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ABSTRACT: Colloidal quantum dot (CQD) materials are of

interest in thin-film solar cells due to their size-tunable bandgap
and low-cost solution-processing. However, CQD solar cells suffer
from inefficient charge extraction over the film thicknesses
required for complete absorption of solar light. Here we show
a new strategy to enhance light absorption in CQD solar cells by
nanostructuring the CQD film itself at the back interface. We use
two-dimensional finite-difference time-domain (FDTD) simula-
tions to study quantitatively the light absorption enhancement in
nanostructured back interfaces in CQD solar cells. We implement
this experimentally by demonstrating a nanoimprint-transfer-
patterning (NTP) process for the fabrication of nanostructured
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CQp film

Nanostructured
CQD solar cell

CQD solids with highly ordered patterns. We show that this approach enables a boost in the power conversion efficiency in CQD
solar cells primarily due to an increase in short-circuit current density as a result of enhanced absorption through light-trapping.
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C olloidal quantum dot (CQD) solids are promising photo-
active materials for solution-processed thin-film opto-
electronic devices such as photovoltaics' ™* and light-emitting
diodes (LEDs)*~® due to their size-tunable bandgap, low-cost
processing, and their potential for large-scale fabrication. CQD
photovoltaic performance has steadily improved over the past
few years as a result of enhanced CQD passivation and improved
device architectures.””* Recently, the certified power conversion
efficiency (PCE) of CQD solar cells has reached 11.3%."> This
was accomplished using Pbl,-passivated CQD solids with flat
energy landsc:?)es achieved by preserving CQD monodispersity
in final films."

Unfortunately, CQD photovoltaic devices suffer ineflicient
charge extraction when made thick enough to provide complete
optical absorption:'” ™" their charge diffusion length is less
than the longest above-gap optical absorption length. Photo-
generated charges recombine before being extracted at the
electrodes, resulting in a significant amount of wasted light.17

Researchers have sought to develop device architectures
that overcome this absorption—extraction compromise. These
include bulk heterojunctions, plasmonic nanostructures, and
structured electrodes for light trapping.'”""*°~*" Nanoimprint-
ing and stamping techniques have been utilized to pattern the
transparent conductive oxide (TCO) electrodes and have enabled
the enhancement of light trapping in bottom-illuminated CQD
solar cells at the front side interface between the photoactive
CQD layer and the nanostructured TCO electrode.”* ™
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These approaches, which rely on the nanostructuring of
bottom electrode layers, require conformal coating of each
subsequent layer, including the photoactive CQDs and the
TCO materials (ie, ITO, ZnO, TiO,, and so forth). They
therefore cannot use conventional deposition processes (e.g.,
spin-coating) of each material in the device stack, because these
processes are planarizing.”* ™" In addition, the deposition and
device architecture need to be reoptimized to retain photo-
voltaic performance.

Back-side structuring is the most efficient way to enhance
broadband light absorption in thin-film solar cells.’"** How-
ever, this approach has yet to be demonstrated in CQD solar
cells. Achieving high-quality nanostructured CQD solids for
use in back-side structured photovoltaics requires innovations
in materials processing strategies.

In light of these challenges, we sought to develop a nano-
structured back-mirror at the interface between the photoactive
CQD layer and top metal gold electrode in the bottom-
illuminated device architecture. Because of the large difference
between the refractive index of CQD and gold, enhanced light
trapping in the CQD film is expected from strong light scattering
at the nanostructured back interface.””** Direct stamping of soft
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Figure 1. (a) Schematic illustration of the fabrication of patterned PDMS mold and nanostructured CQD solar cells. (b) AFM image and line profile

of the nanostructured CQD film.

polymer layers has been used to fabricate a nanostructured
back interface in organic photovoltaics (OPVs);** however, it is
not be directly applicable to inorganic CQD films as they are
rigid following spin-coating. Dielectric colloidal spheres have
been embedded into the back interface between a CQD layer
and a metal electrode to improve light absorption as optical
resonators;>® however, the performance improvement has been
limited due to a loss of contact area between the CQD layer and
the metal electrode.

Herein we demonstrate a new pattering process that defines
CQD-only nanostructured photoactive solids with high-quality
patterns. The approach does not require template incorpo-
ration into films (Figure 1). The procedure, which we termed
nanoimprint-transfer-patterning (NTP), begins with off-sub-
strate nanostructuring of CQD films; these are then transferred
to a device substrate and enable formation of a nanostructured
back interface in the best bottom-illuminated CQD solar cell
architecture.”'® The approach enables a boost in PCE primarily
due to increased short-circuit current density (Jsc) in the best
CQD solar cells. This enhancement is attributed to improved
light absorption via enhanced light trapping from the back
interface between the nanostructured CQD layer and top gold
electrode in bottom-illuminated device architectures.

