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Nanostructured Back Reflectors for Efficient Colloidal

Quantum-Dot Infrared Optoelectronics
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James Fan, Sjoerd Hoogland, F. Pelayo Garcia de Arquer, Agustin Mihi,*

and Edward H. Sargent*

Colloidal quantum dots (CQDs) can be used to extend the response of solar
cells, enabling the utilization of solar power that lies to the red of the bandgap
of c-Si and perovskites. To achieve largely complete absorption of infrared
(IR) photons in CQD solids requires thicknesses on the micrometer range;
however, this exceeds the typical diffusion lengths (=300 nm) of photoexcited
charges in these materials. Nanostructured metal back electrodes that

grant the cell efficient IR light trapping in thin active layers with no
deterioration of the electrical properties are demonstrated. Specifically, a

new hole-transport layer (HTL) is developed and directly nanostructured.
Firstly, a material set to replace conventional rigid HTLs in CQD devices is
developed with a moldable HTL that combines the mechanical and chemical
requisites for nanoimprint lithography with the optoelectronic properties
necessary to retain efficient charge extraction through an optically thick

layer. The new HTL is nanostructured in a 2D lattice and conformally coated

the back cell in a tandem structure with
perovskite (E; = 1.58-1.68 eV)/CQD or
Si (E, = 1.1 eV)/CQD.*’! The solar spec-
trum contains up to 15 mA cm2 of poten-
tial short-circuit current beyond 1100 nm
(Figure 1a), and this corresponds to as
many as 7 additional absolute power con-
version efficiency (PCE) points additive
atop those provided by c-Si.!

The absorption coefficient of lead chalco-
genides in the IR range is =10* cm™ at the
excitonic peak. Thus =1 um of active layer
material is needed, in a conventional planar
device, to absorb IR photons from 1100 to
1800 nm. Unfortunately, the carrier diffu-
sion lengths in solid CQD are limited to a
few hundred nanometers, and this absorp-

with MoO;/Ag. The photonic structure in the back electrode provides a
record photoelectric conversion efficiency of 86%, beyond the Si bandgap,
and a 22% higher IR power conversion efficiency compared to the best

previous reports.

Colloidal quantum dots (CQD) combine bandgap tunability
with low manufacturing cost facilitated by solution pro-
cessing.!l Lead chalcogenide CQDs provide absorption and
emission tuned into the infrared (IR)—a regime of interest
in sensing,”l machine vision, autonomous driving, and solar
energy harvesting.!

IR CQDs extend the response of photovoltaic technologies
further into the IR region of the solar spectrum, serving as
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tion—extraction trade-off has so far limited
the efficiency of IR photon harvesting to
3.9% (>perovskite) and a 1.1% (>c-Si).°!

Light management strategies have
sought to increase CQD absorption in
the IR range to overcome the absorption—
extraction compromise. These include the
use of multilayers as cavities,”] plasmonic nanoparticles,®°! and
grating structures.'%! In particular, nanostructuring of the
metal back mirror has been advanced as a means to enhance
absorption by increasing the optical path within the active
layer of the material.'%!2 To date, though, the realization of
structured back mirrors has come at a cost to backside charge
collection and has been accompanied by increased surface
recombination.

Here, we report nanostructured photonic back electrodes
that achieve enhanced IR light trapping via the direct nano-
structuring of a new organic hole transport layer. We replace
conventional, rigid 1,2-ethanedithiol-exchanged CQD hole
transport layers (HTLs) in CQD devices with a moldable
HTL consisting of a PBDTTT-E-T, a copolymer of benzo[1,2-
b:4,5-b’|dithio-phene (BDT) and thieno[3,4-bjthiophene (TT).
The new HTL combines the mechanical properties required
for nanoimprint lithography with the hole mobility and the
band alignment needed to achieve efficient charge extraction.
We imprint this HTL using a 2D periodic pattern that is then
conformally coated with MoO;/Ag. The resulting photonic
electrodes increase IR absorption and simultaneously pro-
vide efficient hole extraction. As a result, we achieve a record
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Figure 1. a) AM 1.5 Solar irradiation (left) versus range of operation of widely used solar technologies and absorbance curves of infrared CQD with
different crystal size (right). b) Energy level diagram of full CQD device structure and chemical structure of organic polymer used as an HTL. c) Hole
mobility of EDT (black) and organic (blue) HTL, respectively. Black lines denote linear fits curves to linear and quadratic regimes. d) J-V curves under
dark conditions of CQD-EDT (black) and organic (blue) HTL. e) FF dependence of IR CQD devices with the thickness of the HTL layer for CQD-EDT-

deposited (blue) and organic-deposited (black) HTL.

photoelectric conversion efficiency of 86% at 1220 nm and an
infrared PCE (the solar PCE experienced by AM1.5 filtered
solar light longer than 1100 nm) of 6.5%—a 22% increase com-
pared to best previous reports—resulting in the potential addi-
tion of 1.34% extra PCE points on top of Si photovoltaics (PVs).

