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ABSTRACT: Thin-film solar cells are more promising for low- 10

cost and large-area photovoltaic devices. Tremendous efforts have [&HH o € . 4%“""“”‘“\% "

been invested in using cadmium telluride (CdTe), copper indium el < M
gallium selenide (CIGS), and perovskite thin films for energy C 2 O netaw *
harvesting. In contrast, zinc oxide (ZnO) and molybdenum 2 4 \
trioxides (MoO;) are relatively earth-abundant, environmentally 2 ol \
stable, and sustainable for thin-film solar cells. ZnO nanostructures g |
have recently gained success in producing effective (~8.55%) 3 % o5 10 13 2\'0

quantum dot solar cells (QDSCs). While nanostructures offer high
surface areas to receive electrons from quantum dots (QDs), they
are dominated by surface dangling bonds. These defects can trap electrons and limit effective transport at the interface between the
ZnO nanostructures and QDs. We anticipate that QDSCs based on thin-film materials can minimize such interface trapping states
and be more efficient than those demonstrated with ZnO nanostructures. We strategically develop quality ZnO and MoOj thin films
to produce QDSCs with power conversion efficiency as high as 11.4%. Our approach will inspire others to use scalable thin-film
technology and QDs for solar energy harvesting based on sustainable ZnO and MoOj.

Voltage (V)

KEYWORDS: quantum dot solar cells, solar cells, zinc oxide, molybdenum trioxide, pulsed-laser deposition

B INTRODUCTION 3.45%" to 4.68%." Our approach would inspire others to
revisit using thin-film technology to make more eflicient solar
cells scalable in the device area and stable under ambient
conditions.

Thin-film solar cells are well-recognized for their lightweight,
low-cost, and flexible features. Thin films of silicon, cadmium
telluride (CdTe), and copper indium gallium selenide (CIGS)
are often used for such devices.' ™ More recently, perov-
skite*™'° and perovskite/CIGS tandem'' are emerging as M RESULTS AND DISCUSSION

materials for efficient thin-film photovoltaic devices. Material The device structure of this study and the corresponding
stability issues have limited commercial use of perovskite solar energy diagram®**! are shown in Figure 1. Figure la shows

cells (PSCs),'” while CdTe and CIGS devices face difficulty in that light irradiation must pass through the ITO and ZnO films
composition control and 6suPP1Y shortage of rare metals such as before reaching the CdSe/ZnS core—shell QDs active layer.
tellurium and indium.” Conversely, ZnO and TiO, are Therefore, the ITO and ZnO films must be highly transparent
relatively stable and earth-abundant compared to CdTe, to maximize photon irradiation of the QDs. Once electron—
CIGS, and perovskite. Most studies use ZnO and TiO, hole pairs are generated on the QDs, electrons must be
nanostructures as the electron tlranlsgort layers (ETLs) for effectively transported through the ZnO ETL to the ITO
quantum dot so?ar cells (Q-DSCS)E_ with exceptional power electrode, and holes must move through the molybdenum
conversion elf6ﬁc1ency (PCFQ as high as ~8.55 and 12.98% by trioxide (MoO;) hole transport layer (HTL) to the gold
using ZnO and TiO," nanostructures as the ETLs, electrode to complete the current loop. As shown in Figure 1b,
respectively. ) the layered structure of ITO/ZnO/QDs/MoO;/Au is

The surfaces of nanostructures are full of dangling bonds, energetically favored for efficient electron—hole pair separa-

whi(fh can trap electrons and limit effective charge trgnsport at tion. First, electrons are generated on the CdSe core, tunnel
the interface of the nanostructures and the QD active layers.

Therefore, we anticipate that QDSCs based on ZnO thin films —
can be more efficient than those demonstrated with ZnO Rec?ived: February 28, 2025
nanostructures. Here, we present a thin-film technology Revised:  May 23, 2025
strategy to produce efficient QDSCs with a PCE of 11.4%. Accepted:  May 28, 2025
Our best PCE is significantly higher than the reported work Published: June 10, 2025
using ZnO nanostructures as the ETL in CdS/CdSe QDs

cosensitized solar cells, where the best PCEs are around
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Figure 1. (a) Schematic diagram and (b) energy band diagram of the device.

