
nanomaterials

Communication

Hole Transfer Layer Engineering for CdTe
Nanocrystal Photovoltaics with Improved Efficiency

Yasi Jiang 1,†, Yiyang Pan 1,†, Wanhua Wu 1,†, Kaiying Luo 1,†, Zhitao Rong 1,†, Sihang Xie 1,
Wencai Zuo 1, Jingya Yu 1, Ruibo Zhang 1, Donghuan Qin 1,2,* , Wei Xu 1,2, Dan Wang 1,2

and Lintao Hou 3,*
1 School of Materials Science and Engineering, South China University of Technology, Guangzhou 510640,

China; 201730321056@mail.scut.edu.cn (Y.J.); 201730321247@mail.scut.edu.cn (Y.P.);
201636291439@mail.scut.edu.cn (W.W.); msluoky@mail.scut.edu.cn (K.L.);
201720117942@mail.scut.edu.cn (Z.R.); 201730321308@mail.scut.edu.cn (S.X.);
201730321407@mail.scut.edu.cn (W.Z.); 201730303175@mail.scut.edu.cn (J.Y.);
201730321377@mail.scut.edu.cn (R.Z.); xuwei@scut.edu.cn (W.X.); wangdan@scut.edu.cn (D.W.)

2 State Key Laboratory of Luminescent Materials & Devices, Institute of Polymer Optoelectronic Materials &
Devices, South China University of Technology, Guangzhou 510640, China

3 Siyuan Laboratory, Guangzhou Key Laboratory of Vacuum Coating Technologies and New Energy Materials,
Guangdong Provincial Key Laboratory of Optical Fiber Sensing and Communications,
Department of Physics, Jinan University, Guangzhou 510632, China

* Correspondence: qindh@scut.edu.cn (D.Q.); thlt@jnu.edu.cn (L.H.);
Tel.: +86-020-8711-4346 (D.Q.); +86-020-8522-4386 (L.H.)

† These authors contributed equally to this work.

Received: 17 June 2020; Accepted: 4 July 2020; Published: 10 July 2020
����������
�������

Abstract: Interface engineering has led to significant progress in solution-processed CdTe nanocrystal
(NC) solar cells in recent years. High performance solar cells can be fabricated by introducing a hole
transfer layer (HTL) between CdTe and a back contact electrode to reduce carrier recombination by
forming interfacial dipole effect at the interface. Here, we report the usage of a commercial product
2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (Spiro) as a hole transfer layer
to facilitate the hole collecting for CdTe nanocrystal solar cells. It is found that heat treatment on
the hole transfer layer has significant influence on the NC solar cells performance. The Jsc, Voc,
and power conversion efficiency (PCE) of NC solar cells are simultaneously increased due to the
decreased contact resistance and enhanced built-in electric field. We demonstrate solar cells that
achieve a high PCE of 8.34% for solution-processed CdTe NC solar cells with an inverted structure by
further optimizing the HTL annealing temperature, which is among the highest value in CdTe NC
solar cells with the inverted structure.

Keywords: CdTe; nanocrystal; solar cells; Spiro

1. Introduction

Solution-processed nanocrystal (NC) solar cells have demonstrated as a candidate for low cost,
environmentally friendly, and large scale “roll to roll” printing product due to their low raw material
consumption and simple fabrication process [1–3]. Recently, intensive investigations have been
focused on CdTe NC solar cells with an inverted structure [4,5]. Comparing to the conventional CdTe
NC solar cells using indium tin oxide (ITO) as the anode, devices with an inverted structure have
many advantages, such as long-term stability under ambient conditions by avoiding the usage of
low work-function metal cathode on the top of the device and better photon absorption efficiency
due to the small distance between the active layer and the illumination source [6,7]. Due to the
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high resistance and low doping concentration of CdTe NC thin film, it is difficult to obtain a low
resistance contact between CdTe and the back contact electrode [8]. In order to fabricate efficient
CdTe NC solar cells with an inverted structure, matching energy level between the CdTe NC and
anode to reduce interfacial recombination is of essential importance to promote solar cell efficiency [9].
Introducing a thin hole transfer layer (HTL) between the CdTe NC and anode has been confirmed to
be an effective way to reduce interfacial charge recombination and improve device performance [10].
It is well known that Cu-doped interface layer has been applied successfully to CdTe thin film solar cells
prepared by close-space sublimation (CSS) method [11,12]. Unfortunately, fabricating a homogeneous
Cu-doped layer on CdTe NC thin films remains a challenge, since Cu may diffuse quickly along the
crystal boundaries of NCs and restrict further device performance improvement [13]. Yang et al. [14]
investigated the application of commercially available poly-[3-(potassium-6-hexanoate)thiophene-2,
5-diy] (P3KT) as a HTL for aqueous processed CdTe NC solar cells with the configuration of
ITO/SnO2/CdS/CdTe/P3KT/MoOx/Au and found that the insertion of P3KT optimized bandgap
alignment and enhanced carrier collection efficiency. There were several reports about using
triphenylamine type polymers such as poly(diphenylsilane-co-4-vinyl-triphenylamine) (Si-TPA) or
poly(phenylphosphine-co-4-vinyl-triphenylamine) (P-TPA) as a HTL. In these reports, high power
conversion efficiency (PCE) up to 9% is obtained, which is the highest value ever reported for CdTe
NC solar cells with an inverted structure [15,16]. Researchers found that strong binding exists between
Cd and N atoms and a dipole layer can thus be formed, which effectively decreases interfacial
recombination and improves carrier collection efficiency.

