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ABSTRACT Layered transition-metal dichalcogenides hold promise for Light I
making ultrathin-film photovoltaic devices with a combination of excellent
photovoltaic performance, superior flexibility, long lifetime, and low
manufacturing cost. Engineering the proper band structures of such layered
materials is essential to realize such potential. Here, we present a plasma-
assisted doping approach for significantly improving the photovoltaic
response in multilayer MoS,. In this work, we fabricated and characterized
photovoltaic devices with a vertically stacked indium tin oxide electrode/
multilayer MoS,/metal electrode structure. Utilizing a plasma-induced
p-doping approach, we are able to form p—n junctions in MoS, layers
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photovoltages, and decrease reverse dark currents. Using plasma-assisted doping processes, we have demonstrated MoS,-based photovoltaic devices

exhibiting very high short-circuit photocurrent density values up to 20.9 mA/cm? and reasonably good power-conversion efficiencies up to 2.8% under

AM1.5G illumination, as well as high external quantum efficiencies. We believe that this work provides important scientific insights for leveraging the

optoelectronic properties of emerging atomically layered two-dimensional materials for photovoltaic and other optoelectronic applications.
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wo-dimensional (2D) layered transi-
Ttion metal dichalcogenides (LTMDs)

have gained significant interest be-
cause of their desirable electronic, photonic,
and mechanical properties, versatile chem-
istry, and large natural abundance.'™ In
particular, the semiconducting LTMDs (e.g.,
WSe,, WS,, and MoS;) exhibit attractive
optoelectronic properties, e.g., the unique
valley-polarized optical response observed
in MoS,, fast photoresponse speed, and very
high light absorption over a broad range of
wavelengths%” In particular, a single semi-
conducting LTMD layer (~0.5 nm thick) can
absorb as much sunlight as 50 nm of Si (or
12 nm of GaAs) and generate photocurrents
as high as 45 mA/cm®2 This high light
absorption is attributed to the rich van Hove
singularity peaks in the electronic density
of states (DOS) of these semiconducting
LTMDs (including monolayer, few-layer,
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and multilayer LTMDs), which results in a
sharp rise of joint density of states (JDOS) in
the visible light range and ensures relatively
strong light-matter interactions.®'° There-
fore, semiconducting LTMDs can potentially
be used for making flexible ultrathin photo-
voltaic (PV) cells with 1—3 orders of magni-
tude higher power densities (i.e., solar power
converted per unit volume of photoactive
materials) than the best existing thin-film PV
cells#>" It should be noted that although
power density is not a standard figure of
merit for PV performance, the higher power
density could decrease the needed photo-
active layer thickness for achieving a given
amount of light absorption and, therefore,
enable highly flexible PV cells with substan-
tial power-conversion efficiency (PCE) and
external quantum efficiency (EQE) as well
as thin-film photodetectors with sizable
responsivity.
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Semiconducting LTMDs are anticipated to offer
additional advantages in serving as PV active materials,
including (i) excellent chemical stability (i.e., LTMDs are
chemically stable 2D crystals), (i) good mechanical
flexibility and durability comparable to graphene,'?
and (iii) superior electronic and electrical properties
for fabricating functional interfaces with other 2D
materials (e.g., graphene-based conductors and boron
nitride (BN)-based dielectrics) because they can form
high-quality heterojunction and interfaces with an
extremely low areal density of dangling bonds and
charge traps.'®'* Such heterojunctions could address
the challenges associated with interfacial recombina-
tion centers that impact the photovoltaic efficiencies. It
should be noted that such stacked 2D heterostructures
are distinct from the stacked thin films of 3D materials
that usually have a high density of interfacial traps. A
last advantage is (iv) low production cost; i.e., LTMD-
based ultrathin PV cells, similar to graphene-based
devices, could potentially be manufactured on low-
cost flexible substrates by using roll-to-roll deposition
and printing processes.'>~ 17

