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We investigate the effect of a thin PbS quantum dot (QD) layer on the performance of hybrid
quantum-dot-organic solar cells (QD-OSCs). The PbS QD layer is able to function as a
photosensitizing layer to improve short circuit current density (JSC) and power conversion
efﬁciency (PCE) by exploiting solar ﬂux in the near infrared region up to 1100 nm. The increase
in JSC is well represented by changes observed in the external quantum efﬁciency of devices
with and without the PbS QD layer, including the region of the ﬁrst exciton transition where
only the PbS QD layer absorbs. Remarkably, enhanced performance was observed in QD-OSCs
consisting of just a 13 nm thick PbS QD layer and 150 nm PTB7:PC71BM layer, exhibiting a JSC of
17.0 mA cm  2, and PCE of 8.30% (8.58% for champion device) compared to reference devices
without PbS QD which produced a JSC of 15.4 mA cm  2 and PCE of 7.56%.
& 2015 Elsevier Ltd. All rights reserved.
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In recent years, the ﬁeld of solar cells has witnessed rapid
growth with the development of a range of new materials
and device architectures. Over 10% power conversion
efﬁciency (PCE) has been reported using organic materials
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[1–4] while 8% PCE has been reported with quantum dot
(QD) materials [5–8]. The best organic and QD materials
however, still result in much lower PCEs than inorganic solar
cells such as Si, GaAs, CdTe or Cu(In,Ga)Se2 [9]. Nonetheless, these new technologies garner much commercial
and academic interest due to their strengths such as ﬂexible
substrate compatability, low cost, and facile solution fabrication which make them appealing for next generation solar
cells. Extensive research has focused on the use of lead
chalcogenide nanocrystals (PbS and PbSe) because of their
desirable properties including facile synthesis from earthabundant elements, easily and widely tunable band gaps
and light absorption throughout the visible regions to the
near-infrared (NIR) affording the potential for large photocurrents compared to other organic and inorganic materials
[10,11]. Moreover, the possibility of exploiting multiple
exciton generation raises the theoretical limit of PCE to as
high as 64% [12–14]; something inaccessible with conventional bulk semiconductor photovoltaic materials.
Several groups have investigated using a combination of
PbS QDs and a conjugated polymer network to prepare
hybrid devices, with the aim of extending the absorption
range of the resultant photovoltaic devices further into the
near infrared. Such approaches may incorporate the QDs
directly into the polymer matrix [15,16], thus requiring that
the photogenerated electron–hole pair is separated and
each carrier is injected into its corresponding transport
phase. Despite promising results, these hybrid devices have
yet to yield higher PCEs than pure-phase QD devices. This is
likely due to the ease with which photo-generated electrons
and holes recombine at the conjugated polymer/QD interface, and also to the shortcomings of the QD phase as a
majority carrier transport material. This has prompted
investigations of charge and energy transfer mechanisms
between QD and organic materials such as conjugated
polymers and fullerene derivatives [17,18]. Solution processing of polymer:PbS QD blends poses additional challenges
due to the need for ligand exchange in the PbS QDs and
degradation of polymer BHJs when exposed to solvents and
ligands used during ligand exchange. Given the disadvantages and poor performance observed to date in mixed
polymer:PbS QD active layers, an improved approach would
leverage a bulk heterojunction (BHJ) comprised of a polymer:fullerene blend interfaced with a separate PbS QD
layer, rather than intermixing of the QD and polymer
phases. This approach could preserve the optimal materials
properties of each phase and enable their efﬁcient combination into a hybrid device. The utility of this approach was
ﬁrst demonstrated by Luther and coworkers, [19] who
employed a thick p-type PbS QD layer and a thin PSBTBT:
PCBM BHJ thus modifying the interface at the Schottky
junction between the PbS layer and the low work function
metal. A respectable improvement in short circuit current
density (JSC) was achieved compared to either the polymer
BHJ or the QD device alone, however, the open circuit
voltage (VOC) degraded signiﬁcantly with respect to the
pure-phase BHJ counterpart and was somewhat lower than
the phase-pure QD device as well.
In this report, we have studied the effects of PbS thickness
on carrier diffusion and used this knowledge to demonstrate
hybrid QD-organic solar cells (QD-OSCs) which do not suffer
losses in VOC or ﬁll factor (FF) due to incorporation of the PbS
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layer. By utilizing a PbS QD layer as a thin photosensitizing
layer (PSL), we are able achieve a high Jsc and PCE by
exploiting solar ﬂux in the NIR region up to 1100 nm. The
thickness of the QD ﬁlm is judiciously chosen to coincide with
its minority carrier (electron) diffusion length, and as a
result, photo-generated electrons in the PbS QD layer are
efﬁciently transported to the lowest unoccupied molecular
orbital band of PC71BM without recombining. This careful
tailoring of the PbS QD layers within the BHJ solar cells allows
them to perform efﬁciently as PSLs without adversely
affecting other device parameters.
We took the view that, in principle, the combination of
the PbS QD and BHJ layers should yield improved device
performance, but that the criteria that would need to be
met to leverage these materials in tandem required deeper
insight, modeling, and improved device designs. Although it
is expected that light absorbed in the PbS QD layer will
contribute to the photocurrent and JSC produced by the
device, the impact on other device parameters is unclear.
Thus, a detailed mechanistic understanding of charge generation and extraction is required for the PbS QD layer.