through the ZnS shells, and are transported through the ZnO
films before reaching the ITO electrode. Hole transport from
CdSe to MoO;/Au is also energetically favored, as shown in
Figure 1b. The quality of ZnO, QDs, and MoO3 must be
enhanced to facilitate their optimum functions. Defective ZnO
and MoOj; induce charge recombination due to charge
trapping at the defect points and the interfaces. In this work,
all ZnO and MoQO; thin films are deposited using the UV
pulsed laser deposition (PLD) technique, schematically
represented in Figure S1. Our strategy is to use a deep UV
(266 nm), short-pulsed (~S ns full width at half-maximum),
and low pulsed-energy laser, proven to produce a fine and
reactive laser plume for crystalline nano”” and atomic™**
structures at room temperature (RT).

The properties of ZnO thin films at various stages of device
fabrication are studied by field emission scanning electron
microscopy (FESEM) imaging, UV—vis spectroscopy, and
photoluminescence (PL) spectroscopy. Figure 2a shows the
PL spectra of ZnO deposited on the Si substrates under
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Figure 2. (a) Photoluminescence (PL) of an as-deposited ZnO thin
film on a Si substrate at RT. (b) UV—vis transmission spectrum of a
ZnO thin film coated on a quartz substrate. The inset shows the film
morphology of ZnO coated on a Si substrate. (c) UV-—vis
transmittance spectra and (d) PL spectra of a QDSC device at
different synthesis steps.
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ambient O,. A strong emission at ~390 nm is detected, which
belongs to the near band edge emission (NBE) due to the
recombination of free excitons in ZnO.>>*° Some reports
detected a defective PL band at 420 nm, but our samples do
not have it. Such defective PL bands are due to electron
transitions from the shallow donor level of oxygen vacancies to
the valence band or from the shallow donor level of Zn
interstitials to the valence band.”” Therefore, the predominant
390 nm emission detected here suggests the formation of
quality ZnO films by our deep UV PLD approach. In contrast,
we have deposited the ZnO film by PLD in a vacuum. The
deposited films emit weak PL signals with significant defective
signals at ~420 nm (Figure S2 and Supporting Information).
This result suggests that our deep UV laser could produce an
energetic laser plume that reacts with oxygen gas to form
quality ZnO films with minimum oxygen vacancies, even at
RT.

We studied the transmission of high-quality ZnO films
deposited in ambient O,. Figure 2b shows that the UV—vis
transmittance spectrum displays an absorption peak at ~370
nm, consistent with the ZnO direct band gap of 3.37 eV. The
average transmittance percentage in the visible light range is
over 90%. The high transparency is associated with improved
crystallinity and more stoichiometric films.”® The inset of
Figure 2b shows the smooth surface morphology of the ZnO
films. High-quality ZnO films were also indicated by X-ray
photoelectron and Auger spectroscopy data (Figure S3, eqs S1
and S2).

The optical transmission of ZnO coated on commercial
ITO-coated glass is shown in Figure 2¢. The ZnO-coated ITO
glass is optically transparent (~90%) in the ~400—1000 nm
wavelength range. After spin-coating the QDs on the ZnO, the
transparency is higher than ~70%. This means the incoming
solar radiation can reach the whole thickness of the QD active
layer while being sufficiently absorbed to produce the
electron—hole pairs. The QD suspension was coated to ~1"
X 1" area for this controlled sample to ensure proper UV—vis
measurement. After spin-coating the QDs on ZnO, the UV—
vis plot shows a sharp absorption peak at 530 nm
corresponding to that of the CdSe/ZnS core—shell structure.'®
Such optical properties are retained after coating of the MoO;
film (20 nm). This means that the MoOj; films are optically
transparent, which allows photons reflected from the gold
electrode to pass through the QD active layer again to generate
more electron—hole pairs.

https://doi.org/10.1021/acsaem.5c00612
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The PL spectra at various solar cell fabrication steps are
shown in Figure 2d. The commercial ITO glass shows two PL
peaks at 397 and 523 nm. Such PL spectra are retained after
coating the ZnO film, suggesting that the PL of the ITO film
dominates. After the QDs are coated, the PL spectrum shows
the dominant peak at 545 nm, originating from the CdSe/ZnS$
QDs (540 + 10 nm, according to the product specification).
The PL intensity of the QDs becomes weaker after the
deposition of the MoO; HTL, suggesting effective electron—
hole separation.

