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ABSTRACT (olloidal quantum dot (CQD) solar cells combine solution-processability
with quantum-size-effect tunability for low-cost harvesting of the sun's broad visible and
infrared spectrum. The highest-performing colloidal quantum dot solar cells have, to date,
relied on a depleted-heterojunction architecture in which an n-type transparent metal

oxide such as Ti0, induces a depletion region in the p-type CQD solid. These devices have, pore e »
until now, been limited by a modest depletion region depth produced in the CQD solid :
owing to limitations in the doping available in Ti0,. Herein we report a new device ~
geometry—one based on a donor—supply electrode (DSE)—that leads to record- 3

performing CQD photovoltaic devices. Only by employing this new charge-extracting
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approach do we deepen the depletion region in the CQD solid and thereby extract notably more photocarriers, the key element in achieving record

photocurrent and device performance. With the use of optoelectronic modeling corroborated by experiment, we develop the guidelines for building a

superior (QD solar cell based on the DSE concept. We confirm that using a shallow-work-function terminal electrode is essential to producing improved

charge extraction and enhanced performance.
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olloidal quantum dot (CQD) solar cells
Chave attracted attention in light of
their ease of fabrication, their poten-
tial for low-cost manufacturing, and their
roadmap to high efficiency enabled by
quantum-size-effect-tuning to harvest the
sun's broad visible and infrared spectrum.'~'°
Power conversion efficiencies (PCEs) have
improved steadily as device architectures
have progressed. Since the first reports of
>1% PCE-devices based on the Schottky
device architecture,’' '3
have improved to above 7% PCE through the
use of the depleted-heterojunction (DH)
architecture, in which a heterojunction is
formed by a moderately doped wide-band-
gap semiconductor such as TiO, and a light-
absorbing p-type CQD solid."'®
The power conversion efficiency of CQD
solar cells is curtailed today by the fact that
short-circuit current densities lie significantly

certified efficiencies
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below their theoretical potential. This has
been shown to originate from an absorption-
extraction compromise, wherein the photon
absorption length in the infrared exceeds
the transport length. To date, the total
transport length, or extraction depth, into
the quantum dot film has been dominated
by the contribution to photocurrent from
photocharge generation occurring within the
depletion region."

If significant increases in the depletion
region width are to be obtained within the
existing depleted heterojunction architec-
ture, they will require large increases in TiO,
doping levels. Unfortunately, prior studies
have indicated that adding various metal
dopants to TiO, primarily modulates its elec-
tron affinity, and not its net free carrier density.

Here we therefore pursue a new experi-
mental strategy. The approach has been pro-
posed from modeling, but not previously
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exploited to enhance experimentally measured device
performance. The electrode strategy is termed the
donor—supply electrode (DSE). It was previously used
to overcome the limitations of low-temperature-
processed TiO, electrodes interfaced with 1 eV quantum
dots."” In this prior work, a heavily doped n-type layer
(aluminum-doped zinc oxide) induced charge injection
into a low-doped TiO, film and helped overcome the
mobility limitations of low-temperature-deposited
sputtered TiO,."®

Our goal in the present work is instead to implement
the DSE concept in a manner that will increase the
overall performance of CQD solar cells beyond pre-
vious records. Here we enhance the free carrier density
in the n-type electrode via charge-injection doping. We
use control over the donor layer to induce a deeper
depletion region in the CQD film that leads to stronger
current extraction. We find that experiment and op-
toelectronic modeling together support the above
picture of the origins of enhanced device performance.

RESULTS AND DISCUSSION

The energy-band diagram of a standard DH CQD
solar cell is illustrated in Figure 1a. Light is absorbed in
the size-tuned CQD film, and electrons and holes are
then separated by the action of the depletion region
formed at the n-TiO,:p-CQD interface, with electrons
traveling to the TiO, and holes toward a top ohmic
contact. Beneath the TiO,, a 300 nm-thick fluorine-
doped tin oxide (FTO) layer acts as the highly conduct-
ing transparent electrode. The typical level of doping
achieved for TiO, is ~5 x 10'7 cm ™3> The light-
absorbing PbS layer is ~400 nm thick and has a net
free hole density of ~10'® cm 3. Its optical bandgap is
1.3 eV, and its electron affinity is estimated to be 3.8 eV
from cyclic voltammetry measurements.' The deple-
tion region inside the PbS layer is calculated (via
electro-optical simulations (SCAPS))'® to be ~240 nm
in width at zero voltage bias, an estimate consistent
with prior capacitance—voltage studies.

We depictin Figure 1b the design requirements for a
performance-enhancing DSE. First, the highly doped
donor layer (FTO in this work) should have a work
function notably shallower than the modestly doped
n-type oxide; it is to enhance (TiO; herein). Second, for
the impact of this highly doped layer to be felt with
maximum effect, the TiO, layer should be as thin as
possible, subject to the requirement that it still form a
continuous junction with the PbS.