Experimental section
Device fabrication
QD-OSCs devices were fabricated using the following procedure: Clevios PH PEDOT:PSS purchased from H. C. Starck
(Germany) was spin-coated on ITO coated glass substrates at
5000 rpm for 60 s and then baked at 140 1C for 10 min. PbS
layers were then deposited by spin-coating a 10, 30, and
50 mg ml  1 solution of QDs in octane at 2500 rpm for 10 s in
air. The oleate ligands of the QDs were exchanged by spincoating a 1% (v/v) 3-mercaptopropionic acid (MPA) in
methanol solution at 2500 rpm for 10 s, then sequentially
rinsing with methanol and octane at 2500 rpm for 10 s in an
adaptation of a previously reported procedure [20]. PbS QDs
were spin-coated only one time in this way to achieve PbS
QD ﬁlms of variable thickness (6, 13, and 30 nm). Next, a
chlorobenzene solution consisting of PTB7 (1 wt%), PC71BM
(1.5 wt%), and 1,8-diiodooctane (3 vol%) was spin-cast at
1000 rpm on top of the PbS QD layer in nitrogen ﬁlled
glovebox. Finally, samples were transferred to a vacuum
chamber (o10–6 Torr), and a 100 nm thick Al electrode was
thermally evaporated on top of the BHJ layer through a
shadow mask. The deposited Al electrode area deﬁned the
active area of the devices as 13 mm2.
For the device ITO/PEDOT:PSS/PbS QD/ZnO/Al, the ZnO
layer was deposited by diluting a diethylzinc solution
(Aldrich, 15 wt% in toluene) with two parts tetrahydrofuran
(note: the un-diluted diethyl zinc solution is highly reactive
towards air and should be handled inside a glovebox; after
dilution with THF, the solution becomes less reactive,
however, appropriate safety precautions should be taken
in case of an accidental spill or ﬁre), ﬁltering through a
0.45 mm PTFE syringe ﬁlter and spin coating at 3000 rpm for
30 s in air. The ZnO precursor solution was kept closed in a
4 mL vial while not in use and spin-coated by rapidly
dispensing 25 μL onto an already spinning substrate using a
micropipette with a plastic tip. The precursor solution forms
solid ZnO on the pipette tip over time when exposed to air,
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therefore, a new plastic tip was used for each substrate to
avoid the formation of large ZnO particulates. The ZnO
layer was then annealed in air on a hot plate at 110 1C for
10 min, yielding a ZnO layer with a thickness of 60 nm.

