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ABSTRACT: Extremely thin-absorber solar cells offer low materials
utilization and simplified manufacture but require improved means to
enhance photon absorption in the active layer. Here, we report
enhanced-absorption colloidal quantum dot (CQD) solar cells that
feature transfer-stamped solution-processed pyramid-shaped electrodes
employed in a hierarchically structured device. The pyramids increase,
by up to a factor of 2, the external quantum efficiency of the device at
absorption-limited wavelengths near the absorber band edge. We show
that absorption enhancement can be optimized with increased pyramid
angle with an appreciable net improvement in power conversion efficiency, that is, with the gain in current associated with
improved absorption and extraction overcoming the smaller fractional decrease in open-circuit voltage associated with increased
junction area. We show that the hierarchical combination of micron-scale structured electrodes with nanoscale films provides for
an optimized enhancement at absorption-limited wavelengths. We fabricate 54.7° pyramid-patterned electrodes, conformally
apply the quantum dot films, and report pyramid CQD solar cells that exhibit a 24% improvement in overall short-circuit current
density with champion devices providing a power conversion efficiency of 9.2%.

KEYWORDS: Colloidal quantum dots, photovoltaics, photonically enhanced solar cells, structured substrates

Solution-processed thin film solar cells are attractive for their
low-cost fabrication and reduced materials utilization.1−9

However, many of these thin-film technologies suffer from the
fact that the thickness from which photogenerated charge can
be efficiently extracted, their transport length, is less than the
worst-case optical absorption length within the medium. This
mismatch, commonly termed the absorption-extraction com-
promise, prevents the efficient utilization of incoming solar
photons whose energy exceeds the semiconductor’s bandgap
(Ephoton > Ebandgap).

10−13

Colloidal quantum dot (CQD) active layers are of interest in
solution-processable photovoltaics because of the size-effect
tunability of their bandgap. Their transport length today has
reached ∼400 nm11,14 but their absorption lengths exceed 1 μm
for infrared, above-bandgap radiation. Once this limitation is
addressed, size-tuned CQDs offer the prospect of readily
fabricated tandem and multijunction cells to provide improved
harvest of the full solar spectrum.8,9

From a materials perspective, CQD solar cells continue to
experience global improvement in power conversion efficiency
(PCE) owing to improved passivation/interfacing of layers.
They have reached greater than 8.5% certified PCE with the aid
of electronic materials property improvements such as

improved electronic trap passivation based on halide
anions.7,15−18 Complementary to these advances, architecture-
level strategies have been explored that aim to address the
absorption-extraction compromise of CQD films through
improved device structure, including the use of bulk
heterojunction,19 depleted bulk heterojunction20−24 and
scattering-absorption enhancement techniques.25−27 So far,
bulk heterojunction attempts, which produce a many-fold
increase in junction area, have lessened open-circuit voltage
(due to increased bimolecular recombination rate at the
increased-area interface20,28,29) and have not yet led to net
power conversion efficiency advances.20,25 Work on nano-
structuring for enhanced solar cell performance has been
detailed in reviews by Cui,30,31 which provide in-depth analyses
of photon management techniques for enhanced light
utilization for a range of silicon-based photovoltaic technolo-
gies. These concepts provide the foundation for development
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Figure 1. Theoretical predictions of enhanced performance for pyramid-patterned thin-film solar cell. (a) Illustrating the increased-light-path
advantage of pyramid-patterned electrodes with detailed equations of the light-film interaction as a function of pyramid angle given in Supporting
Information S1. (b) Results of 2D FDTD simulations of absorption as a function of pyramid angle of inclination. Absorption improves most
dramatically at wavelengths >600 nm with near complete absorption for the 80°-pyramid case. (c) Projected spectral current-density plotted as a
function of wavelength (assuming 100% IQE). (d) Results of 3D FDTD simulations of projected Jph as a function of pyramid pitch. Note that
projected current generation is optimized for pitch of ∼2 μm and this effect saturates for periodicity >2 μm. (Inset left) Absorbed power density map
for 500 nm pitch pyramid (λ = 950 nm). Note standing-wave interference patterns similar to those expected in planar absorption profiles for similar
film thicknesses. (Inset right) Absorbed power density map for 5 μm pitch pyramid (λ = 950 nm). In this case, the absorption is reflective of
geometric scattering within the active film for long wavelength radiation (λ = 950 nm).
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of light recycling techniques applied to thin-film technologies,
including those presented in this work.
Here we develop a structured electrode which, coupled with