For semiconducting materials such as organics!!®l and
perovskites,'¥  direct  poly(dimethylsiloxane) ~ (PDMS)
imprinting of the active layer before metal evaporation has
previously been used to form back photonic electrode struc-
tures.['3] In the case of CQD solar cells, a structured active
layer has been formed by spin-casting CQDs onto a corru-
gated mold-on-substrate; and then transferring the now-back-
side-structured active layer onto a new ETL stack; however,
this approach did not deliver a significant net advance in PCE
because it was accompanied by increased surface recombina-
tion leading to V,. and FF losses.['%!1] Alternative approaches
such as molding the HTL have so far ben precluded by the
rigidity of the 1,2-ethandithiol (EDT)-treated CQD HTL layer
(Figure S1, Supporting Information).

We sought to replace conventional EDT HTLs with new
materials that were compatible with soft nanoimprint lithog-
raphy. The optimal HTL should be easily deformed by gently
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pressing with the PDMS mold with minimal chemical inter-
action. From an optoelectronic standpoint, the HTL would
require appropriate band alignment with the CQD active layer
(Figure 1b), and sufficient charge carrier mobility for holes
to enable the incorporation of imprinted features relevant to
the spectral regime of interest compatible with efficient hole
extraction.

We began by exploring poly(3,4-ethylenedioxythiophene)—
poly(styrenesulfonate) (PEDOT:PSS), a well-known organic
material with high conductivity. We found that the high surface
tension of water (72 dynes cm™! at 25 °C) prevented the homo-
geneous deposition over the CQD solid film (Figure S2a,b, Sup-
porting Information), resulting in the formation of not uniform
inhomogeneous films unfavorable for patterning.

We then turned our attention to soft conjugated polymers,
which possess elastic properties compatible with molding
during assembly (they exhibit a lower surface tension of
33 dynes cm™! at 25 °C when dissolved in chlorobenzene),
and tunable highest occupied molecular orbital (HOMO)
levels to facilitate hole-extraction from the CQD active layer.
With these considerations in mind, we screened various con-
jugated polymers seeking to select the best moldable HTL for
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CQD devices (Figure S2c, Supporting Information). Among
them, we selected PBDTTT-E-T, a copolymer of BDT and TT
(Figure 1b),I%) which exhibited the highest yield of extraction
of photogenerated carriers, adequate charge transport proper-
ties, and surface tension during self-assembly (Figure S2d, Sup-
porting Information). PBDTTT-E-T has been used as the active
layer in organic solar cells in combination with n-type phenyl-
Cgi-butyric acid methyl ester (PCBM) and nonfullerene accep-
tors;!"®! here we focus instead on their use as the HTL in CQD
optoelectronic devices.

We compared the performance of the candidate organic
HTL with that of conventional EDT-treated CQD (CQD-EDT)
layers. We used the space charge limited current (SCLC)
method to estimate mobility.'® The overall structure of
SCLC devices was indium tin oxide (ITO)/MoO3;/HTL (EDT-
CQD or the organic layer)/MoOs/Ag (Figure 1c). The layer
of MoO; was deposited on ITO as an electron-blocking layer
in this electrode. The measured hole mobilities for the CQD-
EDT and PBDTTT-E-T were 1 X 10* and 6 x 107* V cm™ 57,
respectively, indicating that the organic layer provides a hole
mobility advantage relative to the conventional approach. The
resultant mobilities agree well with those seen in previous
reports.[7]

To test further the performance of this new organic HTL, we
fabricated full CQD devices including this layer in an ITO/ZnO/
IR CQD layer/HTL/MoO;/Ag configuration and characterized
current-voltage characteristics under dark conditions. Both
HTLs exhibit comparable transport properties at similar thick-
nesses (=65 nm) (Figure 1d). We tracked the FF of both devices
as a function of HTL thickness, as thicker HTLs would allow
the incorporation of photonic structures with deeper corruga-
tion and stronger scattering efficiency (Figure le). The CQD
device that used the PBDTTT-E-T HTL maintained 83-85% of
the initial FF until a HTL thickness of 100 nm under 1 sun
illumination.

