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ABSTRACT: PbS quantum dots (QDs) have gained significant attention as promising
solution-based materials for third generation of photovoltaic (PV) devices, thanks to their
size-tunable band gap, air stability, and low-cost solution processing. Gold (Au), despite its
high cost, is the standard electrode in the conventional PbS QD PV architecture because of its
perfect alignment with valence levels of PbS QDs. However, to comply with manufacturing
requirements for scalable device processing, alternative cost-effective electrodes are urgently
required. Here, we employed an interface engineering approach and deposited poly(3-
hexylthiophene-2,5-diyl) as a hole transport layer on 1,2-ethanedithiol-capped PbS QDs in
order to adjust the valence band of QDs with the work function of inexpensive copper (Cu)
electrodes. In fact, this is the first report of a Au-free PbS QD PV system employing the
conventional device structure. Our Cu-based device shows a maximum power conversion efficiency (PCE) of 8.7% which is
comparable with that of the Au-based device (10.2%). Interestingly, the P3HT-based device shows improved stability with
relatively 10% PCE loss after 230 h under continuous illumination. Moreover, using an ultrathin Cu electrode, a semitransparent
PbS QD PV is fabricated with a remarkably high average visible transparency of 26% and a PCE of 7.4%.
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■ INTRODUCTION

Among different types of solution-processed photovoltaic
(PV) systems, PbS colloidal quantum dot (QD) PVs1−11 have
attracted increasing attention because of their promising
characteristics such as size-dependent band gap, impressive
air-stability, and adaptability to industry-level and large-scale
applications.12−15 Most of the research studies on the PbS QD
PV have focused on QDs surface passivation and enhance-
ment of device performance through band alignment
engineering to facilitate carrier extraction from the QD active
layer.1,3,6,16−18 However, in order to fulfill the industry-level
production, the overall device development costs should be
significantly reduced. Currently, Au is the most dominant
anode material in PbS QD PVs including the best performing
PbS QD PVs with a power conversion efficiency (PCE) of
12%19 because of the compatibility of its work function level
to the underlying QDs absorber layer. However, the presence
of Au as the electrode in PbS QD PVs considerably increases
the overall device fabrication cost, especially for large-scale
production. On the other hand, employment of alternative
electrode materials requires band alignment engineering to
assure unimpeded hole transport to the electrode. Herein, we
fabricate efficient PbS QD PV devices with copper (Cu)

electrodes through introduction of a hole transporting layer
(HTL) on the top of 1,2-ethanedithiol (EDT)-capped PbS
QDs. EDT-capped PbS QDs act as the HTL in the currently
dominant PbS QD PV architectures.1,7,8,19 We employ a stable
polymer poly(3-hexylthiophene-2,5-diyl) (P3HT) to adjust
the band energy level of the QD layer with respect to the Cu
electrode. P3HT is a commonly used HTL in solution-based
PVs20−22 with good stability compared to other small
molecules because of its hydrophobicity and oxygen
impermeability.23 It is commonly doped with Li or Co salts
to increase its hole mobility.24,25 Because the highest occupied
molecular orbital level (−4.8 to −5.1 eV) of P3HT is well-
aligned with the valence band of EDT-capped PbS QDs, it can
be used as an interfacial layer between the QD absorber layer
and the low-cost Cu electrode, which has a lower work
function compared to Au. Moreover, it has been shown before
that a higher molecular weight of P3HT is advantageous26

because by increasing the molecular weight, domain
boundaries and inherent improvement of the chain length
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result in enhanced carrier transport.27 Our Au-free PbS QD
PV with Cu electrodes shows a PCE of 8.7% (vs control Au
device with 10.2%). Developing semitransparent solar cells
from solution-based active materials, including PbS QDs,28,29

has also been an interesting area of research for applications in
building-integrated PV.30,31 The generally accepted require-
ment of average visible transparencies (AVTs)defined as
the mean optical transmittance of a device between 380 and
780 nmfor window applications is at least 25%.32 To
demonstrate the possibility of developing a semitransparent
PbS QD PV out of this novel device architecture, we
employed sufficiently thin QD absorber layers and an ultrathin
Cu electrode. The semitransparent PbS QD PV with ultrathin
Cu electrodes are presented with a remarkably high AVT of
26% and PCE of 7.4%.

