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ABSTRACT: Layered semiconducting transition metal dichalcoge-
nides (TMDs) are promising materials for high-specific-power
photovoltaics due to their excellent optoelectronic properties.
However, in practice, contacts to TMDs have poor charge carrier
selectivity, while imperfect surfaces cause recombination, leading to a
low open-circuit voltage (Voc) and therefore limited power
conversion efficiency (PCE) in TMD photovoltaics. Here, we
simultaneously address these fundamental issues with a simple
MoO, (x =~ 3) surface charge-transfer doping and passivation
method, applying it to multilayer tungsten disulfide (WS,) Schottky-
junction solar cells with initially near-zero Ve Doping and
passivation turn these into lateral p—n junction photovoltaic cells
with a record Ve of 681 mV under AM 1.5G illumination, the
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highest among all p—n junction TMD solar cells with a practical design. The enhanced V(¢ also leads to record PCE in ultrathin
(<90 nm) WS, photovoltaics. This easily scalable doping and passivation scheme is expected to enable further advances in TMD

electronics and optoelectronics.
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power supply with a high specific power (power-to-
weight ratio) opens unprecedented opportunities in
aerospace and transportation applications as well as wearable
electronics, where lightweight yet powerful energy sources are
highly desirable. Current commercial photovoltaic modules,
flexible and rigid, have a specific power of less than 100 W/kg,
with the exception of highly complex and expensive III-V
triple junction technology, achieving >700 W/kg."” By
adopting an ultrathin absorber material that is compatible
with simple fabrication techniques and ultra-lightweight plastic
packaging, 10X higher specific powers (~1000 W/kg) are
achievable at a low cost.' Layered TMDs, including WS,,
MoS,, WSe,, and MoSe,, are great candidates due to their
excellent optical and electronic properties.”'* Semiconducting
TMDs demonstrate one order of magnitude higher sunlight
absorption than conventional bulk semiconductors such as
GaAs and Si.° When such strong absorbers are placed in a
designer multilayer stack, near-unity, broadband, and omnidir-
ectional absorption can be achieved.'' This has been
demonstrated for both monolayer and multilayer TMDs in
the visible spectrum.”® The thickness-dependent bandgaps of
TMDs (from ~1.0 to 2.5 eV)” cover a wide electromagnetic
spectrum from visible to near-infrared regimes and are nearly
ideal for single-junction or double-junction tandem photo-
voltaic cells.” In addition, owing to their self-passivated
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surfaces free of dangling bonds, TMDs can form hetero-
structures without the lattice matching constraint encountered
in conventional heterostructures, offering abundant material
choices for heterogunction photovoltaic cells."

Jariwala et al” have developed a modified Shockley—
Queisser detailed balance model for TMD photovoltaic cells
which uses TMDs’ reported photoluminescence quantum yield
(PLQY) as the upper limit of external radiative efficiency
(ERE), in contrast to the original Shockley—Queisser model
where ERE = 100% is assumed. According to this realistic
model, one can achieve greater than 20% PCE in single-
junction monolayer and multilayer TMD photovoltaic cells,
provided that the external quantum efficiency (EQE) is nearly
perfect, which can be enabled by optimized optical and
electronic design. However, high-EQE single-junction devices
reported in the literature'>"? still have low PCE due to their
poor carrier selectivity and defective surfaces, resulting in low
open-circuit voltage (Vc). In fact, the vast majority of TMD
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Figure 1. Lateral p—n junction multilayer WS, solar cells. (a) Device structure schematic. The device is covered with 5 nm of e-beam evaporated
MoO, (not shown). (b) Cross-sectional view of the device. MoO, dopes the WS, p-type, creating a p—n junction near the Al top contact. Current
flows diagonally through WS, from the top to the bottom contact. (c) Top-down optical image of the device. Scale bar, 20 ym. (d) Energy band
diagram of initial, undoped device. The Fermi level is pinned toward the WS, midgap at the AI-WS, interface, but not at the Au—WS, interface,
where the WS, is transferred gently on top. (e) Energy band diagram of p-doped device due to MoO,, capping. Creating a p—n junction inside WS,
significantly increases the built-in potential and V. Ey, vacuum level; E¢, conduction band edge; Ey, valence band edge; Eg, Fermi level; E,
intrinsic Fermi level; ¢, Al work function; ¢,,, Au work function; s, electron affinity of WS,. (f) WS, thickness profiles from atomic force

microscopy along dashed lines. Scale bar, 10 pm.

