FULL PAPER

Nanocrystal Solar Cells

Interface Engineering for Both Cathode and Anode Enables
Low-Cost Highly Efficient Solution-Processed CdTe

Nanocrystal Solar Cells

Zhitao Rong, Xiuzhen Guo, Shaoshan Lian, Songwei Liu, Donghuan Qin,* Yueqi Mo,*
Wei Xu, Hongbin Wu, Hong Zhao, and Lintao Hou*

Low-cost solution-processed CdTe nanocrystal (NC) solar cells always suffer
from a high interface energy barrier and unbalanced hole/electron transport as
well as anisotropic atom diffusion on the CdTe surface due to the limited amount
of hole/electron interface materials or the difficulty in interface processing.

In this work, a novel strategy is first adopted with gradient electron transport
layer (CdS/CdSe) modification in the cathode and a new crosslinkable hole
transport polymer (P-TPA) implantation in the anode. The carrier recombination
at interfaces is greatly decreased and thus the carrier collection is increased.
Moreover, the light harvesting is improved both in short and long wavelength
regions, making J.. and V, increase simultaneously. A champion solar cell
shows a very high power conversion efficiency of 9.2% and an outstanding
Jsc of 25.31 mA cm~2, which are among the highest values for all solution-
processed CdTe NC solar cells with a superstrate structure, and the latter
value is even higher than that of traditional thick CdTe thin-film solar cells

(2 pm) via the high temperature close space sublimation method. This work
demonstrates that facile surface modifications in both the cathode and anode
with stepped extraction and organic-inorganic hybridization are very promising
in constructing next-generation highly efficient NC photovoltaic devices.

1. Introduction

Solution-processed CdTe nanocrystal (NC) solar cells have
attracted much attention in recent years because they can be
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manufactured via solution processing
with the feasibility using low-cost roll-to-
roll large-area printing techniques under
ambient fabricating conditions.'” The
performance of CdTe NC solar cells has
been improved rapidly for power con-
version efficiency (PCE) from =3%[ to
8.54%1 through optimization of NC
sintering'®!! and n-type acceptor!!>14
as well as device architecture.'>10 It is
noted that the highest PCE of 12.3%
is obtained to date for CdTe NC solar
cells with a device structure of ITO/CdTe/
In: ZnO/metal; however, as there exists a
work function mismatch between CdTe
(=5.2 eV) (Figure S1, Supporting Infor-
mation) and ITO (=4.7 eV),l”] a voltage/
light soaking process must be undertaken
before J-V measurement.l! Even worse,
the device efficiency decays rapidly about
30% after several days due to the recovery
of work function mismatch existed in the
ITO/CdTe interface.!

For solving this problem, the incorpora-
tion of a favorable electron transport layer (ETL) in the cathode
is proposed. For example, a thin ZnO layer is inserted between
ITO and CdTe; however, low-quality CdTe NC thin film is
formed on top of the ZnO film due to large lattice mismatch,
leading to the device performance instability.l'®!) Unlike ZnO
or other n-type interface materials such as TiO,,?% CdS has a
low lattice mismatch for CdTe, so high-quality CdTe active layer
can be well developed.?'-23] However, since CdS has a strong
parasitic absorption in the 300-525 nm range, a low spectrum
response is produced in short wavelengths, resulting in a low
Joo.2%?1 In order to improve the J, decreasing the thickness
of the CdS layer has been adopted in close space sublimation
(CSS)-processed CdTe thin-film solar cells, while too thin CdS
layer would reduce effective electron extraction.?®%”] Since Se
atom has higher solubility in CdTe due to its similar size to Te
atom than S atom and the formed CdSe,Te;_, layer is photo-
active during the annealing process, CdSe has been used to
replace CdS as n-type partner in CdTe NC solar cells.?*3% Thus
the parasitic absorption in CdSe is decreased, which is benefi-
cial to improve the device performance. Furthermore, due to
the bandgap bowing effect, the formed CdSe,Te,_, alloy shows
a narrower bandgap than pure CdTe, which means that photon
absorption can be extended to longer wavelengths. It is reported
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Figure 1. A schematic outline of the layer-by-layer process for making CdTe NC solar cells.