We then sought to design photonic nanostructures that
enhance IR absorption based on this material choice using
finite-difference time-domain (FDTD) modelling. In our sim-
ulations (Figure 2), we studied the influence of the geometry
of the photonic structure, but restricted the thicknesses of the
active and electron/hole transport layers to those compatible
with efficient optoelectronic operation (e.g., maximum HTL
layer thickness was restricted to 150 nm). We focused our atten-
tion on photonic architectures formed by square arrays of cyl-
inders, which have shown to produce broad light absorption
enhancement in thin film systems.['8l The absorption enhance-
ment was calculated with respect to a planar device with the
same active layer thickness and 80 nm HTL thickness—the
optimal planar device with the highest PCE. We began by
exploring the lattice periodicity (L) and the depth of the cylin-
ders in the HTL (h) to tune the enhancement toward the wave-
lengths of interest and maximize its intensity (Figure 2a,b).
The depth of the cylinder enables the system with photonic
modes (Figure 2a) whose position can be tuned with the lat-
tice parameter (Figure 2b). Theoretically, features with depths
beyond 100 nm could provide stronger scattering from the pho-
tonic structure, but this would be at the expense of diminished
electrical transport, as well as increasing the risk of shunting
(Figure 1e).
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In Figure 2b, we can differentiate the photonic modes
sustained by the plasmonic crystal in the solar cell. In this
diagram, we encounter modes whose frequency remains invar-
iant to changes in the lattice parameter such as the resonance
observed at 867 nm (i), (Figure 2b). The absorption enhance-
ment peaks whose frequency depends on the lattice parameter
are highlighted in Figure 2b as ii, iii. At these wavelengths,
the backscattered light of the photonic electrode couples to the
photonic resonances specifically provided by the periodicity of
the array, being trapped within the active layer of the material.
Further insight can be gained by studying the spatial distri-
bution of the power absorbed at the resonances i, ii, iii from
Figure 2b for the planar and the photonic electrode configu-
ration. The spatial absorption profile in the flat architectures
(Figure 2e,g,i) presents a standing wave absorption profile
while patterned devices (Figure 2fh,j) show higher overall
absorptions and distinct electromagnetic field profiles. The
resonance appearing at 867 nm (i) is located around the cyl-
inder structure following its dipolar mode (Figure 2f), whereas
resonances located at 1155 and 1281 nm correspond to lattice
modes caused by the diffraction of the 2D photonic crystal into
the CQD film (Figure 2h.,j).

From our simulations, the photonic architecture that maxi-
mizes IR absorption near the 1100-1400 nm interest region
(near the excitonic peak) consists of a square array of 110 nm
deep holes in the organic HTL with a periodicity of L = 500 nm
over a 520 nm thick IR CQD dots layer (Figure 2d). By doing
so, we achieved absorption peaks of +30% at 1155 and 1281 nm
and even achieved a 10% extra absorption at the maximum
of the excitonic peak at 1220 nm. The integrated absorption
enhancement in the >1100 nm regime was 12% (better observed
in Figure 4). The influence of other device parameters such as
the organic and CQD layer thicknesses led to optimum values
around 20 and 520 nm, respectively (Figure S3, Supporting
Information).

The preferred array pattern was implemented into CQD
devices with the aid of soft nanoimprinting lithography
(NIL),M) an approach that has enabled the nanostructuring of
a wide range of materials.”?% NIL produces high-resolution
patterns over large areas and is scalable and compatible with
roll-to-roll techniques. We used a prepatterned PDMS stamp
to mold the HTL. First we spin-cast the organic HTL onto the
flat CQD film on a glass/ITO/ZnO substrate. Immediately fol-
lowing spin coating, and while the polymer was still wet, we
gently pressed the PDMS stamp against the sample for 2 min.
After we removed the stamp, the organic layer showed con-
sistent iridescence across the region of indentation. Atomic
force microscopy (AFM) revealed the resulting 2D hole squared
array structure to have 110 nm depth from the 130 nm total
thickness of the HTL (Figure 3b). The nanostructured layer
produced via NIL retains a residual layer of imprinted material
(in our case 20 nm) that prevents completely perforating the
imprinted film: this is important to prevent shunts. Scanning
electron microscopy (SEM) cross-sectional images reveal the
morphology for the photonic HTL structure (Figure 3c).