photovoltaic cells have Vi below 0.5 V,"*~"7 which implies a
large bandgap-V ¢ offset of greater than 0.8 V. Creating a high
built-in potential p—n homojunction in TMDs by doping as
well as passivating the surface defects would help solve this
issue. MoO,, which is compatible with microelectronic
processing and mass production, has been shown to be an
effective, air-stable dopant for layered materials."*™*' It is also
known to passivate surface defects and thus reduce surface
recombination.”> Here, we develop an optimized MoO,
charge-transfer doping and passivation method, applying it to
ultrathin multilayer WS, Schottky-junction solar cells with
initially near-zero V. These form lateral p—n homojunction
devices that achieve a record high V¢ of 681 mV among all
p—n junction TMD solar cells with practical (i.e., nongated)
designs.13_16’23’24 Thanks to their high Vi, they also achieve a
record PCE of 1.55% in ultrathin WS, Photovoltaic cells, ~3.3
times higher than the previous record.”

We fabricate lateral p—n junction photovoltaic cells from
multilayer (~20—90 nm) WS, absorber layers, electron-
collecting Al top contacts (work function, ¢y ~ 4.1 €V),
and hole-collecting Au bottom contacts (¢, ~ 5.3 €V), with §
nm of MoO, deposited on top for p-type charge-transfer
doping and surface passivation, all sitting on a thermally
oxidized silicon substrate (Figure la—c). The WS, layers are
mechanically exfoliated from a WS, crystal and then trans-
ferred onto the Au bottom contacts using the aligned transfer
method described in Supporting Information Section S1. The
contacts and MoO,, capping layer are deposited by electron-
beam evaporation. The large work function of MoO, causes it
to transfer holes into the adjacent, lower work function wSs,, >
leading to strong p-type doping of WS,. To improve the
doping, the device is annealed at 300 °C in ambient air, which
has been shown to further oxidize MoO, and therefore
increase its work function.”’ Using this method, we achieve a
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% in WS, (see Supporting

doping density of up to ~10"* cm™
Information Section S2 for details).

Figures 1d and le show the energy band diagrams of our
WS, photovoltaic cells before and after MoO,, p-type doping.
Due to interface states induced by Al top-contact evaporation,
the Al Fermi level is pinned to the WS, charge neutrality level,
located near the middle of the bandgap.26 In contrast, there is
no Fermi level pinning at the Au—WS, interface because the
WS, was gently transferred onto the Au bottom contact.”” The
2H phase of WS, is a weakly n-type semiconductor, with a
typical charge carrier density of around 10"*™'5 cm™ at room
temperature (reported by the manufacturer), resulting in a
~2.5 pm depletion width for Au—WS, and AI-WS, Schottky
junctions, fully depleting the 3-um WS, channel between Au
and Al contacts (Figure 1d). Due to Al Fermi level pinning and
thus the reduced work function difference between Au and Al
as well as surface recombination at the unpassivated WS,
surface, this lateral Schottky-junction device is expected to
produce low Vc. MoO,, capping resolves this issue by creating
a high-built-in-potential p—n junction inside WS, through p-
type charge-transfer doping (Figure le) and by reducing
surface recombination through passivating the surface defects.
There is a possibility that a thin layer of substoichiometric
AlOQ, is formed at the WS,—Al interface after exposure to air,”*
making the WS, underneath slightly more n-type.'* However,
this would not change the overall shape of the band diagrams
in Figures 1d and le. Thickness profiles along the width and
length of WS, channel are measured using atomic force
microscopy (Figure 1f).