■ RESULTS AND DISCUSSION

The schematic illustration and cross-sectional scanning
electron microscopy (SEM) image of the optimum PbS QD
PV with Cu electrodes and EDT-capped PbS/P3HT double
HTL are shown in Figure 1a,b. The PbS QDs used in this
study show an absorption peak at ∼ 950 nm as seen in Figure
S1. This structure consists of indium-doped tin oxide (ITO),

ZnO electron transporting layer, tetrabutylammonium iodide
(TBAI)-capped PbS QDs, EDT-capped PbS QDs, P3HT
HTLs, and Cu electrodes. A 40 nm-thick polycrystalline ZnO
layer was deposited on the ITO-coated glass substrates using
the sol−gel method (see Experimental Section). PbS QDs
were then deposited via a layer-by-layer deposition technique.
The ligand exchange for the first 10 QDs layers was
performed using a solution of TBAI in methanol. To form
the device with double HTLs, a solution of EDT in
acetonitrile was used during ligand exchange for the last two
PbS QD layers, followed by deposition of a 10 nm-thick Li-
doped P3HT layer (See the Experimental Section for details).
The Cu electrodes were then thermally evaporated through a
shadow mask to complete the device structure. To study the
impact of the Cu electrode and the additional P3HT HTL, we
first compared the performance of the PbS-TBAI/PbS-EDT/
Cu device with that of the PbS-TBAI/PbS-EDT/Au one. The
PbS-TBAI/PbS-EDT/Au device shows an open circuit voltage
(VOC) of 611 mV, a short circuit current density (JSC) of 26.9
mA/cm2, and a fill factor (FF) of 0.62, resulting in a PCE of
10.2%. In contrast, the PbS-TBAI/PbS-EDT/Cu device shows
significantly lower PV parameters, a VOC of 482 mV, a JSC of
22.7 mA/cm2, a FF of 0.42, and a PCE of 4.6%. We attribute

Figure 1. (a) Schematic of the PbS QDs PV device architecture. (b) FIB-milled cross-sectional SEM image of the QDs PV with P3HT and Cu
electrodes (scale bar is 200 nm). (c) J−V characteristics of representative devices with different electrodes with and without a P3HT interfacial
layer measured under 100 mW/cm2 illumination and AM 1.5G condition. The statistics of PV parameters for six devices are shown in Table 1.
(d) EQE spectra of the devices with different electrodes with and without a P3HT interfacial layer.

Table 1. PV Characteristics of PbS QDs Devices with Au and Cu Electrodes with and without P3HT Interlayer Measured
under 100 mW/cm2 AM1.5G Illuminationa

device VOC (mV) JSC (mA/cm2) FF PCE (%)

TBAI/EDT/Au 611 ± 3 26.9 ± 0.3 0.62 ± 0.01 10.2 ± 0.2
TBAI/EDT/Cu 482 ± 6 22.7 ± 0.1 0.42 ± 0.02 4.6 ± 0.3
TBAI/EDT/P3HT/Cu 578 ± 6 26.4 ± 0.6 0.55 ± 0.02 8.4 ± 0.3