that the energy bandgap as low as 1.32 eV is obtained with
x = 0.38 for CdSe,Te,_,, which is much smaller than 1.5 eV for
CdTe.B'32 However, devices with a single CdSe ETL may suffer
from low V.. and fill factor (FF) due to the large electron injec-
tion barrier and interface defects in ZnO/CdSe,Te,_,, which
has been confirmed in the CSS-processed CdTe solar cells
with the SnO,/CdSe structure.3l Thus, new cathode interface
strategy should be developed for solution-processed CdTe NC
solar cells. On the other hand, anode modification is also very
important for increasing V.. of NC solar cells. For example, Cu
doping has been widely adopted to increase V,. for most high-
efficiency CdTe thin film solar cells prepared by CSS method.*4
However, excessive Cu diffusion will deteriorate the electronic
properties of the n-type layers, resulting in the drastic degra-
dation of the device performance.>>3¢! Furthermore, since
there exist a lot of crystal boundaries in the solution-processed
CdTe layer, it is very difficult to control the Cu doping con-
centration, leading to the worse repeatability of device perfor-
mance. Therefore, it is suggested that introducing an organic
hole transport layer (HTL) before the deposition of Au contact
electrode is very effective for increasing V,.. By introducing a
polymer poly(diphenylsilane-co-4-vinyl-triphenylamine) layer as
HTL between the CdTe NC film and the Au electrode, the car-
riers become more balanced and the interface recombination is
decreased, making V,. increased from 0.59 to 0.66 V.’”! Thus,
it can be seen that interface engineering for both cathode and
anode is extraordinarily necessary for further developing highly
efficient CdTe NC solar cells in this field.

In this work, we demonstrate multilayer electron accep-
tors of ZnO/CdS/CdSe and a novel new crosslinkable polymer
poly(phenylphosphine-co-4-vinyl-triphenylamine) (P-TPA) to
simultaneously increase V,. and J,. as well as PCE of low-cost
solution-processed CdTe NC solar cells with a superstrate struc-
ture of ITO/ZnO/CdS/CdSe/CdTe/P-TPA/Au. The presence
of a ZnO layer can decrease the interface recombination in
CdS/ITO or CdSe/ ITO and thus the parallel resistance is
increased.l') The incorporation of n-type CdS/CdSe NC and
p-type P-TPA endows CdTe NC solar cells with a high V.. with
less interface defects. The formed CdSe,Te;_, alloy with very
strong photon-active property improves ;. of the CdTe NC cells
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with an abroad spectrum response in entire wavelength region.
As the highest-energy occupied molecular orbital (HOMO)
level of P-TPA matches well with the work function of CdTe
NC, hole carrier extraction from the CdTe layer becomes more
efficient than the device without P-TPA. In the end, a very
high device performance is obtained by introducing the above
interfacial modification strategy with the V., J,, and PCE of
0.72'V, 25.31 mA cm™, and 9.20%, respectively. To the best of
our knowledge, the PCE and . achieved are the highest values
ever reported for low-cost solution-processed CdTe NC super-
strate solar cells. This work not only sheds light on the internal
reasons behind performance improvements, but also demon-
strates that simultaneous cathode/anode interface regulation is
very promising in the future CdTe NC solar cell manufacturing.

2. Results and Discussion

The CdTe NC solar cells with a superstrate structure of ITO/
ZnO/CdS/CdSe/CdTe/P-TPA/Au (Figure 1) are fabricated via
a layer-by-layer spin-coating and sintering process. The ZnO
thin film prepared by decomposition of the Zn?*' carboxyl
precursor is used as the ETL. Since the one-layer CdS NC is
essential to decrease the misfit dislocations caused by the large
lattice mismatch between ZnO and CdTe, low dangling bonds
densities at interfaces can be obtained with the insertion of CdS
layer.383% In other words, the one-layer CdS layer with a step-
wise change of lattice constant allows a considerable reduction
of misfit dislocations, resulting in an electrical passivation. The
two-layer CdSe plays a similar role in further decreasing the lat-
tice mismatch, and at the same time it acts as the acceptor. For
simplicity, the CdS and CdSe layers are called gradient electron
transport layers due to the matched energy level alignment.
The six-layer CdTe NC is used as the donor. A new crosslink-
able polymer, P-TPA (Figure 1), with a high HOMO level
(>5.5 eV) is spin-cast onto the CdTe layer. Due to the high elec-
tron affinity and high resistance of CdTe NC film, P-TPA can be
used as HTL to reduce interfacial charge recombination.