conformal CQD film deposition techniques,14 produces a net
performance enhancement in CQD cells. We postulated that an
ideal enhancement strategy should employ the best available
CQD materials in each sublayer of the active device and should
minimize loss in open circuit voltage (Voc) and fill factor (FF)
associated with increased junction area. We would require that
any added processing steps would be scalable and low in
implementation cost.
We fabricated pyramid-shaped transparent electrodes using a

simple stamping procedure. We then overcoated the pyramid
electrodes conformally using CQD films.14 With the appro-
priate selection of periodicity and size, the pyramids give more
than a 2-fold improvement in effective absorption length at
negligible cost to area and voltage. We term this concept
hierarchical structuring, as we exploit three different length
scales in our devices. We employ quantum dots that are
structured on the few-nanometer length scale (∼3−5 nm in
diameter, necessary for bandgap tuning), that are assembled
into thin films structured on the 100 nm length scale (∼300−
400 nm thickness, necessary for efficient charge extraction),
atop micron length scale pyramids (∼2−10 μm, necessary for
optimum light collection), thus applying a hierarchy of size-
scales for optimal results. The conformally coated stamped
pyramids approach ultimately leads to lab-record efficiencies for
colloidal quantum dot solar cells. We achieved a 2-fold
improvement in external quantum efficiency at absorption-
limited wavelengths, leading to an overall 24% improvement in
short-circuit current density.
The absorption advantage of this structure relies on in-film

scattering from the back electrode and results from the
increased light path through the active material (Figure 1a).
In a planar device with a reflective top contact, light will pass
through the active material twice with a path length of ∼2×
thickness for normal incidence irradiation. For the pyramid-
patterned case, light is trapped within the structure and will
reflect internally as a function of pyramid angle with
approximately four passes through the active material in the
case of 54.7°-pyramids and up to 12 passes for the 80°-
pyramids case. The spectral absorption of the CQD film, as a
function of thickness, is given by eq 1, where p is the total light
path through the active film and α(λ) is the spectral absorption
coefficient for the CQD material. The length of each pass is
further increased by a factor of 1/cos(αi), wherein the total
light path (p) is given by eq 2, where t is the CQD film
thickness and m and αi are defined in more detail in the
Supporting Information

λ = − α λ−A e( ) 1 t( )
(1)
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To determine the quantitative absorption enhancement in a
photovoltaic device we performed two-dimensional finite-
difference time-domain (FDTD) simulations for the complete
layer structure of a depleted heterojunction CQD solar cell,
including 300 nm thick, 1.3 eV bandgap lead-sulfide (PbS)
CQD films on pyramid-patterned titania (TiO2) electrodes.
The spectral absorption of the quantum dot film is presented as
a function of pyramid inclination angle (Figure 1b). We note

significantly increased absorption for pyramid angles that cause
additional passes through the CQD film. The most dramatic
enhancement occurs for the 80°-pyramid case in which near-
complete absorption is expected over the spectral range of
interest for this material. FDTD simulations reveal a relative
enhancement of more than 50% at the exciton peak (950 nm
wavelength) with a maximum enhancement of ∼200% at the
weakly absorbed (excitonic valley) wavelength of 850 nm. For
pyramid angle of 54.7°, there is a relative absorption
enhancement of ∼100% at this wavelength of 850 nm. We
note that absorption is increased for specific critical angles at
which extra reflections would occur inside the pyramid-shaped
active layer. The trend does not, however, indicate that larger
angle leads to increased absorption in all cases. We note that for
30° pyramids, the absorption is in fact slightly higher than for
54.7°. Applying theoretical predictions as detailed in Support-
ing Information S1 and according to eqs 1 and 2 presented
above, we find that p (interaction length of light with active
material) is approximately 6.0 times the thickness of the film for
the 30° case, while p is 4.8 times the film thickness for 54.7°.
Despite this theoretical advantage we chose to work with 54.7°
pyramids for practical reasons: silicon’s natural etch plane of
54.7° directly facilitates implementation of pyramids exhibiting
these sidewall angles.
The spectral photogenerated current-density (Jsph) was