aMean and standard deviations are calculated for six devices in each sample.
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this low PCE to the significantly lower work function of Cu
compared to Au, which impedes hole transfer to the anode
electrode. To improve the hole extraction of the PbS-TBAI/
PbS-EDT/Cu structure, we inserted a P3HT HTL between
the PbS QDs-EDT and the Cu electrode to adjust the band
alignment between the HTL and the Cu electrode properly.
Figure 1c shows the current density−voltage (J−V) character-
istics of the representative PVs, measured under a simulated
sun with 100 mW/cm2 and AM1.5MG conditions. Compared
to the PbS-TBAI/PbS-EDT/Cu structure, the PbS-TBAI/
PbS-EDT/P3HT/Cu structure shows noticeably improved PV
parameters, as shown in Figure 1c. Further optimization of
P3HT concentration results in an optimized device with a VOC
of 578 mV, a JSC of 26.4 mA/cm2, and a FF of 0.55, resulting
in a PCE of 8.4%, which is significantly better than the PbS-
TBAI/PbS-EDT/Cu device with only 4.6% PCE (see Table 1
for more details). Figure 1d shows the external quantum
efficiency (EQE) spectra of the representative devices and
their corresponding integrated short-circuit current densities
(JSC). The integrated JSC calculated from the EQE results
(Figure 1d) are in good agreement with the J−V measure-
ments.
Figure 2a,b shows static photoluminescence (PL) and time-

resolved photoluminescence (TRPL) spectra of PbS-TBAI/
PbS-EDT (control) and the optimized PbS-TBAI/PbS-EDT/
P3HT films spin-coated on a glass substrate. PL and TRPL
spectra of the PbS/TBAI were taken by shining the laser from
the glass side in both samples to monitor the impact of having
the P3HT layer. Significant PL quenching is observed for the
PbS-TBAI/PbS-EDT/P3HT film as shown in Figure 2a,
indicating an improved charge transfer from the QD layer to
the HTL because of reduced radiative recombination between

the electron and the holes in the absorber layer. This effect
has been widely reported for HTLs used in various types of
absorber materials.33−35 Decreased carrier lifetime (see Table
S1, Supporting Information) and significant PL quenching of
the PbS-TBAI/PbS-EDT/P3HT as compared to the control
film suggest improved charge separation at the interface.
Improved PV performance of the device with the P3HT

HTL compared to that of the control device suggests
improved band alignment between the QD layer and the
Cu electrode. To assess the energy band levels of the PbS-
TBAI, PbS-EDT, and P3HT, ultraviolet photoelectron
spectroscopy (UPS) was performed on each layer (see Figure
2c,d). The energy band diagrams of both structures, upon
extraction of valence band maxima and Fermi energy levels of
the corresponding films, are calculated and plotted as shown
in Figure 3a. The impeded hole transport from the PbS-EDT
HTL to Cu is due to a relatively large energy barrier between
the valence band of the PbS-EDT and the work function of
Cu, which can be inferred from Figure 3a. This condition is
relaxed for the structure with the inserted second HTL
(P3HT), which facilitates hole transfer to the relatively low
work function of Cu electrodes and leads to improved diode
characteristics and overall PV performance.
The representative semilog dark J−V characteristics shown

in Supporting Information Figure S2 confirm the improve-
ment of the diode characteristics upon inserting the P3HT
HTL into the structure. Significant reduction of leakage
current for the double HTL PV indicates enhanced hole
selectivity of the Cu electrode upon adding the P3HT HTL.
We attribute the lower series resistance (see Table S2,
Supporting Information) of the double HTL PV to the lower
energy barrier between the double HTL and work function of

Figure 2. PL spectra of PbS QDs with and without P3HT HTL showing noticeable PL quenching for QDs with P3HT layers. (b) TRPL decay of
PbS-TBAI QDs films with the PbS-EDT and PbS-EDT/P3HT HTLs. (c) Magnified UPS spectra of EDT-capped PbS QDs and P3HT layers
near the Fermi edge. (d) UPS secondary electron cut-offs of the EDT-capped PbS QDs and P3HT layers. The measured Fermi levels with respect
to the vacuum level are indicated on corresponding films.
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Cu. Regular structures of PbS QD PVs usually have a
noticeable density of pinholes inside the structure,36 which are
potential pathways for parasitic current passage after electrode
deposition due to the diffusion of electrode metal inside the

absorber layer, leading to lower shunt resistance. Therefore,
the relatively higher shunt resistance of the double HTL PV is
likely due to improved coating of the QD surface with P3HT
resulting in less metal diffusion inside the QDs.