We deposited the MoO; HTLs by PLD at RT in ambient
O,. We found that coating these HTL films at elevated
temperatures leads to nanostructured porous films (see the
Supporting Information and Figure S4) and causes device
failure upon coating of gold electrodes. We are interested in
depositing high-quality, electrically insulating MoO; films.
Therefore, we decided to inspect the optical properties of
MoO; films coated on quartz substrates at RT. Figure 3a shows
that MoO; films coated in a vacuum have a low transmission of
~55—65%.
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Figure 3. (a) UV—vis spectra of as-deposited MoO; films coated at
RT in ambient O,, and after annealing at various temperatures, as
compared to that deposited at RT in vacuum. (b) Surface
morphologies of as-deposited MoOj; films coated at RT in ambient
O, and after annealing at various temperatures.

In contrast, the transmission of MoO; films coated in
ambient O, under the same PLD parameters is highly
transparent. Interestingly, the transmission of MoO; films
coated in ambient O, was retained after annealing at 300 °C,
but it deteriorated after annealing at 400 °C. Although
annealing up to ~350 °C retains the optical transparency of
the MoOj; films, such a process will cause texturing and
cracking of the film morphology shown in Figure 3b.
Therefore, we decided to use as-deposited HTLs at RT
under ambient ambient O, for all QDSCs here. The XPS study
also indicates that MoO; films coated in ambient O, are of
higher quality (Supporting Information and Figure SS).

Next, we fabricated QDSCs based on the high-quality ZnO
and MoO; films discussed. As shown in Figure 4a, we have
constructed QDSCs with different thicknesses of ZnO thin
films while keeping all other parameters (MoOj thickness ~20
nm, suspension of QDs volume ~300 uL) unchanged. The
highest efficiency of 11.4% was obtained with the 80 nm thick
ZnO film. The corresponding current density—voltage (J—V)
curves are shown in Figure 4b. Table 1 summarizes the
changes in open-circuit voltage (Vc), current density (Jsc),
power density (Py), fill factor (FF), PCE, shunt resistance
(Rgy), and series resistance (Rg) with the increase in ZnO
thickness. As tabulated, all these parameters reach the maxima
near ~80 nm. Rg, on the other hand, becomes lowest at ~80
nm. A low Rg and a high Rgy are desirable for efficient
photovoltaic devices. Low Rg reduces the resistance of
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Figure 4. (a) Power conversion efficiency (PCE) and (b) current
density—voltage (J—V) of solar cell devices at different ZnO
thicknesses. (c) PCE and (d) J—V of solar cell devices at different
MoO; thicknesses. (¢) PCE and (f) J—V of solar cell devices at
different volumes of QD suspension.

photocurrent and, therefore, increases the FF and PCE. On
the other hand, high Rgy (parallel resistance to the solar cell)
will minimize the alternate current path for the light-generated
current. Therefore, higher Rgy values can reduce solar power
loss. Rgy is highest at the optimum 80 nm thick ZnO, and
enables maximum Vg to promote charge transport across
ETL and HTL.

On the other hand, ] is increasing with the ZnO film
thickness. ], is the current density through the device at zero
applied voltage directly depending on several factors, such as
the amount of light effectively reaching the QDs to produce
electron—hole pairs, the spectrum of the incident light, the
solar cells’ optical properties, and the carrier collection
probability. For SCs with the same material types and device
size, all these factors are similar for all devices compared here,
except the carrier collection probability. The possible
explanation for the thicker ZnO being less defective is that
the bulk of the films is far from the lattice-mismatched ITO-
ZnO interface. The thicker ZnO would reduce carrier trapping,
increase the collection probability, and, therefore, higher J..