As seen in Figure 1b, when the work function, ®, of
the FTO is made shallower compared to that of Figure 1a,
and the TiO, thickness is reduced to 10 nm, electrons
from the FTO are injected into the TiO, via the charge-
transfer doping mechanism (Supporting Information, S1).
With the thin TiO, layer, the charge-transfer doping is
more efficient, and a minimum of potential is wasted
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Figure 1. lllustration of the DSE concept using energy-band
diagrams of CQD PV devices for (a) a typical PbS CQD PV
device with a deep work function FTO layer and a TiO,
thickness of 300 nm. The width of the depletion region (gray
color) inside the PbS film is given by d. (b) A shallow work
function FTO layer and a thin TiO, layer (10 nm). (c) A deep
work function FTO layer utilized with 10 nm-thick TiO,. (d) A
shallow work function FTO layer utilized with a 100 nm-thick
TiO, layer. The combination of shallow work function FTO
with a thin TiO, layer, as shown in (b), is the optimal DSE
implementation and gives the largest depletion region
width. The gray areas in the diagrams indicate the extent
of the depletion region.

falling across the TiO. Optoelectronic modeling indi-
cates a 10% increase in the depletion width in the PbS
film (260 nm) resulting from the increased doping
density within the TiO,. The same modeling predicts
a power conversion efficiency (PCE) improvement of
15% from improvements in short-circuit current den-
sity (Jso) (reduced recombination from the now-thinner
quasi-neutral region), fill-factor (FF) (due to the in-
creased effective doping and thus conductivity of the
TiO,), and open-circuit voltage (V,.) (slightly larger
built-in potential), as illustrated in Figure 2.

Motivated by these modeling results, we prepared a
suite of CQD solar cells using a similar range of DSE
designs. A schematic illustrating the layer structure of
our standard devices is shown in Figure 3a.

We used two classes of FTO, one having an appre-
ciably deeper work function than the other (see Sup-
porting Information, S2). Given the uncertainty in
extracting absolute quantitative work functions using
UPS, we simply label the data for each shallow- and
deep-work-function FTO. To control film thicknesses
accurately, and additionally to achieve pinhole-free
ultrathin layers of TiO,, we used atomic layer deposi-
tion (ALD) to deposit TiO, films with different thick-
nesses on top of the two classes of FTO. The PbS CQD
film was deposited via a layer-by-layer spin-casting
process using 3-mercaptopropionic acid (MPA) for the
solid-state exchange. The quantum dots benefited
from the hybrid passivation technique, which included
exposure to halides in the final stages of their syn-
thesis.'® The standard thickness of the CQD films was
~380 nm and a MoOs/Au/Ag stack was evaporated as
the top electrode (see Methods). Cross-sectional SEM
images of the full devices (with 10 nm TiO, films) are
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Figure 2. Simulation results for the donor-supply electrode in a CQD PV device. Plots of: (a) PCE, (b) FF, (c) Js., and (d) V,. as a
function of TiO, thickness for both deep-® and shallow-® FTO.
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Figure 3. CQD PV device architecture. (a) Schematic of a
standard CQD device. The thickness of the TiO, layer (t) was
varied in the devices. The films shown are prepared on a
glass substrate. (b) Cross-sectional SEM image of a CQD
device on shallow-work function FTO witha 10 nm ALD TiO,
film. (c) Cross-sectional SEM image of a CQD device on deep-
work function FTO with a 10 nm TiO, film.

shown in Figure 3b (shallow-® FTO) and Figure 3c
(deep-® FTO).

Each device was characterized under AM1.5 simu-
lated solar illumination. Figure 4a reports current—
voltage plots for these devices. An overall PCE enhance-
ment of 15% was observed for the shallow-® FTO
devices compared to the deep-® FTO devices, with a
champion-device efficiency of 8.5%. The enhancement
was due to improvements in J. (22.7 + 0.4 vs 204 +
0.2 mA cm3), V,, (0.62 £ 0.01 vs 0.61 & 0.01 V) and FF
(61 £ 1% vs 59 + 1%). These results are in good
agreement with modeling. Uncertainties were calculated
by obtaining the standard deviation across eight pixels
fabricated on the same substrate and fabrication run.
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The device stability was similar to that observed pre-
viously for hybrid passivated CQD devices.®

Figure 4c shows single-pass absorption spectra for
devices fabricated on shallow- and deep-® FTO. Light
absorption is similar for the two devices, ruling out
optical effects related to the different substrates as the
major cause of the photocurrent improvement.

