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ABSTRACT: Corrugated structures are integral to many types of photoelectronic ‘[ °° &y eraiing
devices, used essentially for the manipulation of optical energy inputs. Here, we have
investigated the gains and losses incurred by this microscale geometrical change. =
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We have employed nanostructured electrode gratings of 600 nm pitch in PbS colloidal | s 5 02l
quantum dot (PbS-CQD) solar cells and investigated their effect on photovoltaic ~ o:f-% &um o1l
properties. Solar cells employing grating structure achieved a 32% and 20% increase e B e e

in short-circuit current density (J,.) and power conversion efficiency, respectively,

Photon Flux (s 'om?) Photon Flux (s 'em?)

compared to nonstructured reference cells. The observed photocurrent increase of

the structured devices mainly stems from the enhancement of photon absorption due to the trapping of optical energy by the
grating structures. This optical absorption enhancement was particularly high in the near-infrared portion of the sun spectrum
where PbS-based solar cells commonly present poor absorption. We have interestingly observed that the open-circuit voltage of
all the devices increase with the increase in the absorbed photon energy (at a fixed light intensity), indicating a significant shift in
Fermi energy level due to localization of low photon energy generated carriers in the tail of the density of states. We elucidate the
role of the grating structure on charge dynamics and discuss the feasibility of these structures for construction of cheap and

efficient photovoltaic devices.

B INTRODUCTION

PbS semiconducting colloidal quantum dots (CQDs) have been
investigated in recent years in a growing number of electro-
photonic devices such as solar cells,"™* light-emitting diodes,”™”
photodetectors,” and other sensors.” This interest arises from the
CQDs unique characteristics such as ease of bandgap tunabil-
ity through control of particle size'”'" and other convenient
practical considerations such as low temperature solution
processability. While the solution-based processing has created
opportunities for printing films on substrates, the tunable energy
bandgap has enabled fabrication of solar cells capable of
harvesting a wide range of solar energy.lz_14 As a result, recent
studies have demonstrated photovoltaic devices with remark-
able short-circuit currents (J,) in excess of 20 mA/cm?' ™"
However, the majority of the photogenerated carries in PbS-
based solar cells come from the high-energy photons (400—
800 nm) whereas the external quantum efficiency (EQE) for
near-infrared (NIR) photons is limited to less than $0%.' "
This marked difference in EQE results from the smaller penetra-
tion depth of shorter wavelength radiation, and therefore the
majority of free charge carriers generated by these higher energy
photons are closer to or within the depletion region allowing
them to be effectively collected.'® As typical PbS CQDs can
absorb light well in the NIR range (800 nm to up to 1500 nm
depending on particle size), it is critical to harvest these photon
energies more efficiently to improve device performance.
Nanostructured electrodes offer great opportunities for enhanc-
ing both the optical energy absorption and carrier collection

efficiency simultaneously. CQD solar cells are characterized by a
narrow depletion width, which enforces electrically dead zones.
Carriers produced in the dead zone cannot be collected at
electrodes due to inherent short carrier transport lengths.'®
In nanostructured devices, however, the electrical field spatial
distributions change substantially, thereby allowing for increased
collection of charge carriers in addition to just pure optical
absorption enhancement. Unique nanostructures such as nano-
wires, % nanopillars,19 and other microstructures’® have been
suggested as a strategy to improve the cell performance. Kramer
et al. have investigated a pillar structured electrode and
demonstrated PbS-based solar cells with power conversion
efficiency as high as 5.6%, exhibiting a 20% improvement in J;. vs
its flat counterpart.'” Labele et al. have reported an efficiency of
9.2% for a device possessing a hierarchical structured electrode.”’
Performing full optoelectronic simulations, we have previously
shown the benefits of introducing a simple grating structure
in CQD solar cells, leading to further improvements in device
power conversion efﬁciency.21