A schematic showing the NTP process for the fabrication
of nanostructured CQD films is illustrated in Figure la.
First, polystyrene (PS) microspheres of diameter SO0 nm were
hexagonally assembled onto the cured poly(dimethylsiloxane)
(PDMS) substrate using a mechanical rubbing process.”” The
PDMS precursor mixtures were poured into the PS-assembled
PDMS substrate and cured at 120 °C for 2 h. The cured PDMS

film was peeled from the PS-assembled PDMS substrate and
soaked in acetone overnight to remove completely the remain-
ing PS microspheres.”® We use this as a mold to fabricate
the nanostructured CQD films with round-shaped motifs (see
details in Experimental Section in Supporting Information).

For nanoimprinting CQDs, oleic acid-stabilized PbS CQDs
(OA-CQDs) dispersed in octane were first spin-coated onto
the resulting PDMS mold, and subsequently Pbl,-passivated
PbS CQDs (PbL,-CQDs) dispersed in n-butylamine were spin-
coated onto this layer. These OA-CQDs were used to increase
the wettability of hydrophilic PbL,-CQD solutions onto the
hydrophobic PDMS mold and to transfer readily the Pbl,-CQD
layer from the PDMS mold to the primary PbL,-CQD layer.
The latter had been prespin-coated onto an ITO glass substrate
with a ZnO electron accepting layer (Figure S1 in the Supporting
Information). After transferring completely, we removed the
OA-CQDs remaining onto the PbL-CQD layer by washing
with octane. This results in a nanostructured photoactive film
with round-shaped motifs comprised exclusively of Pbl,-CQDs.
To complete device fabrication, we deposited thin layers of
1,2-ethanedithiol (EDT)-treated PbS CQDs (EDT-CQDs) onto
the nanostructured PbI,-CQD film, followed by gold deposition
as a top metal electrode (Figure 1a).

Figure 1b is an atomic force microscopy (AFM) showing the
surface of the nanostructured photoactive layer, composed
of the thick PbL,-CQDs and thin EDT-CQDs. The results
demonstrate that the NTP process enables the fabrication of
nanostructured CQD-only films with round-shaped periodic
motifs. The film morphologies are investigated further by optical
microscopy and AFM over a range of regions of the same
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sample (Figure S2 in the Supporting Information). The
nanostructured film has a densely, closely and uniformly packed
morphology of round-shaped patterns composed of CQD solid.
Scanning electron microscopy (SEM) confirmed the feature size
of the rounded patterns from the cross-sectional SEM image
(Figure S3 in the Supporting Information).

We leveraged our NTP process to obtain patterned CQD
layers in solar cell devices. We fabricated flat control samples
using the same concentration of Pbl,-CQD solutions in order
to compare the optical absorption and device performance of
each device at the same total thickness. In the case of the flat
control, the PbL,-CQDs corresponding to the Pbl,-CQDs coated
onto the PDMS mold was spin-coated onto the precoated
PbL-CQD layer instead of using a transferring technique and
was followed by two EDT-CQD layers and gold deposition.
Schematic illustrations of each device are shown in Figure 2a.
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Figure 2. (a) Schematic illustration of the device cross-section.
(b) Cross-sectional SEM images. (c) Color plots of the electric field
intensities ([E]*). (d) Color plots of the absorption power profiles per
unit volume of a flat control (left) and nanostructured device (right).

Cross-sectional SEM images in Figure 2b were measured to
verify that each device has the same total thickness. As a result,
the nanostructured CQD layer has in fact a slightly smaller active
volume. Neither pinhole nor boundary layers are seen in the
nanostructured CQD layers transferred from the PDMS mold to
the device.

Using knowledge of the film thickness and feature size,
we used 2D finite-difference time-domain (FDTD) simulations
to model light absorption in the solar cells using a normal
incidence plane wave source (see details in Experimental Section
in Supporting Information). These simulations used measured
optical parameters for glass substrate/ITO (150 nm)/ZnO
(150 nm)/Pbl,- and EDT-CQDs (420 nm)/gold (120 nm).

We calculated the electric field intensity ([E]?) distribution
at the exciton wavelength (A,.) = 950 nm for the flat and
nanostructured devices using the FDTD simulations (Figure 2c).

