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Double-Sided Junctions Enable High-Performance Colloidal-

Quantum-Dot Photovoltaics

Mengxia Liu, F. Pelayo Garcia de Arquer, Yiying Li, Xinzheng Lan, Gi-Hwan Kim,
Oleksandr Voznyy, Lethy Krishnan Jagadamma, Abdullah Saud Abbas, Sjoerd Hoogland,
Zhenghong Lu, Jin Young Kim, Aram Amassian, and Edward H. Sargent*

Colloidal quantum dots (CQDs) are attractive materials for low-
cost, large-scale optoelectronic devices such as light-emitting
diodes,!'-l photodetectors,**! transistors,®”] and solar cells.[®-1%
Their size-tunable bandgap!**!* provides compelling properties
in both light emission and solar harvesting applications.'>1¢l
Their processing from the solution phase paves the way for
large-area manufacture and compatibility with physically flex-
ible devices.

Major improvements to CQD photovoltaic performance have
been achieved through device architecture engineering,!%17]
surface chemistry programming,®8 and structured electrodes
for improved carrier collection.'''] Significant advances in
CQD surface passivation have helped increase performance to
certified power conversion efficiencies (PCEs) recently reaching
9.9%.[12:201

To date, the most efficient CQD solar cells are based on the
depleted heterojunction architecture.!?l In this strategy, the
CQD solid is depleted of free carriers via a rectifying junction
that ensures an appreciable built-in field across the thickness of
the active layer. This facilitates carrier separation and extraction,
reducing reliance on the as-yet incompletely efficient minority
carrier diffusion process in CQD solids.!l The needed low
doping of the CQD solid has been achieved by progressive engi-
neering of nanoparticle surfaces.

Impressive progress has been seen during the last years in
increasing the CQD diffusion length (Lg), with reported values
now exceeding 200 nm.['®l Nevertheless, since the absorption
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length in CQD solids is closer to 1 pm near the bandedge, con-
tinued improvements in charge extraction via the retention of a
maximum of depletion, ideally at maximum power point (MPP)
conditions, will further benefit performance.

In light of much recent progress made in the CQD solids,
we took the view that it would be attractive to revisit the engi-
neering of the electron-accepting electrode in the depleted
heterojunction. This is particularly timely now that iodide-
treated CQD solids, which are known to have a deepened band
structure (bandedge and work function farther below vacuum)
compared to prior organic-crosslinked CQD solids, are the
basis of the best present-day CQD solids for photovoltaics.!

In ideal graded heterojunction architectures (n-i-p struc-
ture), two junctions should be obtained at both electrode/CQDs
and i-/p-CQDs interfaces. However, due to the strong n-type
behavior of the iodide-treated dots, very little band-bending is
retained, at MPP, at the junction between the n-type electrode
(normally ZnO/TiO,) and the CQD active layer. What remains
is the junction between the n- and p-type CQD solids. This fact
contributes to increased recombination at MPP due to the loss
of depletion.

Here we re-engineer the ZnO electrode to build a double-
sided junction, i.e., one that includes not only a rectifying
nCQD:pCQD junction in the quantum dot solid but also a
strongly n+:mn junction at the ZnO:nCQD interface.

We achieve this by incorporating In*" into ZnO, which allows
us to simultaneously adjust its band structure and carrier con-
centration, ultimately benefiting CQD PV performance. When
the optimal doping density and electron affinity are achieved,
the degenerately doped electrode forms a rectifying junction
with the n-type CQD layer, and this increases the total depleted
thickness within the CQD solid.

Most strikingly, the benefits are felt even at the MPP: the
presence of electric fields at both electron and hole collecting
layer interfaces (i.e., the fact of having double-sided junctions)
considerably improves charge collection and, consequently, fill
factor (FF). This, together with the increased V,. due to a higher
built-in potential and an improved short-circuit current density
(Jsc) that now reaches 24 mA cm™2, enables us to obtain herein
the highest CQD photovoltaic solar power conversion efficiency
(PCE = 10.8%) reported to date.