In this paper, we develop a commercially available 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]
-9,9′-spirobifluorene (Spiro) as the HTL for CdTe NC solar cells. Spiro has been widely
and successfully applied in perovskite solar cells due to its matchable band alignment, good
conductivity, and non-reactivity with active layers [17,18]. Furthermore, additives such as lithium
bis(trifluoromethanesulfonyl) imide (TFSI-Li) [19], copper salts cuprous thiocyanate (CuPC) [20],
or Co(III)-based complexes [21] can increase the conductance of Spiro and further improve device
performance. In the case of CdTe NC solar cells, Yang et al. found that by introducing the Spiro
HTL, an interfacial dipole layer was formed, which facilitated charge collection and improves open
circuit voltage (Voc)/PCE compared to devices without Spiro [22]. Although improved performance
(with PCE of 6.56%) is obtained for the solar cell with the Spiro HTL in this case, the current density
vs voltage (J–V) curve shows roll-over phenomena, which imply that large contact resistance exists
between the CdTe NC layer and HTL film.

Here, we further study the CdTe NC solar cells with the configuration of ITO/ZnO/CdS/CdSe/

CdTe/HTL/Au by using Spiro as an HTL. The usage of gradient electron transport layer modification
in the cathode had been confirmed to decrease carrier recombination and improve the light harvesting
efficiency in both short and long wavelength regions [23]. It was found that the annealing temperature
on the HTL had a significant effect on the NC solar cells performance. The impact of HTL annealing
temperature on the solar cell performance was studied by external quantum efficiency (EQE), J–V,
capacitance−voltage (C−V) analysis, and transient photovoltage (TPV) measurements. At an optimized
annealing temperature, the solar cell with the Spiro HTL had an efficiency of 8.34%, and the Voc, short
circuit current density (Jsc), and fill factor (FF) were 0. 71 V, 23.11 mA/cm2, and 50.83%, respectively.
On the other hand, the control device delivers an efficiency of 7.08%, and the Voc, Jsc, and FF of 0.65 V,
21.91 mA/cm2, and 49.71%, respectively. Therefore, the NC device incorporating Spiro HTL shows
significant and simultaneous improvements in Jsc, Voc, and FF, which lead to 18% higher PCE than the
device without HTL and 28% higher PCE than the similar device reported before.

2. Experiment

CdS NCs, CdSe NCs, CdTe NCs, and ZnO precursors were prepared based on previous reported
methods [15,24]. Spiro (CAS: 207739-72-8) was purchased from Derthon Optoelectronic Materials
Science Technology Co., Ltd. (Shenzhen, China) and used as received. The CdTe NC solar cell with the
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ITO/ZnO/CdSe/CdTe/Spiro/Au configuration was fabricated by layer-by-layer spin-coating solution
process. In a typical process, as shown in Figure 1, the Zn2+ precursor solution was firstly deposited
on ITO substrates by spin-casting and then annealed at 400 ◦C for 10 min to eliminate any organic
impurities and form the ZnO layer. Then, one layer of CdS NCs, two layers of CdSe NCs, and five
layers of CdTe NCs films were deposited on the ZnO film in sequence using a layer-by-layer solution
process under ambient conditions, as reported in the literature [16,25]. To prepare solution for the
fabrication of HTL, Spiro was dissolved in chlorobenzene with a concentration of 80 mg·mL−1 while
Li-TFSI was dissolved in acetonitrile with a concentration of 520 mg·mL−1. Then, 1 mL of Spiro
solution, 18 µL of Li-TFSI solution, and 29 µL of 4-tert-butylpyridine were mixed together to obtain
the Li-doped Spiro precursor. Several drops of Li-doped Spiro precursor were then put on top of the
CdTe NC thin film and spin-casted at 3000 rpm for 20 s. The above substrates were then annealed at
25~120 ◦C for 15 min under ambient conditions to improve conductivity and preserved in a desiccator
for overnight oxidation of the Spiro [26]. Finally, a gold electrode (80 nm) was deposited 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 fabrication process of nanocrystal (NC) solar cells.

3. Results and Discussion

Small-molecule Spiro is widely used as the HTL in optoelectronic devices. The ultraviolet–visible–
near-infrared (UV–Vis–NIR) absorption spectrum of the Spiro in toluene is shown in Figure 2a.
The optical bandgap of Spiro is 3.0 eV, calculated from its absorption onset of 412 nm. The electrochemical
behavior of the Spiro was investigated by cyclic voltammetry (CV) measurement, which is used to
investigate the highest occupied molecular orbital (HOMO) and lowest occupied molecular orbital
(LUMO) levels of Spiro. The CV characterization was performed in a solution of Bu4NPF6 (0.1 M)
(with acetonitrile as solvent) at a scan rate of 50 mV·s−1 at room temperature under argon. A drop
of 1 mg·mL−1 Spiro/toluene solution was put on the platinum electrode. After drying, the platinum
electrode was immersed into the electrochemical cell and used as the working electrode. A Pt wire was
used as the counter electrode, while a saturated calomel electrode was selected as the reference electrode.
From the CV curve shown in Figure 2b, the oxidation potential (Eox) is located at 0.80 V. Therefore,
the HOMO of Spiro is −5.20 eV according to the empirical formula EHOMO = −(Eox, onset + 4.4),
which is confirmed in the literature [27]. The corresponding LUMO level of Spiro is −2.2 eV based on
the optical bandgap value and HOMO value (−5.2 + 3.0 = −2.20 eV). In previous work [15], we found
that the work function of CdTe NC thin film is 5.17 eV. Therefore, the Spiro will match well with the
CdTe NC thin film, which is essential for decreasing energy loss and maximizing output voltage.
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NC active layer, and a Spiro-OMe/Au anode. The CdSexTe1−x alloy layer is formed easily when 
growing and post-treating the CdTe layer as Se has a high miscibility with Te [25]. Therefore, there is 
no clear boundary between the CdSe NC and CdTe NC layer. The band alignment of the NC device 
is presented in Figure 4b. The valance band (VB) of CdTe NC is 5.3 eV, which is slightly higher than 
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Figure 2. (a) Ultraviolet–visible (UV–Vis) spectrum of 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]
-9,9′-spirobifluorene (Spiro) in chlorobenzene solution; (b) cyclic voltammetry curve of Spiro in
acetonitrile solution.

