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Developing low-cost photovoltaic absorbers that can harvest the short-wave infrared (SWIR)
part of the solar spectrum, which remains unharnessed by current Si-based and perovskite
photovoltaic technologies, is a prerequisite for making high efficiency, low-cost tandem solar
cells. Here we report infrared PbS colloidal quantum dot (CQD) solar cells employing a hybrid
inorganic-organic ligand exchange process that result in an external quantum efficiency of 80%
at 1.35 pm, leading to a short circuit current density of 34 mA/cm? and power conversion
efficiency (PCE) up to 7.9 %, which is a current record for SWIR CQD solar cells. When this
cell is placed at the back of a MAPbI3 perovskite film, it delivers an extra 3.3% PCE by

harnessing light beyond 750 nm.
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Colloidal quantum dots (CQD) have been extensively studied as a third generation solar cell

(151 PbS CQD with a wide bandgap tuning range could be used for harvesting the

technology.
near and short-wave infrared (SWIR) part of the solar spectrum, at which silicon and perovskite
solar cells are transparent. Recently, efforts have been focused on perovskite or Si based tandem
solar cells, as means to surpass Si efficiency records and reduce the per Watt cost of PV systems.
[6-97 A theoretical power conversion efficiency (PCE) up to 42% is predicted in a tandem solar
cell comprising two current matched subcells with bandgaps of 1.6 eV and 0.95 eV respectively,
which is substantially higher than the 31% single junction limit. '!% '] While an abundance of
materials can potentially serve as the 1.6 eV absorber in tandem solar cells, the same is not true
for the 0.95 eV one. Hence, here we focus on developing the lower bandgap subcell. PbS CQD
with tuneable bandgap (0.7-2.1 eV) makes an excellent choice in view of their low cost, solution
processability and bandgap tunability,'?! especially PbS QD with a first exciton peak around
1.3 um (0.95eV), which have been proposed to complement ideally with lead halide perovskites
in tandem solar cells.['*! The efficiencies of PbS QD single junction solar cells have improved
substantially up to 11.6 %, thanks to advances in device structure optimization and surface

14, 15

passivation strategies.['* 1] These have been achieved with CQDs whose bandgap are around

1.3-1.4 eV. However, little attention has been given to lower bandgap (< 1eV) PbS solar cells.
In the past, a 7.3% efficiency has been reported from 1 eV bandgap PbS QDs solar cells %

Air-stable 1.3 pum PbS solar cells based on a novel one-step fabrication process have also been

reported, yet their PCE was 3.5%. [¢]

Overall, in order to achieve highly efficient and stable PbS QD solar cells beyond 1100 nm,
several issues need to be tackled; for example, (i) New strategies applied for the surface
passivation on large PbS QDs, that serve not only to minimize the surface trap density but also
to favourably tune the band levels of the QD film to facilitate efficient electron injection in the

electron acceptor layer.'”- ¥ (ii) Band alignment engineering should be reconsidered for the
2
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purpose of optimizing the contacts of the PbS QDs active layer. The energy levels of QDs shift
with their size. '°! Thus for the 1.3 um PbS QDs active layer, an electron-accepting layer with
deeper conduction band level may be needed instead of the usual ZnO and TiO2 layers. [1¢2%]
(ii1) The stability of the large PbS QDs solar cells needs to be studied and improved. PbS QD
solar cells with different size QDs have been reported with a large variation on their stability.
[17.211 Specifically, the air stability of the cells has shown an abrupt transition to the worse when
crossing a diameter of 4 nm in PbS QDs. [*! Having these issues in mind, here we report a low
temperature synthesis of stable 1.3-1.4 um PbS QDs by using a multi-injection method. A
hybrid inorganic-organic ligand treatment combining zinc iodide (Znl2) and 3-
mercaptapropionic acid (MPA) has been used to surface passivate the as-obtained PbS QDs. In
addition, a thin layer of Aluminium doped ZnO (AZO) deposited via sputtering was introduced
as the electron-accepting layer of the solar cell. As a result, an external quantum efficiency

(EQE) up to 80% at the first exciton peak around 1.35 um has been achieved in these devices,

resulting in a short circuit current density (Jsc) of 34 mA/cm? and PCE of 7.9%.