Film characterization
UV–vis–NIR absorption spectra were measured on a Varian
Cary 5000 spectrophotometer. The cross-sectional image of
the device was measured using a JEM-2100F (Cs corrector)
HR-TEM. External quantum efﬁciency (EQE) measurements
were obtained by using a PV measurements OE system
equipped with a Xenon arc lamp where monochromated light
was chopped at a frequency of 100 Hz and photocurrent
response detected with a lock-in ampliﬁer and compared to a
reference silicon photodiode. Photovoltaic device characteristics were measured inside a glove box using a high quality
optical ﬁber to guide light from a xenon arc lamp. Current
density–voltage (J–V) characteristics of the devices were
measured using a Keithley 2635A Source Measure unit. Light
intensity was calibrated using an NREL certiﬁed standard
silicon solar cell with a protective window containing KG5
ﬁlter glass. AFM measurements were performed using a
Multimode V from Veeco (USA) in a tapping mode using
silicon tips with a resonant frequency of 300 kHz.

Optical modeling
Optical modeling was performed via transfer matrix modeling based on Fresnel's equations for stacks of materials with
different optical constants (n, κ). Optical constants of ITO,
PEDOT:PSS and PbS QD layers were obtained as previously
reported [20]. Reﬂectance data for Al and Au were taken
from the literature [21,22]. κ values were calculated from
the absorption coefﬁcient (α) using the relationship κ = λα/
4π. n values were taken from k values using the Kramers–
Kronig relationships assuming an average value of 2 for the
range of wavelengths from 400 to 1100 nm. The (α) values of
PTB7:PC71BM ﬁlms were taken as the average value calculated from absorption measurements of ﬁlms with four
different thicknesses in which the thickness was measured
nine times for each sample using an atomic force microscope. The thickness' of PTB7:PC71BM layers for optimized
devices were measured by atomic force microscopy and
found to be  90 nm for devices without the PbS layer and
150 nm for devices with the PbS layer [23].

