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Abstract: The use of solution-processed photovoltaics is a low cost, low material-consuming way to
harvest abundant solar energy. Organic semiconductors based on perovskite or colloidal quantum dot
photovoltaics have been well developed in recent years; however, stability is still an important issue
for these photovoltaic devices. By combining solution processing, chemical treatment, and sintering
technology, compact and efficient CdTe nanocrystal (NC) solar cells can be fabricated with high
stability by optimizing the architecture of devices. Here, we review the progress on solution-processed
CdTe NC-based photovoltaics. We focus particularly on NC materials and the design of devices
that provide a good p—n junction quality, a graded bandgap for extending the spectrum response,
and interface engineering to decrease carrier recombination. We summarize the progress in this field
and give some insight into device processing, including element doping, new hole transport material
application, and the design of new devices.
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1. Introduction

Solution-processed thin film solar cells offer the opportunity to decrease the manufacturing cost and
the usage of raw materials, which may allow module manufacture to compete with traditional energy
production. Organic materials [1], perovskites [2,3], nanocrystals (NCs) [4,5], or other semiconductor
precursors [6] can be used to fabricate photovoltaic devices by solution processing. Among the
solution-processed techniques, CdTe NC solar cells have been well explored due to their high stability
and physical properties, tunability, and easy control processes, which permit devices to be built at the
atom or molecular level. Furthermore, CdTe NCs have many merits such as being a low complexity
compound and having a high optical absorption coefficient (>10* cm™') and an ideal bulk band
gap of 1.5 eV [7,8]. By using organic ligands, the sizes of CdTe NCs are well controlled, and they
can be dispersed in many organic solvents, such as pyridine, n-propyl alcohol, and even deionized
water [9-12], which permits photovoltaic device fabrication using solution processing. Here, we review
the advances in solution-processed CdTe NC solar cells and discuss future innovations that are required
to further increase the power conversion efficiency (PCE) to ~15% to allow commercial application.
There are four key areas that have led to an increase in CdTe NC solar cell performance in recent years.
First, it has been demonstrated that enhanced control over the physical properties of every CdTe NC
active layer is crucial to eliminate bulk defects and improve the performance of devices. Secondly,
the junction quality is another important issue for CdTe NC solar cells; researchers have realized
numerous forms of p—n junctions for the collection of holes and electrons. Thirdly, by introducing
a hole transfer layer between CdTe NC and the contact electrode, a dipole layer is formed, which
is beneficial for collecting holes and eliminating defects. Finally, the new architecture design and
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combinations of devices have allowed the development of some forms of graded bandgap design
that enable efficient collection of electrons and holes. We review the latest progress in the architecture
design of devices and present some perspectives on the further development of CdTe NC solar cells
towards ~15% PCE [13].