In this work we build upon our theoretical simulations by
fabricating PbS CQD solar cells with a periodic submicron
grating structure and experimentally investigate differences in
electrical behavior compared to planar cells. The device with
the grating structures showed ~32% higher ] as well as 20%
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higher power conversion efficiency compared to the flat reference
device. Going beyond the optical differences between flat and
patterned devices, we emphasized investigating the routes of
electronic losses in device performance. This is accomplished by
studying carrier recombination using light intensity dependent
current—voltage measurements. Concurrently, the open-circuit
voltage (V) was found to be dependent on the wavelength of
the incident light, whereby lower values were achieved when the
devices were exposed to a near-infrared light. The wavelength
dependent V_ is attributed to the shift of Fermi level due to
carrier localization in the tail of the density of states, a process
that is highly dependent on the energy of the absorbed photons.
The behavior of V,. and fill factor (FF) will be discussed in
detail. Overall, the results give complete information on the role
of device engineering on performance, which substantially could
help to redesign quantum-dot-based solar cells.

B EXPERIMENTAL SECTION

Materials. Lead oxide (PbO(III), 99.999%), oleic acid
(99%), 1-octadecene (ODE, 95.0%), hexamethyldisilathiane
(TMS, synthesis grade), 3-mercaptopropionic acid (MPA, 99%),
1,3-benzenedithiol (BDT, 99%), anhydrous hexane (95%), and
anhydrous acetonitrile were purchased from Sigma-Aldrich
and used without further purification. Acetone, methanol, and
hexane were purchased from Fisher Scientific. S1811 Positive
photoresist, Thinner “P”, and MF319 developer were purchased
from Microchem.

Synthesis of PbS Colloidal Quantum Dots. PbS colloidal
quantum dots (CQDs) were synthesized following the
procedures published in the literature.””** 0.45 g (2 mmol)
of PbO(III) and 1.13 g (4 mmol) of oleic acid were dissolved in
17.7 mL of ODE and stirred at 100 °C under vacuum for over
1 h. The solution was then heated to 150 °C, and N, gas was
flowed to the reaction flask. 0.21 mL (1 mmol) of TMS
solution in 5.1 mL of ODE was prepared in another flask under
N,. The TMS solution was injected to PbO/oleic acid solution
and stirred for 150 s followed by quenching in an ice bath. The
PbS colloidal solution was then transferred to centrifuge tubes
and precipitated in acetone. After centrifugation (7500 rpm,
10 min), the centrifuge-decant method was utilized to clean the
PbS. In this method a small amount of hexane is used to
resuspend the PbS, which is again precipitated in acetone and
centrifuges. These steps were repeated three times, and then
methanol was used in place of acetone for an additional two
times. The oleic acid-capped PbS quantum dots were then
dispersed in hexane for employment in the solar cell construction.

Fabrication of Grating Electrode. Commercial ITO
(indium tin oxide) on glass was used as substrate in all the
samples. Laser interference photolithography was then employed
to create a submicron grating structure composed of a positive
photoresist S1811, which was then to become a template for
deposition of additional ITO and tantalum-doped TiO,
(Ta:TiO,). The photoresist was spin-coated at 7000 rpm for
40 s onto the commercial ITO substrates and followed by a
prebaking step at 120 °C for 60 s. The photoresist film was then
exposed to UV light with 374 nm laser in the interference
lithography setup for 2—3 min and developed in MF319 developer
for 5 s. ITO and Ta:TiO, were then deposited by pulsed laser
deposition (PLD). The substrate was soaked in acetone for
1S min to remove the templated photoresist followed by annealing
at 400 °C for 15 min to enhance the Ta:TiO, conductivity.