Next, we examine the effect of the HTL. MoO; is a member
of transition metal oxides widely used as alternatives to
poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT:PSS) as the HTL due to high hole mobility and
good environmental stability. PEDOT:PSS compromises the
device stability due to its hgrgroscopic nature and low work
function metal degradation.'®"” We therefore analyzed MoO,
thin films of different thicknesses deposited by PLD while
keeping all other parameters constant (ZnO film thickness ~80
nm, suspension of QD volume ~300 uL).

https://doi.org/10.1021/acsaem.5c00612
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Table 1. Summary of Key Parameters of Figure 4a,b”

ZnO film thickness (nm) Voc (V) Jsc (mA/cm?) Py (mW/cm?) FF PCE (%) Rgy (Q/cm?) Rg (Q/cm?)
50 1.20 7.61 5.49 0.60 5.49 696 49
80 1.98 9.00 11.40 0.67 11.40 1469 8
100 1.94 14.28 9.82 0.34 9.82 242 93
120 0.89 13.45 3.68 0.31 3.68 86 S1
?All devices have constant MoOj thickness (20 nm) and QD volume (300 uL).
Table 2. Summary of Key Parameters of Figure 4¢,d”
MoO,; film thickness (nm) Voc (V) Jsc (mA/cm?) Py (mW/cm?) FF PCE (%) Rgyy (Q/cm?) Rg (Q/cm?)
15 0.63 7.72 2.62 0.54 2.62 335 35
20 1.90 9.00 11.40 0.67 11.40 1469 8
25 0.90 5.62 2.30 0.46 2.30 2631 116
30 0.74 6.70 1.94 0.39 1.94 245 115
“All devices have a constant ZnO thickness (80 nm) and a QD volume of QDs (300 uL).
Table 3. Summary of Key Parameters of Figure 4e,f”
volume of QDs (uL) Voce (V) Jsc (mA/cm?) Py (mW/cm?) FF PCE (%) Rgy (Q/cm?) Rg (Q/cm?)
NY 0.56 10.33 1.51 0.26 1.51 52 66
100 0.73 9.08 391 0.59 391 1069 25
200 0.90 10.00 5.29 0.58 5.28 401 22
300 1.90 9.00 11.40 0.67 11.40 1469 8

?All devices have a constant MoOj thickness (20 nm) and ZnO thickness (80 nm).

Figure 4c shows that the favorable MoOj thickness for the
optimized device performance was 20 nm. Figure 4d shows
that the device with the highest efficiency (PCE = 11.4%) is
associated with a higher fill factor (FF = 0.67) and current
density (Jsc = 9.0 mA cm™2), which suggests the 20 nm thick
MoO; is highly hole conductive (electron resistive) with
relatively low Rg. MoQj of similar film thickness resulted in the
best working devices, as reported by others.”” MoO; films
thinner than 20 nm are more defective due to mechanical
stress introduced by the two interfaces between QDs/MoO;
and MoOj;/Au. Therefore, thinning the film increases the
probability of high leakage current, which could not function as
an HTL, resulting in worse device reproducibility. Thicker
MoO; films likely deteriorated the device’s performance due to
increased hole transport series resistance (R,). Table 2
summarizes the changes of V¢, Jsc, Py FF, PCE, Rgy, and
R with an increased MoOj thickness. The device with the
highest PCE also corresponds with the highest V¢, Jsc, PM,
FF, PCE, and the lowest R, signifying that 20 nm MoO; film is
optimum for the potential buildup to maximize photocurrent
and yet less resistive for hole transport.

Besides the charge transport effects within the ETL and
HTL, the PCEs of QDSCs rely on exciton production.
Therefore, we have prepared a series of devices with different
volumes of the QD suspension (i.e., different thicknesses of the
QD films) while keeping other optimized parameters
unchanged (ZnO film thickness ~80 nm, MoO; film thickness
~20 nm). Figure 4e,f show that PCE and V¢ increase with the
amount of QDs coated in the suspension. The bandgap of the
QDs decides the upper limit of V. However, within the
upper limit, several factors can change Vi, including the
device temperature,31 light intensities,”” carrier concentra-
tion,>*** and recombination kinetics.>>™>* The increased
volume of QD suspension used will affect only the carrier
concentration and recombination kinetics. Using more QDs in
the active layer generates more electron—hole pairs. This will

8113

increase the carrier concentration and enhance the built-in
potential when the enhancement overcomes the recombination
and produces excess charges.””*" This is consistent with the
increase in V¢ that we observed as the volume of QDs used
increases (Figure 4f), corresponding to the increases in the
built-in field across the gold and ITO electrodes that drive the
charge transport across the ETL and HTL. We observed a
maximum PCE when we coated 300 uL of QDs. Data with 350
#L are not reproducible and are not shown here. As we further
increased QDs to 350 uL, the diffusion of electrons and holes
toward the ETL and HTL became more resistive at the thicker
QD layer and generally decreased the PCE.