plotted as a function of wavelength for planar, 54.7°-pyramids
and 80°-pyramids. Jsph is the current density that would flow if
internal quantum efficiency (IQE) were 100%, that is, it is the
absorbed photon current. The maximum available current
density (assuming 100% absorption of the AM1.5 spectrum) is
included for comparison (Figure 1c). Comparing with the
planar 300 nm-thick active-layer CQD device, the integrated
Jsph is predicted to improve by approximately 25% for the 54.7°-
pyramids case and nearly 50% for the 80°-pyramids case.
Next, we investigated the impact of angle of inclination on

overall power conversion efficiency, taking account of not only
photocurrent enhancement but also increased interfacial area
and its impact on open-circuit voltage. Further, to add realism
and facilitate comparison with experiments, we also used
experimentally determined spectra of IQE in estimating the
short circuit current (Jsc) (Supporting Information S2 and S3).
Using optical and electronic parameters for the best previously
reported CQD solids, we predicted a power conversion
efficiency (PCE) of ∼10% for 300 nm-thick PbS CQD films
conformally coated atop 80°-pyramids with projected Jsc and
Voc of 30 mA/cm

2 and 0.56 V, respectively. The PCE for 54.7°-
pyramids was predicted to be ∼9.2% compared with a predicted
PCE of ∼7.7% PCE for the planar case.
We then explored whether the in-plane period of pyramid

position impacted the optical structural enhancements of
interest. We used three-dimensional (3D) FDTD simulations.
In Figure 1d, we plot photogenerated current-density (Jph) as a
function of pyramid pitch for 54.7°-pyramids. Optimal
enhancement in current generation occurs for approximately
micron-scale pitch. The improvement as a function of pitch
saturates for period >2 μm in the case of 300 nm thick CQD
films. Comparing absorbed power density for a pyramid-pitch
of 500 nm versus 5 μm (inset of Figure 1d) we note standing
wave interference patterns in the submicron case. Such effects
limit the potential for absorption enhancement for longer
wavelength radiation (e.g., out to λ = 1000 nm in the CQD
absorber case of interest herein). This effect was observed in
other reports investigating the effects of inverted-pyramid pitch
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on optical reflection for silicon solar cells.32,33 As detailed in
one of these reports,33 for wavelengths greater than the period
of the pyramids, only a zeroth order wave is present and
propagates essentially as a plane wave along the light incidence
axis. For D > 2λ, the system is geometric-optics dominated and
transmission through the surface is consequently maximized.33

In sum, in the case of CQD solar cells, which absorb up to
lambda ∼1000 nm, we thus require >2 μm pitch to ensure we
are in a geometric-optics dominated regime which leads to the
most optimal degree of light coupling into the film. This
limitation necessitates a structuring strategy on the multimicron
length-scale. For added ease of fabrication, we selected a
periodicity of 10 μm for this study.
We created first a template for pyramids using anisotropic

etching of silicon. We applied wet-etch techniques to ⟨100⟩-
oriented wafers, producing inverted pyramid features with
inclination angle of 54.7° (Figure 2a) based on a periodic
pattern. These have much in common with the passivated
emitter rear locally diffused (PERL) silicon photovoltaic
cell,34−36 which employ inverted pyramidal structures to reduce
reflection at the silicon−air interface. In this work, this concept
was deployed for increased light trapping in the active film, an
application that would prove unnecessary for silicon as it is

already a complete absorber of above-bandgap photons at
typical device thicknesses. We prepared the silicon master using
photolithography (see Methods). After silanization treatment37

of the silicon master’s patterned surface, we molded
polydimethylsiloxane (PDMS) to achieve high-fidelity transfer
of pyramid features. A second transfer process was applied to
print reciprocal inverted-pyramid structures into PDMS to form
the stamp. After applying a thin viscous film of TiO2
nanoparticle solution on the substrate, the PDMS stamp
(with inverted pyramids) was then applied and solvents were
allowed to dry (Figure 2b). The result was pyramid-patterned
TiO2 films (Figure 2c,d) with pitch of 10 μm, pyramid base
widths of 8−9 μm, and pyramid height of approximately 5 μm.
With conformal PbS CQD films on pyramid-patterned

electrodes, we were able to achieve consistent performance
improvements over planar controls. Scanning electron micros-
copy (SEM) images compare CQD films on both planar
(Figure 3a) and pyramid-patterned electrodes (Figure 3b). Film
thickness was measured to be approximately 350 ± 30 nm for
the planar case, and approximately 400 ± 30 nm in the pyramid
case; we consider these thicknesses to be in agreement taking
into account the considerable experimental uncertainty of these
measurements. Total absorption (including absorption of FTO

