especially for the thin thickness of 300 nm.

The data of DT from 52.2 K to 62.8 K in Fig. 4(b) are collected

from the cool and hot side without cooling device and the

concrete data are shown in Table S1.† As shown in Table S1,†

the increase rate of Tcool is much lower than that of Thot under

the thermal input by the copper. It is seems that the Bi2Te3 in

this manuscript can solve some problems of heat without

cooling device. The I–V and P–V curve based on the TE effect are

also investigated by the multimeter combined with a slide

rheostat to form a parallel circuit. The slide rheostat was

enhanced to a larger resistance by xed step and the results are

shown in Fig. 4(c) and (d). Fig. 4(c) is the I–V and P–V curve of

the xedDT at 27 K, and themaximum voltage is 0.8 mV and the

maximum power output is 160 pW with the voltage and current

at 400 mV and 0.4 mA, respectively. Fig. 4(d) is the I–V and P–V

curve of the xed DT at 41 K, and the maximum voltage is

1.5 mV and the maximum power output is 490 pW with the

voltage and current at 700 mV and 0.7 mA, respectively. The data

in Fig. 4(c) and (d) are collected from the cooling device with the

temperature plus and minus 0.5 K using the cycling water with

xed temperature. The shape of the curve in Fig. 4(c) and (d) are

not regular enough comparing with the traditional TE device

reported in our previous work due to the special junction.7

Fig. 4 (a) Schematic of the TE effect measurement method; (b)
voltage change as a function of temperature difference (V–DT plots)
for CdTe/Bi2Te3 single cell from 27 K to 63 K; (c) the I–V and P–V curve
of CdTe/Bi2Te3 single cell at the fixed DT as 27 K; DT as 41 K (d). The
light was transferred to heat by the light-proof Cu and the temperature
test point is at the middle area of Bi2Te3 and FTO, respectively.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 114046–114051 | 114049
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However, the TE effect is veried here and the value of power

output and open circuit voltage can be adjusted by the DT.

In a general way, the power output of PV is much larger than

that of TE under the same simulated solar light. Therefore, the

observation the TE effect in PV effect is difficulty. Herein, using

the CdTe without CdCl2 activation to form the CdTe/Bi2Te3
single cell is successful to understand the synergy relationship

between PV and TE effect. Then, the FTO/CdS/CdTe/Bi2Te3 cell

with the CdCl2 activation has been prepared and investigated.

The SEM image of the cell is shown in Fig. S3 (ESI†). The

property of the cell is investigated by the standardmeasurement

method excepting the light lasting time and the results are

shown in Table 1. As seen from the Table 1, when the cell initial

illuminated by the light, the cell parameters of Voc, Jsc, FF and h

are 0.38 V, 14.54 mA cm�2, 33.24 and 2.02%, respectively. With

the light continuous illuminating for 1 min, the cell parameters

of Voc, Jsc, FF and h attain 0.410 V, 15.16 mA cm�2, 40.33 and

2.49%, respectively. Obviously, the PV and TE synergy has

increased the efficiency from 2.02 to 2.49 and make the h

increased by 23.3%. When the light continuous illuminating for

2 min, the cell parameters keep essentially constant as the h

increased by 21.8%. Then, the data are collected from the

prolong light illumination for 3 min and 4 min, respectively.

The light continuous illuminating for 3 min, the h is increased

by 32.7% and the 34.2% is corresponding to continuous illu-

minating for 4 min. It is anticipated that the h will continue

increase during the range of temperature application of Bi2Te3.

In this way, the PV and TE synergy can be applied to single cell

to improve the overall efficiency of reality solar cell.

In conclusion, our experimental results demonstrate that

a simultaneous PV–TE effect has been observed in a single

heterojunction of CdTe/Bi2Te3. This innovative integration of

PVs and TEs proves to be benecial in two aspects: (1) both

effects work together in the “same direction” to enhance the

output voltage of the cell by harvesting the sun radiation from

visible and infrared spectrum, respectively (i.e., realization of

full-solar spectrum energy harvesting in a single cell); (2) the TE

effect in this novel cell utilizes the “waste infrared spectrum” to

generate the Seebeck voltage that helps to compensate the

output voltage reduction with increasing temperature in

a conventional solar cell, leading to the possibility of developing

solar cells with high operating temperatures. Based on the

synergistic photovoltaic and thermoelectric effect, the cell of

FTO/CdS/CdTe/Bi2Te3 has the h increased by 23.3% aer 1 min

illumination. The successful synergy of PVs and TEs in a single

cell of CdTe/Bi2Te3 heterojunction is anticipated to provide

a novel technological route towards developing a next genera-

tion of high efficiency solar energy devices which have the

capability to harvest solar energy from a wider solar spectrum.

Experimental
Synthesis of CdTe nanorod arrays

CdTe nanorod arrays were prepared using a Magnetron Sput-

tering System (JGP-450a, SKY Technology Development Co., Ltd

Chinese Academy of Sciences) on a clean conducting glass

substrate (uorine doped tin oxide (FTO), 14 U per square,

Nippon Sheet Glass Group, Japan). A hot-pressed CdTe target

(99.99%) was used with the radio frequency (RF) power of 84 W.