External quantum efficiency (EQE) measurements
were performed to further investigate the origins of
the enhanced photocurrent in the shallow-® FTO
devices. The EQE results for two representative sam-
ples are shown in Figure 4d. The largest fractional
enhancement in EQE is in the weakly absorbed NIR
range, consistent with a deepened depletion region
improving charge extraction farther from the TiO,—CQD
interface. Mott—Schottky plots (see Supporting Informa-
tion, S3) further support the picture of an enhanced
depletion region. The effect of TiO, thickness on device
performance for both shallow- and deep-® FTO was
explored experimentally under AM1.5 simulated illu-
mination (Figure 4b). The experimental results agreed
well with the theoretical results presented in Figure 2:
the PCE decreases with increased thickness of TiO,
in the shallow-® FTO device, consistent with a DSE
effect.

To investigate further the dependence of the DSE
mechanism on the TiO, thickness, we prepared and
tested devices with 10, 20, and 40 nm thick TiO, films.
In good agreement with modeling results, the experiments
demonstrate that the DSE effect is observed only for
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Figure 4. Optical and electrical characterization of CQD PV devices. (a) Light J—V curve for CQD PV devices fabricated on
shallow- and deep-® FTO with 10 nm thick TiO; layers. (b) llluminated J—V curves for CQD PV devices fabricated on shallow-®
FTO with 10 and 40 nm thick TiO; layers. (c) Single pass absorption spectra for CQD films on shallow- and deep-® FTO devices
with 10 nm thick TiO, layers. (d) External quantum efficiency (EQE) spectra of CQD PV devices fabricated on shallow- and deep-
@ FTO substrates with 10 nm thick TiO, layers.
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Figure 5. Experimental evidence of a DSE effect. (a) Plot of PCE as a function of TiO, thickness for both deep- and shallow-®
FTO devices. (b) Plot of J,. as a function of TiO, thickness for devices fabricated on shallow-® FTO. The values in (a) are
normalized to the lowest value of PCE which occurs for the shallow-® FTO device with a TiO, thickness of 40 nm (and are thus
presented in arbitrary units).

sufficiently thin TiO, films (see Figure 5a). For further CONCLUSIONS
clarification, the PCE values have been normalized to
the lowest value of PCE, which occurs for the shallow-®
FTO device with a TiO, thickness of 40 nm.

It is further evident that there is no DSE effect for
devices using deep-® FTO. For further comparison, J,.
is plotted as a function of TiO, thickness in Figure 5b.
These results show that both J,. and PCE are max-
imized for the 10 nm (thinnest value) thickness of TiO,,
demonstrating that a DSE configuration is realized for
this thickness.

In summary, we report a device geometry that
leverages a donor—supply electrode to achieve record-
performance CQD solar cells. We find that, using this
technique, the width of the depletion region in the
PbS CQD film is increased by 10%. This is accomplished
by employing a shallow-work function transparent
electrode coupled with an ultrathin low-doped elec-
tron acceptor. Electrons from the highly doped FTO
film are injected into TiO, to achieve charge-transfer
doping. The width of the depletion region in the PbS
MARAGHECHI ET AL.
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layer is thereby increased, resulting in increased short-
circuit current density and fill factor, ultimately leading
to improved power conversion efficiency. Even as the
CQD field continues to improve mobility, recombination,

METHODS

Colloidal Quantum Dot Preparation. The synthesis procedure for
the PbS CQDs was based on a previously published recipe.'’ Ina
three-neck reaction flask, 0.45 g (2.0 mmol) of PbO, 18.0 mL of
octadecene (ODE) and 1.5 mL of oleic acid (OA) were pumped at
100 °Cunder vacuum for ~16 h to dissolve the lead oxide and to
degas the solution. In a nitrogen atmosphere glove box, a sulfur
precursor solution was prepared by mixing 0.180 mL of bis-
(trimethylsilyl)sulfide with 10 mL of ODE. The sulfur solution was
quickly injected into the reaction flask at 120 °C, and then the
solution was allowed to slowly cool down to room temperature.
During the cooling process, when the temperature reached
60 °C, 1.0 mL of metal halide precursor (CdCl, and tetradecyl-
phosphonic acid (TDPA) dissolved in oleylamine with a Cd:TDPA =
13.8:1 molar ratio) was introduced into the reaction flask (as per
the hybrid passivation protocol).’® The PbS CQDs were isolated by
the addition of 60 mL of acetone followed by centrifugation after
the reaction temperature reached 30—35 °C. The CQDs were then
purified by dispersion in toluene and reprecipitation with acetone
and redissolved in anhydrous toluene. The solution was washed
with methanol three times with the final redispersion in octane ata
concentration of 50 mg mL™".