The prototypical device architecture of the best-performing
CQD solar cells is shown in Figure 1a. The photoactive CQD
solid is deposited on a ZnO electrode (=40 nm thick) atop
indium doped tin oxide (ITO) using a layer-by-layer procedure.
CQD films consist of eight layers of tetrabutylammonium
iodide (TBAI) solid-state exchanged CQDs followed by two
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Figure 1. Double-sided junctions enable high performance colloidal quantum dot photovoltaics. a) Device architecture of a prototypical record CQD
solar cell. b) Energy landscape after alignment of standard solar cells at short-circuit conditions (top), maximum power point (middle), as well as the
corresponding super depleted sceneration for highly doped ZnO substrates. c) Photovoltaic figures of merit as a function of ZnO carrier concentration
and valence-band energy shift. The intersection of black-dashed lines corresponds to the case of pristine ZnO. The vertical dashed line to the right in
each of the plots denotes the limit or degenerated doping, over which excess electrons start filling the conduction band provoking an effective increase

in the optical bandgap.

layers of 1,2-ethanedithiol (EDT) treatment. Prior to solid-state
exchange, CQDs are subjected to a solution-phase passiva-
tion procedure that leverages iodine molecules and ultimately
produces an extended diffusion length.'2 A gold electrode is
deposited on top to collect photogenerated holes.

As seen in the energy band diagram at short-circuit condi-
tions (Figure 1b), when the materials are brought together, a
uniform electric field in the CQD active layer assists in the
separation and extraction of photocarriers via the drift mecha-
nism. However, at MPP, a considerable fraction of the film is
not depleted due to a lack of rectifying junction at electron-col-
lecting interface. Instead, a quasi-neutral region is established
in which charge carrier collection increasingly relies on diffu-
sion. Since CQD solids are not yet optimized for long-distance
(multihundreds-of-nm) minority carrier diffusion,?? recombi-
nation increases at the MPP.

We predicted that further increasing the net doping in the
ZnO could form an added junction at this interface that would
aid in keeping more full depletion of the CQD film even at the
MPP condition (Figure 1b, bottom panel). The majority of the
photogenerated carriers could then be collected by double-sided
junctions before they recombine, resulting in an increased fill
factor and overall device performance.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

From simulations, when the carrier density in the ZnO elec-
trode is dramatically increased from the conventional 10'7 cm™
level to an optimized mid-10!® cm™3 range, V,. can increase
from 0.68 to 0.71 V, while simultaneously increasing the fill
factor from 0.69 to 0.74. In principle, this has the potential to
increase the overall PCE of devices considerably from their
9.9%!'2 starting point previously reported when optimal doping
density and electron affinity are achieved. We note that judi-
cious engineering of the electron affinity of the ZnO relative to
the CQD solid is also desired for full optimization (Figure 1c).

We sought to utilize indium doping to increase the free car-
rier density in the ZnO. Indium is known to replace Zn, and
this is expected to increase free carrier density without distorting
the lattice (comparable atomic radius and ionic radius: indium
=155 pm/81 pm vs zinc =135 pm/74 pm), and indiun’s 3* oxida-
tion state is expected to contribute strong n-doping of the ZnQ.2>24

We prepared a systematic series of In:ZnO sol-gels on ITO
(Experimental Section). The film thickness is 40 £ 5 nm and
the surface roughness is 2.4 nm root mean square (RMS) (see
Figure S1, Supporting Information). The amount of indium
dopant is quantified by the atomic percentage of indium
chloride used for sol-gel synthesis (0-5 at%). The successful
incorporation of indium into ZnO was confirmed using X-ray
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Figure 2. Optical and electronic properties of In-doped ZnO. a) Absorbance of pure and doped ZnO films with Tauc plots inset. b) UPS spectra
of pure and In-doped ZnO. Work function decreases gradually as the dopant concentration increases, while valence-band position remains almost
unchanged. c) Bandgap calculated from Tauc plots versus indium concentration in sol—gel. The bandgap is widened gradually as the dopant concentra-
tion increases. d) Carrier density as a function of Fermi level shift (AEg). Up to a two orders of magnitude increase is observed for 5% In:ZnO. Crosses
represent the points based on UPS and bandgap calculations. e) Estimated band structure of pure and doped ZnO.

photoemission spectroscopy (XPS) (Figure S2, Supporting
Information). From the detected species, the 1 at% In:ZnO in-
synthesis resulted in a Zng g9Ing ;O final element composition,
confirming the efficient incorporation of In.