Figure 3 shows the top view atomic Atomic force microscopy (AFM) images of as-deposited
ITO/ZnO/CdS/CdSe/CdTe/Spiro (with/without) in a large area (15 µm × 15 µm). Although the NC film
was compact and flat (with a root mean square value of 7.12 nm), there are still some distinct pinholes
along with the continuous CdTe NC film, which may increase the leakage current due to the interface
defects (Figure 3a). On the contrary, the NC thin film is covered almost entirely by the Spiro and it
shows almost no pinholes in a large area. The whole film is much smoother and more homogeneous
with a root mean square value of 4.21 nm. Therefore, the introduction of Spiro HTL between the active
layer and Au anode can form a passivation layer on the CdTe NC layer, which is expected to decrease
interface recombination and improve carrier collecting efficiencies.
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Figure 3. Atomic force microscopy (AFM) images of (a) indium tin oxide (ITO)/ZnO/CdS/CdTe and
(b) ITO/ZnO/CdS/CdTe/Spiro thin films.

Figure 4a shows the schematic diagram of the NC solar cell with a bright-field (BF) transmission
electron microscope (TEM) cross-sectional image of the actual device. The device includes a 40 nm
ZnO/ITO cathode, a gradient electron transport layer (30 nm CdS NC/60 nm CdSe), a ~500 nm CdTe
NC active layer, and a Spiro-OMe/Au anode. The CdSexTe1−x alloy layer is formed easily when
growing and post-treating the CdTe layer as Se has a high miscibility with Te [25]. Therefore, there is
no clear boundary between the CdSe NC and CdTe NC layer. The band alignment of the NC device
is presented in Figure 4b. The valance band (VB) of CdTe NC is 5.3 eV, which is slightly higher than
the HOMO of Spiro HTL (5.2 eV). As Spiro is p-type doping, holes can be collected by the anode
while the electron can be reflected at the interface of NC/HTL (−2.2 eV). To investigate the effect of