2. NC Solar Cell Fabrication Technology Determines the Electronic Properties

The size and morphology of CdTe NC thin film is quite different from that prepared by vacuum
techniques. It is comprised of thousands of atoms. Therefore, the optical properties and bandgap of
NC show a wide distribution due to the quantum size effects [9]. The assembly of CdTe NC during the
fabrication of NC thin film is not perfect, and impurities within the surface of NC affect the optical and
electrical properties of NC thin film [14-16]. In addition, the bandgap of bulk CdTe is ~1.45 eV, which
is in the ideal bandgap region for single junction solar cells to achieve high efficiency. The decrease in
size will shift the bandgap of NC to a wide region (>1.45 eV), which may affect the performance of
NC solar cells. A chemical/annealing process is usually adopted to eliminate bulk defects in the CdTe
NC thin film to increase the diffusion length of carriers. This is different from the fabrication of PbS
quantum dots solar cells [17] under low temperatures (<100 °C). It is well known that CdCl, treatment
at ~400 °C can significantly improve the junction quality of CdTe thin film solar cells prepared by the
close space submission (CSS) method [18,19]. However, as the grain size, melting point, or surface
chemical properties of CdTe NC are quite different from those of CdTe thin film prepared by vacuum
technology, the optimal chemical/annealing strategy should be different. To prepare CdTe NC thin
film by solution processing, the first key issue is to obtain a well-dispersed NC solution. Thanks to
the development of NC separation techniques, homogeneous CdTe NC solution can be prepared by
refluxing the as-prepared NC to remove the impurities and insulated ligands and then disperse it
into a solvent such as pyridine or deionized water [20,21]. In the early research, CdTe NC thin film
was prepared by spin-casting a single layer of CdTe NC solution on the substrate and undergoing
a chemical/annealing process [22]. The drawback of this method is that the increased stresses that
develop during the annealing step may cause the formation of cracks, voids, and/or holes in the NC
film, which will lead to device shunt or weaken in performance. Furthermore, the bulk defects in the
CdTe NC thin film limit carrier transfer, and the solar cell PCEs are usually below 3% [23,24]. Recently,
a layer-by-layer approach was adopted to overcome this problem [25,26]. As shown in Figure 1, this
involves several drops of CdTe NCs solution being put on top of an ITO/ZnO/n type semiconductor
(such as CdS, CdSe, or TiO,) substrate and spin-casted. Then, the substrate is placed on a hot plate
and annealed at a temperature of ~150 °C for several minutes to eliminate any organic solvent. After
that, the substrate is dipped into a saturated CdCl,/CH30H solution for ~10 s and taken out, rinsed in
n-propanol, and blow-dried under N2 flow. The substrate is then placed immediately on a hotplate at
~350 °C for ~10-60 s. This process permits the growth of CdTe NC into larger sizes (typically ~100 nm),
which is important to decrease the interface defects between NC grains. This NC thin film fabrication
process is repeated for several cycles in order to obtain CdTe NC thin film with the desired thickness.
In general, 5-7 layers are needed to obtain an optimal thickness for light harvesting. This layer-by-layer
approach can alleviate stresses in each layer, and the residual defects are filled by the subsequent layers.
The high quality CdTe NC thin film obtained in this case is beneficial for carrier transfer, and high
device performance is expected. On the other hand, this technique permits the electronic properties of
each layer to be adjusted, which is important for efficient solar cell design. At present, most efficient
CdTe NC based solar cells are fabricated by this layer-by-layer technique; it is a widely mastered
method that produces CdTe NC thin film with a smooth, compact, and low-defect surface.
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Figure 1. NC solar cells with inverted structure fabricated by a layer by layer solution process.

3. Improving p—n Junction Quality by Using an n-Type NC Partner

CdTe can exist easily in both n- and p-type materials by controlling the doping concentration of
Cd or Te during thin film formation. However, due to the self-compensation effect, n-type CdTe is not
stable; therefore, efficient polycrystalline CdTe thin-film solar cells are generally fabricated with pn
heterojunction configurations to effectively collect photo-carriers from devices in which the diffusion
coefficients are small [27,28]. As confirmed in the literature, CdTe NC thin film remains a weak p-type
with a hole concentration of around 10'°/cm3 [29]. The first completely solution-processed NC solar
cells with a PCE of 2.9 % in a configuration of ITO/CdTe/CdSe/Au were fabricated by employing CdTe
and CdSe NCs as donor and acceptor materials [23]. The solar cells were fabricated by depositing
one layer of CdTe NC and one layer of CdSe NC on the ITO substrate and annealing at 400 °C with
CdCl,/methanol solution. Later on, the effect of the selected electrode or thickness of NC on the
device’s performance was further investigated and similar device performances were obtained [30,31].
There are several obvious drawbacks for these NC solar cells. The charge-separating interface is far
from the illumination, which results in high recombination, as the carriers must travel almost the
whole active layer before they are collected. On the other hand, the CdTe/CdSe NC active layers are
over-treated, leading to unexpected carrier recombination due to large defects in the NC thin film.
Following this, a layer-by-layer approach was adopted to fabricate CdTe NC/ZnO heterojunction solar
cells with a configuration of ITO/CdTe/ZnO/Al [32-34]. In this process, the n-type partner ZnO thin
film is fabricated by depositing Zn* precursor on the CdTe thin film and annealing at a moderate
temperature of ~300 °C. The optimized annealing temperature for CdTe NC thin film is ~350 °C.
A further increase or decrease in the annealing temperature will deteriorate the performance of the
CdTe NC thin film solar cells, resulting in device shunt or inadequate annealing, leading to poor NC
grain size. When the ZnO was replaced by In-doped ZnO, a PCE of 8.54% was recorded [29], which
was a drastic improvement comparing with previous work. Researchers also found that the PCE
can be further elevated to 12% via light/current treatment. Unfortunately, the PCE will degrade in
one day due to the recovery of energy obstacles for carrier transfer from CdTe to the ITO electrode.
It is found that interdiffusion from the ITO into the CdTe layer at temperature higher than 250 °C
may result in unfavorable electronic doping in CdTe NC film [14-16]. To overcome this drawback,
introducing metal oxide, Au, ZnTe:Cu or Te interlayers between CdTe NC and ITO will significantly
improve stability of CdTe NC solar cells with normal structure [35-37]. It is noted that the grain size of
CdTe NC is around ~100 nm after chemical/heat-treatment. On the contrary, the typical n-type partner
for CdTe thin film solar cells prepared by the chemical bath deposition (CBD) method, CdS, showed
significantly larger grain sizes (several um) and poor smoothness when compared with CdTe NC thin
film. As shown in Figure 2a, when CdTe NCs are deposited on CBD-CdS thin film, lots of pin holes
may be generated due to the mismatch in grain size between CdTe NC and CBD CdS, which reduces
the junction quality of CdTe—CdS. On the contrary, a smooth and compact thin film is obtained when
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CdS NC ink is adopted (as shown in Figure 2b), which is important to eliminate interface defects and
decrease carrier recombination in the interface.
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Figure 2. NC solar cells fabricated by using (a) CBD-CdS or (b) CdS NC as bulffer layer.