Electronic modeling
Hybrid devices were simulated with SCAPS [24,25] simulation
software. The parameter space is available in Table S1 in the
Supporting information [26]. AM1.5 excitation spectrum and
experimental absorption data were used to obtain the generation rate. The bandgaps chosen represent the effective
bandgap of the polymer BHJ (highest occupied molecular
orbital of donor and lowest unoccupied molecular orbital of
acceptor) and the ﬁrst excitonic transition of the PbS. The
band alignment was chosen equal to avoid effects of band
bending that could introduce electric ﬁelds resulting in drift.
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Results and discussion
Our proposed architecture is based on a BHJ comprised of PTB7:
PC71BM and a p-type PbS QD layer, with the full device stack
shown in Figure 1 Upon absorption of a photon (Figure 1a), the
PbS QD layer generates electron–hole pairs that split as the
holes migrate towards the anode through the PEDOT:PSS layer,
while the electrons are transferred to the electron transporting
PC71BM in the BHJ layer before ﬁnally reaching the cathode.
Because the Fermi energies of PEDOT:PSS and the PbS QD layer
are similar (both near 5.0 eV), the PEDOT:PSS should not
contribute signiﬁcantly to the depletion of the PbS QD layer.
Similarly, the low intrinsic carrier density of the BHJ layer is
unlikely to cause signiﬁcant depletion in the PbS QD layer, thus,
any carriers passing through the PbS QD layer must rely on
diffusion to be extracted. Holes, being the majority carriers,
are able to diffuse more efﬁciently with a low rate of
recombination. Hence, minority electrons generated in the
PbS QD layer must have sufﬁcient diffusion length to reach the
PbS QD/BHJ junction in hopes of contributing to the device
current, otherwise they may recombine (Figure 1b), potentially
also degrading other device parameters. The PTB7:PC71BM
phase generates photocurrent via photo-induced electron
transfer from PTB7 to the PC71BM. It should be noted that
electron transfer from PTB7 to the PbS QD layer is also
energetically favorable and this process may occur in the
present architecture; however, it is not observed to represent
a signiﬁcant loss mechanism. Because there is PC71BM in direct
contact with the PbS QD layer, such electrons are expected to
subsequently back-transfer to the PC71BM in the BHJ phase. The
presence of an electron-blocking PEDOT:PSS layer ensures that
they do not diffuse to the anode, and subsequently follow a
path through the BHJ phase towards the cathode.
Drawing inspiration from recently reported works on
transport in QD materials [27,28], we designed selfconsistent optoelectronic simulations (Table S1) based on
a BHJ comprised of PTB7:PC71BM and a p-type PbS QD layer,
with the full device stack shown in Figure 1. By tuning both
diffusion length and thickness in the p-type PbS QD layer, we
demonstrate the critical importance of diffusion length in
order to achieve improved device performance (Figure 1c).
For the p-type PbS QD materials employed in this study,
diffusion lengths are limited to o30 nm [27], thus mandating thin QD active layers for improved performance. These
optoelectronic simulations also reveal (Figure S1, Figure 1c)
that increasing the PbS QD layer thickness will result in
pronounced degradation to the VOC and FF unless diffusion
lengths are sufﬁciently high, while the JSC will continue to
increase. Thus, tailoring the PbS QD layer will mandate
improving the JSC with the careful choice of thickness to
avoid degradation in other device parameters in light of the
minority carrier diffusion lengths in these materials.
QD-OSCs were fabricated in the following device structure: ITO/PEDOT:PSS/PbS QD/PTB7:PC71BM/Al. Figure 2a
shows UV–vis absorption spectra of spin-cast ﬁlms including
the PTB7:PC71BM BHJ, PbS, and PbS QD/BHJ bilayer.
The BHJ ﬁlms absorb throughout the visible region up to
770 nm wavelength, while the PbS QD layer absorbs photons
in the NIR region up to 1100 nm, with a clear ﬁrst excitonic
transition peak at 1000 nm. When the BHJ layer is
deposited on top of the PbS QD layer, the absorption
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Figure 1 Proposed device architecture for the incorporation of a p-type PbS layer with a PTB7:PCBM BHJ. (a) e–h pair generation
and successful extraction through the materials stack by carriers migrating to their transport phases. (b) A thicker PbS QD layer with
insufﬁcient diffuion length go guarantee carrier extraction, thus resulting in charge recombination. (c) Self-consistent optoelectronic simulations revealing the importance of diffusion length and thickness for improved device performance in these hybrid
devices.

spectrum exhibits features consistent with the sum of the
absorbance of the BHJ layer and PbS QD layer together with
optical interference between the layers. The enhanced
absorbance of the hybrid PbS QD/BHJ structure results in
additional photocurrent generation, with improved device
performance. Absorption spectra of PbS QD ﬁlms with
various thickness (6 nm, 13 nm, and 30 nm) as well as PbS
QD/BHJ bilayers on glass substrates are shown in Figure S2.
Although the PbS QD layers are fairly thin, the optical
absorbance changes dramatically, resulting in optical interference caused by high refractive index of the PbS QD layer
[20] that depend on the thickness of the PbS QD layer. A
detailed energy band diagram of the QD-OSCs, ITO/PEDOT:
PSS/PbS QD/PTB7:PC71BM/Al, is shown in Figure 2b.
Figure 3a depicts the device architecture. Figure 3b
shows cross-sectional high resolution transmission electron