Figure 3. (a) Energy-level diagram of the PbS QD solar cells with P3HT with respect to the vacuum level, plotted from the UPS results shown in
Figure 2c,d. (b) VOC as a function of light intensity for reference devices as well as devices with a Cu electrode with and without a P3HT
interlayer. (c) Capacitance−voltage measurements for the built-in potential of PbS QD devices with and without a P3HT interlayer and for the
reference device. (d) TPV decay measurements of the PbS QDs devices with and without the P3HT interlayer and the reference device at open-
circuit conditions under 1 sun light bias.

Figure 4. CA measurements of (a) PbS-EDT film and (b) P3HT film. Evolution of PCE in (c) long-term stability measurement of PbS QDs
solar cells in ambient conditions with 40% relative humidity and (d) photostability measurement of PbS QD solar cells with Au and Cu
electrodes under continuous illumination.
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To further validate the reduced carrier recombination as a
result of facilitated hole transfer using the double HTL, the
variations of VOC versus illuminated light density were studied
following the relation: VOC ∝ nkT/q, where n is the diode
ideality factor, q is elementary charge, T is the temperature,
and k is the Boltzmann constant.5 The n values of the control
and optimized double-layer HTL PVs were calculated by
fitting the VOC-light intensity curves as shown in Figure 3b.
The extracted n value for the double HTL device is 1.38,
which is noticeably lower than that of the control device
(2.15). We attribute this to reduced carrier recombination in
the absorber layer as a result of promoted hole transfer via
using the PbS-EDT/P3HT double-layer HTL. The increase in
the built-in potential of the double-layer HTL PV is also
confirmed by capacitance−voltage measurements as shown in
Figure 3c.
Transient photovoltage (TPV) characterization data of the

control and double-layer HTL PVs are shown in Figure 3d.
The device with P3HT shows rapid voltage decay (t = 38.9
μs) compared to the control device (t = 83.6 μs). This further
proves the stronger career quenching effect as a result of
P3HT addition, which facilitated the hole transfer.
Figure 4a and b shows the contact angles (CAs) of water

droplets on the surface of PbS-EDT and P3HT films,
respectively. As seen, the CAs of 80 and 108° were estimated
for the EDT-capped PbS QDs and the P3HT film,
respectively. The higher CA in the P3HT film demonstrates
its higher hydrophobicity, which leads to increased moisture
resistance and overall extended device stability in a humid
environment. To validate this point, we studied the long-term
stability of the devices as it is a critical step for the scope of
commercialization. The long-term stability of double HTL
PVs with Cu anodes is found to be superior to that of the
device with Au electrode over 4 months, as shown in Figure
4c. Notably, the devices were kept in a dry box with a relative
humidity of 40% for this measurement. The superior stability
of the devices with P3HT under relatively humid storage
conditions can be attributed to the higher hydrophobicity of
P3HT as compared to that of PbS QDs without P3HT. These
stability results are compared with those reported by Kirmani
et al.,14 in which they studied the role of air humidity on the
performance and stability of the PbS QD PVs. They stored
the devices in a dry-air box following fabrication and showed
that their performance and stability improved because of
oxygen doping of the PbS/EDT layer. Our P3HT devices
show remarkable device stability after 4 month storage under
ambient conditions with only about 10% reduction in the
PCE, which is comparable to the results reported in the
mentioned study. Moreover, we studied the device stability
under continuous illumination for standard PbS-TBAI/PbS-
EDT/Au and PbS-TBAI/PbS-EDT/P3HT/Cu PVs as shown
in Figures 4d and S3. The rate of PCE reduction is lower for
the devices with Cu electrodes compared to the reference
cells. We attribute this to gradual diffusion of Au into PbS
QDs through existing pinholes in the structure leading to
reduced shunt resistance which adversely impacts the FF and
VOC as shown in Figure S3. This condition is relaxed for PVs
with Cu electrodes because P3HT covers the surface of the
QDs and blocks pathways for Au diffusion. Moreover, we
believe that it should be possible to apply this method to
device structures with other active materials, including PbSe
QDs, such as PVs reported by Hu et al.37 Despite the use of
PbSe QDs in their device structure, they utilized a PbS/EDT