Figure 2. Fabrication of pyramid-patterned titania (TiO2) electrodes. (a) Illustrating the effects of anisotropic etching on ⟨100⟩-oriented silicon. The
⟨100⟩ plane etches preferentially at a rate 100× faster than the ⟨111⟩ plane, creating inverted pyramid features with angle of 54.7°. (b) Fabrication
flow for preparing pyramid-patterned electrodes. The PDMS mold is first prepared using the patterned silicon wafer as a master; a reciprocal PDMS
stamp is prepared from this mold to obtain inverted pyramid features. This stamp is then used to pattern the TiO2 electrode. (c) SEM showing the
pyramid-patterned TiO2 electrode. Pyramid pitch is roughly 9−10 μm with pyramid size of 8−9 μm. (d) Cross-sectional SEM of a single TiO2
pyramid. Height is estimated to be approximately 5 μm.
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and top contact) is compared for both samples (Figure 3c).
Results are in excellent agreement with simulated (2D FDTD)
spectra of total absorption (for 54.7° pyramids and 300 nm-
thick PbS films) with significantly improved absorption at
wavelengths >600 nm for the pyramid-patterned sample. In the
most dramatic case, total absorption is improved by ∼72% for
the pyramid-patterned case at weakly absorbed wavelengths (λ
= 830 nm). We note the presence of additional peaks in the
simulated absorption plots that arise from thin film interference
effects. However, for the experimentally built pyramids we find
that the somewhat curved peaks and valleys, and their slightly
rough sidewalls, produce an effective spectral averaging that
diminishes these sharp resonances. A similar effect is observed
for planar devices that are built atop rough fluorine-doped tin
oxide films.
External quantum efficiency (EQE) of pyramid-patterned

and planar control samples was also compared (Figure 3d). The
predicted Jsc from measured EQE agreed well, to within 5%,
with measured values of Jsc under AM1.5 illumination. We
observe a substantial enhancement of EQE in the infrared
spectral region for the structured sample with ∼100%
enhancement at λ ∼ 850 nm, indicative that improved device
performance is the result of increased light path through the
active layer, as indicated by absorption measurements.
Current density−voltage (J−V) characteristics for the record

pyramid-patterned device were also compared with the best
planar control (Figure 4a). We obtained a power conversion
efficiency of 9.2%, matching a lab-record for colloidal quantum
dot solar cells. This represents an enhancement of 15% in PCE
over the best planar control with an overall improvement of
∼24% in Jsc. Open-circuit voltage and fill-factor were

comparable (to within experimental uncertainty) for the two
devices. Thus, conformal films preserve the FF in the structured
case, and any loss in Voc is minimal, as projected (<0.02 V) for
54.7° pyramids. As expected from theoretical treatments and
quantum efficiency measurements, the pyramid-patterned
device generates additional photocurrent from increased
absorption inside the same thickness of active material
(perpendicular to the electron-accepting electrode). As
discussed, the limited charge transport of CQD films dictates
that the most efficient thickness for transport is too thin to
achieve complete absorption of incident radiation. The
pyramids effectively enhance absorption in the active film
without increasing the electrode-to-electrode distance, and they
do so by increasing both the angle of transmission through the
active layer, and the number of optical passes in the device: 4−
6 effective passes occur in the pyramid devices compared to the
2 that occur in a planar device.
To characterize reproducibility, we plotted all device results

over a one month period (with optimized stamping and film
fabrication procedures) in a histogram. For a sample size of 126
pyramid-patterned devices (i.e., 126 individual devices as
defined by the 0.049 cm2 contact area) prepared with similar
substrate stamping and film fabrication protocols, we report an
average power conversion efficiency of 8.2% with a standard
deviation of ± 0.6%. For comparison, the average device
performance for a sample size of 124 planar devices (also
defined as 124 individual 0.049 cm2 devices) is 6.5 ± 0.8%.
As demonstrated in this study, there exists potential for

additional absorption enhancement when using steeper-angle
pyramids. The good agreement between experiment and theory
herein suggests that the 80° pyramids could indeed enable

