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Abstract: Solution-processed CdTe nanocrystals solar cells have attracted much attention due to their
low cost, low material consumption, and potential for roll-to-roll production. Among all kinds of
semiconductor materials, CdS exhibits the lowest lattice mismatch with CdTe, which permits high
junction quality and high device performance. In this study, high quality CdS nanocrystals were
prepared by a non-injection technique with tetraethylthiuram disufide and 2,2′-dithiobisbenzothiazole
as the stabilizers. Based on the CdTe and CdS nanocrystals, devices with the architecture of
ITO/ZnO/CdS/CdTe/MoOx/Au were fabricated successfully by a solution process under ambient
condition. The effects of annealing conditions, film thickness, and detailed device structure on the
CdTe/CdS nanocrystal solar cells were investigated and discussed in detail. We demonstrate that
high junction quality can be obtained by using CdS nanocrystal thin film compared to traditional
CdS film via chemical bath deposition (CBD). The best device had short circuit current density (Jsc),
open circuit voltage (Voc) and fill factor (FF) of 17.26 mA/cm2, 0.56 V, and 52.84%, respectively,
resulting in a power conversion efficiency (PCE) of 5.14%, which is significantly higher than that
reported using CBD CdS as the window layer. This work provides important suggestions for the
further improvement of efficiency in CdTe nanocrystal solar cells.
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1. Introduction

Thin film solar cells based on solution-processed semiconductor nanocrystals (NCs) have
many advantages such as wide spectra response from ultraviolet to infrared [1], low cost,
environmental-friendly process, and potential development to roll-to-roll large area production [2–6].
With the progress of nanomaterials fabrication techniques, various high quality semiconductor NCs
have been synthesized and investigated. However, only a few of these materials such as PbS [7,8],
PbSe [9], CdTe [10–12], and CuInSe2 (CIS) [13,14], have been successfully exploited for photovoltaic
application. Among these materials, CdTe may be one of the most studied NCs due to their reasonable
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bandgap (~1.45 eV) for light harvesting. Efficient CdTe thin film solar cells are always fabricated with
a hetero-junction configuration, that is, CdTe works as the donor and CdS [15,16], ZnSe [17], ZnS [18],
as well as ZnO [19] serve as the acceptors. Among all kinds of electron acceptor materials, CdS has
the smallest lattice mismatch with CdTe and high quality hetero-junction is expected for a solar cell
with a CdTe/CdS conformation. Recently, efficiency up to 22.1% [20] and an open circuit voltage
up to 1 V [21] were demonstrated by using a CdTe/CdS hetero-junction configuration. However,
solution-processed CdTe NC solar cells have only recently been studied, and their properties are
not fully understood. The use of solution-processed NC solar cells can reduce the consumption of
materials, simplify the preparation process, and thus obtain a low-cost commercial product. In 2005,
Gur et al. [22] first reported the solution-processed CdTe/CdSe NC hetero-junction solar cells with
a power conversion efficiency (PCE) of ~3%. Subsequently, this device architecture was further
investigated by optimizing the device processing technology and device structure (using an inverted
structure such as ITO/ZnO/CdSe/CdTe/Au instead of the normal structure of ITO/CdTe/CdSe/Al).
Devices with improved Voc (~0.65 V) and PCE (~6%) have been recently demonstrated [23–26].
Since both the donor and acceptor materials have similar morphology, structure and size, good
hetero-junction quality is expected. Another relatively successful CdTe NC solar cell was developed
based on the CdTe/ZnO hetero-junction with a normal structure of ITO/CdTe/ZnO/Al. By using a
layer-by-layer sintering technique to eliminate inner stress, Mulvaney et al. [27,28] demonstrated a
PCE of ~7.0% for CdTe/ZnO solar cells with a structure of ITO/CdTe/ZnO/Al. However, as CdTe
exhibits high electron affinity and high resistivity [29], the contact between ITO and CdTe is not ohmic,
which restricts the further promotion of efficiency. Building on these results, it was found that light or
current treatment can reduce the interface barrier between ITO and CdTe, which dramatically improves
the open circuit voltage and filling factor of the devices, resulting in more than 10% energy conversion
efficiency [30]. Unfortunately, although a device with a high conversion efficiency was achieved
using this method, the stability of the device was insufficient, as the efficiency will be decreased
by more than 20% over several days of storage after light/current treatment [31]. The inverted
structure (ITO/ZnO/CdTe/Au) can solve the problem of the interface barrier, but the treatment of
CdTe NC film with CdCl2 will pollute the ZnO and generate more interface defects, resulting in
a low efficiency (~2%) [24]. So far, CdSe [23,24], ZnO [32] and TiO2 [33,34] have been successfully
applied to CdTe NC solar cells as acceptor materials, but few reports have focused on CdTe/CdS
NC solar cells. Recently, we used a chemical bath deposition (CBD) method to prepare CdS films,
and a CdTe NC solar cell with an inverted structure was prepared by depositing CdTe NC on the
CdS film. By optimizing the heat treatment conditions, 3.73% PCE was obtained with structure of
ITO/ZnO/CdS/CdTe/MoOx/Ag [35]. Crisp et al. fabricated CdTe/CdS NC solar cells by using
CBD–CdS (with device configuration of FTO/SnO2/CdS/CdTe/ZnTe/Ti) [36] and sputtered CdS
(with device configuration of FTO/CdS/CdTe/ZnTe/metal contact) [37] as the electron acceptors,
PCEs of as high as 6.66% and 5.2% are obtained in two cases, which are the highest values ever reported
for CBD–CdS/CdTe and sputtered CdS/CdTe NC solar cells respectively. It must be pointed out that
the grain size of CBD–CdS (~several micrometers) is much larger than that of CdTe NC (~100 nm after
chemical/heat-treatment), which may cause large interface defects, leading to large leakage currents
and low Voc/FF. Inspired by the success of CdTe/CdSe all inorganic donor/acceptor NC solar cells,
we hypothesized that the substitution of CdS NC for CBD–CdS would improve the quality of the
hetero-junction due to the similar morphology and size of CdS and CdTe NCs, resulting in improved
overall device performance. Here, high quality CdS NCs were synthesized by a non-injection method
with tetraethylthiuram disufide and 2,2′-dithiobisbenzothiazole as nucleation initiators. Devices with
the configuration of ITO/ZnO/CdS/CdTe/MoOx/Au were prepared using a layer-by-layer sintering
process. The heat treatment temperature, film thickness, and device architecture have significant effects
on the performance of the solar cells. We demonstrate here that it is possible to improve both the Voc