In previous work [25], it was found that after optimizing the annealing temperature and the
thickness of CdS NC film, a device with a configuration of ITO/ZnO/CdS NC/CdTe NC/Au showed a
PCE of 5.14%, which is significantly higher than that of devices with CBD-CdS as an n-type partner
(3.73%) [38]. The improvement in device performance was mainly attributed to the increases in fill
factor (FF) and short circuit current density (Jsc). Besides CdS NC, CdSe NC has also been selected
as an n-type partner for CdTe NC solar cells. The bandgap of bulk CdSe is about 1.7 eV, which does
not lead to efficient CdTe thin film solar cells due to parasitic absorption of the CdSe layer. However,
as the diffusion of Se into Te occurs more easily than S into Te, a CdSe,Te;_4 alloy layer can be easily
formed when growing and post-treating the CdTe/CdSe thin film [39,40]. Due to the “light bowing”
effects, CdSe,Te;_x shows a narrower bandgap than that of CdTe, which will extend the spectrum
response to a longer wavelength [41,42], and a higher ], is expected in this case. The CdTe/CdSe solar
cells prepared through magnetron sputtering techniques show a high efficiency of 15.2% coupled
with a high Js. of 26.3 mA/cm? [43]. Researchers have shown that the photo-currents are enhanced in
both short and long wavelength regions when CdS is replaced by CdSe in the CdTe thin film solar
cells [44]. In the early work of solution-processed CdTe/CdSe NC solar cells [22,45], however, similar
improvement in photo-current were not found, which was mainly attributed to the device architecture
and device fabrication techniques used. In the CdTe NC device with a normal ITO/CdTe/CdSe/Al
structure, the junction is far from the illumination and the CdSe NC layer acts as an electronic transfer
layer. The light absorbed by the CdSe NC layer will not generate any photonic current due to the
interface recombination. Recently, a new inverted device structure (ITO/ZnO/CdSe/CdTe/Au) was
developed using a layer-by-layer sintering process [46]. In this device structure, the presence of
the ZnO layer provides better electrical stability, eliminating the catastrophic shorting of CdTe NC
solar cells. As the CdTe NC has a similar size, morphology, and lattice structure as that of CdSe
NC, a high junction quality is preferred when the NC thin film is treated under suitable conditions.
Furthermore, the formation of the CdSe,Tej_ layer is photo active, which will increase the external
quantum efficiency (EQE) value in both short and long wavelengths. By optimizing the CdSe NC layer
thickness and annealing temperature, a PCE of 5.81% was obtained in the champion devices. From the
EQE spectrum, one can see that the device showed a good spectrum response in the short and long
wavelength regions, which is in accordance with the previous report [41]. Due to the toxicity of the
Cd element, using safer salts (such as NaCl, KCl or NH4Cl) instead of CdCl, during the processing
steps is believed to be important for decreasing the Cd contamination during the NC solar cells
fabrication [8,47-49]. On the other hand, finding a new Cd-free n-type partner is also preferred for
CdTe NC solar cells. Recently, solution-processed ZnSe NC was introduced as an n-type partner
for CdTe NC solar cells [50]. However, compared to CdTe/CdSe, CdTe/ZnSe shows a lower junction
quality and device performance. For the CdTe NC/TiO; solar cells, the mismatch in crystalline lattice
parameters between CdTe and TiO; leads to large interface defects. To solve this problem, a thin
layer of CdS NC (~5 nm) is deposited on the TiO, film before deposition of the CdTe NC layer, which
decreases the interface defects as CdS NC has a similar size and morphology to CdTe NC. The efficiency
of CdTe NC solar cells increases to 5.14%, which is significantly higher than that of solar cells without
the CdS NC interlayer [51]. A high V. of up to 0.83 V is obtained in this case, which is the highest
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Voc for CdTe NC-based solar cells. The improvement in V. is mainly attributed to the high junction
quality and ideal band alignment.