Fabrication of PbS Solar Cells. PbS CQDs were
deposited onto both patterned and planar ITO via dip-coating

using a layer-by-layer (LBL) deposition technique in a nitrogen-
filled glovebox (all fabrication steps in planar samples were
identical to pattern devices, except for the lack of photo-
lithography). The LBL technique consisted of the following
deposition protocol. Substrates were dipped in four different
solutions to deposit one layer of PbS film, namely (1) a mix
ligand solution of 0.01% MPA and 0.01% BDT in acetonitrile as
a linker solution, (2) S mg/mL PbS solution in hexane, (3) a mix
ligand solution of 0.1% MPA and 0.1% BDT in acetonitrile
as a exchange solution, and (4) acetonitrile as a rinsing solution.
Substrates were soaked in each solution for 10 s and withdrawn
at a speed of 1 mm/s followed by a drying time of 60 s. This
cycle was repeated S0 or 90 times to obtain desired thickness
of PbS films, which were 70—80 and 150—160 nm, respectively.
The film-coating processes were performed using a fully
automated dip-coating machine, and the withdraw speeds were
selected to ensure uniform and conformal coating of the PbS
nanocrystals unto the grating structures. To form a photo-
cathode, 15 nm of MoO;, 25 nm of Au, and then 120 nm of Ag
were subsequently deposited in a thermal evaporator at a base
pressure of 107 mbar. Devices were prepared and tested in a
nitrogen-filled glovebox (O, < 0.1 ppm, H,O < 0.1 ppm).

Characterization of PbS Solar Cells. Absorption
Measurement: CQD in Solution. The absorption spectrum
of PbS CQDs in octane was measured by UV—vis and NIR
spectroscopy (Cary 60 UV—vis and NIR spectrophotometer)
(Figure S1 in Supporting Information).

Absorption Measurement: Complete Solar Cells. The absorp-
tion of complete PbS solar cells was measured with an integrat-
ing sphere and spectrometer/CCD camera (Acton 300, PIXIS,
Princeton Instruments).

Scanning Electron Microscopy. A scanning electron micros-
copy (FEI Helios 600 Nanolab Dual Beam System) was used to
image the grating structures and determine the thickness of PbS
films.

Current—Voltage Measurements. All the solar cell characteri-
zations were employed in a nitrogen-filled glovebox. Current—
voltage measurements were performed using a Keithley 2400
source meter. The photovoltaic characteristics of the solar cells
were recorded under a simulated AM. 1.5G (1000 W/m?) solar
illumination from a Newport solar simulator. Neutral density
filters were used to vary the intensity of the incident light.

EQE Measurement. To measure the external quantum
efficiency (EQE) of the devices, light originating from a halogen
lamp was passed through a monochromator to produce a
monochromatic light that was directly incident onto the solar
cells resulting into a photocurrent, which was measured with a
lock-in amplifier.

EIS Measurement. A Gamry S00 potentiostat with Gamry
Framework was utilized to characterize the impedance of the
photovoltaic devices.

B RESULTS AND DISCUSSION

Role of Corrugated Structure on Photovoltaic Proper-
ties. Figure 1 shows the cross-sectional micrographs of the flat
and grating devices. The PbS layer thickness was adjusted by
the number of dip-coating cycles to be either ~75 or ~155 nm
thick corresponding to S0 and 90 cycles, respectively. The
grating geometry was achieved by first using laser interference
lithography to pattern a photoresist onto which the ITO/
Ta:TiO, layers were deposited by PLD. The ITO/Ta:TiO,
grating was approximately 400 nm in height with a 600 nm
period. These parameters were selected because of the facile
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Figure 1. SEM images of flat and grating devices with 50 (a, c) or
90 (b, d) layers of PbS films.

fabrication, a step toward a truly optimized structure as modeled
in reference which requires a larger structure height/pitch
ratio.”’ As seen in Figures lc and 1d, the grating devices
maintain the corrugated structure of the patterned electrode
without filling the space between the ridges by the subsequent
layers.