The crosslinkable polymer P-TPA has many merits for
CdTe NC solar cells: 1) P atoms from group V on the polymer
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Figure 2. a) Cyclic voltammetry curve of P-TPA in acetonitrile solution. b) UV-vis spectrum of P-TPA in chloroform solution. c) Absorption spectra of

P-TPA layer w/o o-xylene treatment.

backbone can bond tightly to Cd compared to Si atoms from
group IV on the polymer backbone of Si-TPA; 2) good band
alignment between P-TPA and CdTe leads to an improved hole
collection efficiency; 3) the dipole layer formed between P-TPA
and CdTe facilitates hole injection from CdTe NC to Au; 4)
better adhesion of P-TPA onto the CdTe surface by crosslinking
and P—Cd bonds, compared to Si-TPA; 5) the P-doped CdTe
in the interface is expected to increase the V. of the CdTe
NC solar cells, which is confirmed by Burst et al. recently for
CSS-processed CdTe solar cells with V,, breaking 1 V.21

To study the energy level property of P-TPA, electrochemical
measurement is conducted. The cyclic voltammetry result is
shown in Figure 2a. The electrochemical property of P-TPA
shows oxidation potential (E,,) at 1.33 V, which is used to esti-
mate a HOMO energy level of —5.73 eV, according to the empir-
ical formulas Eyomo = —(Eox + 4.4) (eV).*) The absorption edge
for P-TPA in chloroform is 381 nm (Figure 2b); therefore, the
bandgap of P-TPA is 3.26 eV and the corresponding lowest
unoccupied molecular orbital (LUMO) level is —2.47 eV. For
investigating the chemical resistance of this new-type crosslink-
able material to o-xylene, the absorption spectra are measured
via UV-vis spectroscopy (Figure 2c). The data show that the
crosslinkable P-TPA polymer is almost completely resistant to
o-xylene, indicating it is a promising HTL with the feasibility to
be used in a multilayer device structure with a solution process.

For probing the strong interdiffusion of CdTe with CdSe and
the poor solubility of CdTe with CdS, focused ion beam (FIB) cross
sections across ITO/ZnO/CdS/CdSe/CdTe/P-TPA/Au device
are prepared for analysis with the bright-field (BF) transmission
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electron microscope (TEM) and high resolution transmission
electron microscope (HRTEM) images (Figure 3). BF-TEM
image is acquired by transmitted electrons, which is mass-
and crystallinity-dependent with high mass and crystallinity
appearing dark for inorganic nanocrystals in bright field image.
It can be seen that the thickness of ZnO is =40 nm and the
thickness of CdS/CdSe/CdTe/P-TPA is =700 nm, which is in
accordance with the number of spin-coatings. The measured
CdS NC lattice parameter is 3.359 A, which corresponds to the
(111) lattice plane of the zinc-blende CdS structure. In the CdS/
CdSe interface, the measured lattice parameter is d = 3.407 A,
which is between 3.359 A for the (111) lattice parameter of
zinc-blended CdS and 3.51 A for the (111) lattice parameter of
zinc-blende CdSe. Therefore, it can be concluded that a very
thin homogeneous CdS,Se;_, alloy is formed in the CdS/CdSe
interface, which is beneficial for electron transport due to the
graded levels of energy and the decreased defects between
CdS and CdSe. For CdSe and CdTe NC active layers, there are
no obvious boundaries in the entire two different thin films.
The measured lattice parameter for the CdSe,Te;_, grain is
d=3.89 A, which is consistent with the value in previous litera-
tures.*142l The whole CdTe and CdSe active layers combine into
a homogeneous CdSe,Te;_, alloy film, which is very important
to improve the lifetime of photogenerated carriers and device
performance. As the thickness of the CdSe NC layer is only
80 nm, the CdSe thin layer should be fully doped with Te into
the formation of the CdSe,Te,_, alloy.