Table 3 summarizes the changes of Vi, Jsc, Py, FF, and
PCE with the increase of the QD suspension volume. As
discussed, the V¢ increases with the applied volume of QDs,
contributing to the increase in PCE. Jyc is relatively constant
for all cases as the optical properties of other coatings (ITO,
ZnO, MoO; and gold) are identical. Rgy and FF are also
highest for 300 uL of QD suspension. Ry is lowest for devices
with 300 uL of QDs, consistent with the high PCE.

We further study the reason for a peak PCE at a ZnO film
thickness of 80 nm. Figure Sa shows that the transmission of
ZnO films on ITO glasses is quite similar around the
wavelength range of ~450—650 nm (peak solar intensity
range), maybe slightly lower in transmission for 40 and 60 nm
ZnO films. This means that ZnO films cause similar optical
loss at various thicknesses and affect the internal quantum yield
equally. We further studied the current—voltage (I-V)
characteristics of ZnO films through the film thickness. We
coat these films on copper (Cu, 99.9%) substrates for better
electrical contacts. Figure Sb shows that the thinner ZnO films
(40 and 60 nm) are metallic. In contrast, the 100 and 120 nm
films are electrically insulating and overlap near zero. The
behaviors of the 80 nm film is in-between those of the thinner
and thicker films. The 80 nm film is more semiconducting-like,
which allows it to hold a higher built-in potential to enable
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Figure S. (a) UV—vis transmission spectra and (b) I-V character-
istics of ZnO films at various thicknesses.

higher Voc for effective electron—hole pair separation and lead
to higher FF and PCE as shown in Figure 4.

We propose a mechanism to explain a peak PCE with an
optimum ZnO film thickness of 80 nm. It is well accepted that
the defect density in thin films is higher near the film/substrate
interface. The higher defect density is due to the Ilattice
mismatch between the film and the substrate and interface
stress due to thermal expansion mismatch. This phenomenon
was reported for thin films, including ZnO films coated on a-
plane sapphire substrates.® For our case, we believe that
thicker ZnO (80 nm) would offer fewer defects and better
semiconducting properties in comparison to the thinner films.
The thicker 100 and 120 nm films become nonconductive,
likely due to carrier trapping at longer transport lengths.
Therefore, the PCE dropped after the peak at 80 nm, as shown
in Figure 4a.

The structural characterization of the ZnS/CdSe core—shell
QD samples was carried out using an aberration-corrected
scanning transmission electron microscope (STEM/TEM, FEI
Titan Themis 200 kV), operated at 200 kV. Figure 6a,b are the
low-magnification bright-field images showing the shape and
size distribution of the CdSe QDs. The TEM image shows that
the average diameter of the CdSe QDs varies from 7 to 10 nm.
The inset shows the corresponding diffraction pattern of the
CdSe QDs. The electron diffraction patterns confirm the
wurtzite hexagonal structure of this sample as all the powder
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Figure 6. TEM images of CdSe/ZnS core—shell CdSe/ZnS QDs (a—
c) and the electron diffraction patterns (inset). (d) PL spectra of the
QDs.

diffraction rings could be indexed using a hexagonal structure:
a = 42994, ¢ = 7.010 A, and P63mc. The CdSe nanocrystals
exhibited a single crystalline nature, as evident from the high-
resolution lattice images in Figure 6¢. Figure 6d shows the PL
spectra of the QDs coated on a quartz substrate. There are at
least three major luminescence peaks around 530, 540, and 550
nm, consistent with the product specification (540 + 10 nm).
These PL peaks suggest the optical bandgaps of 2.25—2.34 eV.

Bl CONCLUSIONS

We demonstrated that high-quality ZnO ETL, MoO; HTL,
and QDs with optimum coating thicknesses could lead to
highly efficient QDSCs based on a thin-film technology. We
believe that the interfaces between ZnO and QDs and between
MoOj; and QDs play essential roles in maximizing Jsc and Vi,
which are the keys to high PCE. High-quality, low-defect films
and interfaces are vital to minimize carrier trapping and
maximize PCE. This work will inspire more efforts to produce
solar cells with abundant materials based on thin-film
technology using a spectrum of other materials systems.