The current density—voltage (J—V) characteristics and photo-
voltaic parameters of the flat and grating devices measured
under 1 sun illumination are depicted in Figure 2a and Table 1,
respectively. Six devices of each type were fabricated and tested
for the data (Table 1). The performance figures were modest
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relative to champion devices published elsewhere. This is
presumably because of more limited charge transport character-
istics in our QDs, but nevertheless we noted clearly different
metrics for the different device types. The detailed measure-
ments presented below were taken for representative performers
from the different groups. Increasing the PbS film thickness
of the planar cells negatively impacted all measures of their
performance with 46% decrease in overall energy conversion
efficiency. Most significantly, the V. and FF decreased by
29% and 21%, respectively. Decreasing FF with increasing PbS
film thickness for planar devices was predicted in simulations,”'
resulting from increased recombination of carriers photo-
generated outside the depletion region. We note that this large
drop in FF with PbS layer thickness was not seen with the gratin%
structure, and this is partially also consistent with predictions.”
Similarly, increasing PbS film thickness has resulted in a
particularly severe reduction of V. in the flat samples. Though
the source of the drop in V,_ as function PbS thickness can also
be associated with carrier recombination factors, the role of the
device architecture is not so simple to interpret.

For the remainder of the paper we discuss the role of grating
on photovoltaic properties exclusively in devices comprising
50 layers of PbS (hereafter denoted as SOL), whose thickness
is 70—80 nm. Overall, the grating structure improved the
power conversion efficiency by 20% over the planar geometry.
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Figure 2. (a) Current—voltage characteristics of the flat and grating solar cells with two different PbS thicknesses, (b) the external quantum efficiency
(EQE) of the four solar cells, (c) normalized EQE of SO layers PbS flat and grating devices, and (d) absorption spectra of devices with SO layers of

PbS in the flat and grating architectures.

Table 1. Photovoltaic Parameters of the Solar Cells Measured under A.M. 1.5 1 sun Illumination

device type PbS thickness (nm) Joc (mA/cm?)
flat SOL 70—80 6.36 + 0.22
flat 90L 150—160 6.14 + 0.42
grating SOL 70—80 8.37 £ 0.55
grating 90L 150—160 8.97 £ 0.87

V,. (V) FF (%) efficiency (%)
0.35 + 0.07 35.68 + 6.40 0.79 + 0.40
0.25 + 0.02 28.31 + 1.87 043 + 0.12
0.38 + 0.06 2947 + 2.06 0.95 + 0.31
0.33 + 0.03 29.66 + 1.46 0.87 + 0.17



(b) Given that the grating increases the volume of PbS per projected
10 g Grating Device 2-dimensional area without affecting the charge collection
B Flat Device dynamics, much of the 32% enhancement in ] is attributed to
increased charged generation in the extra volume. In addition,

simulations (Figure 3) predict the charge generation rate in the

S06
g grating device to be enhanced by light-field localization, which
So4r is consistent measured absorption spectra of Figure 2d, whereas
in the simulation, enhanced absorption occurs for wavelengths
02}

greater than 550 nm, especially near the PbS CQD’s excitonic
ol | | | 800—1100 nm peak range. This enhanced light absorption over
400 600 800 1000 1200 these wavelengths for the grating device is mirrored in the external
Wavelength (n) quantum efficiency (EQE) spectra displayed in Figure 2c,d.
Notably, a 2-fold enhancement in EQE was achieved for the

Figure 3. (a) Simulated optical absorption in the flat (top) and grating

(bottom) solar cells and (b) simulated absorption spectra of the PbS PbS CQD’s excitonic peak centered at 1000 nm in the devices
flat and grating devices. structured by the interference lithography step.
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Figure 4. (a) Nyquist plot and (b) Bode plot of SOL flat and grating solar cells.
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Figure S. Current—voltage characteristics of (a) the flat and (b) grating solar cells as a function of light intensity. (c, d) Charge collection
probabilities of the devices, which were calculated by normalizing the photocurrent measured at the various light intensities with the saturated
photocurrent measured at —1 V, respectively.