To complete the devices, we thermally evaporated 20 nm
of MoO; and 400 nm of Ag on top of the patterned HTL
(Figure S4, Supporting Information). The thick silver layer
provided a smooth and uniform coating of the organic template,
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Figure 2. a) Calculated absorption enhancement for patterned 520 nm thick IR CQD active layers at normal incidence as a function of wavelength and
structure depth and b) structure lattice parameter L. Schematic cross-sections of ¢) flat and d) patterned devices and cross-sectional absorption maps
at enhancement wavelength peaks: e,f) 867 nm, g,h) 1155 nm, and i,j) 1281 nm for flat and imprinted devices, respectively.

retaining thereby the structures (Figure 3d) designed with
the aid of FDTD. The final CQD devices (Figure 2) retained
the desired diffraction of light as viewed from the electrode
side (Figure 3e).

The external quantum efficiency (EQE) of IR CQD solar cells
exhibits broad spectral responses from 350 to 1400 nm and
strong excitonic peaks near 1220 nm (Figure 4a). The photonic
electrodes lead to a 14% J. enhancement, raising the original
Jec of 32 mA cm™? of flat devices to 36 mA cm™ in patterned
ones. The EQE improved across the entire 350-1400 nm
spectral range and was most significant in the IR range
1000-1400 nm. With a maximum EQE of 86% at 1220 nm,
these photonic electrode devices set a new record EQE rela-
tive to prior IR CQD photoelectric devices, including both solar
cells and photodetectors.[!]

To ascertain the origin of the EQE enhancement, we com-
pared the measured absorption and measured EQE of each
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device, both flat and patterned devices (Figure S5, Supporting
Information). Their spectral features correlated closely between
A(A) and EQE(A). Correspondingly, the estimated internal
quantum efficiency (IQE) was comparable, and varied mini-
mally with A, for flat and patterned devices (Figure 4a).

We then measured the J-V characteristics for both flat and
patterned IR CQD devices under AM 1.5 illumination with a
silicon cut-off filter (allowing illumination for 4 > 1100 nm)
(Figure 4b,c). The PCE of the devices with the photonic elec-
trode is statistically higher than that of flat devices. In IR
region, the flat device generated 4.4 mA cm™ and the patterned
device 5.6 mA cm™2, achieving a [, 27% enhancement with
comparable V, . and FF (Table 1).1022

In summary, we designed and fabricated CQD solar
cells with photonic back electrodes that improve absorp-
tion within the CQD solid especially in the IR range. To fab-
ricate the photonic structure within the HTL, we replaced the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Schematics of the PDMS imprinting process in CQD devices. b) Surface images and line profile of organic layer scanned by AFM after
imprinting. Scale bar: 2 um. c) SEM images of organic hole transporting template after imprinting (left) and d) final metal structure deposited onto
the organic template. e) Photograph of the prepatterned PDMS mold (left) and the final IR CQD device after nanoimprinting (right).

conventional rigid EDT-treated CQD HTL with a soft, pattern-  HTL fabrication procedure enabled the enhanced EQE and PCE
able conjugated copolymer with high hole mobility and a band  in the spectral regime beyond silicon's absorption. This work
alignment conducive to the egress of holes from the CQD indicates a strategy to seamlessly integrate light trapping in
active layer into the contact. Soft nanoimprinting added to the  solution-processed IR optoelectronics.
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Table 1. IR CQD solar cells parameters characterized under AM 1.5G with 1100 nm cutoff filter.

1188 nm CQD Ve [V] Jsc [MAcm™?] FF IR PCE? [%] + ¢-Si PCE® [%)]

Flat 0.43 +0.009) 4.3+0.08 0.56+0.10 5.25+0.11 1.03 +£0.02
(0.43)9) (4.4) (0.57) (5.51) (1.08)

Patterned 0.43+0.00 54+0.14 0.55+0.15 6.50+0.15 1.27 +£0.03
(0.43) (5.6) (0.56) (6.83) (1.34)

?Calculated IR PCE under the filtered AM 1.5 solar spectrum (19.1 mW cm?, cutoff <1100 nm); bAdded IR PCE to c-Si solar cells under the AM 1.5 solar irradiation;
9Average solar cells parameters and standard deviations; 9Brackets depict the best values at each parameter.