For the synthesis of 1.35 um bandgap PbS QDs, instead of using one of the recipes available in
the literature, [222%! we have followed a low temperature synthetic approach by using a multi-
injection method with minor modifications. ?%! (The detailed synthesis procedures can be found
in the experimental section) Absorption spectra, TEM image and the size distribution histogram
of the as-obtained PbS QDs are shown in the Figure S1. In Figure 1a, a cross-sectional FIB
SEM image of the PbS QD solar cell is presented. 30 nm of AZO sputtered on top of cleaned
ITO substrate was used as the electron-accepting layer, followed by the layer-by-layer
deposition method for PbS QDs film. An additional thin 1,2-ethanedithiol (EDT) treated PbS
QD film was deposited atop as the electron-blocking layer with a thickness of 40 nm. In the

end, the device was completed by depositing 80 nm of Au as the back electrode. (The detailed
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device fabrication process can be found in the experimental section). The most critical
determinant factor for high performance is the selection of an appropriate passivation scheme.
It serves to minimize recombination, increase carrier transport and tune the band levels of the
PbS QD film favourably for charge extraction. In identifying the optimal ligand chemistry, we
focused on two strategies that we reported previously in near infrared (NIR) PbS QD solar cells
with exciton peak at 950 nm. *27) One is based on a pure halide passivation employing 1-ethyl-
3-methylimidazolium iodide (EMII) as the halide precursor ligand, whereas the second was
based on a hybrid organic-inorganic mixed ligand strategy using Znl. MPA. We hypothesized
that the mixed ligand strategy would serve better, since it would not downshift the energy levels
of large PbS QDs to the extent that pure halide passivation has been reported to do. ['?l The
device performance of the EMII and Znl> MPA treated solar cells are summarized in Table 1.
The Znlo_ MPA treated device significantly outperforms the EMII treated one (PCE of 6.7 %
and 1.1%, respectively). The EMII treated device suffers from inefficient charge extraction as
evidenced by the extremely low Jsc (11.77 mA/cm?). To account for this, we sought the origin
in the band levels of these two PbS QD films employing UV photoelectron spectroscopy (UPS).
The comparison of the UPS data between EMII and Znl>. MPA treated PbS QD films is shown
in Figure S2. Znl: MPA treated PbS QD films possess shallower conduction band compared
to the EMII counterpart, thus forming a favourable electron accepting junction with AZO.
Hence, with an additional EDT treated PbS layer (shown in Figure 1b) as the efficient electron-
blocking layer, Znlo._ MPA treated PbS QDs film results in an efficient QD solar cell. AZO was
selected instead of ZnO in order to facilitate a more favourable electron accepting band offset
when in contact with the SWIR PbS QD film (Fig. 1b). Devices based on ZnO nanocrystals
(NCs) have also been fabricated and tested as shown in Table S1, they are outperformed by the
ones based on AZO.

Device performance of the SWIR PbS QD solar cells was further optimized by performing a

thickness dependence study. A thickness of 420 nm for the active layer has led to the best
4
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performing devices (Table S2). Current density —voltage (J-V) curves of the optimized device
with forward and reversed scans are shown in Figure 1c. The highest Jsc of 34 mA/cm? was
measured, leading to a PCE of 7.9%. In addition, negligible J-V hysteresis loss was observed
in this device. The Inset plot in Figure 1c¢ shows the simulated Jsc as a function of the active
layer thickness (100-600 nm) by using the transfer matrix method (TMM), 2831 while keeping
other layer thicknesses intact. The optical modelling yields a Jsc of 35 mA/cm? for a thickness
of 420-440 nm in very good agreement with the experimental data. Figure 1d illustrates the
experimentally measured and optically simulated EQE spectra of the best performing 420-nm-
thick device, being in very good agreement. The origin of the record Jsc stems from an average
EQE of 90% in the visible region of 400nm to 700nm, and a remarkably high EQE (~80%) in
the first exciton peak region (1.3 to 1.4 um). This demonstrates a broad efficient spectral
response with an integrated Jsc of 33.8 and 34.6 mA/cm? respectively in measured and
simulated EQE, which is consistent with the high Jsc observed in the J-V measurements under
AML.5 condition. It is noteworthy that TMM simulated Jsc and EQE values rely solely on
optical modelling, which ignores carrier transport and collection losses. The agreement of the
optical simulations with the experimental data indicates that the Znlo. MPA treated 1.35 pm
PbS QD films are well passivated, and thus lead to a near unity charge collection efficiency

despite having a 420 nm thick QD absorber.