We then proceeded to characterize the optoelectronic properties
of the In:ZnO films. The optical absorption spectra for the cases
of a number of distinct In doping levels are shown in Figure 2a.
As the doping concentration increases, a blue-shift in the absorp-
tion edge is observed, and the bandgap widening is summarized
in the Tauc plots of Figure 2a, inset. The widening of the gap is a
signature of excess electrons filling the states above the conduc-
tion-band edge (the Burstein-Moss effect).?! UV photoelectron
spectroscopy (UPS) (Figure 2b) indicates that the valence-band
maximum (VBM) level does not substantially change upon In
introduction, whereas the work function continuously decreases,
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a signature of n-type doping (see Table 1). The same finding is
also confirmed using Kelvin-Probe Force microscopy measure-
ments (Figure S3, Supporting Information).

Table 1. Valence-band maximum (VBM) level and Fermi level for pure
and doped ZnO substrates relative to the vacuum. The Fermi level and
VBM value are derived from UPS measurements. The Fermi level shifts
are all relative to that of pure ZnO substrate.

VBM Fermi level Fermi level shift
[eV] [eV] [eV]

Pure ZnO —-7.66 -3.93 0

1% In:ZnO —-7.66 —3.88 0.05

3% In:ZnO —-7.56 -3.73 0.20

5% In:ZnO —-7.55 -3.69 0.24

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Increased depletion width and built-in potential. a) Capacitance-voltage traces of photovoltaic devices fabricated with different In:ZnO doped
electrodes. By gradually increasing dopant concentration, the capacitance decreases illustrating the more depleted nature of the CQD film. b) Total
depletion width (Wp) at maximum power point conditions, and its contribution to the different layers for different dopant concentrations. The com-
bination of depletion and diffusion (Ly) suffices to overcome CQD thickness for In doping concentrations above 2%. c) Built-in voltage potential (V};)

as a function of indium doping concentration.

The measured free carrier density (see Figure 2d and the Experi-
mental Section) gradually increases from n = 4 x 107 cm™ to
5 x 101 cm™ for the highest In concentration (5%). Degenerate
doping®¥ is observed for concentrations above 3%, where the calcu-
lated carrier density surpasses the ZnO density of states at the con-
duction band (2 x 10" cm™ > 4 x 10'® cm™). At this point, the Fermi
level shifts into the conduction band as excess electrons are incorpo-
rated, which correlates well with the bandgap widening effect.
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We then fabricated solar cell devices based on these new elec-
tron-extracting contacts. CQDs were synthesized and washed fol-
lowing reported methods (Experimental Section). Capacitance—
voltage measurements were used to study the depletion width
in these devices at the MPP (Figure 3a). As the In content is
increased the capacitance decreases, attributable to the increased
depletion of the CQD film.””} The depletion width calculated
from these studies (Figure S4, Supporting Information) reveals
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Figure 4. Photovoltaic figures of merit as a function of ZnO doping. a) Open-circuit voltage (V) and (Vy,; — V,) available potential (inset). b) Fill factor
(FF) and its dependence with the potential budget (inset). ¢) Short-circuit current (Js.) and d) PCE of CQD devices with ZnO substrates over a doping
series measured under AM 1.5G illumination. Both current and FF are maximized as a result of enlarged depletion and quasi-neutral region minimiza-
tion at maximum power point conditions (double-sided junction). A record PCE of 10.8% is obtained for 3% In:ZnO devices. Error bars represent the
standard deviation calculated over the performance of at least ten different devices.
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an increase of 80 nm for the highest doping, 5% In:ZnO. The
combined drift+diffusion length is expected to reach 110 nm
(diffusion) + 80 nm (drift), a 210 nm value that exceeds the film
thickness (Figure 3b). This confirms our hypothesis that highly
doped ZnO significantly extends the depletion width in CQD
layer even at MPP. The built-in potential (V};) also increases desir-
ably (Figure 3c and Figure S5, Supporting Information) due to the
increased difference between the Fermi level of ZnO and of PbS.
Devices were prepared on both In-doped ZnO substrates and
reference ZnO, and were tested under 100 mW cm~2 AM1.5G
irradiation. V,, FF, Ji, and PCE are plotted in Figure 4. Max-
imum performance is obtained for 3% In:doped ZnO, mainly
due to the improvement in FF and short-circuit current, which
increase, respectively, from 68% and 23.8 mA cm™ to 70%
and 24.3 mA cm™2. This results in the highest PCE of 10.8%,
notably superior to the PCE of 10.1% obtained for undoped
control devices. We note that both control and doped devices
retain their stability under ambient storage over the course of
an initial 30 day study (Figure S6, Supporting Information).
The observed improvement in performance can be explained
by the increased depletion width and built-in potential of the
In:doped devices. In Figure 4a we plot the open-circuit voltage
and V;; excess (Vi — V,) for the different concentrations. The
remaining built-in potential helps sustain significant band
bending even at maximum power point conditions. The reduced
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recombination due to the diminished quasi-neutral region
translates into the observed fill-factor increase (Figure 4b),
the photovoltaic figure of merit in which the most striking
improvements are obtained. Given the similar absorbances of
devices with different ZnO substrates (Figure S7, Supporting
Information), the higher J;. is posited to arise from the more
efficient charge extraction both in CQDs layer and at In:ZnO/
PbS interface (increased Wp at 0 V). A diminution in J. and FF
is seen at 5% dopant concentration, in agreement with simu-
lated predictions for overdoped ZnO as well as with the pos-
sibility of increased defects that could reduce the mobility of
free charges. The current density versus voltage characteristics
of the representative control and double-sided junction devices
under simulated AM1.5G illumination are shown in Figure 5a,
and the photovoltaic figures of merit for the different In dopant
concentrations are summarized in Table 2. The increased fill
factor showcases the improved charge collection under posi-
tive voltages and together with increase in J . and V, leads to
record 10.8% PCE (Figure 5b).