microscope (HR-TEM) images of an optimized QD-OSCs
device. Individual layers corresponding to PEDOT:PSS, PbS
QD, and BHJ layers with thicknesses of 40 nm, 13 nm and
150 nm, respectively, can be clearly distinguished. Additional HR-TEM images of the QD-OSCs architecture at
various thickness of PbS QD can be found in Figure S3. A
magniﬁed image of the PbS QD layer reveals lattice fringes
within individual PbS nanoparticles having diameters of
3–4 nm. The HR TEM image shows that the BHJ layer and
PbS QD layer are well intermixed at the interface which
facilitates rapid charge transfer between PbS QD and
organic layers. Atomic force microscopy images of thin
PbS QD ﬁlms show a layered structure where discreet
monolayers of PbS QDs can clearly be distinguished in thin
(6 nm) ﬁlms as shown in Figures S4 and S5. For 6 nm ﬁlms,
the ﬁlm does not completely cover the substrate, which is
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exposed through circular holes in the ﬁlm and is apparent as
regions of high phase contrast. Although the average thickness of the ﬁlm is 6 nm, the ﬁlm actually is 0, 1 or 2 layers
thick in some places; the bottom layer has a thickness of
6.7 nm while additional layers have a thickness of 5.0 nm
(Figure S5). The difference in thickness between the bottom
layer and subsequent layers is consistent with close-packing
of the roughly spherical PbS QDs layers; a second layer of
close packed spheres has a thickness which is 81.6% of the
ﬁrst layer (see inset, Figure S5), close to the observed ratio

Figure 2 (a) Absorption spectra of ﬁlms for BHJ, PbS QD, and
PbS-BHJ (b) energy band diagram of QD-OSCs ITO/PEDOT:PSS/
PbS QD/PTB7:PC71BM/Al.
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of 75%. The thickness' of the layers are somewhat larger
than the diameter of the QDs as measured by TEM, however,
this observation is consistent with the presence of an outer
MPA layer around the PbS QDs, which is transparent in the
TEM images but is measured by the AFM probe. Discreet
layers become less obvious in the 13 nm ﬁlm while the
30 nm ﬁlm exhibits a fairly uniform, amorphous structure.
The J–V characteristics for photovoltaic devices prepared
with the architecture ITO/PEDOT:PSS/PbS QD/BHJ/Al under
100 mW cm  2 AM1.5G irradiation are shown in Figures 4a and
S6 with comparison to a control device (ITO/PEDOT:PSS/BHJ/
Al) without the PbS QD layer. Device parameters are summarized in Tables 1 and S2. Optimized devices (with a PbS QD
layer of 13 nm and BHJ layer of 150 nm thickness) exhibited a
JSC of 17.0 mA cm  2, a VOC of 0.74 V, FF of 0.66, RS of
6.8 Ω cm2, Rsh of 128 kΩ cm2, and PCE of 8.30%. The
reference BHJ device (90 nm BHJ thickness) without the
PbS QD layer produced a JSC of 15.4 mA cm  2, VOC of 0.74, FF
of 66%, RS of 8.2 Ω cm2, Rsh of 68 kΩ cm2, and PCE of 7.56%.
The reference device characteristics are comparable to other
reports of PTB7:PC71BM devices [4,29–31]. The effect of PbS
QD layer thickness is investigated by changing the thickness
from 6 nm to 240 nm with an optimized thickness of the BHJ
as shown in Figure S6 and Table S2. The electrons must be
extracted from the PbS QD layer into the electron transporting PC71BM. They rely on diffusion to do so, which is known to
be around 30 nm for such PbS QD layers, [27] hence the
thickness of the PbS QD layer is limited to below this value.
These trends are in agreement with the optoelectronic
simulations presented in Figures 1c and S1, though agreement in absolute performance will require an increased
understanding of the BHJ/PbS QD interface and material
parameter changes upon processing required to combine the
two layers. Evidently, past a certain thickness threshold all
parameters are dramatically reduced due to recombination
in the PbS QD layer and increased series resistance. Thus, we
conclude that through the careful choice of a PbS QD layer
thickness it is possible to contribute to photocurrent generation without signiﬁcantly reducing other device parameters
as long as the PbS QD layer thickness is tailored in accordance
with the minority carrier diffusion length within this layer.
The increase in current density is well represented by
changes observed in the external quantum efﬁciency (EQE)
of devices with and without the PbS QD layer, as shown in
Figure 4b. The QD-OSCs incorporating the PbS QD layer
shows a signiﬁcant increase in EQE in the spectral range of
400–600 nm, in addition to a new band of photocurrent

