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ABSTRACT

PbS colloidal quantum dot solar cells (CQDSCs) have recently achieved remarkable performance enhancement due to the development of the
phase-transfer ligand exchange (PTLE) method. However, the lack of compact packing of the PTLE-passivated CQDs impairs the interdot elec-
tronic coupling and thereby severely restricts further improvement in performance. To address this electronic coupling issue, we report a simple
yet effective process of external pressure (0–2 MPa). We find that the interdot distance is reduced after the application of the pressure. Both optical
and electrical measurements clearly demonstrate that the distance reduction can effectively strengthen the interdot electronic coupling, thus
promoting the carrier transport of the CQD layer. However, too much pressure (>2 MPa) could accelerate the detrimental carrier recombination
processes of CQDSCs. Accordingly, by optimizing the carrier transport and recombination processes, we achieve the maximum power conversion
efficiency of 8.2% with a moderate pressure of 1.5 MPa, which is 25.5% higher than the solar cell without the external pressure. This effective strat-
egy of external pressure could also be applied to other CQD-based optoelectronic devices to realize a better device performance.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5110749

Colloidal quantum dots (CQDs) are of interest for applications in
low-cost, solution-processable photonic, and electronic devices1–3 due to
their size-tunable bandgap,4 high extinction coefficient,5 and multiple
exciton generation.6 In particular, lead sulfide (PbS) CQDs have attracted
great attention in the photovoltaic field because of their remarkable
ambient stability7,8 and optical absorption in the near- to mid-infrared
range.9,10 The main bottleneck of PbS colloidal quantum dot solar cells
(CQDSCs) is the insufficient electronic coupling between neighboring
CQDs.11–13 Consequently, the chemical replacement of the insulating
long-chain ligands of the as-synthesized CQDs by smaller molecules and/
or ions is essential for the fabrication of CQDSCs.14,15 At one time, this
type of ligand exchange was performed in films that required multiple
processes of layer-by-layer deposition to obtain a sufficiently thick CQD
film. As a result, this method usually caused issues with film cracking and
high material consumption. In addition, this solid-state ligand exchange
(SSLE) method may generate surface traps of PbS CQDs because of the
imperfect passivation and cause power loss of CQDSCs.16–18

Recently, an advanced phase-transfer ligand exchange (PTLE)
method has been developed to realize the single-step deposition of
CQD films with an unprecedented thickness and smoothness.19–22

The PTLE method can suppress the trap-related carrier recombina-
tion, improve the carrier transport in the PbS CQDSCs, and thereby
dramatically improve the photovoltaic performance.23,24 To date,
great attention has been paid to the chemical optimization of the
PTLE process for efficient trap passivation, but the issues of CQD
stacking in the obtained films are still unresolved. It is notable that
the single-step deposition and rapid solvent evaporation during the
fabrication of a CQD film may result in the loose stacking of CQDs
and thus lead to an insufficient interdot electron coupling. When
considering the mismatch between the limited carrier transport
length (�350nm)13 in well-passivated CQD films and the desired
light-harvesting thickness of the PbS CQD film (�1 lm),25 further
enhancement of electron coupling is very crucial to obtain high-
performance PbS CQDSCs.
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To enhance the interdot electron coupling, we developed a strat-
egy of applying external pressure on the PbS CQDSCs to realize
the dense packing of CQD films prepared by the PTLE method. The
power conversion efficiency (PCE) was increased to 8.2% when the
external pressure reached 1.5 MPa in contrast to that of 6.5% without
applying the pressure. The external pressure could reduce the interdot
distance and enhance the electronic coupling in sequence when the
pressure increases from 0 to 2 MPa. However, continuing to increase
the pressure will cause a critical problem of carrier recombination
probably due to the facilitated carrier transport to the traps of CQDs
and/or the pressure-induced microstructural defects of CQDSCs. This
after-the-fact treatment with a moderate pressure could be conve-
niently performed with normal equipment. It could be integrated with
other automated fabrication processes of CQD films, such as ink jet
printing and slot die coating, to realize line production of high-
performance CQD-based optoelectronic devices.

Figure 1(a) shows a schematic of the architecture of PbS
CQDSCs and the process of external pressure after the fact. The PbS
CQDs (Fig. S1, supplementary material) were prepassivated by PbI2
through the PTLE method (called PbS-PbI2) and spin coated on the
ZnO electron extraction layer. Another hole extraction layer of PbS
CQDs capped with 1, 2-ethanedithiol ligands (called PbS-EDT) was
deposited on top of the PbS-PbI2 absorber layer by the SSLE method.
Then, the obtained FTO/ZnO/PbS-PbI2/PbS-EDT multilayer films
were treated with mechanical pressure that increased from 0 to 2 MPa
using the tablet machine. Finally, Au electrodes (�100nm) were evap-
orated on the surface of the PbS-EDT layer.