External quantum efficiency (EQE) spectra shown in
Figure 5c confirm the better photocarrier extraction for double-
sided junction devices at short-circuit conditions. This is espe-
cially the case for high-energy photon excitations, which, being
absorbed in the vicinity of the ZnO-PbS interface, greatly ben-
efit from increased depletion widths (Figure 1b). The calculated
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Figure 5. Current-voltage and spectral response of double-sided junction optimized devices. a) Current—voltage characteristics of control and 3%
In-doped ZnO samples under simulated AM 1.5G illumination. A maximum 10.8% PCE is obtained. b) Power-conversion efficiency as a function of
forward bias voltage and maximum power point. c) The external quantum efficiency at short-circuit conditions illustrates the CQD spectral contribution
and the increase below 600 nm due to enhanced depletion. The calculated J is 24.03 mA cm™ for 3% In:ZnO versus 23 mA cm™2 for control ZnO,

which is consistent with the measured J,.. d
up to a 10-15% extra EQE through the visible spectrum.
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) The benefit of the double-sided junction is more remarkable at maximum power point conditions, with
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Table 2. Device characteristics of CQD photovoltaics with different ZnO
substrates.

Ve Jse FF PCE
M [mA cm™?] [%] [%]
Pure ZnO devices 0.63 23.81 67.63 10.1
1% In:ZnO devices 0.63 24.03 69.45 10.4
3% In:ZnO devices 0.64 24.32 69.84 10.8
5% In:ZnO devices 0.65 2413 68.08 10.4

increase of 1 mA cm™ in J based on the spectral EQE is con-
sistent with the one obtained under AM 1.5G illumination. The
benefit of the double-sided junction is even more remarkable
in Figure 5d, where we plot the EQE at MPP conditions for
both control ZnO and 3% In:ZnO doped samples. Due to the
additional electric field in the double-sided junction, an extra
10%-15% EQE is obtained across the visible spectrum, leading
to a significant increase in J;,p, and FF.

In this work we report the successful implementation of a
double-sided junction CQD PV architecture that leads to a record
PCE of 10.8%. This is achieved by re-engineering the ZnO elec-
trode using a solution-processable strategy. The incorporation of
In** into ZnO results in a dramatic increase in carrier concen-
tration up to 5 x 10" cm™. As a consequence, a significant built-
in electric field can be sustained even at maximum power point
conditions at both the PbS-TBAI/PbS-EDT and PbS/In:ZnO rec-
tifying interfaces. This results in minimized recombination and
maximized fill factors. The increase in depletion width upon
In incorporation further contributes to maximized Ji. and Jypp,
as the combination of drift and diffusion lengths surpasses the
thickness of the photoactive CQD layer which translates into
improved charge collection efficiency. A record PCE of 10.8% is
achieved for In:doped double-sided junction devices, compared
to a PCE of 10.1% for standard control devices. The presented
double-sided junction strategy is compatible with the advantages
of solution processable CQD photovoltaics, offering a direct
approach to increase the PCE of CQD solar cells.