4. Back Contact for CdTe NC Solar Cells

It is well known that the CdTe thin film has high resistance due to the difficulty in element doping.
Furthermore, the work function of CdTe thin film can be as high as 5.7 eV [50] and no metal exists that
has a higher work function to form stable and low resistance contact than CdTe. In order to decrease
the electric energy loss and maximize the voltage output, energy level matching between CdTe and
the contact electrode is of fundamental importance. In general, the surface of CdTe is etched with
nitric and phosphoric acids or Bry/methanol solution to generate a Te-rich interface which helps to
form low resistance ohmic contacts [52,53]. However, compared to CdTe thin film fabricated by the
vacuum technique, the grain size is small, and a high crystal boundary exists in solution-processed
CdTe NC thin film. The acid molecules will move quickly along the crystal boundary and damage
the whole NC thin film, leading to device shunt or thin film peeling off the substrate, which has
been confirmed in previous work [33]. For a device with normal structure, by using chemical wet
etching, the energy obstacle between ITO and CdTe NC film is eliminated and leads to the highest
efficiency CdTe solution processed solar cell with a PCE of 12.7% [8,47-49]. For devices with inverted
structure, the use of dielectric materials as a hole transport layer (HTL) before the deposition of
back contact is also preferred to obtain low ohmic contact to CdTe NC. For example, by using high
work function MoOy as the HTL, electrons are blocked while holes can transfer easily from CdTe to
the gold electrode, which is essential to reduce carrier recombination on the interface of CdTe NC
and to improve the device’s performance [25]. Organic hole transport materials can also be used as
the HTL for CdTe NC solar cells for low-temperature and low-cost solution processing. Yang et al.
first developed p-type Spiro[9H-fluorene-9,9’-[9H]xanthene]-2,2’,7,7’-tetramine (spiro-OMeTAD)as
an HTL for solution-processed CdTe NC solar cells, and an improvement in open circuit voltage was
obtained compared to devices with other HTLs [54]. It was found that the soft base spiro-OMeTAD
bonds tightly to the CdTe atoms and forms a dipole layer, which is essential to decrease interface
defects in the NC solar cells. The electrical potential between the HTL and the CdTe layer was
investigated by Kelvin probe microscopy, and it was found that the dipole moment pointed toward
the anode, which reinforces the Vy,; (build in field) and facilitates carrier collection. Following this,
the commercially available polyelectrolyte poly-[3-(potassium-6-hexanoate) thiophene-2, 5-diyl] (P3KT)
was used as the HTL to improve the performance of aqueous-processed CdTe NC solar cells [55]. P3KT
polyelectrolytes possess suitable energy levels that match well with CdTe, and the S atoms on the
polymer backbone can coordinate with the CdTe NCs, which can reduce interfacial recombination
and facilitate hole transfer and collection. By further introducing P3KT/MoOx double HTLs, a PCE
of 5.9% was obtained. It is noted that the Highest Occupied Molecular Orbital (HOMO) level of
the polymer mentioned above is ~5.2 eV, which is still lower than that of CdTe NC film (~5.3 eV).
To solve this problem, HTL materials with higher HOMO levels are preferred. Triphenylamine-based
conjugated polymers are excellent hole transfer materials with a high HOMO level, and they have been
widely used in organic solar cells as an HTL [3,56]. Recently, a new organic hole transport material,
poly(diphenylsilane-co-4-vinyl-triphenylamine) (Si—-TPA), was used as the hole transport layer (HTL)
for CdTe NC solar cells [57]. Its HOMO value is ~5.4 eV, which matches well with the VB of CdTe NC thin
film. Studies have shown that Si-TPA can bond to the CdTe NC film by forming N-Cd covalent bonds,
and the hole mobility in bulk is enhanced for NC devices. For comparison, poly(9-vinylcarbazole)
(PVK) and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) were also used
as HTLs for CdTe NC solar cells. Although PEDOT:PSS and PVK have similar energy levels to
Si-TPA, their film quality is low due to the lack of strong dangling bonds, leading to low device
performance. On the contrary, due to the dipole effects and ideal band alignment, devices with Si-TPA
HTL show significantly higher Jsc and V. values, leading to a higher PCE of 8.34%, which is the highest
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ever reported for solution-processed CdTe NC solar cells with an inverted structure. The selected
performance parameters of solution processed CdTe NC based solar cells are summarized in Table 1.