Figure 3. Enhanced absorption and quantum efficiency for pyramid-patterned CQD solar cell. (a) Cross-sectional SEM of planar CQD device. The
film thickness is ∼350 ± 30 nm. (b) Cross-sectional SEM of a pyramid-patterned CQD device. The film thickness is ∼400 ± 30 nm. (c) Total
absorption (including absorption of FTO and top contact materials) of pyramid-patterned device compared to planar control. There is increased
absorption at wavelengths >600 nm for the structured device, and excellent agreement with 2D FDTD simulation data for both samples. (d) External
quantum efficiency (EQE) of a pyramid-patterned sample versus a planar control. The EQE response is most improved for the wavelength range
between 700 and 1000 nm with ∼100% improvement at 850 nm over the planar control.
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devices that reach above 10% solar PCE. These structures could
further be adapted to other thin-film technologies or alternative
CQD-based films for comparable absorption enhancement and
subsequent current generation benefits with minimal losses in
open-circuit voltage and fill-factor.
In summary, we made use of a structured substrate for

increased absorption in transport-limited CQD films and
applied conformal absorbing films to leverage the full potential
of the structured design. Using micron-scale pyramid features as
part of a hierarchical structured device, we achieved 9.2% solar
PCE as a result of a 24% improvement in Jsc over the planar
control. When statistics were gathered for over 100 devices, we
achieved a 26% improvement in the mean pyramid device
relative to the mean planar control.
Methods. Finite-Difference Time-Domain Simulations.

Finite-difference time-domain simulations were carried out
using Lumerical FDTD Solutions software (http://www.
Lumerical.com) version 8.7.4. The 2D simulations were for
pyramid (with periodicity, size, and side-wall angle as defined in
the text) or planar structures at the midline along the z-axis
with periodic boundary conditions in the x-direction. The 3D

simulations were for pyramid (with periodicity, size, and side-
wall angle as defined in the text) or planar structures with
periodic boundary conditions in the x- and y-directions. A
broadband (λ = 400−1200 nm) planewave source polarized
along the y-axis was incident from within the glass region. The
absorption was isolated for the individual layers and only the
absorption of the CQD layer is presented in Figure 1, while
Figure 3 represents the total absorption of all active layers in
the device. Note that photogenerated current density (Jph)
presented in Figure 1d was computed assuming an internal
quantum efficiency of 100% and integrating the predicted
absorption curve against the AM1.5 solar irradiance spectrum.

Silicon Master Preparation. The silicon (Si) master was
prepared from a 4 in. diameter ⟨100⟩-oriented silicon wafer
coated with 100 nm of PECVD-deposited Si3N4. A grid pattern
(with 10 μm pitch) was transferred to the Si3N4 layer via a
positive photolithography process. The wafer was then heated
at 115 °C for 1 min to evaporate residual surface moisture. An
adhesion-promoter, hexamethyldisilazane (HMDS), was spin-
cast onto the wafer at 4000 rpm (2500 rpm/s acceleration) for
40 s to promote adhesion between the photoresist and the
wafer. S1811 photoresist was then spin-cast onto the substrate
at 4000 rpm (2500 rpm/s acceleration) for 90 s. The wafer was
then baked at 115 °C for 1 min and exposed to 930W UV
radiation for 7.1 s in hard contact mode. The photoresist
contained within the 9 μm × 9 μm squares (between grid lines)
was developed in MF321 for 28 s and the remaining photoresist
covering the 1 μm wide grid lines was hard-baked at 115 °C for
20 min. The Si3N4 was then removed from the 9 μm × 9 μm
square-regions (between grid-lines) by reactive ion etching
(RIE) in CF4/CHF3 (CF4/CHF3, 20 sccm; pressure, 16
mTorr; power, 90 W) for 5 min. The remaining photoresist was
removed with a 10 min exposure to acetone. The silicon wafer
with Si3N4 hard mask was then dipped in 20% KOH in
isopropanol at 70 °C, etching the silicon at a rate of 1 μm/min.
The Si3N4 hard-mask was then removed with buffered oxide
etch (BOE) thus producing a silicon wafer with a periodic array
of inverted pyramid features with pitch of 10 μm and individual
pyramid width of 9 μm.