Using a solar simulator, we measure the current density
versus voltage (J—V) characteristics of the WS, photovoltaic
cells at room temperature, under global air mass AM 1.5G
illumination, at various intensities before and after MoO,
capping (Figures 2a and 2b). Current density is obtained by
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Figure 2. Comparison of devices before and after MoO,, doping and passivation. (a, b) Power-dependent ] vs V characteristics of WS, photovoltaic
cells under AM 1.5G illumination (a) before and (b) after MoO, doping and passivation. Insets show a zoomed-in view of the photovoltaic region.
(¢) Jsc and (d) Vo before MoO,, capping. (e) Jsc and (f) Vi after MoO, capping. Note logarithmic axes in the (c, e) plots and horizontal axis in
the (d, f) plots. P,, incident power; n, diode ideality factor; J,, dark saturation current density. Symbols, measurements; lines, fits.

dividing the measured current by the device active area.
Devices show rectifying behavior in both cases, and a
significantly improved performance is observed after MoO,
doping and passivation. Before MoO,, capping, the device is a
lateral Schottky-junction solar cell with a small work function
difference between the two contacts and high surface
recombination at the WS, unpassivated top surface, resulting
in near-zero Vg, as seen in Figure 2a (~12.5 mV under 1 sun
illumination for the device from Figure 1). In addition, the
slope of the J—V curve at short circuit linearly increases with
increasing incident power, which corresponds to a decreasing
shunt resistance. This photoshunting effect happens in solar
cells with poor carrier selectivity, where illumination leads to
increased minority carrier conductivity and therefore a
decreased shunt resistance.”” After MoO, doping and
passivation, a lateral p—n junction with high built-in potential
and lower surface recombination is created between the
contacts, resulting in high Vi, as seen in Figure 2b (~600 mV
under 1 sun illumination for the device from Figure 1). No
photoshunting effect is observed in the doped p—n junction
devices due to their high carrier selectivity. Also, the small
slope of the J—V curve at short circuit confirms the high shunt
resistance associated with the AI-MoO,—Au and AI-MoO,—
WS,—Au paths (if existent), which is expected due to the
insulating nature of nearly stoichiometric, e-beam evaporated
MoO,.

Despite doping and passivation, current density does not
improve after MoO, capping (Figure 2a and 2b). This is
mainly due to the suboptimal choice of the channel length.
Before doping, AI-WS, and Au—WS, depletion regions cover
the entirety of the channel length (Figure 1d). However, after
doping, the AI-WS, depletion width is significantly decreased
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(Au—WS, is now ohmic), leaving most of the channel length
with no band bending and therefore poor carrier collection
(Figure le). This is confirmed by the photocurrent map
measurement discussed later in the text. Reducing the channel
length would lead to channel-wide carrier collection and
therefore resolve this issue.

In undoped, unpassivated devices, short-circuit current
density (Jsc) versus incident power (P,) follows a power
law, Jsc = f+(Py)% with a > 1, as shown in Figure 2c. This
unusual superlinear behavior can be explained by the presence
of intragap recombination centers with different energies and
can capture cross sections.”’ The potential origins of these
intragap states are the different WS, defect types induced
during crystal growth and transfer process. These defect sites
are however passivated after MoO, capping, leading to a linear
Jsc—P,, relationship (a = 1, Figure 2e).

According to the diode eq 1, assuming that the ratio of dark
saturation current density to short-circuit current density is
small (J,/Jsc < 1) and the shunt resistance (Rgy) has very
large values, V5 would simply scale linearly with In(Jsc), with
a slope of nkT/q and the Vi intercept of In(Jsc)kT/q, where n
is the diode ideality factor, T is the absolute temperature, k is
the Boltzmann constant, and ¢ is the elementary charge. In
undoped, unpassivated WS, devices the term J,/Jsc is greater
than one and cannot be neglected. Also, for a more accurate
ideality factor calculation, we considered the Rgy term in both
cases. Ideality factors n = 1.6 and 1.4 were calculated for
undoped and doped WS, devices (Figure 2d and 2f),
respectively, demonstrating reasonable levels of recombination
in both devices, with higher recombination levels occurring in
the undoped, unpassivated WS, solar cells due to their lower
carrier selectivity as well as higher surface recombination.
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Figure 3. Photocurrent maps, absorption, quantum efficiency, and bandgap extraction. (a) Spatial maps of reflection, photocurrent, and reflection/
photocurrent overlay for the device shown in Figure 1, measured for A = 625 nm. Current generation occurs only in the WS, region located
between the two contacts, which can be used to accurately define the active area of the solar cell. Scale bar, 10 um. (b) Measured thickness,
simulated absorption (at A = 625 nm), and photocurrent profiles along the x-axis shown in part (a). To account for the finite laser spot size (~2
pum), simulated absorption at each point is also spatially averaged over its 2-um neighborhood on the x-axis. (c) Measured external quantum
efficiency (EQE), simulated absorption, and extracted internal quantum efficiency (IQE) spectra at point S in part (a). (d) An optical bandgap of
~1.36 eV is estimated for multilayer WS, using the EQE data in the infrared wavelength regime, shown in Figure S3. Symbols, measurements; line,