Experimental Section

CQD Synthesis and Solution Treatment: PbS CQDs were synthesized
using previous methods.®'% The QD solution was pretreated by iodine,
then washed and redispersed following reported recipe.l'?

In:ZnO  Sol-Gel Preparation and Film Deposition: ZnO sol-gel
synthesis was based on a modification of a previously reported
method.?® 0.1 m of zinc acetate dihydrate and monoethanolamine (1:1
molar ratio) were dissolved in 2-methoxyethanol solution. The mixture
was stirred overnight at room temperature. The solution was filtered
through a 0.2 ym filter and then deposited onto the ITO substrate
by spin-coating at 3000 rpm for 30 s. The as-deposited film was then
annealed at 200 °C for 10 min. For In-doped ZnO preparation, indium
chloride is added in sol-gel solution.

Solar-Cell Fabrication: PbS QDs were deposited onto ZnO substrate
using a layer-by-layer spin-casting process. For the TBAl-treated films,
two drops of PbS CQDs in octane (50 mg mL~") were deposited and
spin-cast at 2500 rpm. TBAI (10 mg mL™") in methanol solution was
then applied to the film for 30 s, followed by a two-time methanol rinsing
step. The process was repeated seven times. For two EDT-treated PbS
layers, a 0.01 vol% EDT in acetonitrile solution was deposited to the film

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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for 30 s, followed by a three-time acetonitrile rinsing step. On top of the
PbS QDs films, 120 nm Au was deposited as the top electrode through a
shadow mask to define 0.053 cm? electrodes.

Device Characterization: |-V characterization: Current-voltage traces
were acquired with a Keithley 2400 source measuring unit under simulated
AM1.5G illumination (Sciencetech class A). The spectral mismatch was
calibrated using a reference solar cell (Newport), yielding a correction
multiplicative factor of M = 0.848. Devices were measured under a
continuous flow of nitrogen gas. The source intensity was calibrated using
a Melles—Griot broadband power meter and a Thorlabs broadband power
meter through a circular 0.049 cm? aperture at the position of the device
and also confirmed with a calibrated reference solar cell (Newport, Inc.).

Device Characterization: EQE  Measurement: External-quantum-
efficiency spectra were taken by subjecting the cells to monochromatic
illumination (400W Xe lamp passing through a monochromator and
appropriate cutoff filters). The output power was calibrated with Newport
818-UV and Newport 838-IR photodetectors. The beam was chopped
at 220 Hz and focused in the pixel together with a solar-simulator at
1 sun intensity to provide for light bias. The response of the cell was
acquired with a Lakeshore preamplifier connected to Stanford Research
830 lock-in amplifier at short-circuit conditions.

Device Characterization: ~Capacitance-Voltage Measurement: The
capacitance—voltage measurements were acquired with an Agilent 4284A
LCR meter at a frequency of 1 kHz and an AC signal of 50 mV, scanning
from —1 V to 1 V. All measurements were performed in the dark.

Device Characterization: SCAPS: CQD photovoltaic devices were
modeled with SCAPS simulation suite.?>3% The parameter space and
simulation details are available in Table S8 (Supporting Information).

Materials Characterization: XPS and UPS Measurement: XPS and
UPS spectra of ZnO films are measured on Au substrate. Photoelectron
spectroscopy was performed in a PHI5500 Multi-Technique system
using monochromatic Al-K,, radiation (XPS) (hv = 1486.7 eV) and non-
monochromatized He-l,, radiation (UPS) (hv =21.22 eV). All work function
and valence-band measurements were performed at a takeoff angle of
88°, and the chamber pressure was =107 Torr. Work functions (W)
were calculated from the secondary electron cutoff (SEC) using equation
We = 21.22 eV — SEC. The differences between Fermi levels and valence
band maximum, 7, were determined from the low binding energy onset.

Materials Characterization: UV-vis Absorption: Optical absorption
measurements were carried out in a Lambda 950 500 UV-vis-IR
spectrophotometer.

Materials Characterization: Calculation of the Carrier Concentration: The
calculation of the doping concentration was based on the Joyce-Dixon model
for degenerately doped semiconductors.!l A conduction-band density of
states of 4.4 x 19 cm™ was assumed for the ZnO based on published data.*?

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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