Losses Analysis Based on White Light Intensity-
Dependent Measurements. In order to better investigate
the origin of the differences in device electrical parameters,
we have evaluated the interfacial and bulk properties using
electrical impedance spectroscopy (EIS). The Nyquist plot
(Figure 4a) for the patterned and flat devices shows that the
grating device has a slightly lower internal resistance compared
to the flat device, whereas the sheet resistance for the grating
device was higher probably due to the imperfect interfacial
contact between the commercial ITO and PLD deposited
ITO. On the other hand, referring to the Bode plot shown in
Figure 4b, we observed that the impedance phase peaks at
similar frequencies for both type of devices. These frequencies
correspond to the rate constant for the recombination of
injected electrons in the semiconducting film, which is inversely
proportional to electron lifetime.”* These EIS results suggest
that the electron recombination rate at V. for both device
types must be very similar, thus eliminating a possible enhanced
recombination as the source of the notable FF and V.
difference between the nanostructured and planar cells.

In order to uncover the source of the devices performance
contrast, we further investigated the charge recombination
processes in more detail by studying light-intensity dependent
photovoltaic J—V characteristics. By analyzing the charge
collection probability of the devices as a function of light intensity,
the voltage range over which bimolecular or monomolecular
recombination occurs can be determined. In a simplified model,
the photocurrent of the cells comprising a PbS film of thickness
d is expressed as ], = q/G(LI) dz P(LLV),” where G(LI) is
the photon flux absorbed by the solar cell per unit volume and
P(LLV) is the charge collection probability (G is clearly a
function of the light intensity (LI) and P, could possibly be).
This probability can be expressed in a more general way
independent of the device geometry as P(LLV) = I],,(LLV)/
(Jyn at saturation)l.”> Approximating the current saturation
point to be at —1 V for both flat and grating devices, q/ G(LI)
dz = Ju(V = =1 V), the collection probability is then simply
expressed as P(LLV) = |]Ph(LI,V)/]Ph(LI, —1 V)I. Figure S
shows the photovoltaic performance of the solar cells recorded
under various light intensities ((a) flat and (b) grating) and
the charge collection probabilities of the devices, which were
calculated by the approximation outlined above (Figure Sc,d).
We note that collection probabilities at difference light
intensities do not overlap. This is a strong indication of the
dominance of bimolecular recombination™ for both device
types, although the shape of the curves are significantly distinct.
In the flat cell, the dispersion of the normalized curves is
relatively small in the positive applied bias, increasing signifi-
cantly for the reverse bias region (Figure Sc). For the patterned
cell, the all the curves seem to be fairly dispersed at all applied
voltage biases (Figure Sd).

Focusing on the J—V curves collected under the highest and
lowest light intensities (Figure 6a), it is clear that the flat device
was more severely affected by light intensity under the voltage
range of —0.8 to —0.2 V, whereas the grating device was more
affected under the voltage range of —0.2 to near V. compared
to the flat device. Figure 6b shows a more detailed analysis
of loss processes by analyzing the power exponent, ¢, in the
relationship of J,;, o (LI)% where ]y, is the photogenerated
current density (the difference between the total current
measured under light illumination and the dark current), and as
above LI is the incident light intensity.”> " In this expression,
a quantifies the linearity of their relationship: @ becomes unity
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Figure 6. (a) J—V curves collected under highest and lowest light
intensity of the flat (dark color) and grating (red color) devices and
(b) the proportionality factor @ relating current density to light

intensity (J,, o (light intensity)®).

when all charges are collected without loss whereas sublinear
values may result from a carrier mobility imbalance, space
charges, or bimolecular recombination. As observed, a turns
out to be sublinear for both device types (Figure 6b), but also
it is evident that lower values of @ were measured for the
flat device over the voltage range of —0.8 to —0.2 V, while for
applied voltages exceeding —0.2 V, lower a values were
calculated for the grating device. The result indicates that
bimolecular recombination is occurring to a greater extent in
the grating device, especially in the range of the cell’s working
voltage range (from 0 voltage to V) most likely accounting for
part of the reduction in FF for the grating devices compared
to flat devices (Figure 3a and Table 1), 29.47% and 35.68%,
respectively.