HTL. Therefore P3HT/Cu should, in principle, be matched
with the PbS/EDT layer used in PbSe QD PVs to replace Au
electrode.
To demonstrate the possibility of developing a semi-

transparent PbS QD PV with the cost-effective Cu anode
electrode, we fabricated the PbS QD PV with a 10 nm-thick
Cu electrode. To obtain decent optical transmittance and
device performance, the thickness of the QD absorber layer
should be thin enough for high optical transmittance and thick
enough for sufficient light absorption. Therefore, we fabricated
PbS QD PVs (using P3HT and a 10 nm-thick Cu electrode)
with different thicknesses of the QD layer, varying from 120
to 200 nm as shown in Table S3. The transmittance spectra of
PbS QD PV devices with different thicknesses of the QD layer
are shown in Figure 5a. As expected, by reducing the QD

thickness from 200 to 120 nm, the PV performance drops
from 8.4 to 6%, whereas the AVT increases from 24.09 to
28.33%. The semitransparent solar cellshown in Figure
5bwas measured with illumination from both ITO and Cu
sides, and the corresponding PV metrics are shown in Table
S4. For the PbS QD PV with QD thickness of 150 nm, when
illuminated from the ITO side, a PCE of 7.4% together with
an AVT of 26% was achieved with a VOC of 579 mV, a JSC of
23.7 mA/cm2, and a FF of 0.54. These values are among the
best values reported in the literature, as shown in Figure S4.
However, upon illumination from the Cu side, a PCE of 5.9%
with a VOC of 574 mV, a JSC of 21.3 mA/cm2, and a FF of
0.48 was obtained. We attribute the reduced PV performance
of the device upon illumination from Cu side to optical
absorption of the P3HT layer and also the lower trans-
mittance of 10 nm thick Cu as compared to the ITO
electrode, possibly because of higher optical reflection at the
Cu−air interface and increased optical absorption of Cu in the
infrared range.

■ CONCLUSIONS
In summary, we demonstrate a low-cost and efficient PbS
QDs solar cell with conventional architecture employing a Cu
electrode using band alignment engineering with a stable
HTL, that is, P3HT. Using this approach, we replace the
expensive Au electrode in the PbS QD device with Cu and
also optimize the thickness of P3HT in order to achieve the
highest efficiency. Using 10 nm thick P3HT, we obtain a
device with a PCE of 8.7% which is comparable with the Au-

Figure 5. (a) Transmittance spectra of ITO glass, 10 nm Cu on
glass, 10 nm-thick P3HT on glass and fully fabricated semi-
transparent devices with 10 nm thick Cu and different PbS QD
thicknesses. (b) Photograph taken through the full PbS QD PV
device with ultrathin Cu anode electrodes.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b18487
ACS Appl. Mater. Interfaces 2020, 12, 818−825

822

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b18487/suppl_file/am9b18487_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b18487/suppl_file/am9b18487_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b18487/suppl_file/am9b18487_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b18487/suppl_file/am9b18487_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b18487/suppl_file/am9b18487_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b18487/suppl_file/am9b18487_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b18487


based device. Additionally, using a thin layer of Cu,
semitransparent PbS QD PVs with AVT of 26% and PCE
of 7.4% was developed. Interestingly, our Cu-based device
shows improved stability under illumination as compared to
the device with the Au electrode.