Nanomaterials 2020, 10, 1348 5 of 11

Spiro HTL on device performance, solar cells with configurations of ITO/ZnO/CdS/CdSe/CdTe/Spiro
(with/without)/Au were fabricated. The devices with the Spiro HTL are preserved in a desiccator
for overnight oxidation of Spiro to improve conductivity, which were widely adopted for perovskite
solar cells [27]. Figure 4c,d presents the J–V curves of CdTe NC solar cells with/without HTL, while
the insets show the performance parameters such as Voc, Jsc, FF, and PCE. The control device under
optimized conditions (device structure: ITO/ZnO/CdS/CdSe/CdTe/Au) shows a Voc of 0.65 V, a Jsc of
21.91 mA cm−2, and a FF of 49.71%, resulting in a PCE of 7.08%, which is similar to the results reported
in our previous works [16]. In the case of the NC solar cell with the Spiro HTL (device structure:
ITO/ZnO/CdS/CdSe/CdTe/HTL/Au), it shows a high Voc of 0.69 V, a very low Jsc of 14.55 mA cm−2,
a low FF of 44.2%, leading to a low PCE of 4.44%. As a result, the device performance with HTL
is significantly lower than the control device, which is quite different from the previous report [22].
We speculate that since the NC synthesis method and device structure as well as device fabrication
process in our research are quite different from the previous report, the amount of interface defects at
CdTe/HTL might be at a high level in this device, resulting in large carrier recombination and poor
device performance. It should be noted that the J–V curve of NC device with HTL shows roll over
phenomenon, which is similar to the ones reported by Yang et al. [22]. Large contact resistance at the
interface of CdTe/HTL due to the weak interaction between the CdTe NCs and Spiro molecules might
account for this phenomenon.
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Figure 4. (a) The NC solar cell configuration and bright-field (BF) transmission electron microscope
(TEM) cross-sectional image of the corresponding device; scale bar: 200 nm; (b) band alignment of the
NC solar cell with the Spiro hole transfer layer (HTL); (c) current density vs voltage (J–V) curve of NC
solar cells with the Spiro HTL (prepared at room ambient condition) and (d) J–V curve of the control
device (without using the Spiro HTL).
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It is well known that an appropriate annealing temperature is essential for improving the
homogeneous morphology, increasing binding force between the HTL and CdTe NC film, eliminating
interface defects, and optimizing carrier mobility of HTL. In previous reports [15,16], we found that
heat treatment on HTL at around 120 ◦C can significantly improve device performance by improving
carrier collection efficiency and reducing contact resistance. Inspired by these successful practices,
in order to overcome the drawback of contact resistance, the ITO/ZnO/CdS/CdSe/CdTe/HTL samples
are heat-treated at different annealing temperatures from 25 to 180 ◦C for 10 min at ambient conditions.
Then they are placed in a desiccator overnight before Au deposition. Figure 5a shows the PCE of NC
solar cells with different HTL annealing temperatures, while the J–V curves with different annealing
temperatures are presented in Figure S1. The photovoltaic parameters are summarized in Table 1.
It is found that PCE increases linearly as temperature increases from 50 to 120 ◦C, which is primarily
ascribed to the increasement in Jsc from 13.04 to ~23 mA/cm2. Noted that the optimized annealing
temperature is located between 110 and 120 ◦C. A PCE up to 8% is obtained in these cases, which shows
almost two times higher than that of a device with HTL annealed at 50 ◦C. The NC device performance
decays when the annealing temperature further increases and a PCE of only 1.27% is obtained at
180 ◦C. In addition, NC devices with the Spiro HTL annealed at 110~130 ◦C show low series resistance
(Rs, Table 1) as a result of reduction in interfacial contact resistance (CdTe/HTL). From Figure 5b,
one can see that the NC devices have very good repeatability. The 40 devices at least from eight
individual batches are fabricated with PCE ranging from 7.6% to 8.4%, producing an average value of
about 8.2% (annealing temperature at 110 and 120 ◦C). More importantly, there is almost no roll over
phenomenon on J–V curves of devices annealed at temperature higher than 80 ◦C. Figure 5c,d presents
the J–V and EQE curves of the champion and control devices. The champion device annealed at 120 ◦C
displays the following figures of merit: Jsc of 23.11 mA/cm2, Voc of 0.71 V, FF of 50.83%, and a high
PCE of 8.34%, which is among the highest PCE ever reported for CdTe NC solar cells with an inverted
configuration. The PCE value obtained here shows a 28% improvement compared to previous report
about CdTe NC solar cells with Spiro as HTL [22] (Table 1) and is 18% higher than the control device.
From Figure 5d, the EQE spectrum of device with the Spiro HTL shows a higher value than that of
the control device from 600 to 900 nm, which attributes to the reduction of interface recombination
on CdTe/contact electrode and increase of effective carrier collection. By integrating the EQE curves,
the calculated Jsc of 23.10 mA/cm2 and 21.90 mA/cm2 are predicted, which are consistent with the
measured Jsc presented in the J–V curves. The obvious improvement in performance of NC devices
with Spiro HTL implies that Spiro is a good hole transfer material for CdTe NC solar cells. Among the
devices with HTL, compared to the device without annealing, the device annealed at ~120 ◦C shows
apparently higher PCE (8.34% vs. 4.44%). This might be a result of more effective exciton separation
and carrier collection due to the reinforcement of the Cd-N bond and enhancement of the inner electric
field by the formation of dipole layer (CdTe/HTL) when annealing at a relatively high temperature.
To confirm this, the surface of ITO/ZnO/CdS/CdSe/CdTe/Spiro is characterized by X-ray photoelectron
spectroscopy (XPS). From the narrow scan XPS of Cd 3d 3/2 and 5/2 spectrum for Spiro annealed at
120 ◦C and 25 ◦C (Figure S2 and Table S1), one can see that the binding energies of Cd 3d5/2 and Cd
3d3/2 are 411.88 eV and 405.08 eV, respectively, for the film annealed at 25 ◦C, while these values are
412.18 eV and 405.38 eV for Spiro annealed at 120 ◦C, respectively. Therefore, a higher 0.3 eV value is
obtained for Spiro annealed at 120 ◦C, which implies a strong Cd-N bonding existence in this case,
conforming to the results reported before [16]. Moreover, as shown in Figure S3a,b, compared to the
HTL without annealing, the HTL annealed at 120 ◦C presents a smoother surface (root mean square
value of 2.56 vs. 4.49 nm), which indicates less interface defects. The decrease in device performance at
a relatively high annealing temperature (>130 ◦C) is likely to be a result of excess diffusion of Li into
active layer and excess oxidation of Spiro at high temperature as the annealing treatment was carried
out at ambient conditions.
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Table 1. Summarized performance of NC solar cells with the Spiro HTL annealed at different
temperatures (Figure 5a) and Literature [22].