Figure 3 (a) Schematic device architecture of QD-OSCs (b) high resolution transmission electron microscope (HR-TEM) images of
the QD-OSCs device with magniﬁed PbS QD region between PEDOT:PSS and BHJ layers.
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Figure 4 (a) J–V characteristics (b) external quantum efﬁciency of the optimized QD-OSCs with and without PbS QD layer
(c) simulated active layer absorption with optimized thickness 150 nm for the BHJ layer, and 13 nm for the PbS QD layer
(d) simulated short circuit current density in QD-OSCs as a function of PTB7:PC71BM layer thicknesses with optimized PbS thickness
13 nm obtained via transfer matrix modeling.
Table 1

Device characteristics of QD-OSCs with and without PbS QD layer.

Device conﬁguration

PbS thickness [nm]

JSC [mA cm  2]

VOC [V]

FF

η [%]

JSC (Cal)a [mA cm  2]

ITO/PEDOT:PSS/BHJ/Al
ITO/PEDOT:PSS/PbS QD/BHJ/Al

0
13

15.4
17.0

0.74
0.74

0.66
0.66

7.56
8.30

15.6
17.2

generation near 1000 nm corresponding to the ﬁrst exciton
transition of the PbS QD. These changes are consistent with
the absorption spectrum of the PbS QD ﬁlm. The highest EQE
reached is 81.1% at 470 nm and a ﬁrst excitonic transition
peak shows a quantum efﬁciency of 4.9% at λ = 1040 nm. The
EQE features closely match the absorption of PbS QD/BHJ as
shown in Figure 2a.
For comparison, PbS QD/ZnO devices without the BHJ
layer were also prepared. Interestingly, even a 13 nm layer of
PbS QDs is able to generate a JSC of 3.35 mA cm  2, along
with a VOC of 0.53, FF of 41%, and PCE of 0.71% as shown in
Figure S7 and Table S3. The QD-OSCs device shows a JSC
increase of 1.6 mA/cm2 upon incorporating the PbS QD layer.

Although this increase in JSC is less than the PbS QD layer
alone is able to generate (3.35 mA/cm2), this is not unexpected for several reasons. The light absorbed by the PbS QD
layer is unavailable to be absorbed by the PTB7 layer and the
photocurrent produced by the PTB7:PC71BM layer decreases
upon incorporation of the PbS QD layer. Additionally, the high
refractive index of PbS QD may cause additional light to be
reﬂected from the PEDOT/PbS QD layer interface compared
to the PEDOT/PTB7:PC71BM.
In order to quantify the effects of reﬂection and absorption in the PbS QD layer and further understand the optical
phenomena occurring in the ITO/PEDOT:PSS/PbS QD/BHJ/Al
structure, transfer matrix optical simulations were carried
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To further investigate the effect of PbS QD on light
absorption in the QD-OSCs, we carried out reﬂectance
measurements in order to quantify the increase in absorption (Δα, Eq. (1)) caused by the PbS QD layer [33].
#
  "0
1
Iout ðωÞ
ΔαðωÞ ¼ 
d ln
ð1Þ
2
Iout ðωÞ