and the FF of CdTe/CdS NC solar cells by optimizing the film treatment processing, which modified
the interface properties of CdTe/CdS that govern the charge separation and recombination processes.
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At an optimized heat treatment temperature of 380 ◦C, we obtained the best device, with Voc = 0.56 V,
Jsc = 17.26 mA/cm2, FF = 52.84%, and PCE = 5.14%. This PCE value is increased by 35% compared to a
device with CBD–CdS as the window layer prepared under the same conditions.

2. Experiment Procedure

2.1. Materials

Cadmium acetate dihydrate ((CH3COO)2Cd·2H2O), 2,2′-dithiobisbenzothiazole, tetraethylthiuram
disufide, myristic acid (C14H28O2), tri-n-octylphosphine, tellurium powder, and octadecene (ODE) were
purchased from Aladdin, Shanghai, China. All other chemicals and solvents were used as received.

2.2. Synthesis Methods

ZnO precursor and CdTe NCs were prepared by the method reported in previous works [23,24].
CdS NCs were fabricated by a non-injection method (CdS NC is formed gradually during the
reaction) using tetraethylthiuram disufide and 2,2′-dithiobisbenzothiazole as nucleation initiators [38].
A typical synthetic procedure is as follows: 2 mmol (533.04 mg) cadmium acetate dihydrate,
4 mmol (913.48 mg) myristic acid, 0.125 mmol tetraethylthiuram disufide (37.07 mg), 0.375 mmol
2,2′-dithiobisbenzothiazole (124.68 mg), 1 mmol sulfur (32 mg), and 50 mL ODE were added into a
three-necked flask. The mixture was heated to 120 ◦C under N2 flow and then maintained at this
temperature for 2 h to ensure all the chemical substances were dissolved. Then, the mixture was heated
to 240 ◦C at a rate of 10 ◦C/min. Needle tip aliquots were removed for UV-Vis (UV-5100B, Shanghai
Metash Instrument Co., Ltd., Shanghai, China) measurements to monitor the formation of CdS NCs.
When the targeted size of NCs was achieved, the reaction mixture was allowed to cool down to room
temperature. To purify the NCs, the final product was washed with acetone three times and then
separated by centrifugation. The product was then dispersed and washed with methanol/toluene and
separated by centrifugation twice to remove excess precursors and other impurities. The total yield of
the CdS NCs prepared by this method was 90%. Finally, the CdS NCs were refluxed in pyridine for
12 h at 80 ◦C to make ligands exchange and remove most of carboxyl ligands. After that, the product
was washed with n-hexane and separated by centrifugation. After drying by N2 flow, the CdS NCs
was dispersed into pyridine at a concentration of 30 mg/mL.