fit.
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Figure 4. Photovoltaic performance under one-sun illumination. (a) Measured J—V characteristics of two p—n junction multilayer WS, solar cells
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achieved in this work benchmarked against reported V¢ values in the literature for TMD photovoltaic cells measured under AM 1.5G illumination.
Underlined TMDs are a monolayer, and the others are a multilayer. Our one-step MoO, doping and passivation technique represents the simplest
and most manufacturable case,'*”'¢?%243%433

the two contacts can be used to accurately define the active

Voc = nk_Tl he ~ RSH +1 area of the solar cell, which varies from ~30 to ~360 pm? in

q I, this work. This is, however, a nonstandard definition for the

1 active area, suitable for small, randomly shaped TMD flakes. In

Light-beam-induced current (LBIC or, simply, photo- traditional solar cell literature, the whole top surface of the cell
current) and reflection maps concurrently acquired at a is used as the active area to take into account the shading loss
wavelength of 625 nm (Figure 3a) demonstrate that the and series resistance associated with the top metal contact grid.
current generation occurs only in the WS, region located For solar cells based on large-area synthesized TMD films, this
between the two contacts. Therefore, the WS, area between standard definition should be used. The device in Figure 1,
3446 https://doi.org/10.1021/acs.nanolett.1c00015

Nano Lett. 2021, 21, 3443—-3450


https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00015?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00015?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00015?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c00015/suppl_file/nl1c00015_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00015?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c00015?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c00015?rel=cite-as&ref=PDF&jav=VoR

Nano Letters

pubs.acs.org/NanoLett

whose J—V characteristics are shown in Figure 2 and Figure 4a
(blue curve), has an active area of 92 um® We observe that
photocurrent is strongest at the AI-WS, junction and
drastically decreases as we approach the Au—WS, junction,
signaling that the channel length is too large for channel-wide
carrier collection.

Measured thickness, simulated absorption (at A = 625 nm),
and photocurrent profiles along the width of the device (x-axis
in Figure 3a) are plotted in Figure 3b. Absorption is simulated
using the transfer matrix method. Given the finite laser spot
size (~2 pm), simulated absorption at each point is further
averaged spatially over its 2-ym neighborhood on the x-axis.
The resulting averaged absorption profile follows a similar
trend to the photocurrent profile, indicating that the
nonuniformity observed in the photocurrent map along the
width of the device is due to thickness variations within the
WS, flake. The peak shifting seen around x = 25 pum can be
explained by additional thickness nonuniformity perpendicular
to the x-axis in that region (see Figure lc), which affects the
photocurrent map but is not taken into account in the
absorption profile one-dimensional averaging.

Experimental external quantum efficiency (EQE), measured
at a 2-um-diameter spot within the device active area (Point S
in Figure 3a), along with simulated absorption and extracted
internal quantum efficiency (IQE) spectra for the same spot
are plotted in Figure 3c. Measured EQE and simulated
absorption spectra match very well, with peaks at around
wavelengths of 565 nm (reaching 30% and 68%, respectively)
and 640 nm (26% and 66%) and an average of 23% and 57%
over the wavelength range of 450 to 650 nm. This leads to a
moderate internal quantum efficiency (IQE) of around 40%.
Assuming EQE linearly decays to zero from 450 to 0 nm
wavelength, we estimate Jsc &~ 5.06 mA/cm? which is in good
agreement with J—V measurements under 1 sun illumination
(Jsc ~ 4.78 mA/cm?). Note that the EQE was measured at a
point with higher photocurrent compared to the average
observed in the active device area.