We first evaluated the influence of the increasing pressure on the
CQDSCs by using the current density–voltage (J–V) curves [Fig. 1(c),
Fig. S2, and Table SI]. As the pressure increased from 0 to 1.5 MPa,
the short-circuit current density (Jsc) monotonically rose from 18.87 to
19.91 mA/cm2, while the open-circuit voltage (Voc) increased from
0.64 to 0.67 V. This variation of Jsc is further confirmed by the external
quantum efficiency measurements (Fig. S3). The fill factor (FF)
increased to �0.61 after application of the pressure in contrast to that
of 0.54 for the untreated solar cell. Consequently, the maximum PCE
of 8.17% was obtained as the pressure reached 1.5 MPa, generating an
increase in 25.5% over the PCE of CQDSCs without the application of
pressure (6.51%). However, the further increase in pressure to 2 MPa
caused obvious drops of Jsc, Voc, and FF, and thus dramatically
reduced PCE to 4.74%.

To understand this variation of photovoltaic performance, we
characterized both the pressure-dependent optical [Fig. 2(a)] and elec-
trical properties [Fig. 2(b)] of PbS-PbI2 CQD films. The position and

full width at half maximum of the first exciton absorption peaks of
PbS-PbI2 films remained unchanged after application of the external
pressure, showing that the external pressure induced negligible change
in the size distribution of PbS-PbI2 CQDs. However, the photolumi-
nescence (PL) peaks of PbS-PbI2 films did shift continuously from
1131 to 1167 nm as the external pressure increased (Fig. S4). The rapid
solvent evaporation during the preparation process of PbS CQD films
usually leads to a lack of compact packing of PbS CQDs, but our pro-
cess of external pressure made the PbS CQD films denser and thus
reduced the interdot distance. The thickness of PbS-PbI2 CQD films
shrinks after the external pressure process, clearly confirming this
pressure-induced reduction of the interdot distance (Fig. S5). In addi-
tion, we found that the process of external pressure increased the
refractive index of PbS CQD films (Figs. S6 and S7). By considering

FIG. 1. (a) Schematic of CQDSC fabrica-
tion. (b) Variation of interdot electronic
coupling, and recombination induced by
the pressure. (c) Best-performing current
density-voltage scans of PbS CQDSCs
treated with different pressures.

FIG. 2. (a) Pressure-dependent absorption and PL spectra of PbS CQD films. (b)
Pressure-dependent J–V curves of PbS CQD films. Inset: device structure used in
this experiment.
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the unchanged size distribution and surface ligand of PbS CQDs under
different conditions of external pressure, the only possible explanation
for the refractive index increase along with the pressure rise is the
reduction of the interdot distance in the CQD layer.

The rate of carrier transport based on the hopping mechanism in
the CQD films is proportional to the interdot distance.26 As a result,
shortening the interdot distance by applying the external pressure can
enhance the interdot coupling and promote the carrier transfer in the
PbS CQD films. Since the change in the size distribution of PbS CQDs
is negligible, the redshift in PL peaks may result from the enhancement
of interdot electronic coupling which facilitates the transport of photo-
generated carriers to the PbS CQDs with small band gaps. Such a red-
shift of PL peaks in well-coupled CQD films has also been reported in
the previous literature.27,28 It is worthwhile to note that the PL intensity
of PbS-PbI2 CQD films reduces continuously with the increase in pres-
sure, as shown in Fig. S8(a). This reduction of PL intensity might derive
from the additional channels (carrier transfer to the neighboring CQDs)
of nonradiative decay in the well-coupled CQD films as shown in Fig.
1(b). In addition, the higher refractive index of the denser PbS CQD
films may increase the reflection loss of exciting light and the confine-
ment of PL inside the films. Using the space charge limited current
(SCLC) measurement,29 we estimated the carrier mobility (ln) of PbS
CQD films which increased from 2.37 � 10�3 cm2/Vs to 6.75� 10�3

cm2/Vs as the pressure increased from 0 to 2 MPa (Table SII).
Correspondingly, both photonic and electrical measurements showed
that the application of pressure could reduce the interdot distance and
enhance electronic coupling between neighboring PbS CQDs.

To investigate the influence of pressure-dependent electronic
coupling on the functioning mechanism of CQDSCs, we used several
techniques to characterize the devices. The density of states (DOS)
for CQDSCs were extracted from the slope of capacitance-voltage
plots [Fig. 3(a)], which increased from 1.68� 1016 (0 MPa) to 2.58
� 1016 cm�3 (2 MPa) [Fig. 3(b)]. In addition, the simplified devices
with a structure of SnO2:F conductive substrate (FTO)/ZnO/PbS-PbI2/
Au also present a DOS reduction of PbS-PbI2 CQD films with an
increase in pressure (Fig. S9). Because of the similar passivation pro-
cesses of PbS CQDs used in this work, the increase in DOS unlikely
results from the variation in the surface traps of PbS CQDs. The
increase in DOS, after the pressure is applied, might derive from the
incremental numbers of PbS CQDs per unit volume due to the shrink-
ing of CQDs films (Fig. S5). By fitting the dark J–V curves (Fig. S10)
with the ideal diode equation,30,31 we obtained that the series resistances
(Rs) reduced from 7.3 to 4.1 X cm2 when the pressure increased [Fig.
3(c)]. This variation of Rs correlates well with the enhancement of car-
rier transport in the PbS CQD films and may lead to an increase in Jsc
and FF as the pressure increases from 0 to 1.5 MPa. However, we notice
that the abnormal variation of shunt resistance (Rsh) and reverse satura-
tion current density (J0) were obtained at a pressure of 2.0 MPa [Figs.
3(c) and 3(d)]. These values suggest that although the application of the
pressure improves the carrier transport, it could accelerate the unwanted
carrier recombination of CQDSCs.