Although semiconducting LTMDs exhibit very
strong light-matter interactions and very high light
absorption coefficients,*®~'® LTMD-based PV cells
with superior PV performance have not been demon-
strated. In particular, the current single and few-layer
LTMD PV and photodetector devices only showed a
high photocurrent density per unit photoactive layer
thickness (e.g., 4.5 mA/cm? per LTMD monolayer).*#~1°
To obtain sizable photocurrents and photovoltage
outputs for practical PV applications, multilayer LTMD
PV devices are needed. However, the current multi-
layer LTMD PVs exhibit relatively poor values of critical
figures of merit, including low short-circuit photocur-
rent density (Jsc < 6 mA/cm?), external quantum effi-
ciency (EQE < 40% over the visible light range), open-
circuit voltage (Vo < 0.6 V), fill factor (FF < 0.55), and
photoconversion efficiency (PCE < 29%).89181° To im-
prove these performance parameters, we (or the re-
searchers in this field) need to advance the knowledge
and technology for tailoring the band structures of
LTMD PV devices. In particular, new approaches are
needed for creating built-in potentials (or electric
fields) inside LTMD photoactive layers that can facil-
itate the collection of photogenerated carriers, en-
hance the output photovoltages, and effectively
suppress the reverse dark saturation currents. Toward
this goal, several recently published works have
provided important insights.®'*'8'® For example,
Britnell et al. studied the photocurrent generated in
WS,/graphene stacks and found that the doping at
graphene contacts induced by gating or moisture can
induce a built-in potential inside WS, photoactive
layers that can separate photogenerated electron—
hole (e—h) pairs and generate photocurrents at zero
bias®2 Shanmugam et al. fabricated Schottky-barrier

WI ET AL.

solar cells based on multilayer MoS,, in which the
built-in potential at the Schottky junction separates
the e—h pairs.'® Fontana et al. demonstrated gated
MoS, Schottky junction devices with Pd/Au electrode
pairs that exhibit an asymmetric, diode-like photo-
response behavior.' Yu et al. realized the modula-
tion of photocurrents and EQEs in vertically stacked
graphene—MoS, heterostructures by using the gating
electric field penetrating through the graphene elec-
trodes with a weak screening effect."* More recently,
Ross et al., Baugher et al., and Pospischi et al. (three
different teams) created electrically tunable excitonic
light-emitting diodes (LEDs), photodiodes, and PV
devices, in which dual-gate structures are used for
electrostatically doping monolayer WSe, channels
and hence forming lateral WSe,-based p—n junc-
tions.?°~2? Such p—n junctions result in bright electro-
luminescence at the room temperature,®® peak EQE
~0.2% at A = 522 nm for monolayers,>' and sizable
power-conversion efficiency of ~0.5% for lateral mono-
layer semitransparent PV devices.?” These lateral photo-
diode devices based on WSe, monolayers, in compar-
ison with those based on MoS, monolayers, exhibit
comparable EQE values in the photovoltaic mode but
the higher electroluminescence efficiencies.2~2% How-
ever, the implementation of dual-gate structures cannot
enable the permanent doping effects in LTMD photo-
active layers and is not convenient for practical opto-
electronic applications.

In this paper, we report that plasma-assisted doping
can serve as a new and very effective method to
generate p—n junction type MoS, PV devices with
the built-in potentials to separate the photogenerated
charges, resulting in significantly improved PV response
performance. We have fabricated PV devices consisting
of a vertically stacked indium tin oxide (ITO)/pristine
MoS,/plasma-doped MoS,/Au structure, which exhibit
reasonably good PCE values up to 2.8% and superb
Jsc values up to 20.9 mA/cm? under AM1.5G illumina-
tion, as well as high EQE values in the range of 37—78%
for wavelengths between 300 and 700 nm. This work
provides important scientific insights for leveraging
unique optoelectronic properties of LTMDs for photo-
voltaic and other optoelectronic applications.

RESULTS AND DISCUSSION

Figure 1 illustrates the steps for fabricating PV de-
vices with MoS, photoactive layers. First, a pristine
MoS, ingot stamp bearing protrusive mesa features is
fabricated by using a lithography method previously
published (Figure 1 (a))."” Such mesa features define
the patterns of to-be-exfoliated multilayer MoS, flakes
that will serve as PV photoactive layers. Before the
exfoliation, the top surface of the stamp is treated with
a plasma species (e.g., O,, SFs, or CHF3) to induce
doping in the top MoS, layers (Figure 1 (b)) according
to the previous report.®® Following this treatment, the
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Figure 1. Flowchart for fabricating PV devices with plasma-treated MoS, photoactive layers: (a) preparation of an untreated
(pristine) MoS, ingot stamp; (b) plasma-assisted treatment of the top surface layers of the MoS, stamp; (c) mechanical
exfoliation printing of protrusive mesas (i.e., multilayer MoS, flakes) with plasma-treated surfaces in contact with the
underlying Au electrodes; (d) fabrication of ITO electrodes in contact with the untreated surfaces of the MoS, flakes; (e)
photovoltaic characterization using a standard AM1.5G solar simulator.