Table 1. Selected performance parameters of CdTe NC solar cells fabricated via solution process.

Structure X;; (m i;[;mz) FF (%) PCE (%) Pu;?:;ihed Ref
ITO/CdTe/ZnO/Al 0.59 20.70 56.0 6.9 2011 [26]
ITO/CdTe/ZnO/Al 0.61 21.20 60.0 7.7 2014 [34]
ITO/CdTe/ZnO/Al 0.686 2550 64.7 113 2014 [33]

ITO/CdTe/In: ZnO/Al 0.69 21.20 67.0 9.8 2014 [32]
ITO/CdTe/In: ZnO/Al 0.684 2580 71.0 12.3 2014 [29]
ITO/CdTe/CdSe/Al 0.42 16.90 36.0 2.6 2009 [23]
ITO/CdTe/CdSe/Al 0.429 16.30 374 3.02 2010 [58]
ITO/CdTe/CdSeyTe1.x/ZnO/Al 0.61 203 57.0 7.1 2012 [45]
ITO/CdSe/CdTe/Cr/Au 0.593 72 437 1.9 2014 [31]
ITO/CdSe/CdTe/Au 0.56 17.2 40.1 3.75 2014 [59]
ITO/ZnO/CdSe/CdTe/Au 0.65 15.28 585 5.81 2015 [46]
ITO/ZnO/CdSe/CdTe:CdSe/CdTe/Au 0.6 21.06 49.5 6.25 2016 [60]
ITO/ZnO/CdSeyTe1../CdTe/MoOy/Au 067  19.70 483 6.37 2017 [61]
ITO/ZnO/CdSe/CdTe/Si-TPA/Au 0.66 2338 54.05 8.34 2018 [57]
ITO/TiO,/CdTe/spiro-OMeTAD/Au 0.71 15.82 452 5.16 2015 [54]
ITO/TiO2/CdTe-CdS/MoOy/Au 0.564 17.8 57.1 5.73 2015 [62]
ITO/ZnO/Sb:TiO,/CdTe/Au 0.7 14.65 34.44 353 2017 [51]
FTO/TiO,/CdS/CdTe/Au 0.83 16.02 305 4.05 2018 [63]
ITO/ZnO-In/CdS/CdTe/MoO,/Ag 0.49 175 435 3.73 2013 [38]
Glass/Mo/CuyTe/CdTe/CdS/ZnO/Al 0.679 159 549 594 2014 [33]
FTO/Sn0,/CdS/CdTe/ZnTe/Ti 0.709 18.3 513 6.66 2014 [33]
ITO/SnO,/CdTe-CdS/P3KT/MoOx/Au 0.54 19.5 56.0 59 2017 [55]
ITO/ZnO/CdS/CdTe/MoOy/Au 0.56 17.26 52.84 5.14 2018 [25]