In order to quantitatively detect the distribution of ele-
ments, the cross-sectional compositional variations of the
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Figure 3. a) A BF cross-sectional TEM image of CdTe NC solar cells (device structure: ITO/ZnO/CdS/CdSe/CdTe/P-TPA/Au); b) HRTEM image of the
CdS layer; ¢) HRTEM image of homogeneous CdS,Se;_, alloy formed in the CdS/CdSe interface; d) HRTEM image of homogeneous CdSe,Te,_, alloy.

whole device marked with different colors are characterized
by energy-dispersive spectrometry (EDS) with the reference
to high-angle annular dark-field scanning transmission elec-
tron microscope (HAADF-STEM) (Figure 4). The normalized
atomic percentage of S, Se, Te, and Cd in CdTe NC solar cells
by using EDS line scan is also presented in Figure S2 (Sup-
porting Information). HAADF-STEM image is produced by
highly scattered electrons, which intensity is dependent on
mass with heavy atoms observed brighter and light atoms dif-
ficultly observed. It is found that the Zn and S elements are
fixed near the ITO substrate, implying that the diffusion of
Zn and S into the CdSe or CdTe layer is very low. On the con-
trary, Se and Te elements are distributed in the whole CdSe
and CdTe regions, corresponding to the high diffusion of Se
and Te into each other. The results demonstrate that the thin
CdSe NC layer can be consumed entirely during the annealing
process. Due to the bandgap bowing effects,*3*4 the formed
CdSe,Te,_, alloy presents bandgap grading property, which
should extend the spectrum response of CdTe NC solar cells.
Thus it can be speculated that the device performance can
be further improved with the adoption of both the CdS/CdSe
gradient ETLs and P-TPA HTL.
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The effect of CdS and CdSe NC thicknesses on the absorp-
tion of ITO/ZnO/CdS/CdSe film is shown in Figure S3ab
(Supporting Information). It is found that the absorption of
ITO/ZnO/CdS layer increases almost linearly with the CdS
thickness from 0 to 125 nm. Similar results are found for ITO/
ZnO/CdS(25 nm)/CdSe samples with different thicknesses of
CdSe. The results indicate that the thickness of CdS or CdSe
layer plays a significant role in determining the performance
of CdTe NC solar cells. In order to investigate the effect of
the CdS/CdSe gradient ETLs thickness on the device perfor-
mance, the devices with a simple ITO/ZnO/CdS/CdSe/CdTe/
Au structure are fabricated with the current density—voltage
(J-V) curves exhibited in Figure S4 (Supporting Information)
and the photovoltaic data summarized in Table S1 (Supporting
Information). When the CdSe NC layer is fixed at =80 nm
(2 layers), the device performance increases first and then
decreases linearly with the increase CdS NC layer thickness,
indicating the thickness of CdS NC film has a big effect on J.
It can be concluded that a very thin CdS layer from 0 to 25 nm
is attributed to reduce carriers recombination at the interface of
ZnO/CdSe,*3 leading to improvement in device performance.
However, as the parasitic absorption of CdS layer increases
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Figure 4. a) A cross-sectional HAADF-STEM image of CdTe NC solar cells. b) The distribution of Zn, S, Se, Te, Cd, P, and Au elements in the device

as characterized by EDS.

with increasing its thickness,?’! the thick CdS layer from 25
to 100 nm can greatly reduce the spectrum response in short
wavelengths, leading to a low J,.. As we know, graded CdS,Se;_,
and CdSe,Te;_, can be formed easily in the case of CdTe NC
solar cells with the device configuration of ITO/ZnO/CdS/
CdSe/CdTe/Au (Figure 4). High device performance is expected
when changing the CdSe thickness from 40 to 160 nm. In case
of the optimized CdS thickness of 25 nm, the device perfor-
mance increases with increasing the CdSe NC film thickness
from 40 to 80 nm, then decreases linearly when the thickness
of the CdSe NC film is further increased. Therefore, the opti-
mized thicknesses of CdS and CdSe NCs are 25 and 80 nm,
respectively. Since CdS,Se;_, is photon-inactive and CdSe,Te;_,
is photon-active as well as a small amount of Te atoms diffuse
into the CdS layer (Figure 4), the effect of CdTe thickness varia-
tion on device performance is not easily clarified. However, it is
sure that all factors, such as interface recombination, parasitic
absorption and electron transport that influence device perfor-
mance can obtain the best synergy in case of 25 nm CdS and
80 nm CdSe in the CdTe NC device. To exhibit the advantages
of the P-TPA, CdTe NC solar cell with a superstrate structure of
ITO/ZnO/CdS/CdSe/CdTe/P-TPA/Au is also constructed. The
optimized thickness for P-TPA is 15 nm at 120 °C (Figure S5a