We can extract the optical bandgap (Eg) of the absorber
layer semiconductor of the photovoltaic cell by plotting the

quantity ( FQE

1-EQE
where h is the Planck’s constant and v is the photon frequency.
E, is the hv intercept of the line fitting the linear region of the
curve. Using the infrared region of the EQE (Supporting
Information Figure S3), we estimate an optical bandgap of 1.36
eV for multilayer WS, (Fi§ure 3d), in agreement with
previously reported values.>' ~

Figure 4a displays J—V measurements of lateral p—n
junction devices doped and passivated by MoO,, revealing a
record-breaking V¢ = 681 mV, which is the highest among all
nongated p—n junction TMD photovoltaic cells under AM
1.5G illumination (see benchmarking in Figure 4b). The Vg
improvement results in a record high PCE = 1.55% in ultrathin
WS, photovoltaic cells, 3.3 times higher than the previous
0.46% record.'” A short-circuit current density Jsc = 4.78 mA/
cm? is measured for the highest-PCE device, comparable to Jc
values observed in multilayer Schottky-junction WS, solar
cells.'” The device has a shunt resistance of 616.6 Q cm* and a
series resistance of 16.9 Q cm’, as calculated by inversing the
slope of the J—V curve at short-circuit and open-circuit
conditions, respectively. This results in a reasonable fill factor,
FF = 54%. We measure reproducible and high V¢ on all six
devices fabricated, ranging from 554 to 681 mV (Supporting

05
X hv) versus the photon energy hu,’'
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Information Figure S4). Due to thickness and thus absorption
variations among the WS, devices, as well as process variability,
a range of Jsc and hence PCE values are observed. No
hysteresis is seen in the J—V curves when sweeping the voltage
in the forward and backward directions (Supporting
Information Figure SS). Benchmarking in Figure 4b shows
that such lateral p—n junctions formed by MoO, doping are
promising for high-performance TMD photovoltaics and
optoelectronics in general, especially given their simple one-
step doping/passivation and device structure,' 371023243439
The compatibility of MoO,, with conventional fabrication also
makes this doping and passivation technique particularly
attractive for mass production.

Despite the record-breaking Vyc and PCE, there is
significant room for performance improvement of these lateral
p—n junction devices. Optical simulation using the transfer
matrix method reveals that at best only about 35% of incident
AM 1.5G illumination in the 415—825 nm spectral range is
absorbed by WS, at thicknesses below 100 nm (see Supporting
Information Section S6). Assuming unity IQE, this translates
into a maximum Js¢ of 9.5 mA/cm? slightly underestimated as
absorption at wavelengths below 415 nm and above 825 nm
are not included due to lack of material data. Adding a back
reflector at the bottom of the structure is shown to significantly
boost the average absorption of WS, to ~60% at thicknesses as
low as 15 nm.” Switching to a vertical structure with reflective
bottom metal contacts such as silver or gold is one simple way
to achieve this.

Carrier collection is another area of improvement. As
discussed earlier in the text, a smaller, optimal channel length
would increase the band bending (lateral electric field) and
therefore enhance carrier collection near the Au—WS,
junction, leading to an increased Jsc. According to our 2D
finite-element device physics simulation (see Supporting
Information Section S7), there are two other sources of
recombination, both due to the suboptimal design of the
device structure. First, we observe that photogenerated holes
travel laterally along the top surface of WS,, next to the
electron-rich MoO,, layer, before getting collected at the Au p-
contact, making them highly prone to surface recombination.
This is why even near the AI-WS, contact where the
photocurrent is highest, about 60% of photogenerated carriers
are recombined before reaching the contacts (IQE plot in
Figure 3c). Reducing the channel length would alleviate this
issue by decreasing the lateral distance to be traveled by
photogenerated holes along the MoO,—WS, interface.
Incorporating interdigitated contacts is one way to reduce
the channel length without compromising on the size of the
device.