Experimental Section

IR CQD Device Fabrication: The oleate-capped PbS CQDs and ZnO
nanoparticles were synthesized following the previous reports.[}l The
mixture of Pbl, (40 mmol)/PbBr, (20 mmol)/PbCl, (40 mmol) dissolved
in dimethylformamide (DMF) solution was prepared in previous
day. For ligand exchange, 1188 nm PbS CQD dissolved in octane
(50 mg mL™") was injected to the mixture solution (octane:precursor
solution = 1:1) followed by vigorous mixing for 5 min until the CQDs
completely transferred to the DMF phase. The exchanged CQDs
were washed by octane at least three times. The final CQDs were
precipitated by adding the 1.5 mL of acetone at each 2.5 mL of CQD
solution. After centrifugation, drying CQD dot at the vacuum oven for
10 min and redispersed into a mixture of butylamine:DMF (8:2) at the
concentration of 280 mg mL™". The CQD solution was spun onto the
prepared 1ITO/ZnO layers via a two-step spin-coating process under
N, purging: 600 rpm for 10 s followed up by 1000 rpm for 20 s. The
resultant films were dried at 70 °C for 5 min in the glove box. Films with
the CQD layers were stored for one day in air before the deposition of
subsequente layers. For CQD-EDT HTL, two layers of EDT-treated CQDs
were deposited based on the previous report.?l For organic HTL, the
prepared organic solution (15 mg mL™") was spun onto the CQD layer
at 2500 rpm for 30 s followed by drying at 80 °C for 5 min. In particular,
the spinning time was reduced from 30 to 7 s for imprinted device to
form 2D photonic structure before the organic layer was fully dried.
Finally, 20 nm of MoO3; and 400 nm of Ag were deposited through the
shadow mask. The entire active device area during the measurement
was 4.9 cm?.

Nanoimprinting Procedure: Organic HTL 2D photonic crystals were
fabricated by nanoimprint lithography using polydimethylsiloxane
(soft-PDMS) molds with patterned areas of 1 cm? These molds
consist on an array of pillars with a diameter of 200 nm, 300 nm tall in
a 500 nm square periodicity. The imprinting was done right after the
spinning of the organic HTL (see previous IR CQD device fabrication
section) while the film was still viscous, applying a pressure of 25 Pa.
Regulating the applied pressure, the depth of the imprinted pattern
was controlled. After pressing for 2 min, we slowly removed the
PDMS mold and dried the sample at 80 °C. It was found important
to release the PDMS stamp at a slow rate to ensure a peel-off that did
not disrupt the pattern. The peeling-off rate employed was kept below
1T mms™.

SCLC Measurement: The entire structure of SCLC device was ITO
(100 nm)/MoO; (20 nm)/HTL (65 nm)/MoO; (20 nm)/Ag (120 nm).
Thickness of HTLs was adjusted by changing spinning speed. For
mobility calculation, dielectric constant (g) of polymer and PbS CQD
were 4 and 25, respectively, based on the previous report.[?’]

Solar Cells Measurements: EQE and IQE spectra were acquired on
a QuantX-300 quantum efficiency measurement system (Newport).
Monochromic white light from a xenon lamp was chopped at a
frequency of 25 Hz. EQE spectra were acquired at zero electrical
bias. IQE spectra were calculated using EQE spectra taken at —2 V
(ensuring extraction of all photogenerated carriers) as IQE = EQE(0 V)/
EQE(-2 V).?®l Biased EQE is displayed in Figure S5 (Supporting
Information). The estimated IQE agrees well that was seen in IR CQD
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solar cells reported previously.?”l The J-V under a simulated AM1.5
solar spectrum was acquired and corrected according to EQE spectra.
Devices were kept in an inert N, atmosphere. The input power density
was adjusted to 1 sun using a NIST-traceable calibrated reference cell
(Newport 91 150 V). To account for the spectral mismatch between the
AM1.5 G reference spectrum and the spectrum of the lamp, a current
density correction factor was used for each device, corresponding to
the ratio of the value calculated from integrating the EQE spectrum
and the value measured under illumination. The lamp spectrum was
measured using irradiance-calibrated spectrometers (USB2000 and
NIR512, Ocean Optics).

Other Characterizations: Absorbance measurements were performed
on a Lambda 950 UV-Vis-IR spectrometer. Hitachi S-5200 microscope
was used to obtain SEM images. AFM study was performed with an
Asylum Research Cypher AFM equipped with AC240TM-R3 probes.

Optical Modelling: The numerical calculations were performed
using Lumerical FDTD solutions (www.lumerical.com). The refractive
indexes of the CQD and organic layers were extracted from ellipsometry
data. The simulated architecture reproduced the schematic shown in
Figure 3d with the geometrical parameters extracted from SEM of the
actual samples. A linearly polarized plane wave source impinging a
unit cell was modeled with a wavelength ranging from 350 to 1400 nm,
providing a good agreement with experimental results.

Supporting Information

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