2.3. Device Fabrication

The solar cells with the ITO/ZnO/CdS/CdTe/MoO3/Au structure were prepared by a layer-by-layer
solution process, as shown in Figure 1. First, the Zn2+ precursor was deposited on ITO substrate and
annealed at 400 ◦C for 10 min to eliminate any organic solvent and allow the formation of a thin film of
ZnO with a thickness of ~40 nm. Several drops of CdS NCs solution were then applied to the ITO/ZnO
substrate and spin-casted at 3000 rpm for 20 s. The substrate was first annealed at 150 ◦C for 10 min and
then transferred to another hot plate and annealed at 360 ◦C for 40 s. The thickness of CdS NCs with a
single layer was about 15–20 nm. To obtain a device with a thicker CdS NC film, additional layers of
CdS NCs were deposited on the substrate sequentially and treated with the same conditions. In this
way, five layers of CdTe NCs were deposited on the ITO/ZnO/CdS substrate by a process similar to that
described previously [23]. Finally, the substrate was placed on a hot plate at 300–400 ◦C for 30 min to
activate the junction of CdTe/CdS. From the cross-section Scanning Electron Microscope (SEM, Nova
NanoSEM 430, Thermo Fisher Scientific, Eindhoven, The Netherlands) images, the thickness of CdTe NC
film was around 400 nm. The MoOx (~8 nm) and Au (~80 nm) back contact were deposited in sequence
via thermal evaporation through a shadow mask with an active area of 0.16 cm2.
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Figure 1. A Schematic of the device fabrication process.

3. Results and Discussion

Although the synthesis of CdS NCs has been reported previously [39–42], it remains a goal to
obtain CdS NCs with well-controlled size, high yield, and good dispersion in organic solvents for
applications in photoelectronic devices. Compared with cadmium ions, the activity of sulfur is very
low. The addition of the initiator ensures the activity of the two materials, leading to high-quality NCs.
To investigate the growth kinetics of CdS NCs, we monitored the UV–Vis spectra for different growth
times (1 min–2 h) after the reaction temperature reached 240 ◦C. As shown in Figure 2a, the absorption
peak of CdS NC for a short growth time of 1 min is at 376 nm, but the peak is at 380 nm for a growth
time of 1 h, this feature at 380 nm corresponds to CdS NCs less than 3 nm in diameter [43]. Note that
there is an increase in absorption at longer wavelengths (400–500 nm) after ~10 min of growth time,
which may imply that some NCs grow to a larger size. Therefore, a little red-shift is observed for
feature peaks and increased absorption at long wavelengths is also observed, which is different from
that observed for CdS NC fabrication [38]. It is evident that the peaks are sharp and narrow in the
half-band width when the reaction time is below 30 min, which implies a good size distribution for
CdS NC. In contrast, flattening of the UV peak is observed when the reaction time was increased to
1–2 h, which implies NCs with large size distribution. We hypothesize that the nucleation speed is
very fast as the quantity of Cd precursor and nucleation initiators (I1 and I2) are ten times higher than
the amounts used previously [38]. The nucleation and growth stages are not separated in this process,
so there should be no significant size changes for most of the NCs while some large NCs will be formed
with growth time. The transmission spectrum of the CdS NC thin film (ITO/ZnO/CdS) with different
thicknesses is shown in Figure 2b. The NC thin-films blocked the light with a wavelength shorter than
500 nm and showed high transparency for wavelengths >500 nm. The transmission decrease in the
wavelength below ~500 nm with increased thickness of CdS NC was due to the bandgap (2.43 eV for
CdS) absorption, while there were few changes for wavelength >500 nm.