out. The amount of light absorbed in the active layer (active
layer absorption, ALA) was calculated using known or
measured n and κ values for each material, taking into
account the amount of light absorbed and reﬂected at each
layer in the glass/ITO/PEDOT:PSS/PbS QD/BHJ/Al optical
stack using a transfer matrix based on Fresnel's equations
[32]. The calculated ALA spectrum of the BHJ layer in the
glass/ITO/PEDOT:PSS/BHJ/Al architecture is compared to
the spectrum of light absorbed by the BHJ and PbS QD layers
in the glass/ITO/PEDOT:PSS/PbS QD/BHJ/Al architecture in
Figure 4c, using the following (optimized) layer thicknesses:
ITO – 150 nm, PEDOT:PSS – 40 nm, PbS QD – 13 nm, BHJ –
150 nm and Al – 100 nm. If the charge carrier extraction
efﬁciency (or internal quantum efﬁciency (IQE)) is relatively
constant for charge carriers generated by photons with
different wavelengths of light, then the ALA spectrum
should resemble the observed EQE (Figure 4b). The modeled
ALA shows the same changes upon incorporation of the PbS
QD layer that are observed in the EQE, including a broad
increase in the range of 400–600 nm and a peak in the NIR at
1000 nm, corresponding to the ﬁrst exciton transition of the
PbS QD layer. These changes are consistent with light
absorption by the PbS QD layer. From the amount of light
absorbed in the active layer, the JSC can be estimated
assuming each absorbed photon leads to the generation and
extraction of an electron–hole pair. Figure 4d shows a plot of
the JSC calculated in this manner for each device with and
without PbS QD layer structures as a function of BHJ layer
thickness. It should be noted that the ﬁrst constructive
interference maximum near 100 nm active layer thickness
changes to a local minimum upon incorporation of the PbS
QD layer, while the ﬁrst destructive interference minimum
changes to a constructive shoulder. This behavior is consistent with the observation that the optimal BHJ thickness
is 150 nm when using the PbS QD layer. Calculated JSCs of
15.8 mA cm  2 without PbS QD layer and 17.6 mA cm  2 with
PbS QD layer are obtained in this manner. The optical
simulation indicates that the PbS QD layer may contribute
a photocurrent increase of 1.8 mA cm  2 in the QD-OSCs
device, similar to the experimentally observed increase of
1.6 mA/cm2.

here, d is the thickness of active layer, Iout is the intensity of
the reﬂected light from the device without PbS QD layer,
and I0 out is the intensity of the reﬂected light from the
identical device with PbS QD layer. Figure 5a demonstrates
that Δα(ω)40, that is, a clear increase in absorption is
observed upon inserting the PbS QD layer. The calculated Δα
(ω) for the wavelength range 400–1100 nm is similar to the
change in EQE (ΔEQE) upon incorporation of the PbS QD
layer, as reported in Figure 5b. Some mismatch between Δα
(ω) and ΔEQE is expected, as Δα(ω) is purely optical,
whereas changes in EQE are inﬂuenced by charge carrier
transport and recombination in addition to optical properties. This result indicates that the thin PbS QD layer (13 nm)
causes a substantial increase in absorption in the device
which is consistent with an increase in photocurrent generation as observed in the EQE.

Conclusions
The ﬁndings herein demonstrate the successful integration
of a PbS QD layer with a polymer BHJ. The approach led for
the ﬁrst time to improved performance in state-of-the-art
PTB7:PC71BM solar cells. This advance mandated that the
mechanistic details of charge transport in the PbS QD layer
be understood, something that was accomplished through
optoelectronic simulations. Where previous approaches
were unable to improve device performance with the
integration of these two materials systems, our approach,
guided by simulation, revealed the critical importance of
the diffusion length in QD solids and the relationship with
the QD layer thickness to yield optimal devices. Furthermore, optical simulations reveal added beneﬁts in absorption due to refractive index difference in this materials
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Figure 5 (a) Change in the absorption spectrum (Δα(ω)) due to the PbS layer architectures according to Eq. (1) and (b) comparison
of the EQE enhancement (ΔEQE) with and without PbS QD layer on the structure ITO/PEDOT:PSS/PbS QD/PTB7:PC71BM/Al.
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stack. Our results pave the way for future improvement to
hybrid QD/BHJ devices offering a robust framework for
device optimization and high efﬁciency.
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