The second source of recombination is the presence of a
vertical doping gradient in WS,, resulting in electron—hole
recombination near the Au contact. The doping is maximum at
the MoO,—WS, interface and decreases as we move toward
the bottom surface of WS,, leading to a vertical p—p+ junction
with p and p+ regions at the wrong locations. Ideally the p+
region should be located at the p-contact (Au, bottom) to
minimize electron—hole recombination nearby. Adopting a
vertical structure design with Au contact at the bottom,
followed by MoO,, WS,, and finally the Al contact grid on top
not only resolves both these carrier collection issues
simultaneously but also greatly enhances absorption as
mentioned earlier, unlocking higher levels of power conversion
efficiency in WS, solar cells.
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In summary, we developed and optimized a simple, scalable
MoO,-based doping and passivation method for TMDs,
leading to record-breaking Vo and PCE values when applied
to ultrathin WS, solar cells. This method can be easily applied
to other multilayer TMD electronics and optoelectronics,
including photovoltaic cells, to create a high built-in potential
p—n junction that enhances carrier selectivity and collection.
Finally, we proposed guidelines to further improve the
performance of the WS, devices. Together with carrier-
selective contacts, light trapping schemes, and low-cost
wafer-scale TMD growth methods, MoO, charge-transfer
doping can lead to a game-changing TMD-based photovoltaic
technology achieving greater than 20% PCE> and 1000 W/kg
module-level specific power at a low cost.' Such a high-
specific-power solar technology would offer unprecedented
opportunities in wearable electronics, transportation, and
aerospace applications of the future.

B METHODS

Devices were fabricated by first growing 90 nm of insulating
SiO, on a bulk silicon wafer (resistivity of 1—4 Q-cm) through
dry thermal oxidation at 1100 °C. The wafer was then cut into
2 cm X 2 cm substrates using a wafer dicing saw (DISCO
DAD3240). Next, the substrate was spin-coated by lift-off layer
LOL 2000 (3000 rpm, 60 s) and subsequently baked on a 200
°C hot plate for 5 min. It was then spin-coated by Shipley 3612
photoresist (5500 rpm, 30 s) and baked on a 90 °C hot plate
for 1 min. The lift-off layer/photoresist stack was later
patterned using standard photolithography exposure and
developing processes. Then, 40 nm of Au was deposited on
top using e-beam evaporation (AJA International). After the
standard lift-off process, patterned Au bottom contacts were
left behind on the substrate. WS, flakes were mechanically
exfoliated from the bulk crystal (2D Semiconductors) using
low-residue thermal release tape (Nitto Denko REVALPHA)
and then transferred onto the Au bottom contacts using the
transfer method described in detail in the Supporting
Information Section S1. Patterned top contacts (130 nm Al/
20 nm Ti/40 nm Au) were deposited using the same
photolithography, e-beam evaporation, and lift-off process as
the Au bottom contacts. Note that Al was coated with Au in
order to avoid Al oxidation, with Ti serving as an adhesion
layer between Al and Au. For the purpose of doping and
passivation, 5 nm of MoO, was blanket-deposited on top by
means of e-beam evaporation (Kurt J. Lesker) from a MoOj,
pellet (Advanced Chemicals, 99.95% purity) at a rate of 0.3 A/
s. AFM roughness analysis shows uniform deposition of MoO,.
The substrate was then annealed on a 300 °C hot plate in the
ambient air for 10 min to further oxidize MoO,, and therefore
increase its work function, leading to improved surface charge-
transfer doping.

The photocurrent of the fabricated device was measured on
a custom-built optoelectronic setup. A supercontinuum laser
source (Fianium) was used with an acousto-optic tunable filter
(Fianium) for monochromatic illumination across a broad
spectral range. The laser light was modulated by a chopper
wheel (400 Hz) synchronized with two lock-in amplifiers for a
high signal-to-noise ratio. A 50X long working distance
objective (Mitutoyo M Plan APO NIR) focused the laser
light onto the sample. To image the sample with the focused
laser, two beam splitters were placed in the illumination path
for a halogen lamp and a CCD imaging camera, respectively. A
glass slide was used to direct a small fraction of the reflected

light into a large-area Si photodiode (New Focus, model 2031)
which was connected to a lock-in amplifier (Stanford Research
SR810 DSP) to measure reflection from the sample. The
sample was wire-bonded to a chip carrier and mounted on a
three-axis piezo stage to accurately control its spatial position.
Photocurrent was extracted by electrically connecting the
mounted sample in series with a source meter (Keithley 2612)
and a tunable current-to-voltage amplifier. The amplifier was
connected to a second lock-in amplifier (Stanford Research
SR810 DSP) to measure the photocurrent. To calculate EQE,
the power spectrum of the incident laser was measured by a
calibrated power meter (Thorlabs, PM-100USB) placed at the
sample position.