■ EXPERIMENTAL SECTION
PbS QD Device Fabrication. A layer of ZnO (30 nm) is

deposited on pre-patterned ITO/glass substrates of a solution of
ethanolamine (0.3 M) and zinc acetate dehydrate (0.3 M) in 2-
methoxyethanol by spin-coating inside a nitrogen-filled glovebox.
The samples were subsequently annealed at 230 °C for 15 min under
ambient conditions. Synthesis of PbS QDs (capped with oleic acid)
with the first absorption peak at ∼950 nm was performed according
to literature.38−42 PbS QDs with a concentration of 50 mg/mL in
octane were deposited on the samples via a layer-by-layer method at
1500 rpm for 25 s leading to ∼20 nm for each QD layer. Ligand
exchange was performed via a solution of TBAI (Sigma-Aldrich, 10
mg/mL in methanol) and 1,2-EDT (Sigma-Aldrich) in acetonitrile.
For the device with 200 nm thickness of the PbS QD layer, 8 layers
of TBAI-exchanged and 2 layers of EDT-exchanged were deposited.
For thinner devices, the two layers of PbS-EDT were kept and the
overall QD thickness was controlled by adjusting the thickness of
PbS-TBAI layers. Ligand exchange was done by dispensing the ligand
solution on the QD layer, waiting for 30 s, followed by rinsing three
times with corresponding solvents and a final dry-spin. QDs
deposition and ligand exchange was done under ambient conditions.
P3HT was purchased from Ossila Ltd. and its molecular weight is
60.15 kDa. For the device with P3HT, a solution of P3HT dissolved
in chlorobenzene (8 mg/mL) was prepared and mixed with 2.78 μL
of 4- ter t -butyl pyridine and 1.6 μL of l i thium bis-
(trifluoromethanesulfonyl)imide solution (520 mg/mL in acetoni-
trile). The P3HT solution was spin-coated at 4000 rpm for 20 s. The
current price of Cu and Au are about 0.37$/g and 74$/g,
respectively. Although the cost of P3HT is relatively high at about
$400/g, but because we use a very small amount (8 mg/mL) for a
single layer of P3HT in our device structure, the overall cost is still
lower than Au. Metallic electrodes (Cu and Au from Kurt J. Lesker,
99.999%) were evaporated on the sample through a shadow mask (at
1 Å/s rate and base pressure of 10−6 Torr). The device area for
individual solar cells was 0.054 cm2.
Film Characterization. The optical transmittance and absorb-

ance spectra were recorded using a UV/vis/NIR spectrometer
(Lambda 1050). PL spectra were measured using a SpectraPro 300i
spectrometer equipped with a liquid nitrogen-cooled indium gallium
arsenide (InGaAs) detector. TRPL measurements were done by
using a picosecond pulsed diode laser (EPL-405) with an excitation
at λ = 405 nm and a pulse width of 49 ps. The measurements were
fitted using the exponential relation: I(t) = ai exp(−t/τi), where ai
and τi are the amplitude and the lifetime values of each term,
respectively. An FEI Helios NanoLab 600 SEM system was used (5
kV) for SEM imaging. Cross-section images were acquired via Ga-
focused ion beam (FIB) milling at 30 kV using the same tool. UPS
data were recorded using an Omicron ultrahigh vacuum system using
the He I line (21.2 eV) of a helium discharge lamp to study the
valence bands and Fermi levels of the different thin films.
Device Characterization. A semiconductor device analyzer

(Agilent Technologies, B1500A) was used to record current−voltage
measurements performed in the nitrogen-filled glovebox. A 150 W
xenon arc-lampNewport 96000with an AM1.5G filter was used
as the solar simulator with 100 mW/cm2 power density. EQE
measurements were performed using a tungsten halogen lamp source
(250 W) with an Oriel Cornerstone 130 monochromator. TPV decay
measurements were done using a Tektronix TDS 3054B oscilloscope
equipped with a pulse laser light source (532 nm) under light bias
from the solar simulator. Integrated photocurrent densities were
obtained by calculating the product of the EQE and the AM1.5G
spectra over the range of 370−1100 nm. A series of neutral density
filters were used between the light source and the device to perform

light intensity dependence measurements. A Keithley 4200-CVU
system was used to record the capacitance−voltage data on a probe
station with 100 mV ac signal amplitude in the range of −1 to 1 V
and 50 kHz frequency.
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