According to the results shown in Figure 2a, a reaction time of 30 min was required to ensure a
uniform size distribution of CdS NC. The morphology and structure were further characterized by TEM,
high-resolution transmission electron microscopy (HRTEM, JEM-2100F, Hitachi, Tokyo, Japan), and X-ray
Diffraction (XRD, X’pert Pro M, Philips, Amsterdam, The Netherlands). As shown in Figure 3a, the CdS
NC showed dot-shaped morphology with an average diameter of 13.2 nm (Figure 3b) and exhibited
aggregation, which was much larger than that predicted from Figure 2a. We hypothesized that the
NCs were not well-dispersed in toluene, therefore high aggregation NCs were observed in this case.
The CdS NC powder sample for XRD measurement was prepared by refluxing CdS NC in pyridine for
12 h and separated by centrifugation. Then it was dried under vacuum drying oven at 120 ◦C for 1 day.
Characteristic diffraction patterns with peaks at about 25.1◦, 35.3◦, 41.8◦, 45.7◦ and 49.6◦ were identified
from the XRD pattern (Figure 3d), corresponding to the (111), (220), (311), (400), and (331) planes of
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the CdS zinc blend crystal phase. The crystallinity and structural integrity of the CdS NC were further
characterized by HRTEM (Figure 3c). The spacing between the two planes was 0.223 nm, corresponding
to the (220) plane of the zinc blend phase of the CdS NCs.
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Now we pay attention to the performance of NC solar cells. CdTe–CdS all inorganic NC solar cells
were fabricated using a simple layer-by-layer sintering method. This technique can reduce the internal
stress generated during the sintering NC thin film and decrease defects. In the case of CdTe–CdS
hetero-junction thin film solar cells, the thickness of the CdS has significant effects on the depletion
field thickness, the built-in electric field, and the spectrum response for short wavelengths (<500 nm)
of solar cells. Interdiffusion from S to CdTe is difficult in the solar cells, and photo-generated carriers
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produced by the CdS film cannot be separated effectively even if the CdSxTe1−x transition layer is
formed. At the same time, a device with a thin CdS thickness cannot form a strong built-in electric field,
which will inhibit carrier separation and result in a low device performance. Therefore, the thickness of
efficient CdTe–CdS thin film solar cells is about 100 nm, based on previous results [15]. To investigate
the thickness effects on device performance, devices with CdS thickness between 14.9 and 121 nm
were fabricated by depositing one or more layers of CdS NC on the ITO/ZnO substrate with the
same CdTe NCs film thickness (~400 nm) and the same treatment conditions (annealing at 360 ◦C).
Figure 4a presents the J–V curves of CdTe/CdS NC solar cells with different CdS layer thicknesses
under dark conditions. The dark current is almost always decreased with the increase of CdS thickness
except for the thickest CdS layer where it again went up, which implied that thicker CdS film can
effectively suppress leakage current. From the J–V curves under light conditions (Figure 4b) and the
data summarized in Table 1, the Voc and PCE of the devices were improved almost linearly with the
increased CdS thickness. The best device with 90.8 nm CdS as the window layer exhibited a short
circuit current density (Jsc) of 16.36 mA/cm2, an open circuit voltage (Voc) of 0.57 V, a fill factor (FF) of
42.74%, and a high PCE of 3.98%. In contrast, devices based on very thin CdS (14.9 nm) showed PCE
of 1.87%, Jsc of 12.14 mA/cm2, Voc of 0.43 V, and FF of 35.84%. The low FF value was mainly due to
the large carrier recombination that occurred in the interface of the p–n junction. The PCE value of the
best device was higher than the reported PCE values of devices made using CBD–CdS as the window
layer reported in our previous work [35] and lower than that reported by crisp et al. [36]. It was noted
that the Jsc is increased as the CdS thickness is increased and then was stable at around 16 mA/cm2.
From the external quantum efficiency spectrum (EQE, Solar Cell Scan100, Zolix Instruments Co., Ltd.,
Beijing, China), one can see that devices prepared with thin CdS film (less than 65 nm) showed better
response at short wavelength (<500 nm) than those devices with thick CdS film (>70 nm), which was
mainly due to the decreased parasitic absorption.
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Table 1. Summarized performance of CdTe/CdS NC solar cells with different CdS thicknesses
(Figure 4b).