A digital source meter (Keithley 2420) and a Class AAA
solar simulator (Newport, Oriel Sol3A Class AAA) having a
450 W xenon short arc lamp and AM 1.5G spectral correction
filter were used for AM 1.5G current—voltage measurements.
The lamp was calibrated to one-sun intensity using a silicon
reference cell (Newport, Oriel 91150V) placed at the location
of the sample. The measurements were performed in air. The
samples were kept at room temperature by means of
convection cooling provided by a fan. -V curves were
measured with a scan rate of 200 mV/s and a dwell time of 30
ms.

Optical simulation was performed using the transfer matrix
method. We assumed a normally incident plane wave and a
semi-infinite Si substrate. Optical constants for WS, and Si
were taken from the literature.’®*” Optical constants for MoO,
were obtained experimentally from spectroscopic ellipsometry
(n ~ 2.0). SiO, was modeled as having a constant refractive
index of 1.46. 2D finite-element device physics simulation was
done using the COMSOL Multiphysics 5.4 semiconductor
module, which solves Poisson’s equation in conjunction with
the continuity equations for the charge carriers. Electrical
properties of WS, and MoO, were taken from the
literature.””**™* To account for illumination, a constant
photogeneration rate was assumed in the WS, regions not
shaded by the Al contact.
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Section S1. Detailed WS, Transfer Procedure

Polydimethylsiloxane (PDMS, Dow Corning Sylgard™ 182) - is mixed in a glass petri dish and
left in a vacuum desiccator for 48 hours to remove air bubbles and create a flat surface. PDMS is
then cut into 0.5 x 0.5 cm squares with a razor blade. Each square is removed from the petri dish
and placed on thin, transparent 2 x 2 cm plastic sheet. Polypropylene carbonate - PPC (Sigma-
Aldrich) - was dissolved into anisole (Sigma-Aldrich) with a weight ratio of 15% PPC: 85% anisole
and left on a 60°C hot plate for 24 hours in the ambient air. A drop of PCC is spin-coated on the



PDMS stamp (4000 rpm for 45 seconds). The PDMS/PPC stack is subsequently placed on a
200 °C hot plate in the ambient air for 2 minutes to further solidify PPC and improve PPC/PDMS
adhesion. As shown in Fig. S1, WS, flakes are exfoliated from a WS, crystal (2D Semiconductors)
using low-residue thermal release tape (Nitto Denko REVALPHA), and then picked up
(exfoliated) by Gel-Film® (Gel-Pak, WF-20-X4) and transferred (exfoliated) onto the PDMS/PPC
stamp. Because the WS, flake is being exfoliated with each transfer step, the outer surface of the
flakes — not in contact with PPC - is clean and free of tape or Gel-Film® residue. The PDMS/PPC
stamp is aligned and laminated onto the bottom contact under an optical microscope. The stage
is heated to 90°C, above the transition temperature of PPC. After thermal equilibrium, the stamp
is removed quickly, leaving the WS, flake behind on the substrate. The PPC residue is dissolved

and removed by placing the sample in acetone for 4 minutes.

. PDMS/PPC
Low-Residue WS, Flake Ge"ilm@’
Tape )
Sy y
S -
I. Exfoliate on Scotch Tape II. Transfer onto Gel-Film® [1l. Transfer onto PDMS/PPC

¢

PDMS/PPC ——

IV. Transfer onto Bottom Contact V. Dissolve PPC by Acetone

Figure S1 | WS, Transfer Process. (I) WS: flake is exfoliated from a WS crystal onto a low-
residue thermal release tape. The flake is (ll) picked up by a Gel-Film® and then (lll) transferred
onto a polydimethylsiloxane (PDMS)/polypropylene carbonate (PPC) stamp. (IV) The PDMS/PPC
stamp is aligned and laminated onto the bottom contact and then removed quickly above the
glass transition temperature of PPC, leaving the WS; behind. (V) The PPC residue is dissolved

and removed by placing the sample in acetone for 4 minutes.