Spiro Annealing
Temperature (◦C)

Voc
(V)

Jsc
(mA/cm2) FF (%) PCE (%) Rs

(Ω·cm2)
Rsh

(Ω·cm2)

50 0.70 13.04 55.43 5.06 13.7 239.5
70 0.70 15.61 55.64 6.08 11.5 268.5
90 0.66 21.26 51.67 7.25 9.5 455.0

100 0.67 23.94 49.38 7.92 8.5 217.0
110 0.70 23.75 50.11 8.33 8.8 235.3
120 0.71 23.11 50.83 8.34 8.6 229.1
130 0.69 18.41 55.66 7.07 9.9 316.8
140 0.69 12.19 58.61 4.93 13.0 394.4
180 0.61 5.09 40.90 1.27 46.3 273.0

Literature [22] 0.71 18.78 49.20 6.56 – –
Controlled device 0.65 21.90 49.71 7.08 10.2 291.6

The Voc of CdTe NC solar cells is relatively proportional to the built-in potential (Vbi) generated
from the p-type CdTexSe1-x alloy and n-type CdS NCs. With the appearance of Spiro-OMe HTL,
a positive potential between CdTe and HTL is created as a result of the formation of the Cd-N bond,
as shown in Figure 6a. It reinforces the Vbi and usually results in a high Voc of the device, like in
this case. To provide a solid support for this hypothesis, C−V analysis with increasing bias voltage
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at a constant frequency of 1000 Hz was carried out to measure the built-in field of the NC solar cells
with/without HTL. Figure 6a shows the plots of C−2 with bias voltage (V). Based on the Mott−Schottky
equation [28], the relationship between the capacitance (C−2) and applied voltage (V) is expressed
as follows:

C−2 =
2

A2qε0εNA
(Vbi −V) (1)

where A is the active area of NC solar cells, Vbi the built-in potential, q is the elementary charge, ε is the
relative dielectric constant (10.6 for CdTe), ε0 is the permittivity of vacuum, and NA is the net acceptor
concentration in an active layer. The value of Vbi is obtained by fitting a line at a forward bias from
the slope and the extrapolated intersection with the x-axis. The Vbi for NC solar cells with/without
HTL is 0.72 V and 0.65 V, respectively, which agrees well with their Voc values obtained from the
J–V curves. Like the TPA and TPP polymer, there are many amine groups that exist in the Spiro
molecular framework. The Cd-N bond is formed during the annealing process and a dipole layer can be
formed at the CdTe/HTL interface. Similar results have been found in the case of ZnO/oligophenylene
interface with a phosphonate-based self-assembled monolayer [29]. Therefore, the direction of the
dipole moment is the same as the Vbi generated from the active layer, which will enhance Vbi and
improve holes transport as well as lower the electron/hole recombination at the CdTe/Au interface,
resulting in higher Voc in the solar cells with HTL.

Nanomaterials 2020, 10, x FOR PEER REVIEW 8 of 11 

 

case. To provide a solid support for this hypothesis, C−V analysis with increasing bias voltage at a 
constant frequency of 1000 Hz was carried out to measure the built-in field of the NC solar cells 
with/without HTL. Figure 6a shows the plots of C−2 with bias voltage (V). Based on the Mott−Schottky 
equation [28], the relationship between the capacitance (C−2) and applied voltage (V) is expressed as 
follows: = 2 ( − ) (1) 

where A is the active area of NC solar cells, Vbi the built-in potential, q is the elementary charge, ε is 
the relative dielectric constant (10.6 for CdTe), ε0 is the permittivity of vacuum, and NA is the net 
acceptor concentration in an active layer. The value of Vbi is obtained by fitting a line at a forward 
bias from the slope and the extrapolated intersection with the x-axis. The Vbi for NC solar cells 
with/without HTL is 0.72 V and 0.65 V, respectively, which agrees well with their Voc values obtained 
from the J–V curves. Like the TPA and TPP polymer, there are many amine groups that exist in the 
Spiro molecular framework. The Cd-N bond is formed during the annealing process and a dipole 
layer can be formed at the CdTe/HTL interface. Similar results have been found in the case of 
ZnO/oligophenylene interface with a phosphonate-based self-assembled monolayer [29]. Therefore, 
the direction of the dipole moment is the same as the Vbi generated from the active layer, which will 
enhance Vbi and improve holes transport as well as lower the electron/hole recombination at the 
CdTe/Au interface, resulting in higher Voc in the solar cells with HTL. 

 

 

Figure 6. (a) Mott–Schottky capacitance−voltage (C–V) curves of NC solar cells with/without Spiro; 
(b) a schematic of interfacial dipole and electric field of the NC solar cell with the Spiro HTL. 

Compared to the control device, the improvement in NC solar cells with HTL is mainly 
attributed to the increase in Jsc and Voc. To further investigate the effect of HTL on the recombination 
process of NC solar cells, we measured the J–V curves under dark. From the dark J–V curves (Figure 
7a), one can observe that the reverse current in the NC solar cell with HTL was significantly lower 
than that of the control device. Lower leakage current obtained in the device with HTL implies that 
the presence of HTL between the CdTe NC layer and Au anode leads to the passivation of interface 
defects and reduction of carriers’ recombination, resulting in a significant improvement in Jsc and 
device performance. Figure 6b shows the interfacial dipole and electric field in the NC solar cells with 
Spiro as an HTL. The formation of the dipole layer with electric dipole moment points toward the 
anode. Certainly, the conductivity, mobility of Spiro, and the diffusion of Li into CdTe NC film also 
affect the device performance. A systematic study of the effects of these factors on the device 
performance is still ongoing and will be reported in our following work. Here we present the TPV 
measurement to investigate the charge recombination in NC solar cells with/without the Spiro HTL. 
In the TPV measurement, the NC solar cells are placed under a white light bias and additional 
amounts of charges are generated by applying another weak laser pulse. Figure 7b shows the charge 

Figure 6. (a) Mott–Schottky capacitance−voltage (C–V) curves of NC solar cells with/without Spiro;
(b) a schematic of interfacial dipole and electric field of the NC solar cell with the Spiro HTL.