protrusive mesa features are mechanically exfoliated
onto 50-nm-thick Au electrodes that have been pre-
fabricated on a glass substrate by using photolitho-
graphy followed with metalization and lift-off (Figure 1
(). The resulting multilayer MoS, flakes range in
thickness from 10—140 nm. A second electrode of
indium tin oxide (ITO) is fabricated on the untreated
pristine surfaces of MoS, flake pestals (Figure 1 (d)).
Finally, a standard AM1.5G solar simulator is used for
the PV characterization (Figure 1 (e)). Other fabrication
and characterization details are described in the Meth-
od and Material.

Figure 2 (a) displays an optical micrograph (OM) of
an exemplary MoS; ingot stamp bearing 20 um size
mesa structures that was treated with CHF; plasma.
Figure 2 (b) shows an image of MoS, flakes mechani-
cally exfoliated onto a SiO,/Si substrate (oxide thick-
ness, 300 nm) with different thicknesses that are
corresponding to different flake colors. Most exfoliated
flakes are 20—150 nm thick, as measured by using an
atomic force microscope (AFM). Though not suitable
forimmediate scale-up PV applications, this exfoliation
printing method provides useful MoS, sample arrays
for systematically studying the effect of a MoS, photo-
active layer thicknesses on PV performance param-
eters. Figure 2 (c) displays the top-view image of a
vertically stacked Au/plasma-treated MoS,/untreated
MoS,/ITO structure. It should be noted that there is a
marginal MoS, area that is not fully sandwiched by ITO
and Au electrodes. To study the PV effect associated
with carriers moving along the vertical direction, this
marginal MoS, area is etched away by using a SF¢
plasma recipe. Figure 2 (d) shows the image of the
device structure after the SF¢ plasma etching. The final
area of the MoS, flake is defined as the photoactive
area for evaluating Js. and EQE values, as indicated by
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Figure 2. Optical micrographs of (a) the surface of a MoS,
ingot stamp that has been patterned with 20 xum diameter,
200 nm high mesa features and subsequently blank-treated
by using a CHFs-based plasma protocol; (b) MoS; flakes that
were mechanically exfoliated onto a SiO,/Si substrate
(oxide thickness, 300 nm); (c) a PV device with a vertically
stacked ITO/pristine MoS,/CHF; plasma-treated MoS,/Au
structure before the final SFg etching (the scale bar is
10 um); (d) the final PV device (the scale bar is 10 um). In
the final device, the marginal MoS; area that is not covered
by ITO has been completely removed by SFs plasma etch-
ing. The dashed box denotes the photoactive area (i.e., the
final MoS, flake area) that is used for evaluating J;. and EQE
values.

the dashed box in Figure 2 (d). Here, it is noted that the
MoS, photoactive area sandwiched by Au and ITO
electrodes appears to be very dark under the OM
illumination. This implies a high light absorption in
MoS; layers, which is an important basis for achieving
high J;c and EQE values in MoS, PV devices.

For a systematic study, first we fabricated several
MoS, PV devices treated with different plasma species
(i.e.,, Oy SFg, CF4 and CHFs3) and performed a brief
|-V characterization under illumination of 532 nm laser
light (power density, Pjser = 283 mW/cm?). The plasma
treatment protocols are described in details in the
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Figure 3. One example of the comparison between plasma-treated and untreated MoS, PV devices: (a, b) Current
density—voltage (J—V) characteristics of a CHF; plasma-treated PV device and an untreated control device, respectively,
which were measured with no illumination. Both devices have the same MoS; photoactive layer thickness of ~120 nm. (c, d)
J—V characteristics, measured under illumination of AM1.5G simulated sunlight (power density, 100 mW/cm?), of these two
PV devices, respectively. The plasma-treated PV device exhibits the higher rectification degree (i.e., I¢/Ig> 1 0*at |V]=0.5V)and
PV performance parameters (i.e., Vo = 0.28 V, J;c = 20.9 mA/cm?, FF = 0.47, and PCE = 2.8%) in comparison with those of the
untreated PV device (i.e., Ie/lg ~ 3 at |V| = 0.5 V, Vo = 0.13 V, J;c = 11.3 mA/cm?, FF = 0.23, PCE = 0.34%).