5. The Architecture Design and Combinations of New Devices

Although the band gap of CdTe NC thin film (~1.45 eV) is in the ideal bandgap region for single
junction solar cells according to the Shockley—Queisser constraint [64], to further improve device
performance, a higher 4. is preferred. One way to improve the short circuit current of NC solar cells is
to introduce more active layers with a lower bandgap. For example, introducing more CdSe,Te;_x NC
active layers into the CdTe NC solar cells will extend the spectrum response to the longer wavelength
region, as CdSe,Te;_y layers possess a lower bandgap (less than 1.45 eV). There are several ways
to attain a CdSe,Te;_y alloy NC active layer. For example, sintering thin films containing mixtures
of CdTe and CdSe NC will form CdSexTe;.« alloy easily due to the low melting point of NC [24,45].
In this case, a mixture of different compositions of CdTe and CdSe NC is deposited on the substrate
and annealed at a temperature of ~350 °C to facilitate the formation of CdSe,Te;_ alloy. Improved
device performance is obtained in this case, which is mainly attributed to an increase in J,. It is also
found that the device performance can be tuned by adjusting the composition of the NC alloy. Later on,
the CdSexTe;_4 alloy NC is used directly to replace the mixtures of CdTe and CdSe NCs as the active
layer [61]. Here, a homogeneous alloy active layer is obtained through the application of CdSexTe;_«
NC with an ascertained composition. Furthermore, as the physical properties of each active layer can be
well controlled, the NC performance can be adjusted easily. As shown in Figure 3a, NC solar cells with
a vertically-graded bandgap are formed using the layer-by-layer NC deposition process. In this new
device architecture, the active layer consists of two or more alloy NC layers with different bandgaps,
which will extend the absorption range. Furthermore, as shown in Figure 3b, the slope of the built-in
electric field will facilitate carrier separation and collection. The device performance is found to be
related to composition of alloy, as shown in Figure 3¢,d. Due to the present of low band gap CdxTe;_
alloy, enhanced EQE is found in both short and long wavelength when comparing to traditional
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CdTe-CdS NC solar cells (Figure 3e) [38]. The performance of alloy NC solar cells is also found to be
related to the thickness of active layer (Figure 3f), the device architecture, and the quantity of alloy active
layers used. In optimized device structure of ITO/ZnO/ CdSej gTe( »/CdSe > Teg g/CdTe/MoOx/Au,
the series resistance (Rs) is decreased and the shunt resistance (Rg},) increased when comparing to
device with structure of ITO/ZnO/CdSe 2 Tej s/CdTe/MoOx/Au, which results in a high PCE of 6.37%
(4.03% for controlled device) [61].
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Figure 3. (a) Schematic of the vertically-graded bandgap structure of ITO/ZnO/CdSe/CdSe,Te;.,/
CdTe/MoOx/Au, (b) energy diagram of the above devices, |-V characteristics of the above devices
(c) under light and (d) dark, (e) EQE properties of the devices, and (f) the PCE of NC solar cells with
different thickness of CdSe,Tey g alloy NC films [64].