Compared to the control device, the improvement in NC solar cells with HTL is mainly attributed
to the increase in Jsc and Voc. To further investigate the effect of HTL on the recombination process
of NC solar cells, we measured the J–V curves under dark. From the dark J–V curves (Figure 7a),
one can observe that the reverse current in the NC solar cell with HTL was significantly lower than
that of the control device. Lower leakage current obtained in the device with HTL implies that the
presence of HTL between the CdTe NC layer and Au anode leads to the passivation of interface defects
and reduction of carriers’ recombination, resulting in a significant improvement in Jsc and device
performance. Figure 6b shows the interfacial dipole and electric field in the NC solar cells with Spiro
as an HTL. The formation of the dipole layer with electric dipole moment points toward the anode.
Certainly, the conductivity, mobility of Spiro, and the diffusion of Li into CdTe NC film also affect
the device performance. A systematic study of the effects of these factors on the device performance
is still ongoing and will be reported in our following work. Here we present the TPV measurement
to investigate the charge recombination in NC solar cells with/without the Spiro HTL. In the TPV
measurement, the NC solar cells are placed under a white light bias and additional amounts of charges
are generated by applying another weak laser pulse. Figure 7b shows the charge recombination of NC
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devices with/without HTL, which are characterized by tracking the transient voltage associated with
the perturbations in charge population. The charge recombination time for the NC device with Spiro
HTL is 1.87 µs, while this value of the control device without the Spiro HTL is 1.12 µs. In other words,
compared to the control device, a low charge recombination rate exists in the device with Spiro HTL,
which is conformed to the higher Jsc and FF obtained in the device with HTL.
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Figure 7. (a) J–V curves under dark and (b) transient photovoltage (TPV) measurements of the
champion and control devices.

In conclusion, we developed Spiro as the HTL for solution-processed CdTe NC solar cells. It was
found that by performing annealing treatment after the deposition of HTL, the improvements in
hole mobility and conductivity can be obtained in NC solar cells with Spiro HTL. Simultaneous
improvements in Voc, Jsc, and FF for CdTe NC solar cells are achieved when the annealing temperature
is located among the range of 100 to 130 ◦C. At an optimized annealing temperature of 120 ◦C,
a champion device with a high PCE of 8.34% was obtained, which shows a 28% higher PCE than the NC
device with Spiro HTL reported before. The introduction of Spiro can enhance built-in potential across
the solar cell owing to interface dipole effect and decrease interface recombination due to increase in
Jsc. The research reported here provides a versatile method to further improve CdTe NC solar cells
with efficiency towards 10% from various design and material systems.
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without annealing (25 ◦C) and (b) with annealing at 120 ◦C.

Author Contributions: D.Q., Y.J., and Y.P. conceived and designed the experiments; Y.J., Y.P., W.W., K.L., Z.R.,
S.X., W.Z., J.Y., and R.Z. conducted the experiments; Y.J. and Y.P. analyzed the data; D.Q., W.X., D.W., and L.H.
contributed reagents/materials/analysis tools; D.Q., Y.J., and Y.P. compiled the paper. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We thank the financial support of the National Natural Science Foundation of China
(No. 21875075, 61774077, 61274062, 61775061), Guangdong Natural Science Fund (No. 2018A0303130041),
Guangzhou Science and Technology Plan Project (No. 201804010295, 2018A0303130211), National Undergraduate
Innovative and Entrepreneurial Training Program (No. 201910561006), the Key Projects of Joint Fund of Basic
and Applied Basic Research Fund of Guangdong Province (2019B1515120073), the Research and Development
Program in Key Areas of Guangdong Province (2019B090921002 and 2019B010132004), and the Fundamental
Research Funds for the Central Universities for financial support.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2079-4991/10/7/1348/s1


Nanomaterials 2020, 10, 1348 10 of 11

References

1. Choi, J.; Choi, M.J.; Kim, J.; Dinic, F.; Todorovic, P.; Sun, B.; Wei, M.; Baek, S.W.; Hoogland, S.;
Garcia de Arquer, F.P.; et al. Stabilizing Surface Passivation Enables Stable Operation of Colloidal Quantum
Dot Photovoltaic Devices at Maximum Power Point in an Air Ambient. Adv. Mater. 2020, 32, 1906497.
[CrossRef] [PubMed]

2. Kagan, C.R.; Lifshitz, E.; Sargent, E.H.; Talapin, D.V. Building devices from colloidal quantum dots. Science
2016, 353, 5523. [CrossRef] [PubMed]

3. Luo, K.; Wu, W.; Xie, S.; Jiang, Y.; Liao, S.; Qin, D. Building Solar Cells from Nanocrystal Inks. Appl. Sci.
2019, 9, 1885. [CrossRef]

4. Yao, S.; Liu, L.; Zeng, Q.; Du, X.; Im, C.; Liu, Y.; Zhang, H.; Yang, B.; Cui, T.; Tian, W. Chloride treatment
for highly efficient aqueous-processed CdTe nanocrystal-based hybrid solar cells. J. Mater. Chem. C 2018, 6,
11156–11161. [CrossRef]

5. Chen, Z.; Du, X.; Zeng, Q.; Yang, B. Recent development and understanding of polymer–nanocrystal hybrid
solar cells. Mater. Chem. Front. 2017, 1, 1502–1513. [CrossRef]