Method and Material. Figure S1 in the Supporting
Information displays the current density—voltage
(J—V) characteristic curves of the MoS, PV devices
treated with O,, SFs, CF4 and CHF; plasmas. For all
devices, the MoS, photoactive layer thickness is
~100 nm. This brief characterization shows that the
CHF3 plasma-treated PV devices exhibit the highest
PV performance in terms of the highest values of J,
Voc, FF, and PCE parameters. Here, PCE = J; Vo FF/Paser-
Therefore, our following analysis and discussion focus
on CHF3 plasma-treated MoS, PV devices.

Figures 3 (a) and (b) show the J—V characteristics,
measured without illumination, of a CHF; plasma-
treated PV device and an untreated control device.
Both devices have the same MoS; layer thickness of
120 nm. In comparison with the untreated device, the
plasma-treated PV device exhibits a much more pro-
minent diode-like behavior with a high degree of
current rectification (forward/reverse current ratio,
Ie/lx > 10* at |V] = 0.5 V), very small reverse dark current
(on the order of 1 uA/cm?), and relatively high shunt
resistance of ~790 Q cm? The untreated control
device exhibits a quite weak degree of rectifica-
tion (le/lx ~ 3 at |V| = 0.5 V), which is attributed to
the shallow Schottky barrier formed at the pristine
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MoS,/Au interface. Parts (c) and (d) of Figure 3 show
the J—V characteristics of these two devices measured
under illumination of AM1.5G simulated sunlight
(power density, Py, = 100 mW/cm?). The untreated
PV device exhibits a reasonably high J,. value of 11.3
mA/cm? that is attributed to the high light absorption
coefficient of MoS; but relatively poor values of V. (0.13 V),
FF (0.23), and PCE (0.34%). Here, PCE = Js Vs FF/Psyp.
In contrast, the plasma-treated PV device exhibits a
significantly improved PV response with (or as evi-
denced by) Jsc = 20.9 mA/cm?, V. = 0.28 V, FF = 0.47,
and PCE = 2.8%. Inparticular, this Js. value is compar-
able with the J;. data of some superb thin-film solar
cells based on single-crystal semiconductors.>**> For
this specific example, the CHF; plasma treatment
process results in approximately 2-fold increase in Jg,
2-fold increase in V., 2-fold increase in FF, and about
8-fold increase in PCE.

To verify the high J. values observed in our MoS,
PV devices, we measured the EQE spectra of these two
PV devices for wavelengths (1) ranging from 300 to
800 nm using a luminescence spectrometer (Figure 4
(@)) (note that the EQE measurements are independent
from the PV characterizations under AM1.5G illumina-
tion to check the measurement consistency). In this
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Figure 4. EQE measurements for further confirming the high J. values measured using an AM1.5G solar simulator: (a) EQE
spectra, measured at wavelengths 1 = 300—800 nm, of a CHF3; plasma-treated PV device (red circles) and an untreated PV
device (blue triangles). Both devices have the same MoS; layer thickness of 120 nm. (b) Integral of the overlap between the
measured EQE data and the standard AM1.5G spectrum over a wavelength range of 300 to 800 nm, which yields calculated J5.
values of 18.7 mA/cm? and 11.2 mA/cm? for the plasma-treated PV device and the untreated control device, respectively.

measurement, the EQE at a wavelength 4 is extracted
from the J;. value measured under the illumination at
A with incident power density P, (ie, EQE (1) =
(Jsc/P;)(hc/ed), where h, ¢, and e are Planck's constant,
the speed of light, and the electron charge, respec-
tively). The EQE values of the untreated PV device are in
the range of 34—54% for A = 300—700 nm, which are
comparable with previously reported EQE data of
undoped MoS, photoactive layers®'® In comparison
to the untreated device, the CHF; plasma-treated
device exhibits significantly enhanced EQE values at
all wavelengths between 300 and 700 nm, which are in
the range of 37—78%. Figure 4 (b) plots the integral of
the overlap between these measured EQE values and
the standard AM1.5G spectrum over a wavelength
range of 300—800 nm, which yields calculated Js
values of 18.7 and 11.2 mA/cm? for the plasma-treated
PV device and the untreated control device, respec-
tively. Such J;. values calculated from EQE data are
consistent with the Js. values independently measured
using the AM1.5G solar simulator. The remaining small
discrepancy between these two groups of J,. values is
attributed to the uncounted photocurrent density
contributions from other wavelengths that are not
covered in our EQE measurements and the EQE-based
calculation of J,. values.