FT0 Material. The shallow-® FTO was Asahi Type-U TCO
purchased from AGC Solar Company. The deep-® FTO was
“NSG TEC 15" purchased from Pilkington/NSG Group (see
Supporting Information, S4).

CQD Photovoltaic Device Fabrication. The fabrication of CQD films
was performed using a layer-by-layer (LBL) spin-casting tech-
nique on the FTO substrates. Solid-state ligand exchange was
performed in air ambient environment using a 1% 3-mercapto-
propionic acid (MPA) solution in methanol. The fabrication process
was as follows: (1) 2 drops of PbS CQDs in octane (50 mg mL™")
were dropped onto substrates and were spin-cast at 2500 rpm for
10 's; (2) ~0.2 mL of ligand solution was deposited, followed by
spin-drying for 5 s at 2500 rpm; (3) ~0.2 mL of methanol was
dropped and spun at 2500 rpm for 10 s (repeated for a total of two
times). Steps 1—3 were repeated 10 times to produce the desired
PbS CQD film thickness (~380 nm). The top electrode consisted of
10 nm of thermally evaporated molybdenum trioxide deposited at
arateof 02 As™', followed by electron-beam deposition of 50 nm
of Au deposited at 1.5 A s™" and capped with 120 nm of thermally
evaporated silver deposited at 3.0 As™".

Ti0, Deposition. Atomic layer deposition (ALD) of TiO, was
carried out in a Cambridge NanoTech ALD-Savannah system at
150 °C using Tetrakis(dimethylamido)titanium(lV) (TDMAT) and
water (H,0), as the metallic precursor and oxygen source,
respectively. The TDMAT precursor was heated to 75 °C. Growth
per cycle (GPC) was 0.45 £ 0.01 ﬂ/cycle for the titanium dioxide
as measured by spectroscopic ellipsometry. Each ALD cycle
included a 100 ms TDMAT precursor dose followed by a 20 s
nitrogen gas purge step and a 15 ms H,O precursor dose
followed by 20 s of purging. The substrates were further placed
in a 120 mmol solution of TiCl, in deionized (DI) water and
heated in an oven for 30 min at 70 °C. Next, the samples were
removed from the solution, rinsed with DI water and sintered on
a hot plate for 45 min at 520 °C.

AM1.5 Photovoltaic Device Characterization. All photovoltaic de-
vice measurements were done under inert N,-flow. Light
current—voltage measurements were done using a Keithley
2400 source meter with illumination from a solar simulator
(Solar Light, XPS 200, intensity = 100 mW cm~2). A Melles-Griot
broadband power meter was used to measure the light source
intensity through a circular 0.049 cm? aperture. The spec-
tral mismatch of the system was characterized using a cali-
brated reference solar cell (Newport). The total AM1.5 spectral
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and diffusion lengths inside CQD solids, ongoing ap-
plication of this improved electrode will continue to
make the best use of this ever-improving class of
materials in optoelectronic device applications.

mismatch—taking into account the simulator spectrum and the
spectral responsivities of the test cell, reference cell, and broad-
band power meter—was ~5%. This multiplicative factor, M =
0.95, was applied to the current density values of the J—V curve
to most closely approximate true AM1.5 performance. The
uncertainty of the light current—voltage measurements was
7%, taking into account the temporal fluctuations in the lamp
source which falls within the characteristics of class-A specifica-
tion. The reported values of V,, Js., and PCE were averaged over
8 data points during static measurements. During each mea-
surement run, we acquired the static values of Js, V. and PCE
by holding the cell at short circuit, open circuit, and the bias
value corresponding to the maximum power point, respec-
tively, for 20 s to confirm device stability.

Absorption Measurements. A UV—vis-NIR spectrophotometer
equipped with an integrating sphere was used for absorption
spectra measurements. The absorption measurements were
acquired with the sample tilted at a slight angle relative to
the illumination beam with all ports other than the illumination
port closed. This was to ensure that all directly transmitted,
reflected, and off-angle-scattered light was collected by the
detector. The 100% transmission baselines for all curves were
measured with a bare FTO-coated glass substrate in similar
fashion.

External Quantum Efficiency Measurements. All photovoltaic de-
vice measurements were done under inert N,-flow. The EQE
measurement was performed using monochromatic illumina-
tion (400 W xenon lamp through a monochromator with order-
sorting filters) which was chopped at 220 kHz. In addition, a
constant 1 sun intensity white-light source was simultaneously
focused on the PV device to provide a white-light bias. The
modulated EQE signal was acquired using a Stanford Research
Systems lock-in amplifier at short-circuit conditions. For inci-
dent power calibration, Newport 818-UV and Newport 818-IR
power meters were used. The uncertainty in the EQE measure-
ments was estimated to be £8%.
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