To account for this remarkable device performance, different optoelectronic characterization
techniques have been employed that provide insights about the charge generation, transport and
recombination dynamics within the device. Figure 2a shows the 1/C>— V plot for standard
Mott-Schottky analysis. The fitting of the linear region gives the value of build-in potential
(Vbi) as 0.47 V. This is consistent with the Voc we have achieved and the positions of the energy
level for these PbS QDs considering the cells suffer from the in-gap trap induced Voc deficit.

The calculated depletion width (Wp) at zero bias from the plot was found to be 265 nm, which
5
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is substantially larger than the ones reported in standard NIR PbS CQD solar cells with an

[31-33] The large W constitutes the first determinant factor of near unity

exciton peak at 950 nm.
charge collection efficiency achieved in such a thick device. To identify the second determinant
factor, the carrier diffusion length, we employed transient photovoltage (TPV) and photo-
current (TPC) measurements as they can further enlighten the recombination dynamics in the
device. Figure 2b shows the dependence of carrier lifetime T (measured through TPV) and the
in-gap trap density (obtained with the combination of TPC and TPV techniques) with device
Voc. These values are very similar to the ones reported for NIR PbS QD based devices. [**! The

carrier mobility in the device was found to be on the order of 0.02 ¢cm?/Vs through time-of-

flight measurements. (See Supporting Information Figure S3) To estimate the carrier diffusion

length (Lp), we used the formula: Lp = VDt (where D is the diffusivity and 1 is the carrier
lifetime). By using Einstein’s relation, we can rewrite it as, Ly = f@ (where p is mobility,

kT is thermal energy and q is elementary charge). The caculated Lp is 273 nm by plugging in
the values we acquired from the corresponding measurements. (i of 0.018 cm?V-'s™! and t of
1.6 ps: from TPV at 1 sun) Taken the sum of depletion width and diffusion length yields a
thickness of 538 nm, in which photogenerated carriers can be efficiently extracted from the
device with minimal losses. This accounts for the near unity charge collection efficiency

achieved in the optically optimized 420 nm thick solar cell.

In Figure 2¢ we plot the recombination rate (R), defined as the ratio of the photogenerated
charge carriers (n) over T, as a function of carrier density n. R shows a near 2" order dependence
(R x nP,p~1.9), suggestive of free carrier recombination as the dominant recombination
process with some limited involvement of traps in the recombination dynamics. (A value close
to unity points to free-to-bound charge recombination through traps and a value greater than

two indicates Auger recombination. %)) Intensity dependent Voc and photocurrent (Jpn)

6
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measurements give additional insights about the charge generation and recombination
mechanisms in the device. Figure 2d shows the variation of Voc and Jph with the intensity of

incident light. The Jpn shows a near unity intensity dependence (J,, < @™, @ is intensity, m =

0.98) indicative of generation limited photocurrent. Voc intensity dependence follows the

relation, V-~ %ln(@), where KT is the thermal energy,  is the elementary charge, and 7 is

the diode ideality factor. The value of 7 obtained is 1.41, which points to the presence of trap
assisted recombination, yet it is still better than most of the halide treated NIR PbS based
devices, reported between 1.5 and 1.8. 13336371 Based on these findings, we conclude that with
the hybrid Znl. MPA ligand treatment we preserve, to a large extent, the solar grade quality in
large PbS QDs with exciton peak at 1350 nm. It allows us to develop high efficiency infrared
solar cells.

To assess the potential of this device to act as a subcell in combination with other established
PV technologies that can harness more efficiently the visible and NIR part of solar spectrum,
we have measured the performance of the SWIR PbS QD solar cell by using a
methylammonium lead iodide (MAPbI3) perovskite filter (long pass 750 nm) or a silicon filter
(1100 nm long pass) between the device and the AMI.5 solar simulator. The device
performance of the SWIR cells with and without optical filtering is summarized in Table 2.
The PCE is 3.33% when using a MAPDI;3 perovskite thin film of 350 nm in thickness and a
bandgap of 1.6 eV. Figure 3 illustrates the J-V characteristics and the corresponding EQE
spectra of the SWIR PbS QD solar cell in the presence and absence of the perovskite thin film
in front. Even when a silicon wafer is placed in front of the cell the PCE is 0.67 % thanks to the
extended absorption range in the SWIR that can be harnessed up to 1400 nm.