—=— Device A
54 —&— Device B
—4— Device C
—&— Device D

<

and Table S2, Supporting Information). Further increase or
decrease of the P-TPA thickness may deteriorate device perfor-
mance due to the increase of contact resistance from a thick
HTL or insufficient coverage of the CdTe NC thin film by a
thin HTL. The optimized crosslinking temperature of P-TPA
is 120 °C (Figure S5b and Table S2, Supporting Information),
which is related to the best hole mobility at this temperature
compared to other crosslinking temperatures (Figure S6, Sup-
porting Information).

Figure 5a shows the J-V curves of four kinds of CdTe
NC solar cells under optimized conditions with the perfor-
mance parameters such as V., Ji, FF, and PCE summarized
in Table 1. The NC solar cell with only a single CdS NC ETL
(Device A: ITO/ZnO/CdS/CdTe/Au) shows a V,. of 0.62 'V, a J,
of 18.83 mA cm™2, and a FF of 47.68%, resulting in a PCE of
5.60%. For the CdSe NC as the ETL, the CdTe NC solar cell
(Device B: ITO/ZnO/CdSe/CdTe/Au) shows a V.. of 0.58 V,
a Ji of 18.76 mA cm™2, and a FF of 53.6%, leading to a PCE
of 5.86%. Compared with above standard CdS and CdSe solar
cells, the CdS/CdSe gradient ETLs solar cell (Device C: ITO/
Zn0O/CdS/CdSe/CdTe/Au) shows simultaneous improvement
in V.., Ji, and PCE with values of 0.65 V, 23.18 mA cm™2 and
7.82%. We emphasize that the high ] obtained is among the
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Figure 5. a) J-V curves of four kinds of CdTe NC solar cells under 100 mW cm=2 (AM 1.5G) illumination and b) corresponding EQE spectra.
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Table 1. The performance parameters of low-cost solution-processed CdTe NC solar cells with different device architecture.

Device architecture Vo [V] Jse [MAcm™? FF [%] PCE [%] R, [ cm?| Ry [Q cm?]
ITO/ZnO/CdS/CdTe/Au 0.62 18.83 47.68 5.60 9.89 11737
ITO/ZnO/CdSe/CdTe/Au 0.58 18.76 53.6 5.86 10.4 360.3
ITO/ZnO/CdS/CdSe/CdTe/Au 0.65 23.18 52.37 7.82 8.38 424.27
ITO/ZnO/CdS/CdSe/CdTe/P-TPA/Au 0.72 25.31 50.49 9.20 8.06 263.50
highest Valués ever reported for solution-processed CdTe NC ot 2 (Ve =V) )
solar cells with a superstrate structure due to the suppressed A’geseN, bi

defects in the ZnO/CdSe interface, demonstrating that the
combined CdS/CdSe gradient ETLs facilitate charge extraction
and collection. Furthermore, the thin CdS NC layer in Device
C can effectively improve the V., leading to the PCE value
40% and 33% higher than that of the Device A and Device B,
respectively. For the best CdTe NC solar cell with optimized
anode/cathode interfaces (Device D: ITO/ZnO/CdS/CdSe/
CdTe/P-TPA/Au), the V, and J, are 0.72 V and 25.31 mA cm2,
respectively, delivering an excellent high PCE of 9.20%. This
PCE value is increased by 18% compared to Device C without
P-TPA interface modification. It can be found that the improve-
ment of efficiency in CdTe NC solar cells with a P-TPA HTL
comes mainly from the increase in V,. from 0.65 to 0.72 V and
Jsc from 23.18 to 25.31 mA cm2. To the best of our knowledge,
the PCE obtained here is the highest PCE value ever reported
for solution-processed CdTe NC solar cells with a superstrate
structure. Moreover, the dark J-V curves of the four kinds of
devices are presented in Figure S7 (Supporting Information).
It is clearly seen that the dark current density of the Device
D is significantly suppressed compared to other three control
devices, which is also beneficial to improve V..