Introducing other semiconductor NC or organic semiconductor materials to build tandem solar
cells is another way to further improve the performance of CdTe NC solar cells. PbS quantum dots are
important semiconductor materials for photovoltaic application as the band gap can be tuned from the
bulk value (0.41 eV) up to ~1.6 eV by controlling the grain size [65,66]. The efficiency of PbS quantum
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dot solar cells has improved from ~0.1% to ~11% in recent years [4]. As the optical absorption of PbS
quantum dots can be extended to the infrared region, coupled with low temperature device fabrication,
all these merits make PbS quantum dots solar cells (CQDs) suitable for application in tandem cells.
Crisp et al. demonstrated new tandem solar cells based on solution-processed CdTe NCs and PbS
CQDs [67]. The device structure was FTO/CdS/CdTe/ZnTe/ZnO/PbS/MoO,/Al. It was found that the
ZnTe/ZnO tunnel junction is appropriate to combine the CdTe and PbS cells, and a V¢ as highas 1.1 V
can be obtained in the optimized device. This value is significantly higher than that of the the single
CdTe (~0.6 V) and PbS (~0.4 V) solar cells. However, the overall conversion efficiency is only 5%, which
is significantly lower than that of the best CdTe NC solar cells (~11%) or PbS CQD solar cells (~12%).
The low PCE is mainly attributed to the low [ (~10 mA/cm?). The low EQE response of the whole
spectrum indicates that much work should be done to improve the film quality of every active layer.

6. Outlook

Unlike the traditional CdTe thin film solar cells fabricated from the evaporation of semiconductor
materials to construct an active layer, CdTe NC solar cells are prepared by a simple layer-by-layer
solution and sintering process. Therefore, the electronic properties of NC thin film can be rationally
controlled by varying the thin film fabricating method. The highest and most stable PCE of
solution-processed CdTe NC based solar cells obtained is around 9%; there still exists great potential
for commercial application. To further improve the efficiency up to 15%, more research should be
done. Firstly, the V. of most CdTe NC solar cells is around 0.6-0.7 V, which is significantly lower
than most CdTe thin film solar cells prepared by CSS or other vacuum techniques (~0.8-0.9 V). As the
carrier doping concentration for CdTe NC thin film is ~10'%/cm3, it is difficult to make good ohmic
contact without further interface treatment or increased doping density. Creating a Te-rich layer
is therefore important to create good ohmic contact to further increase the performance of the NC
solar cells. Unfortunately, there are still no reports on the successful application of these methods to
solution-processed CdTe NC solar cells. In a previous report, Panthani et al [29] attempted to create a
Te-rich layer by wet-etching the CdTe NC thin film; the device showed exclusively shunt action and no
efficiency. Therefore, a new chemical etching method must be developed to further improve the ohmic
back contact to CdTe NC thin film. In the previous reports, introducing a interlayer (such as ZnTe:Cu or
Te) between ITO and CdTe NC thin film has led to significantly improvement in performance of CdTe
NC solar cells [36]. As shown in Figure 4a—d, by modeling heavily doped CdTe at the interface between
ITO and the CdTe NC thin film, a good Ohmic contact to CdTe is formed, which can significantly
improve the CdTe NC based solar cells [12]. How to apply this technology to inverted NC solar cells is
a still challenge. On the other hand, increasing the doping concentration of CdTe NC thin film is also
crucial to further improve the performance of NC solar cells. In previous work, ZnTe:Cu or CuxTe
was selected as the back contact for NC solar cells and a PCE of ~6% was obtained [24]. The low PCE
is mainly attributed to the low Js., which is due to the absorption of the n-type partner. By using a
solution-processed n-type semiconductor NC and optimizing the Cu doping in the CdTe NC thin
film, the PCE of NC solar cells could improve towards 10%. Recently, Dharmadasa et al. [68] and our
group developed a new device structure with a graded bandgap structure. In this device structure,
the separation of photo-generated charge carriers is easy, and the spectrum response is extended. More
work should be done to further optimize each active layer to further improve the spectrum response to
the long wavelength region and to improve the performance of NC solar cells towards 15%. In order
to realize the commercial application of CdTe NC solar cells, improved stability, material processing,
and scale-up fabricating techniques (such as inkjet printing or spray coating) are required. However,
due to their simple, low-cost fabrication techniques and low material consumption, CdTe NC-based
solar cells have a promising future.
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Figure 4. (a,c) Band diagrams of modeled CdTe solar cells with ITO/“CdTeOx”/CdTe/ZnO:In/ /“ AlOx”/Al
geometry at equilibrium (a) and Voc (c) before current/light soaking. (b,d) Band diagrams of modeled
CdTe solar cells with a heavily doped CdTe layer between ITO and CdTe at equilibrium (b) and Voc (d)
before current/light soaking [36]. Copyright 2017 American Chemical Society.
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