Electrode Preparation. Polydimethylsilane (PDMS) stamps
were prepared using the silicon wafer as a master. Prior to
molding the PDMS, the Si surface was treated using a
silanization process in which the wafer was treated with an
O2 plasma-etch at 50 W for 5 min (Unitronics PE-25-JW
Plasma Cleaning System), then submerged in 30% H2O2 to
functionalize the surface for silanization exposure. The wafer
was then loaded into a glovebox antechamber and exposed to
100 μL of trichloro-(perfluorooctyl)-silane under low vacuum.
PDMS (mixed in a 10:1 ratio of resin:curing agent) was poured
over the Si master and heated on a hot plate for 20 min at 125
°C. The PDMS stamp was then used to mold a reciprocal
PDMS stamp to be used for preparing the pyramid-patterned
electrodes. The silanization process was repeated for the
original PDMS mold, and 5 mL of PDMS (10:1 ratio) was
poured over the original PDMS mold and treated in an oven for
1 h at 70 °C. The reciprocal PDMS stamp (with inverted
pyramid features) was then used to structure the TiO2
electrode.

TiO2 Electrode Stamping. Two hundred microliters of
viscous TiO2 solution (1:2 Dyesol DS90 TiO2 nanoparticles/
ethanol) was spin-cast onto an FTO-coated glass substrate at
1000 rpm for 10 s. The PDMS reciprocal stamp was then
placed onto the substrate, applying no additional pressure. The

Figure 4. Enhanced performance of pyramid-patterned CQD thin-film
solar cell. (a) J−V curve comparing device performance of a pyramid-
patterned sample versus a planar control. PCE was measured as 9.2%
for the pyramid-patterned sample, a 15% improvement over the planar
control. (b) Histogram of pyramid-patterned CQD device perform-
ance over a one month period (red) and planar control device
performance (blue). Average PCE of 8.2 ± 0.6% was computed for a
sample size of 126 pyramid-patterned samples. Comparatively, the lab-
wide average (neglecting outliers) for planar CQD devices was 6.5 ±
0.8% for a sample size of 124.
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TiO2 paste was allowed to dry for a minimum of 8 h and the
stamp was removed, leaving behind a pyramid-structured TiO2
film. The substrate was then heat-treated at temperatures of
200, 300, and 400 °C for 15 min each to burn off excess
organics from the film. The TiO2 electrode was then treated
with titanium tetrachloride solution; the substrates were
submerged in a 120 mM solution of TiCl4 in deionized water
and heated in an oven for 30 min at 70 °C. Substrates were
then removed from the oven, rinsed with water, dried with
compressed N2, and heated to 400 °C on a hot plate for 1 h.
Device Fabrication. All devices (pyramid-patterned and

planar controls) were prepared using sequential dip-coating.
Samples were automatically manipulated using a medium-sized
KSV NIMA multivessel dip-coater. The samples were first
dipped into 30 mL beakers containing 15 mL of 0.05%
mercaptopropionic acid (MPA) in methanol for 5 s, then left to
dry for 360 s (surface primer treatment). Samples were then
dipped into an adjacent 30 mL beaker containing 15 mL of 7.5
mg/mL PbS quantum dots (synthesized and exchanged
following previously published protocols7) in hexane for 30 s,
and left to dry for 240 s. Samples were then dipped into a 50
mL beaker containing 25 mL of 0.2% MPA in methanol
solution (solid-state exchange) for 3 s followed by 60 s drying.
Finally, the samples were rinsed in a 50 mL beaker containing
25 mL of pure methanol for 5 s and dried for 120 s. This
process was repeated for 10−12 cycles for optimal results. The
top contacts were deposited via thermal (molybdenum trioxide
and silver) and e-beam (gold) evaporation with a total
thickness of 30 nm MoO3, 50 nm Au, and 200 nm Ag.
Absorption Measurements. The procedure used for these