We then measured the transient photovoltage (TPV) to further
study the carrier recombination of CQDSCs. The recombination life-
times (srec) under different light intensities were fit to a single expo-
nential decay of Voc. As illustrated in Fig. 4(a), the maximum srec
appears when the pressure is 1.5 MPa. This change in srec indicates
that application of an appropriate pressure could efficiently attenuate

the carrier recombination of CQDSCs. The dependence of Jsc on the
light intensity can be expressed as Jsc /Ia, where I and a are the light
intensity and the exponential factor, respectively. The improved a for
CQDSCs for pressures up to 1.5 MPa clearly indicates that the carrier
recombination under the short-circuit condition is efficiently sup-
pressed using this new process of applying pressure [Fig. 4(b)].
However, the further increase in pressure to 2 MPa leads to drops in
srec and a, which indicates the dramatic aggravation of the carrier
recombination in the solar cells. This is consistent with the change of
Rsh and J0 and should be the origin of the observed irregular variation
for the photovoltaic performance of CQDSCs.

We used the diode ideality factor as an indicator to investigate
the dominant recombination mechanism of CQDSCs with the appli-
cation of different pressures. As shown in Fig. 3(d), the diode ideality
factors fitted from the dark J–V curves (nD) decrease from 1.42 to 1.27
when the pressure increases from 0 to 1.5 MPa, but then rise abnor-
mally to 1.82 as the pressure reaches 2 MPa. The diode ideality factors
under light irradiation (nL) present a similar variation tendency as nD
[Fig. 4(d)]. Usually the dominating recombination process of solar
cells is band-to-band recombination when the diode ideality factor is

FIG. 3. (a) Pressure-dependent Mott–Schottky plots of PbS CQDSCs, and the cor-
responding (b) Vbi, DOS. (c) Rsh, Rs, (d) J0, and nD were obtained by the ideal
diode equation from dark J–V curves.
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1, whereas the recombination of solar cells is controlled by the trap-
assisted process when the diode ideality factor is 2. Accordingly, the
reduction of diode ideality factors along with the increase in pressure
from 0 to 1.5 MPa could be ascribed to the suppressed trap-assisted
recombination. However, this trap-assisted recombination becomes
critical again when the pressure approaches 2 MPa.

The pressure-induced enhancement of interdot electronic cou-
pling continuously increases the carrier mobility of PbS CQD films.
However, the swift carrier transport among CQDs could increase the
possibility of carrier capture by traps. Such phenomena were also
observed in the certain quantum dot and organic photovoltaics.32–34

In addition, we observed that the pressure of 2 MPa induced a reduced
uniformity of PbS CQD films (Fig. S11). This may cause the micro-
structural defects of CQDSCs and induce extra pathways of carrier
recombination. Consequently, although the PbS CQD film treated
with a pressure of 2 MPa exhibits the highest ln, the corresponding
solar cells present a dramatic drop in efficiency because of the uncon-
trollable carrier recombination. Accordingly, the maximum Jsc, Voc,
and thus PCE are achieved by the CQDSCs treated with a pressure of
1.5MPa due to the acceptable balance of carrier transport and
recombination.

In summary, we employed the after-the-fact external pressure
treatment to efficiently solve the weak electronic coupling issue among
the loose-packing PbS CQDs formed by the PTLE method. Application
of external pressure shrinks the distance between the neighboring PbS
CQDs and thus enhances the interdot electronic coupling. However,
applying pressure that is too high induced the aggravation of the carrier
recombination of CQDSCs, which may be derived from the increased

carrier capture by traps due to the inordinate enhancement of interdot
electronic coupling and/or the pressure-induced microstructural defects
of solar cells. As a result, a balance between carrier transport and recom-
bination of CQDSCs could be achieved with the application of a moder-
ate pressure of 1.5 MPa on the solar cells. This generated the maximum
power conversion of 8.2% and led to an increase in 25.5% compared
with that of untreated solar cells.

See the supplementary material for experimental details, UV-vis-
near-infrared absorption spectrum, CQDSC photovoltaic parameter
statistics, transmittance spectra, SEM images, dark J–V curves, and
light intensity-dependent Voc and Jsc.
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