6. Liu, H.; Tian, Y.; Zhang, Y.; Gao, K.; Lu, K.; Wu, R.; Qin, D.; Wu, H.; Peng, Z.; Hou, L.; et al. Solution
processed CdTe/CdSe nanocrystal solar cells with more than 5.5% efficiency by using an inverted device
structure. J. Mater. Chem. C 2015, 3, 4227–4234. [CrossRef]

7. Chen, N.-N.; Jin, G.; Wang, L.-J.; Sun, H.-N.; Zeng, Q.-S.; Yang, B.; Sun, H.-Z. Highly Efficient
Aqueous-Processed Hybrid Solar Cells: Control Depletion Region and Improve Carrier Extraction.
Adv. Energy Mater. 2019, 9, 1803849. [CrossRef]

8. Kumar, S.G.; Rao, K.S.R.K. Physics and chemistry of CdTe/CdS thin film heterojunction photovoltaic devices:
Fundamental and critical aspects. Energy Environ. Sci. 2014, 7, 45–102. [CrossRef]

9. Ferekides, C.S.; Balasubramanian, U.; Mamazza, R.; Viswanathan, V.; Zhao, H.; Morel, D.L. CdTe thin film
solar cells: Device and technology issues. Sol. Energy 2004, 77, 823–830. [CrossRef]

10. Zhao, Y.; Zeng, Q.; Liu, X.; Jiao, S.; Pang, G.; Du, X.; Zhang, K.; Yang, B. Highly efficient aqueous-processed
polymer/nanocrystal hybrid solar cells with an aqueous-processed TiO2 electron extraction layer.
J. Mater. Chem. A 2016, 4, 11738–11746. [CrossRef]

11. Bao, Z.; Yang, X.; Li, B.; Luo, R.; Liu, B.; Tang, P.; Zhang, J.; Wu, L.; Li, W.; Feng, L. The study of CdSe thin
film prepared by pulsed laser deposition for CdSe/CdTe solar cell. J. Mater. Sci. Mater. Electron. 2016, 27,
7233–7239. [CrossRef]

12. Paudel, N.R.; Yan, Y. Enhancing the photo-currents of CdTe thin-film solar cells in both short and long
wavelength regions. Appl. Phys. Lett. 2014, 105, 183510. [CrossRef]

13. Chen, B.; Liu, J.; Cai, Z.; Xu, A.; Liu, X.; Rong, Z.; Qin, D.; Xu, W.; Hou, L.; Liang, Q. The Effects of ZnTe:Cu
Back Contact on the Performance of CdTe Nanocrystal Solar Cells with Inverted Structure. Nanomaterials
2019, 9, 626. [CrossRef]

14. Zeng, Q.; Hu, L.; Cui, J.; Feng, T.; Du, X.; Jin, G.; Liu, F.; Ji, T.; Li, F.; Zhang, H.; et al. High-Efficiency
Aqueous-Processed Polymer/CdTe Nanocrystals Planar Heterojunction Solar Cells with Optimized Band
Alignment and Reduced Interfacial Charge Recombination. ACS Appl. Mater. Interfaces 2017, 9, 31345–31351.
[CrossRef]

15. Rong, Z.; Guo, X.; Lian, S.; Liu, S.; Qin, D.; Mo, Y.; Xu, W.; Wu, H.; Zhao, H.; Hou, L. Interface Engineering
for Both Cathode and Anode Enables Low-Cost Highly Efficient Solution-Processed CdTe Nanocrystal Solar
Cells. Adv. Funct. Mater. 2019, 29, 1904018. [CrossRef]

16. Guo, X.; Tan, Q.; Liu, S.; Qin, D.; Mo, Y.; Hou, L.; Liu, A.; Wu, H.; Ma, Y. High-efficiency solution-processed
CdTe nanocrystal solar cells incorporating a novel crosslinkable conjugated polymer as the hole transport
layer. Nano Energy 2018, 46, 150–157. [CrossRef]

17. Hawash, Z.; Ono, L.K.; Qi, Y. Recent Advances in Spiro-MeOTAD Hole Transport Material and Its Applications
in Organic-Inorganic Halide Perovskite Solar Cells. Adv. Mater. Interfaces 2018, 5, 1700623. [CrossRef]

18. Rong, Y.; Hu, Y.; Mei, A.; Tan, H.; Saidaminov, M.I.; Seok, S.I.; McGehee, M.D.; Sargent, E.H.; Han, H.
Challenges for commercializing perovskite solar cells. Science 2018, 361, 8235. [CrossRef]

19. Burschka, J.; Dualeh, A.; Kessler, F.; Baranoff, E.; Cevey-Ha, N.-L.; Yi, C.; Nazeeruddin, M.K.; Graetzel, M.
Tris(2-(1H-pyrazol-1-yl)pyridine)cobalt(III) as p-Type Dopant for Organic Semiconductors and Its Application
in Highly Efficient Solid-State Dye-Sensitized Solar Cells. J. Am. Chem. Soc. 2011, 133, 18042–18045. [CrossRef]