To demonstrate the repeatability for achieving high
Jsc values in plasma-treated PV devices with MoS,
photoactive layer thicknesses close to that of the
device shown in Figure 3 (c), Figure S2 (a)—(d) in the
Supporting Information lists the J—V characteristics of
another four CHF; plasma-treated PV devices that were
fabricated in the same batch as the one discussed
above. The MoS, photoactive layer thicknesses of
these devices range from 81 to 120 nm. All of them
exhibit very high J values (18.0—21.7 mA/cm?) and
reasonably good PCEs (1.7—2.56%) under AM1.5G
illumination, as well as a good consistency between
the Jy values measured by the solar simulator and the
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calculated Js. values based on EQE data (parts (e) and (f)
of Figure S2 (Supporting Information) show one of
examples of such consistency for these PV devices).
Figure 4 (a) and Figure S2 (e) (Supporting Information)
also demonstrate that the EQE values of both untreated
and plasma-treated MoS, PV devices remain relatively
high, even at wavelengths as short as 300 nm (~34% for
the untreated device; 37—48% for the plasma-treated
ones). Most PV devices based on conventional semicon-
ductors (e.g., Si and llI-V compounds) typically exhibit
significantly depressed EQE values for 4 < 400 nm, which
is attributed to the blue-response-reduction effect asso-
ciated with the front surface recombination of photo-
generated e—h pairs.2~° Here, our EQE results show
that our MoS, PV devices exhibit a mitigated reduction of
the blue response, which could be attributed to the low
density of recombination centers on the front surfaces of
2D MoS, layers (i.e., the surfaces not treated by plasmas).
Although such a relatively high blue response is not
greatly beneficial for the solar cell applications under
AM1.5G condition (the AM1.5G spectrum is signifi-
cantly cut off at 4 < 280 nm), it is beneficial for making
new blue and ultraviolet (UV) photodetectors. Based
on the EQE spectrum of a CHF; plasma-treated PV
device shown in Figure S2 (e) (Supporting Information),
we extracted the photovoltaic-mode (i.e., zero-bias
mode) responsivity spectrum R(1) = EQE x (ed/hc) for
this device, as shown in Figure S3 (a) (Supporting
Information). Even under zero bias, this device still
exhibits a high responsivity >90 mA/W for 1 =
300—700 nm. Figure S3 (b) (Supporting Information)
displays its [—V characteristic curves measured under
dark (blue curve) and illumination (532 nm laser light
with excitation power of 283 mW/cm?) (green curve)
conditions. This device exhibits high light to dark
current ratios (102 to 10%) at zero and reverse biases.
To further verify the role of plasma treatment in
the photovoltaic response enhancement and also
identify the effect of MoS, thickness on PV performance
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Figure 5. Additional data systematically showing the comparison between plasma-treated and untreated MoS, PV devices in
photovoltaic response performance: V. (a), Js (b), FF (c), and PCE (d) data of multiple CHF3 plasma-treated (denoted by red
circles) and untreated (denoted by blue triangles) MoS,-based PV devices, which are plotted as the functions of MoS,
thickness. In any range of the MoS; thickness, plasma-treated devices exhibit statistically higher values of V,, FF, Js,, and PCE

parameters in comparison with untreated ones.

parameters, we fabricated a set of CHF; plasma-treated
and untreated PV devices with a broad range of MoS,
layer thickness (10—120 nm). Figure S4 in the Support-
ing Information lists the J—V characteristics, measured
under AM1.5G illumination, of all of these devices.
Figure 5 displays (a) Vo, (b) Js, (c) FF, and (d) PCE
data of all PV devices (red circles are for CHF3 plasma-
treated devices; blue triangles are for untreated
devices), which are plotted as the functions of MoS,
layer thicknesses. Figure 5 clearly shows that plasma-
treated PV devices exhibit higher values of V., Js, FF,
and PCE as compared to untreated devices of similar
MoS, thickness. For MoS, thicknesses above 60 nm, the
plasma treatment process induces the more promi-
nent photovoltaic response enhancement. While
our current fabrication processes lead to observable
device-to-device variation in PV parameters, including
the variation among devices of similar MoS, thickness,
the statistical properties of the PV data shown in
Figure 5 are highly consistent with our view that the
plasma treatment significantly improves the photovol-
taic response of MoS,-based PV devices.