Figure 5b shows the external quantum efficiency (EQE)
spectra of corresponding devices. The decreased EQE value in
the short wavelength region for the CdS-based CdTe NC Device
A suggests that the CdS NC layer is photoinactive, and the
light absorbed by the CdS layer can not generate photocurrent,
which is consistent with a previous report.?Yl For the gradient
ETLs Device C, the EQE spectrum shows obvious high value
in both short and long wavelength regions as a result of the
formation of low-bandgap CdSe,Te,_, alloy and the reduction
of interface defects. The EQE spectrum of the Device D with
P-TPA HTL shows a nearly rectangular shape with average
photon-to-carrier efficiency of 80%, indicating nearly zero loss
in the wavelength region from 400 to 850 nm. When the EQE
curves are integrated, the calculated J. of 25.28 mA cm™ is
predicted, which is well consistent with the measured J,. pre-
sented in the J-V curve. We emphasize that the J,. obtained
here is among the highest values for all solution-processed
CdTe NC solar cells, and even higher than that of CdTe thin-
film solar cells prepared by a CSS method with CdTe thickness
up to 2 um.*!

To gain more insight into the effect of gradient ETLs and
P-TPA HTL on the CdTe NC solar cell performance, capaci-
tance—voltage (C-V) analysis is carried out by increasing bias
voltage at a constant frequency of 1000 Hz to investigate the
built-in electric field of the NC solar cells.l'*4*#’] As shown in
Figure 6a, C-V curves are plotted based on the Mott-Schottky
equation*?]
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where the parameters A, €, g, V},;, and N, are the device active
area, relative dielectric constant (10.6), vacuum permittivity,
built-in potential, and net acceptor concentration, respectively.
The Vj; can be extracted at a forward bias from the extrapo-
lated intersection of the slope and x axis. The V;; of the Device
C (CdS/CdSe gradient ETLs) is 0.65 V, which is higher than
0.62 V for the Device A and 0.55 V for the Device B. The V;; of
the Device D is 0.73 V, which is much higher than the Device
C without P-TPA HTL. The V,; values agree well with the V.
values from the -V curves. To further examine the effect of
P-TPA HTL on the carrier recombination of NC solar cells,
the charge recombination lifetime is investigated by transient
photovoltage (TPV). The charge recombination processes are
studied by tracking the transient open-circuit voltage related
to charge population perturbation. As shown in Figure 6D,
the Device C shows longer charge recombination lifetime
of 1.29 us than 1.24 us for the Device A and 1.09 us for the
Device B; however, the Device D with P-TPA shows a higher
charge recombination lifetime of 1.85 ps than the Device C
without P-TPA, suggesting that the charge recombination
is low for the P-TPA processed device. To deeply investi-
gate the origin of the improved J, the space charge limited
current (SCLC) characteristics of hole-only devices with ITO/
CdTe(200 nm)/(w/o)P-TPA(20 nm)/Au configuration are
measured (Figure 6¢). The fitting curves are drawn based on
the Mott-Gurney law!*’!

V-Vi-V)’
J=2eve, ) @
where L is the thickness of the active layer and u, is the
hole mobility of the CdTe NC thin film. It is evident that the
1y is increased from 4.93 x 107™* to 1.20 x 107 cm? V! 7!
with the insertion of P-TPA. The higher mobility for P-TPA
processed device implies hole carrier transport is drasti-
cally enhanced in the help of crosslinkable polymer P-TPA
HTL, and thus a very high ], is expected for the CdTe NC
Device D with P-TPA. Based on the C-V, TPV and SCLC
results, we speculate that a dipole layer is formed when the
P-TPA layer is incorporated at the CdTe/Au interface.’% As
presented in Figure 6d, the formation of the dipole layer
connecting the CdTe active layer and contact electrode causes
a vacuum energy level shift and thus facilitates hole extrac-
tion due to the reduced hole injection barrier. Finally the
electron/hole recombination at the CdTe/Au interface will be
decreased and correspondingly a high output photocurrent
is expected.
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Figure 6. a) Mott—Schottky C-V curve and b) transient photovoltage (TPV) measurements of four kinds of CdTe NC solar cells; c) SCLC measurements
of hole-only devices (device structure: ITO/CdTe(200 nm)/P-TPA(w/0)/Au; d) A schematic of energy levels influenced by a dipole layer of P-TPA at the

CdTe/Au interface.