B EXPERIMENTAL SECTION

Materials. CdSe/ZnS core—shell quantum dots suspended in
toluene (12.5 mg/mL) were purchased from Mesolight (Suzhou
Xingshuo Nanotech Co.). The commercial ITO-coated glass was
purchased from Delta Technologies. The 99.9% pure ZnO target and
the 99.99% pure MoO; target were purchased from Kurt J. Lesker.
The gold (99.99% purity) PLD target was purchased from Kurt
Lesker Company. Reagent-grade acetone and isopropyl alcohol were
purchased from Sigma-Aldrich.

Device Fabrication and Characterization. The commercial
ITO thin film-coated glass was cleaned with acetone, then with
isopropyl alcohol (IPA), and deionized (DI) water by sonicating for $
min each. The sample was dried with a nitrogen gas gun and placed
on a PLD substrate holder. The ZnO target was placed following the
schematic diagram for the PLD setup shown in Figure S1. High-
quality ZnO thin films were grown on commercial ITO glass
substrates at RT using a fourth harmonic generation (4w) of a Q-
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switched Nd: YAG pulsed-laser at 10 Hz with an output wavelength
of 266 nm focused on a ZnO target surface using a quartz lens. The
deposition chamber was first evacuated to a base pressure of about 5
X 107 mbar and oxygen gas was admitted under an optimized
delivery pressure of 50 mTorr (6.67 X 107 mbar) to get the highest
quality thin films. The time of ablation of the ZnO target and the
deposition thickness are monitored using a thickness monitor. The
laser beam was then focused to a laser spot (~1 mm in diameter) and
was scanned over the ZnO target by an x—y motorized mirror. The
power of the laser was estimated to be 25 mJ/pulse. The target was
rotated to achieve a uniform thickness distribution of the ZnO thin
films.

After the deposition of ZnO thin films on commercial ITO glass,
CdSe/ZnS core—shell quantum dots were spin-coated layer by layer
on top of planar ZnO films. For this process, two drops (~10 uL
each) of CdSe/ZnS QD solution (12.5 mg/mL in Toluene) were
dropped on the substrate and left to semidry. The substrate was spun
for 1 min at 2500 rpm. This process was repeated after the film was
completely dry until the targeted QD volume was used. 300 uL QDs
were used for the best efficiency to get a uniform layer. These QDs
are then overcoated with an MoOj thin film at RT with the same PLD
setup and procedures described earlier for ZnO coating. We found
that the PLD coating step is sufficient to remove the ligands from the
QD surfaces. The local heating from the laser plasma and the
bombardment of the energetic laser plume likely work as the stripping
process. A 100 nm Au anode was finally deposited on the MoO; hole
transport layer (HTL) by PLD through a shadow mask at a 2 nm/min
rate within a 1075 mbar base pressure. The active device area is
defined by the overlap of the Au anode with the ITO cathode and is
determined to be 10 mm?”. Current and voltage (I-V) measurements
were performed using a computer-controlled Keithley 2636A source
meter under the illumination of a solar simulator (125 W Newport
96000 xenon arc lamp equipped with an AM 1.5G filter) at an
intensity of 100 mW/cm? (1 Sun illumination). It is to be noted that
the data shown here are those with the highest PCEs out of the two-
five devices we made under the same parameters. The PCE standard
deviation among the working devices is about 30%. The deviation for
the V¢ and Jgc is about 15—18%. Such a deviation is likely due to the
variation in the uniformity and coverage of spin-coated QDs, which is
relatively less controllable. We observed that these devices performed
better after a few cycles of I=V sweeps, likely due to the solar soaking
effects.””*® Depending on the type of solar cells, there are various
hypotheses for such improvement,”’ > but generally, solar soaking
improves charge transport due to reduced defects. Devices are stable
until unexpected short circuits occur at high bias voltages.

Scanning electron microscopy imaging was conducted with a
Hitachi S-4700 FE-SEM. Photoluminescence spectra were measured
at RT with a He—Ne laser at a wavelength of 325 nm by a Jobin-Yvon
LabRAM HR800 Raman Spectrometer. Optical transmittance was
measured with a UV—vis spectrophotometer. X-ray photoelectron
spectroscopy measurements were performed with a PHI 5800 X-ray
photoelectron spectrometer with a source anode of Mg (hv = 1253.6
eV).
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