Section S2. Doping density estimate
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Figure S2 | Doping density estimate. (a) Schematic cross-section of a WS: field-effect transistor
(FET) along with its (b-c) forward and reverse Ip vs. Vgs (drain current vs. gate voltage) sweeps
measured in air, before (blue) and after (red) MoOx capping, in (b) linear and (c) logarithmic
scales. Sweep directions are shown by the arrows. Device has hysteresis, due to trap states at
SiO.-WS;, and WS;-air interface. By passivating the trap states at the top surface of WS, MoOx
capping reduces hysteresis. The change in channel doping after MoOx capping (p) can be
estimated as p = CoxAV1/q, where Cox = 33 nF/cm? is the gate oxide capacitance, AVt is the
difference between threshold voltages before and after MoO,, and q is the elementary charge.
AVt is estimated here by the difference between voltages of the transition points (Ip-Vas minima).
A large increase in hole concentration is observed after MoOy, with a lower bound of 1.4 x 1012
cm2 (corresponding to AVt =7 V) and an upper bound of 9.5 x 102 cm2 (corresponding to AV+

=46 V).



Section S3. EQE measurement at infrared wavelengths
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Figure S3 | EQE measurement at infrared wavelengths. EQE measured at a 2-um-diameter
spot within the device active area (Point S in Fig. 3a). Inset shows a zoomed-in view of the infrared
750-1100 nm wavelength regime, which is used to extract the bandgap of multilayer
WS (Fig. 3d).



Section S4. Reproducibility
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Figure S4 | Reproducibility. (a) |-V characteristics of 6 different devices under AM 1.5G
illumination. Voc is between 554 mV and 681 mV across all devices. (b) Zoomed-in view of the
photovoltaic region. Current levels vary across devices due to their different thicknesses and
active areas as well as process variability. For easier comparison, current is therefore normalized
by the short-circuit current.



Section S5. Forward and backward scans
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Figure S5 | Forward and backward scans. |-V characteristics under one-sun illumination show

no hysteresis in forward/reverse voltage sweeps.



Section S6. Thickness-dependent absorption in WS,

Absorption in WS 5
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Figure S6 | Thickness-dependent absorption in WS,. (a) Absorption spectrum of WS; in a
Si-SiO>-WS,-MoOy stack as a function of WS, thickness, simulated using the transfer matrix
method. (b) Unweighted and weighted (by AM 1.5G spectrum) average of absorption in WS, as
a function of WS; thickness. 70-nm-thick WS; has the highest average absorption (~35%) in the
sub-100-nm thickness regime. (¢) Maximum short-circuit current density (Jsc) attainable from WS,
in the Si-SiO2-WS>-MoOy stack as a function of WS, thickness, calculated by integrating
Absorption(A) x (spectral photon flux of AM1.5G spectrum at 1-sun solar intensity) over the
wavelength range of A = 415-825 nm, assuming unity IQE. This maximum Jsc value is slightly
underestimated as absorption at wavelengths below 415 nm and above 825 nm are not included

due to lack of material data.



Section S7. 2D finite-element device physics simulation
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Figure S7 | 2D finite-element device physics simulation. (a) Schematics of the simplified
device structure used in the finite-element device physics simulation study. (b) Simplified device
structure simulated in COMSOL Multiphysics 5.4 semiconductor module. (c-d) Log1o of (c) hole
and (d) electron concentration at equilibrium, showing strong charge transfer doping of WS, by
MoOx. (e-f) (e) Hole and (f) electron current density under illumination at zero applied bias.



(g9) Equilibrium band diagram of the device along the purple dotted line shown in panel (b),
demonstrating the vertical doping gradient in WS,. (h) I-V curve of the simulated device under
illumination, showing good agreement with the experiments. To simulate illumination, a constant
photogeneration rate of 1022 cm-3.s was assumed in the WS; regions not shaded by the Al contact.
To achieve Voc > 650 mV in this simplified model, Al work functions of 4.25 eV and lower were
needed. Au work function was assumed to be 5.2 eV. In conjunction with panel (e) and (f), the
plot also shows that all current flows through WS, (no conduction through MoQOy) even if the highly
electron-doped MoOx (panel (d)) is touching the Al contact on the side. Au terminal (blue) and Al
terminals contacting WS (green) and MoOx (red) are highlighted in panel (b) using the same color
code.