Besides high Jsc and PCE, device stability is another key parameter for solar cells. *% 3% In the
past, the stability of such devices was found to be poor when only MPA was used for the ligand

[40, 41

exchange treatment. I'In our case, to perform preliminary photostability studies, we
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exposed non-encapsulated devices in ambient air conditions, continuously under AM1.5 solar
illumination while performing J-V measurements. The evolution of the device performance as
a function of time is shown in the Figure 4a. Device performance improves slightly at the
beginning likely due to the light soaking of AZO layer, stabilizing later at the maximum value
and remaining unchanged over 5 hours of continuous AM 1.5 illumination. To further
demonstrate the stability of the devices, their performance was monitored during 90 days as a
long term stability test shown in Figure 4b. Jsc improves with time, while Voc and FF remain
constant for the first 30 days, leading to slightly improved PCE from 7.5% to 7.9%.
Subsequently, Jsc further increases up to 36 mA/cm?, yet Voc and FF decrease, resulting in a
PCE of 7.5% after 90 days. Overall the solar cell performance remains the same after 90 days

of storage.
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Experimental Section

PbS Quantum Dots synthesis: 1.35 um PbS QDs are synthesized via a reported multi-injection
method with minor modification. Typically, PbO (0.45g) was dissolved in a mixture of ODE
(50ml) and oleic acid (3.8ml) at 95 °C. under vacuum for 12h. The temperature was adjusted to
80 °C. Different amounts of Hexamethyldisilathiane (TMS) (60ul for the first injection and 25
ul for the additional 3 injections) were dissolved in ODE (3ml). The solution of 60ul TMS was
injected into the lead precursor solution at 80 °C, the additional 3 injections were sequentially
followed every fixed time. When the injection finished, the flask was allowed to gradually cool
down to room temperature under stirring. QDs were purified in air by adding acetone, followed
by centrifugation. The final QDs were dispersed in toluene with a concentration of 40mg/ml for
the solar cell fabrication.

Fabrication of solar cells: ITO substrates were cleaned thoroughly in the soap water, water,
acetone and isopropanol respectively in ultrasonic bath. Al doped ZnO (AZO) was deposited
on the top of the clean ITO substrates by an RC magnetron sputtering (AJA Orion 8 HV) at the
room temperature. The 30nm AZO was sputtered in an Ar/O2 mixture (flux ratio of 18:2) at a
pressure of 1.4 mTorr at a rate of 0.3 AS™'. PbS layer was deposited by a layer-by-layer spin
coating method. PbS QDs with concentration of 30 g/L covered the whole substrate, followed
by spinning at 2500 rpm for 20s. Znl2/MPA (25X1073 M with 0.01% MPA in methanol) solution
covered the PbS layer for 5 s before spinning at 2500 rpm for 10 s. The spinning substrate was
flushed twice by few drops of methanol and spun for 20 s to make film dry. The above process
was repeated till desired thickness achieved. The final two layers PbS were treated with 0.02%
V/V EDT. The PbS film was covered by EDT acetonitrile solution for 30 s before spun at 2500
rpm for 10 s. The spinning substrate was flushed by 10 drops of acetonitrile followed by
spinning for 20 s to make film dry. The above process was repeated twice to obtain EDT-treated

PbS QD layer. All the active layer fabrication process was carried out in a fume hood in ambient.
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100nm Au was deposited on the films by thermal evaporation at a speed of 1 A s-1 by using a
Kurt J. Lesker Nano 36 system at a base pressure lower than 10 *mbar. The solar cells were
transferred from the evaporator and transferred into the glove box for annealing at 80 C for 5
min. The active area of the device is 0.0314 cm?. All the devices were taken out of the glovebox
and stored in the air for the further characterizations.

J-V characterizations: All the devices were characterized in the air under ambient conditions.
The current density — voltage measurements were carried out using a Keithley 2400 source
under AMI.5 illuminations (Oriel sol 3A, Newport Corporation). The accuracy of the
measurements was determined as +4%. For photostability test, the J-V measurements were
performed from time to time on the solar cells, which were continuously exposed to the AM1.5
illumination in the air.

EQE measurements: EQE spectra were recorded with a lock-in amplifier (Stanford Research
System SR830) under chopped monochromatic light generated by white light source from a
xenon lamp passing through a Newport Cornerstone 260 monochromator. The output power
was corrected with Newport 818-UV and Newport 838-IR photodetectors.