Losses Analysis Based on Monochromatic Light
Intensity-Dependent Measurements. It is not obvious
why the two types of devices would show such significant
difference in bimolecular recombination at different biases.
In order to understand the source of the difference, we have
analyzed light intensity dependent photocurrent measurements
under three different light sources reaching current densities
comparable to those of the white light A.M. 1.5 solar simulator,
namely a blue laser (4 = 473 nm), a red laser (1 = 633 nm), and
a white light source with an IR long-pass filter (hereafter
denoted as 4 > 700 nm). Figure 7 shows the J—V curves
measured while the devices were exposed to those selected light
sources. One can observe that, in contrast to the while light
experiment, the J—V curves are all qualitatively smoother and
monotonic at all applied voltages. We noted to that a very

J. Phys. Chem. C 2016, 120, 8005—8013
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Figure 7. Current—voltage
(¢, f) A = 700 nm.

distinct maximum V, is obtained as a function of wavelength.
In order to elucidate the dominating loss processes under wave-
length controlled illumination, we have analyzed the charge
collection probabilities by studying the nature of the normali-
zed current—voltage curves under different light intensities
for all device types (Figure 8). Very remarkably, varying the
intensity of the three different light sources has a modest effect
on the shape of the normalized J—V curves. In particular,
the curves corresponding to A = 633 nm and A > 700 nm in the
grating devices overlap extremely well, indicating that the
current loss due to the bimolecular recombination was minimal
for these wavelengths. It should be mentioned that this explains
(beyond the pattern enhanced light absorption) the 2-fold
EQE enhancement around 4 = 1000 nm of the grating device
relative the flat counterpart (Figure 3b). More IR light is indeed
absorbed by the pattern, but it is also collected more efliciency

characteristics of flat and grating devices collected over the wavelength of (a, d) 473 nm, (b, e) 633 nm, and

than at shorter wavelengths. For both flat and grating devices,
higher EQEs were recorded at wavelengths of 473 and 633 nm
compared to the value measured at A > 700 nm (Figure 3b);
the result from Figure 8 shows this is a result of the larger
optical absorption only as this occurs in fact under a higher
probability for bimolecular recombination.

By making a close analysis of the curves measured under the
three different light sources, we observed that the values of V.
were wavelength-dependent rather than a function of the
light intensity. In general, it is expected V,_ will depend on the
light intensity via the connection between LI and Ji;, and the
ideal diode equation V.. = n(kT/q) In(Jon/Jo + 1),57%
where Ji, g, 1, k, and T represent the reverse saturation current
density, elementary charge, diode ideality factor, Boltzmann
constant, and absolute temperature, respectively. As seen in
Figure 7, the values of V. for both the flat and grating devices
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Figure 8. Charge collection probabilities of the devices collected over the wavelength of (a, d) 473 nm, (b, ) 633 nm, and (c, f) 4 > 700 nm, which
were calculated by normalizing the photocurrent measured at the various light intensities with the saturated photocurrent measured at —1 V.

did not change as a function of light intensity; this is because
given the ideal diode logarithmic relationship, V,, will only vary
significantly upon light intensity variations that span orders
of magnitude. Nonetheless, the V. values become lower with
larger light wavelengths (decreasing photon energy) for both
device types (see the dotted line in Figures 7 and 8). Figure 9
shows the V. values from Figure 7 as a function of photon flux
in order to consider the number of photons rather than merely
light intensity and make a fair comparison across illumina-
tion sources. Although the V. measured under 473 nm light
irradiation show a modest dependency of photon flux for both
devices, the V. were nearly constant regardless of the photon
flux. However, the V. decreased dramatically with the longer
wavelengths. To the best of our knowledge, there have been
no reports about V. depending upon wavelength in quantum
dot-based solar cells.