http://dx.doi.org/10.1002/adma.201906497
http://www.ncbi.nlm.nih.gov/pubmed/31930771
http://dx.doi.org/10.1126/science.aac5523
http://www.ncbi.nlm.nih.gov/pubmed/27563099
http://dx.doi.org/10.3390/app9091885
http://dx.doi.org/10.1039/C8TC03928C
http://dx.doi.org/10.1039/C7QM00022G
http://dx.doi.org/10.1039/C4TC02816C
http://dx.doi.org/10.1002/aenm.201803849
http://dx.doi.org/10.1039/C3EE41981A
http://dx.doi.org/10.1016/j.solener.2004.05.023
http://dx.doi.org/10.1039/C6TA03585J
http://dx.doi.org/10.1007/s10854-016-4689-9
http://dx.doi.org/10.1063/1.4901532
http://dx.doi.org/10.3390/nano9040626
http://dx.doi.org/10.1021/acsami.7b09901
http://dx.doi.org/10.1002/adfm.201904018
http://dx.doi.org/10.1016/j.nanoen.2018.01.048
http://dx.doi.org/10.1002/admi.201700623
http://dx.doi.org/10.1126/science.aat8235
http://dx.doi.org/10.1021/ja207367t


Nanomaterials 2020, 10, 1348 11 of 11

20. Li, M.; Wang, Z.-K.; Yang, Y.-G.; Hu, Y.; Feng, S.-L.; Wang, J.-M.; Gao, X.-Y.; Liao, L.-S. Copper Salts Doped
Spiro for High-Performance Perovskite Solar Cells. Adv. Energy Mater. 2016, 6, 1601156. [CrossRef]

21. Noh, J.H.; Jeon, N.J.; Choi, Y.C.; Nazeeruddin, M.K.; Graetzel, M.; Seok, S.I. Nanostructured
TiO2/CH3NH3PbI3 heterojunction solar cells employing spiro-OMeTAD/Co-complex as hole-transporting
material. J. Mater. Chem. A 2013, 1, 11842–11847. [CrossRef]

22. Du, X.; Chen, Z.; Liu, F.; Zeng, Q.; Jin, G.; Li, F.; Yao, D.; Yang, B. Improvement in Open-Circuit Voltage of
Thin Film Solar Cells from Aqueous Nanocrystals by Interface Engineering. ACS Appl. Mater. Interfaces 2016,
8, 900–907. [CrossRef]

23. Wen, S.Y.; Li, M.Z.; Yang, J.Y.; Mei, X.L.; Wu, B.; Liu, X.L.; Heng, J.X.; Qin, D.H.; Hou, L.T.; Xu, W.; et al.
Rationally Controlled Synthesis of CdSexTe1-x Alloy Nanocrystals and Their Application in Efficient Graded
Bandgap Solar Cells. Nanomaterials 2017, 7, 380. [CrossRef] [PubMed]

24. Li, M.; Liu, X.; Wen, S.; Liu, S.; Heng, J.; Qin, D.; Hou, L.; Wu, H.; Xu, W.; Huang, W. CdTe Nanocrystal
Hetero-Junction Solar Cells with High Open Circuit Voltage Based on Sb-doped TiO2 Electron Acceptor
Materials. Nanomaterials 2017, 7, 101. [CrossRef]

25. Liu, S.; Liu, W.; Heng, J.; Zhou, W.; Chen, Y.; Wen, S.; Qin, D.; Hou, L.; Wang, D.; Xu, H. Solution-Processed
Efficient Nanocrystal Solar Cells Based on CdTe and CdS Nanocrystals. Coatings 2018, 8, 26. [CrossRef]

26. Yang, D.; Yang, R.; Wang, K.; Wu, C.; Zhu, X.; Feng, J.; Ren, X.; Fang, G.; Priya, S.; Liu, S. High efficiency
planar-type perovskite solar cells with negligible hysteresis using EDTA-complexed SnO2. Nat. Commun.
2018, 9, 3239. [CrossRef]

27. Jeon, N.J.; Lee, J.; Noh, J.H.; Nazeeruddin, M.K.; Grätzel, M.; Seok, S.I. Efficient Inorganic–Organic
Hybrid Perovskite Solar Cells Based on Pyrene Arylamine Derivatives as Hole-Transporting Materials.
J. Am. Chem. Soc. 2013, 135, 19087–19090. [CrossRef] [PubMed]

28. Zhu, J.; Yang, Y.; Gao, Y.; Qin, D.; Wu, H.; Hou, L.; Huang, W. Enhancement of open-circuit voltage and
the fill factor in CdTe nanocrystal solar cells by using interface materials. Nanotechnology 2014, 25, 365203.
[CrossRef]

29. Timpel, M.; Nardi, M.V.; Ligorio, G.; Wegner, B.; Patzel, M.; Kobin, B.; Hecht, S.; Koch, N. Energy-Level
Engineering at ZnO/Oligophenylene Interfaces with Phosphonate-Based Self-Assembled Monolayers.
ACS Appl. Mater. Interfaces 2015, 7, 11900–11907. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/aenm.201601156
http://dx.doi.org/10.1039/c3ta12681a
http://dx.doi.org/10.1021/acsami.5b10374
http://dx.doi.org/10.3390/nano7110380
http://www.ncbi.nlm.nih.gov/pubmed/29117132
http://dx.doi.org/10.3390/nano7050101
http://dx.doi.org/10.3390/coatings8010026
http://dx.doi.org/10.1038/s41467-018-05760-x
http://dx.doi.org/10.1021/ja410659k
http://www.ncbi.nlm.nih.gov/pubmed/24313292
http://dx.doi.org/10.1088/0957-4484/25/36/365203
http://dx.doi.org/10.1021/acsami.5b01669
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experiment 
	Results and Discussion 
	References