CdS Layer Thickness (nm) Voc (V) Jsc (mA/cm2) FF (%) PCE (%) Rs (Ω·cm2) Rsh (Ω·cm2)

1 14.9 0.43 12.14 35.84 1.87 19.4 94.0
2 41.0 0.47 11.98 34.79 1.96 21.7 88.0
3 60.7 0.55 16.15 32.72 2.91 23.6 91.7
4 76.3 0.56 16.39 36.28 3.33 21.4 138.0
5 90.8 0.57 16.36 42.74 3.98 15.4 213.6
6 124.1 0.59 15.66 35.40 3.27 22.3 136.9

For CdTe–CdS hetero-junction solar cells, the quality of the hetero-junction is critical to the
performance of the device. Since the lattice mismatch rate of CdS and CdTe is only 15%, low device
performances are likely to be obtained if the CdTe/CdS junction is not treated effectively. Therefore,
in order to activate the junction of CdTe/CdS, a layer of CdCl2 solution is usually deposited on the thin
film and annealed at ~400 ◦C, which was done for CdTe/CdS solar cells prepared by the close-space
sublimation (CSS) method [44–49]. As NC materials possess some unique physical properties, such as
low melting point, easy processing, and easy doping, the optimized conditions for the treatment of
NC thin film may be different from those of the bulk materials. In order to study the charge transport
properties of CdS NC and annealing temperature, we fabricated electron-only devices with a structure
of FTO/CdS (~90 nm)/Al (80 nm) by depositing five layers of CdS NC on the FTO substrate. All alloy
NCs thin films were annealed at different temperatures with CdCl2 treatment for 30 min. The electron
carrier mobility of the CdS NCs thin film was investigated by the space-charge-limited-current (SCLC)
method. The carrier mobility was calculated according to the following equation [50]:

J =
9
8
ε0εrµnV2

L3 (1)

where ε0 is the permittivity of free space, εr is the relative dielectric constant of CdS (here the value
of ε0εr is 9), L is the thickness of the alloy NCs (160 nm), µn is the electron mobility and V is the
applied voltage. By using a plot of we can calculate the mobility of CdS thin film based on the slope
value obtained in this curve (also see Figure S1). As shown in Figure 5 and Table 2, the mobilities
for annealing temperatures of 300, 340, 360, 370, 380, and 400 ◦C were 3.87 × 10−5, 4.83 × 10−5,
7.23 × 10−5, 1.29 × 10−4, 1.40 × 10−4 and 6.05 × 10−5 cm2/V·s, respectively. It was obvious that the
mobility almost linearly increased with the increase of annealing temperature from 300 to 380 ◦C,
then decreased with the further increase of temperature to 400 ◦C. As all the samples were annealed
under ambient conditions, the oxidation of CdS at high temperature will change the conductivity.
When oxygen is intentionally incorporated into the CdS, it will increase the bandgap and conductivity
of CdS, which has been confirmed in the literature [51,52]. In order to clarify the decrease in mobility
of CdS NC thin film at high temperature, we measure the conductivity of ITO and ITO/ZnO substrate.
From Table S1, one can see that the conductivity of ITO decreases linearly with the increase of annealing
temperature. Therefore, higher temperatures lead to poorer ITO conductivity (the conductivity of ITO
annealed at 400 ◦C is four times lower that at room temperature). On the contrary, as the ZnO thin
film is prepared by annealing the Zn precursor at 400 ◦C for 10 min, the conductivity shows almost no
changes when further annealing at 340–400 ◦C. Therefore, we speculate that when CdS NC thin film is
annealed at a high temperature of 400 ◦C, it will result in poorer ITO conductivity, and the mobility of
the CdS NC thin film is likely to decrease.

To investigate the annealing effects on the performance of NC solar cells, we fabricated solar
cells with different annealing temperatures ranging from 300 to 400 ◦C. For comparison, a device with
CBD–CdS as the window layer was also fabricated. The J–V curves of the materials with different
annealing temperatures under dark/light conditions were presented in Figure 6a,b. From the J–V
under dark conditions, there were large leakage current and bad diode property at the low annealing
temperature of 300 ◦C, which implies that the interface of the hetero-junction contained a lot of
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defects. In contrast, the leakage current was suppressed dramatically when the annealing temperature
was above 340 ◦C. The device annealing at 380 ◦C showed the lowest leakage current and the best
diode properties.
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Table 2. Summarized electron mobility of CdS NC thin films with different annealing temperature
(Figure 5).