3. Conclusion

In summary, we have demonstrated a novel strategy of inter-
face engineering for both cathode and anode to enable high-
efficiency solution-processed CdTe nanocrystal solar cells. By
incorporating CdS/CdSe gradient ETLs, simultaneous enhance-
ments of J, and V. are obtained, which is mainly attributed
to the reduced carrier recombination and electron injection
barrier at the cathode interfaces. Moreover, by inserting a thin
layer of crosslinkable P-TPA at the CdTe/Au interface, higher
Vii and hole mobility as well as carrier lifetime are obtained,
which is essential for efficient hole carrier extraction. In the
end, the PCE of the device with interface engineering of both
cathode and anode is improved to 9.2%, which is the highest
value ever reported among solution-processed CdTe NC solar
cells with a superstrate structure. This work illustrates a new
route for further improving solution-processed CdTe NC device
performance by optimizing the cathode/anode interfaces with
hybrid inorganic/organic thin films.

4. Experimental Section

Device Fabrication: CdS NC, CdSe NC, CdTe NC, and ZnO precursor
were synthesized based on literature-reported methods.’’=>4 P-TPA

Adv. Funct. Mater. 2019, 1904018
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was purchased from Canton OLEDKING Optoelectric Materials Co.
Ltd and used as received. ZnO precursor was spin-coated onto the ITO
at a speed of 3000 rpm for 20 s under ambient conditions. Then the
sample was annealed at 200 °C for 10 min to convert into the ZnO thin
film and at 400 °C for 10 min to eliminate any organic impurities. CdS,
CdSe, and CdTe NC films were deposited in sequence using a layer-
by-layer spin-coating solution process under ambient conditions. The
detailed fabrication process can be found in the previous literature.’':%2
To prepare the P-TPA HTL, P-TPA was dissolved in o-xylene with a
concentration of 6 mg mL™". Several drops of P-TPA solution was
dropped onto the CdTe NC thin film and spun at 2000 rpm for 20 s. The
substrate was then annealed at 120 °C for 10 min to thermally crosslink
P-TPA and eliminate any solvent. Finally, a gold electrode (80 nm) was
deposited via thermal evaporation through a shadow mask with an
active area of 0.16 cm?.

Characterization:  The  electrochemical  cyclic  voltammetry
was conducted on a CHI660E Electrochemical Workstation,
in a 0.1 mol L7 acetonitrile solution of tetrabutylammonium
hexafluorophosphate ~ (n-BuyNPFg) at a potential scan rate of
0.1 V s7! with an Ag/AgCl reference electrode and a platinum wire
counter electrode. Polymer film was formed by drop-casting P-TPA
solution in chloroform (1 mg mL™) onto the working electrode, and
then dried in the air. UV-vis absorption spectrum were obtained using a
Shimadzu 3600 UV-vis—NIR spectrophotometer. The focused ion beam
cross sections across |TO/ZnO/CdS/CdSe/CdTe/P-TPA/Au devices
were obtained using a FEI Helios 450S dual beam FIB. The TEM images
and EDS images were recorded with a FEI Titan Themis 200 TEM that
was fitted with the bright-field, high-angle annular dark-field, and EDS
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(Bruker super-X EDS, Bruker). The samples were sputtered with a thin
layer of carbon before recording. The SCLC measurement and current
density—voltage characterization under dark and 100 mW cm=2 (AM
1.5G) illumination from solar simulator (XES-40S1, SAN-EI electric)
were carried out on computer-controlled Keithley 2400 Source Meter
measurement system in air. EQE measurements were recorded utilizing
a spectral response/quantum efficiency measurement testing system
(QE-R3011, Enlitech). The C-V measurements were recorded from
an impedance analyzer (HP-4192A, Hewlett Packard) in the dark at
1000 Hz from —1.0 to 1.0 V. TPV measurements were taken by using the
OmniFluo system (Zolix Co.). The work function of CdTe was estimated
by photoelectron spectroscopy in air (PESA, AC-3, Rikken Keiki Co.) in
4.0-7.0 eV energy search range with step 0.1 eV.
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