UPS characterization: UPS measurements were performed with a SPECS PHOIBOS 150
hemispherical analyzer (SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions
(10-10 mbar). UPS measurements with monochromatic Hel UV source (21.2 eV).

C-V measurement: The Capacitance-Voltage (C-V) measurement was performed with Agilent
B1500A semiconductor analyzer measurement unit. The AC bias voltage amplitude was set at
50 mV with frequency 1 kHz. The acquired C-V data was processed with Mott-Schottky
analysis for determining built-in potential and charge density and depletion width.

Intensity dependent Joh and Voc measurement: The intensity dependent Jph and Voc was
performed with Keithley 2400 source meter. The Illumination intensity of AM 1.5 was
maintained using a class AAA solar simulator (Oriel sol3A, Newport Corporation). The

intensity of the light source is calibrated with a standard Si solar cell provided by Fraunhofer
10
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ISE with mentioned mismatch factor of 1.0063. The intensity was varied using neutral density
filters from .01 sun to 1 sun.

Transient photovoltage and photo-current measurements: Transient photovoltage (TPV) and
photocurrent (TPC) of the devices were measured with an in-house-built set-up. The set-up
comprises a LED lamp to provide steady state white bias light, a 637 nm wavelength laser
(Vortran Stradus-637) and an Agilent 4000X oscilloscope. The LED lamp was used to get
steady Voc of the device. The intensity of the lamp was controlled by the external applied DC
bias and was reduced with metal-mesh filters according to the necessity. The laser was
controlled by the function generator of the oscillator with a frequency of 10 Hz and pulse width
of 100 ps. The intensity of the laser was precisely controlled to keep the voltage transient
amplitude under 5% of the steady state light bias. The oscilloscope records the data using 1 M{2
input impedance for the TPV measurement and 50 (2 for TPC measurement. The Voc decay
curves were fitted with exponential decay to find the recombination time. The TPC curve was
integrated to get the charge generated (4Q) in the devices due to the laser pulse. The capacitance
(C) was calculated from the C= 4Q/AVoc relation. The total charge carrier was calculated from
the integration of C vs Voc plot. Charge carrier density (n) was calculated by dividing the total
charge carriers with the device volume. The density of the trap states were calculated by taking
the derivative of the charge density with respect to the Voc following a previously reported

procedure.[*]

11
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Figure 1. Characterizations of the optimized Znl> MPA treated PbS solar cells: (a) FIB cross
section image of the device structure, (b) the energy level diagram of the PbS components
referenced to the vacuum level, (Detailed UPS data shown in Figure S2) (c¢) current density —
voltage measurements in a forward and reverse scan under AM1.5 simulated solar illumination.
Inset: simulated Jsc corresponding to varied active layer thickness with the device structure of
ITO (90nm)/AZO (30nm)/PbS(100-600nm)/Au (80nm) and its corresponding. (d) Measured
EQE curve and simulated EQE curve using TMM analysis.
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Figure 2. (a) Mott-Schottky analysis for calculation of the built-in potential and depletion width,
determined from capacitance-voltage measurements of the typical IR PbS QDs device, TPV
and TPC analysis: (b) Recombination lifetime (tr) and density of trap states as function of Voc
and (c) Recombination rate as a function of photogenerated charge carrier density,  (d) Light
intensity dependent Voc and current density.
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Figure 3. (a). Current density — voltage measurements under AMI1.5 simulated solar
illumination with and without using a perovskite filter (long pass 750nm) in front of the SWIR
PbS QD solar cell; and (b) their corresponding EQE spectra.
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Figure 4. (a) Photostability measurements under continuous AM 1.5 simulated solar
illumination in air with non-encapsulated device, (b) Long term stability test of a non-
encapsulated device stored in ambient air conditions.

Tables:

Table 1. Different ligand exchange effects on 1.35 pm
PbS QDs solar cells.

Device structures Voc Jsc FF PCE
Y| [mA/cm?] [%] [%]
AZO/ 12layer Znl2_MPA
+2layer EDT PbS/Au 0.43 26.6 59 6.71
AZO/ 12layer EMII
+2layer EDT PbS/Au 0.36 11.77 26 1.12

Table 2. Device performance summary under AM1.5
solar simulator, perovskite filter and Si filters

Variation of filters Voc Jsc FF PCE
V] [mA/cm?] [%] [%]
Without filter 0.41 33.8 57 7.89
Perovskite filter 0.38 14.6 60 3.33
Si filter 0.32 3.44 61 0.67
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