The strict dependence of V,. on wavelength for a given
incident light flux is an interesting phenomenon that has a
direct link with the material’s intrinsic properties. The V__ of the
solar cells is determined by the electron and hole quasi-Fermi
levels, which in turn are controlled by the photogenerated
charges accumulated in the density of states (DOS).>"** In
other words, the charge density residing in the DOS is the
limiting factor for V. Since PbS nanoparticles are well-known
to have localized charge traps, it can safely be imagined that
carriers created by different light energies have different
distribution in the DOS. It is well understood that trapped
charges in PbS quantum dots leads to Fermi energy pinnin%
which directly affects the measured photovoltage in solar cells.™
PbS sub-bandgap states are also known to give rise to radiative
recombination processes which also reduces open-circuit
voltage.”*** The signature of sub-bandgaps states is also evident
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Figure 9. V,_ as a function of photon flux with different light sources for (a) flat and (b) grating devices.

in photoinduced absorption experiments.’® The fact that the
open-circuit voltage increases with the excitation photon energy
may indicate that carriers generated by the low-energy photons
are more susceptible to trapping in sub-bandgap states while
most of the charge carriers generated by the high-energy
photons are effectively swept out. Thus, blue photon-generated
charges occupy higher levels of DOS, thereby widening the
gap of the electron and hole Fermi energy levels (larger V),
whereas charges created by low-energy photons (red—NIR) can
easily be trapped in the tail of the DOS or sub-bandgap states
and resulting into low V. This observation is extremely
important in understanding the commonly low V,. of PbS
quantum dot solar cells regardless of material bandgap'* and
power conversion efficiency.

The above-noted observations help greatly to explain the
differences between the flat and grating devices. Although
delivering similar efficiencies and appearing nearly identical
under EIS measurements, the patterned and planar devices show
differences in FF and V. due to their different wavelength-
weighted responses. The most distinct electrical benefit of
nanostructuring was found for carriers generated by near-
infrared photons, with larger harvesting probabilities and larger
V,.'s when probed under IR light only. This suggests the grating
structure not only provides enhanced light absorption, but it
lowers the transport losses for the low-energy-generated carriers.
An optimized grating structure could then be utilized to amplify
the infrared light-generated photocurrent yield of all CQD
devices. Further investigation is needed to enhance the charge
collection efficiency of the grating devices while optimizations
are also necessary to achieve even better optical absorption
and distributions within the active CQD films. It is also quite
interesting to recognize a wavelength-dependent V,, which is
an indicative of varying special distribution of charge carriers
in DOS depending on what photon energy was absorbed to
create carriers: charges created by low-energy photons are
more likely localized in the tail of the DOS, thereby lowering
Fermi energy levels and hence lower V,. Under white
light illumination, the different quasi-Fermi levels splitting
achieved by different wavelengths are convoluted in an overall
J—V curve that mixes DOS structure and photonic/transport
properties.

B CONCLUSIONS

In summary, we have shown that the performance of PbS solar
cells was improved by utilizing an electrode with a grating struc-
ture. Compared to flat device, a 32% higher J,. was achieved

from the grating device. Although the grating device suffered
due to higher bimolecular recombination, its light confinement
property is quite appealing. Furthermore, despite its lower FF
due to the recombination and V . —wavelength dependence,
the power conversion efficiency of the grating device was 20%
higher than that of flat counterpart resulting from the higher
current generation. The V. —wavelength dependence for PbS
solar cells has been identified and can be used to understand
J—=V curves under full white light illumination. Clear experi-
mental evidence was presented showing an increase of transport
length or reduced bimolecular losses for carriers generated by
absorption of near-infrared photons. These results show a picture
of the interaction of the device architecture with the materials
properties to give rise to distinct photovoltaic performances.
Nanofabrication advances are required to realize this and more
sophisticated architectures in robust and easy way in order to
effectively be able to remedy some materials shortcomings via
device geometrical design.
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