Annealing Temperature Hole Mobility (cm2·V−1·s−1)

300 ◦C 3.87 × 10−5

340 ◦C 4.83 × 10−5

360 ◦C 7.23 × 10−5

370 ◦C 1.29 × 10−4

380 ◦C 1.40 × 10−4

400 ◦C 6.05 × 10−5

From the J–V curves under dark conditions (Figure 6b) and Table 3, we can see that device
annealing at the moderate temperature of 370 ◦C showed the highest Voc of 0.59 V coupled with a high
PCE of 4.69%. With the further increase of the annealing temperature to 380 ◦C, we obtained a device
with the best properties: Voc = 0.56 V, Jsc = 17.26 mA/cm2, FF = 52.84%, and PCE = 5.14%. We speculated
that at this annealing temperature, the carrier mobility was high (see Figure 5), which promotes carrier
departure and transfer, resulting in a high Jsc value in this case. Additionally, the diffusion of S and Te
at this temperature will partly eliminate interface defects for improved device performance. On the
contrary, the Voc, Jsc, FF, and PCE values for the device prepared with CBD–CdS as the window layer
were determined as 0.52 V, 17.36 mA/cm2, 48.6%, and 3.61% respectively (Figure 6c). The PCE value
of our best performing devices was 35%–60% higher than those of conventional solution-processed
CdTe/CdS solar cells using CBD–CdS as the window layer. Compared to the device with CBD–CdS,
the device based on CdS NC showed higher Voc and FF, but similar Jsc (~17 mA/cm2). Therefore,
the increase in the PCE of CdTe NC solar cells with CdS NC as the window layer is mainly attributed
to the high junction quality and low interface defects. The decrease in device performance at high
annealing temperatures was likely due to the oxidation of NC at high temperature as the device was



Coatings 2018, 8, 26 9 of 12

fabricated at ambient conditions. From the EQE spectra presented in Figure 6d, one can see that
devices produced at annealing temperatures below 370 ◦C showed inferior response at wavelengths
between 300 to 500 nm, but significant increased response in this region was observed for devices
subjected to higher annealing temperatures of 380 ◦C and 400 ◦C. We speculate that at high annealing
temperatures, the diffusion of S and Te resulted in the formation of a homogeneous CdSxTe1−x alloy
and reduced the parasitic absorption due to the decreased thickness of the CdS layer.
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Table 3. Summarized performance of CdTe/CdS NC solar cells with different annealing temperatures
(Figure 6).

CdS Film Annealing Temperature Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

NC 300 ◦C 0.57 6.36 19.73 0.72
NC 340 ◦C 0.59 15.79 36.45 3.40
NC 370 ◦C 0.59 17.69 44.63 4.69
NC 380 ◦C 0.56 17.26 52.84 5.14
NC 400 ◦C 0.48 15.54 36.39 2.74

CBD 380 ◦C 0.52 17.36 48.60 3.61

4. Conclusions

In summary, we described a new semiconductor material, CdS NCs, for application in
solution-processed NC solar cells. Devices with an inverted structure of ITO/ZnO/CdS/CdTe/MoOx/Au
were fabricated using a layer-by-layer sintering technique. The device performance can be tailored by
adjusting the thickness of the CdS NC film and the annealing temperature. We confirmed that that device
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containing a thin film of CdS NCs as the window layer showed better diode properties than that with
CBD–CdS as the window layer. By carefully optimizing the processing parameters (annealing temperature
and film thickness), we obtained a superior device with a PCE of 5.14%, which is 35% higher than that
of previously reported devices. Our results suggest that significant improvement in the performance of
CdTe/CdS NC solar cells is possible if the CdS film is subjected to a more optimized level of processing.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/8/1/26/s1,
Figure S1: J1/2 ∝ V curves of CdS NC thin film at different annealing temperatures; Table S1: Conductivity of ITO
and ITO/ZnO at different annealing temperatures.
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