In the case of flat device, a standing wave was present due
to interference in the photoactive layer between the incident
light and the light reflected by the gold mirror. In contrast, the
nanostructured device showed an overall broadband enhance-
ment over the active region with a more concentrated field
intensity at the center region of the half hemisphere and two
conformal points in the flat region of the CQD layer. This
enables enhanced absorption throughout the photoactive layer at
the same total thickness. The power absorption profiles are also
obtained using FDTD simulations (Figure 2d).

The FDTD simulations allow estimation of total absorption
in each device structure with and without the top gold electrode
(Figure 3ab). The experimental total absorption is also obtained
from UV—vis-IR spectroscopy measurements of each device with
and without the top gold electrode (Figure 3c,d). The results
obtained from the FDTD simulations agree well with measured
total absorptions. Minor discrepancies can be attributed to
nonideal periodicity, imperfections within the film, and feature
size variation of embossed-nanostructures.*

In the case of no top gold electrode, the simulated absorp-
tion spectra in Figure 3a show a similar trend between flat
and nanostructured devices, a result of minimal light reflection
because of a small refractive index contrast between CQDs and
air, compared with CQDs and gold; nevertheless, there is still
a small degree of light trapping resulting in an enhancement in
absorption. Each device with the top gold electrode (Figure 3b)
shows a large broadband absorption improvement, a finding
that agrees well with the simulated electric field and absorbed
power results of Figure 2¢,d.

Figure 4a presents the current density—voltage (J—V) curves
of the flat and nanostructured CQD solar cell devices under
simulated AM1.5 illumination. As demonstrated in FDTD
simulations and optical characterization, the nanostructured
CQD morphologies give rise to a notable increase of photo-
voltaic performance through an increase in a J5c, which reaches
27.8 mA/cm® The open-circuit voltage (V) and fill factor
(FF) of the nanostructured device were each decreased
compared to the flat control device. The histogram of device
performance for both flat and pattern CQD solar cells indicates
that the device results are reproducible (Figure S4 in the
Supporting Information). The bilayer flat device was addition-
ally fabricated by transferring a flat CQD layer, which was
spin-coated onto the flat PDMS mold, to the target device in
order to determine whether the drop in V¢ and FF results
from the interface formed by the transferring process. However,
we observed no drop in device performance from this bilayer
flat device compared to the flat control (Figure SS in the
Supporting Information). Instead, we conclude that the drop in
Voc and FF can be attributed to the nonconformal coating of
EDT-CQDs, which were spin-coated onto the nanostructured
PbL,-CQD film as a hole-transport layer (Figure S6 in the
Supporting Information).** Overall, PCE increased from
9.8% to 10.1% because of the significant increase in Jgc value
(from 25.0 to 27.8 mA/cm?).

The external quantum efficiency (EQE) spectrum for each
device was measured in order to investigate the origin of the
enhanced light trapping effect in the nanostructured CQD
devices. As seen in Figure 4b, the nanostructured solar cells
have increased EQE values over the full spectral range with
an expected Jsc of 28.9 mA/cm’® agreeing with the measured
Jsc (27.8 mA/cm?) to within 5%. The EQE spectrum of the
nanostructured device included a significant enhancement of
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Figure 3. Simulated total absorption by FDTD simulations in flat and nanostructured solar cell devices (a) without top gold electrode and (b) with
top gold electrode. Measured total absorption by UV—vis-IR spectroscopy in each flat and nanostructured solar cell devices (c) without top metal
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Figure 4. (a) Current density—voltage (J—V) curves of flat and nano-
structured solar cell devices. (b) External quantum efficiency (EQE)
curves of the flat and nanostructured solar cell devices. Gray solid line
indicates the degree of EQE enhancement of the nanostructured
device as a function of wavelength compared to flat device.

EQE in the wavelength regions in which the light absorption is
insufficient in the flat device.

Nanostructured CQD-only films with the round-shaped
motifs were produced using the NTP process, wherein CQDs

are spin-coated onto a patterned PDMS mold and subsequently
transferred to target substrates. These resulting CQD films
enabled light trapping at the nanostructured back interface of
bottom-illuminated solar cells to improve optical absorption
and device performance. FDTD simulations support that light
trapping in this device is enhanced using nanostructured CQD
films. We obtained the improved Jsc (27.8 mA/cm?) and PCE
(10.1%) values as a result of the nanostructured back interface
in CQD solar cells. The NTP process for nanostructuring CQD
solids demonstrated here can be further utilized in various opto-
electronic devices based on a number of solution-processed
optoelectronic materials that incorporate CQDs, including
photovoltaics and light-emitting diodes, to enhance device
performance optically.
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