measurements is identical to that published by Adachi et al.25

All absorption measurements were done using a Perkin Elmer
Lambda 950 UV−vis−NIR spectrophotometer equipped with
an integrating sphere. Samples were placed at the center of the
integrated sphere tilted at an angle of 20° relative to the
incident beam. The total transmission (T) and reflectance (R)
was collected by the integrating sphere detector with all ports
closed except the one for the incident beam. Absorption was
calculated as 100% − T − R. The 100% transmission baseline
measurement was an empty sphere.
AM1.5 Photovoltaic Device Characterization. The proce-

dure used for these measurements is similar to that published
by Adachi et al.25 All photovoltaic and EQE measurements
were carried out under N2-flow. Current density−voltage
curves were measured using a Keithley 2400 source meter with
illumination from a Sciencetech solar simulator with an
irradiance of 100 mW/cm2. The active area of the solar cell
was illuminated through a circular aperture with an area of
0.049 cm2. The power was measured using a Melles-Griot
broadband power meter. The spectral mismatch between
measured and actual solar spectra was measured using a
calibrated reference solar cell from Newport. A total spectral
mismatch of ∼4% was taken into account by applying a
multiplicative factor of 0.96 to measured current density values.
The uncertainty of AM1.5 measurements was estimated to be
±7%.
External Quantum Efficiency Measurements. The proce-

dure used for these measurements is identical to that published
by Adachi et al.25 External quantum efficiency spectra were
measured under monochromatic light (400 W xenon lamp
source passing through a monochromator with order-sorting
filters) that was chopped at 220 Hz. A constant 1-sun intensity
white-light source simultaneously illuminated the device during

measurements. The monochromatic light power was measured
using Newport 818-UV and Newport 818-IR power meters.
The current response was measured using a Stanford Research
Systems lock-in amplifier at short-circuit conditions. The
uncertainty of the EQE measurements, calculated from taking
the root-mean-square of the error from all equipment, was
±3%.
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Bawendi, M. G.; Gradecǎk, S.; Bulovic,́ V. Adv. Mater. 2013, 25, 2790−
2796.
(24) Wang, H.; Kubo, T.; Nakazaki, J.; Kinoshita, T.; Segawa, H. J.
Phys. Chem. Lett. 2013, 4, 2455−2460.
(25) Adachi, M. M.; Labelle, A. J.; Thon, S. M.; Lan, X.; Hoogland,
S.; Sargent, E. H. Sci. Rep 2013, 3, 2928.
(26) Koleilat, G. I.; Kramer, I. J.; Wong, C. T. O.; Thon, S. M.;
Labelle, A. J.; Hoogland, S.; Sargent, E. H. Sci. Rep 2013, 3, 2166.
(27) Lopez-Lopez, C.; Colodrero, S.; Calvo, M. E.; Miguez, H. Energy
Environ. Sci. 2013, 6, 1260−1266.
(28) Kemp, K. W.; Labelle, A. J.; Thon, S. M.; Ip, A. H.; Kramer, I. J.;
Hoogland, S.; Sargent, E. H. Adv. Energy Mater. 2013, 3, 917−922.
(29) Widmer, J.; Tietze, M.; Leo, K.; Riede, M. Adv. Funct. Mater.
2013, 23, 5814−5821.
(30) Zhu, J.; Yu, Z.; Fan, S.; Cui, Y. IEEE Int. Nanoelectron. Conf., 3rd
2010, 70, 330−340.
(31) Narasimhan, V. K.; Cui, Y. Nanophotonics 2013, 2, 187−210.

(32) Han, Y.; Yu, X.; Wang, D.; Yang, D. J. Nanomater. 2013, 2013,
7−7.
(33) Llopis, F.; Tobías, I. Prog. Photovoltaics 2005, 13, 27−36.
(34) Campbell, P.; Green, M. A. J. Appl. Phys. 1987, 62, 243−249.
(35) Zhao, J.; Wang, A.; Altermatt, P. P.; Wenham, S. R.; Green, M.
A. Sol. Energy Mater. Sol. Cells 1996, 41−42, 87−99.
(36) Campbell, P.; Green, M. A. PVSEC 11 Part I 2001, 65, 369−
375.
(37) Xia, Y.; Whitesides, G. M. Angew. Chem., Int. Ed. 1998, 37, 550−
575.

Nano Letters Letter

DOI: 10.1021/nl504086v
Nano Lett. XXXX, XXX, XXX−XXX

H

http://dx.doi.org/10.1021/nl504086v