The deposition was carried out under the following conditions:

the temperature of substrate was 350 �C; the base pressure of

the deposition chamber was set to 3.0 � 10�4 Pa or below and

the working pressure of the chamber was set to 0.4 Pa; the

sputtering gas was supplied by a ow of Ar at 25 sccm; and the

deposition time of CdTe was between 50 and 90 minutes.

Synthesis of CdTe/Bi2Te3 nanorod arrays/nanolayer

The as-synthesized CdTe nanorod arrays on conducting glass

was then used as a substrate for deposition of the Bi2Te3
nanolayers using the same magnetron sputtering system. A hot-

pressed Bi2Te3 target (99.99%) and Te target (99.99%)

(purchased from General Research Institute for Nonferrous

Metals, China) were used for co-sputtering to compensate

tellurium sublimation at high temperature. The distance

between targets and substrate was maintained at 90 mm. A

direct current (DC) power of 20 W was supplied to the Bi2Te3
target, while a RF power of 40 W was supplied to the Te target.

Before deposition, the FTO substrate was cleaned in turn

using acetone, alcohol, and deionized water for 15 min in an

ultrasonic bath. The base pressure of the deposition chamber

was set to 3.0 � 10�4 Pa or below and the working pressure of

the chamber was set to 2.0 Pa; the sputtering gas was provided

by a ow of Ar at 25 sccm. The deposition time of Bi2Te3 was

between 60 and 90 minutes. Aer deposition, the thin lms

were annealed in situ at 350 �C (substrate temperature) for 20

minutes in Ar atmosphere.

Electric contacts were prepared by attaching a wire to the top

Bi2Te3 and the bottom FTO layers respectively using Ag paint

(RS). The voltage was measured between these two wires.

Synthesis of FTO/CdS/CdTe/Bi2Te3 cell

The FTO/CdS/CdTe solar cell was prepared using a magnetron

sputtering system. Briey, a commercial 60 mm diameter hot-

pressed CdS target (purchased from General Research Institute

for Nonferrous Metals, China) was used and the distance

between targets and substrates maintained at 90 mm. The CdS

lm was deposited at 1.0 Pa, 30 W, 30 min and 450 �C.

Meanwhile, a commercial 60 mm diameter hot-pressed CdTe

target (purchased from General Research Institute for

Nonferrous Metals, China) was used and the distance between

targets and substrates maintained at 90 mm. The CdTe lm

was deposited at 0.4 Pa, 84 W, 90 min and 450 �C. The CdTe

Table 1 Performance of the FTO/CdS/CdTe/Bi2Te3 cell with different
light illuminated time. The light intensity is 100 mw cm�2

Cell Time/s Voc/V Jsc/mA cm�2 FF h (%) Dh Dh/h

1 0 0.38 14.54 33.24 2.02 — —

60 0.410 15.16 40.33 2.49 0.47 23.3%
120 0.408 15.12 39.85 2.46 0.44 21.8%

180 0.440 16.32 36.95 2.68 0.66 32.7%

240 0.450 16.39 36.56 2.71 0.69 34.2%
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was treated by CdCl2 saturated solution and annealed in the

over. At last, a commercial 60 mm diameter hot-pressed Bi2Te3
target (Sb heavy doping) (99.99%) was used and the distance

between targets and substrates maintained at 90 mm. The

Bi2Te3 lm was deposited at 1.0 Pa, 30 W, 30 min and room

temperature.

Characterization and measurements

The microstructures and morphologies of CdTe/Bi2Te3 junction

were analyzed by X-ray diffraction (XRD, Rigaku Dmax 2200)

and Scanning Electron Microscopy (SEM, JEOL JSM 6700F). The

voltage of the cell was measured using a Keithley 2000 Multi-

meter combined with a slide rheostat to form a parallel circuit,

the slide rheostat was set to a maximum resistance of 100 000 U

and the light intensity of xenon and halogen lamps were

adjusted to 8 mW cm�2, 25 mW cm�2 and 50 mW cm�2 at room

temperature, respectively. The intensity of the light sources was

determined using an irradiance meter (Solar Survey 100,

Seaward Electronics, UK). The current with positive and nega-

tive from 0.1–1 mA (step with 0.1 mA) and 1–10 mA (step with 1

mA) are used to investigate the I–V curve of CdTe/Bi2Te3 single

cell under the dark and xenon light with 8 mW cm�2 intensity,

respectively.

The voltage of TE effect are also investigated by the multi-

meter combined with a slide rheostat to form a parallel circuit.

The slide rheostat was enhanced to a larger resistance by xed

step. The heat source is provided by the light-proof Cu trans-

ferring from the halogen light illumination. The xed DT as 27

K and 41 K are created by the cooling device with the temper-

ature plus and minus 0.5 K using the cycling water. When the

xed DT as 27 K, the temperature of hot and cool side are 324.55

K and 297.55 K, respectively. When the xed DT as 41 K, the

temperature of hot and cool side are 340.15 K and 299.15 K,

respectively.

The parameters of the FTO/CdS/CdTe/Bi2Te3 cell are inves-

tigated by the traditional method with a solar-simulated light

source (AM1.5 G ltered, 100 mW cm�2, 69911, Oriel) and

Keithley 2000 Multimeter.
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