Figure 5 also shows that the PV parameters of
CHF3 plasma-treated devices increase with increasing
the MoS; layer thickness in the range of 10—120 nm.
Devices with MoS, thicknesses of 80— 120 nm exhibit the
highest PV response performance (i.e., Vo 02—0.33V,
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Js: 18=21.7 mA/cm?, FF: 0.42—0.58, PCE: 1.7—2.8%).
Our current transfer-printing process is not effective in
producing MoS, flakes thicker than 130 nm."” How-
ever, using the mechanical exfoliation method pre-
viously reported,” we fabricated six CHF; plasma-
treated PV devices with MoS, thicknesses in the range
of 210 to 500 nm (Figure S5 in the Supporting Informa-
tion displays the J—V characteristics of these devices
under AM1.5G illumination). These thicker MoS, PV
devices exhibit prominent diode-like J—V characteris-
tics, but they show a very weak PV response (i.e., Vy:
0.1-0.15V, J;: 0.62—4.92 mA/cm?, FF: 0.21—0.33, PCE:
0.018 to 0.25%). These results indicate that the perfor-
mance of plasma-treated MoS, PV devices highly
depends on MoS; layer thickness, and that the optimal
MoS; thickness, which could result in the highest PCE,
should be in the range of 120—210 nm. Future efforts
will seek to develop new nanomanufacturing ap-
proaches that can result in a high yield of MoS, flakes
or large films with thickness values in this range.

To understand the physical mechanism responsible
for the plasma treatment-induced enhancement of
current rectification and photovoltaic responses ob-
served in MoS, PV devices, we measured X-ray photo-
electron spectra (XPS) of plasma-treated and untreated
MoS; surfaces. Figure 6 (a) shows the Mo 3ds,, and Mo
3ds/, XPS peaks of CHF3 plasma-treated and untreated
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Figure 6. XPS surface analysis of plasma-treated MoS; surfaces for understanding the band structure of plasma-doped MoS,
PV devices: (a) Mo 3ds,; and Mo 3d5,, XPS peaks of CHF; plasma-treated and untreated (pristine) MoS, surfaces, which show
that the plasma treatment results in a negative shift of the elemental electron binding energy and therefore the p-doping
characteristics in treated MoS; layers. (b) Schematic band diagram of a CHF; plasma-treated MoS, PV device with vertically
stacked Au/plasma-treated (or p-doped) MoS,/untreated (or n-type) MoS,/ITO regions, which has a p—n junction with build-

in potential AD;, = ®, mos2 — Pp-mos2 ~ 0.7 eV.

(pristine) MoS, surfaces. In comparison with the Mo
3ds,, and Mo 3ds,, peaks of the untreated MoS, sur-
face, the relevant peaks of the CHF; plasma-treated
surface are wider, and their maxima shift toward
the lower binding energy values. The relative shift
(ADpos2) is measured to be about 0.7 eV. Such a
downshift of XPS peaks can serve as an indicator of
the p-doping in MoS,, because it is corresponding to
a relative shift of the Fermi level toward the valence
band edge3°32 This XPS characterization also strongly
suggests that a p—n junction (i.e., a built-in potential
(AD;,)) could be formed in a MoS, flake with one
surface treated with plasma. The CHF; plasma-induced
p—n junction is estimated to have a built-in potential
AD;, ~ ADy4s; ~ 0.7 eV. Additional in-depth analysis
and discussion about physical mechanisms involved in
plasma doping processes (e.g., the physical mechanism
responsible for plasma-induced p-doping, the depth
profiling of dopants, as well as the spatial uniformity
of p—n junction built-in potentials) are discussed in the
Supporting Information.

Based on the XPS results, we plot the band diagram
of our MoS, PV devices with vertically stacked ITO/
untreated n-type MoS,/CHF; plasma-treated p-type
MoS,/Au regions, as illustrated in Figure 6 (b). The
interface between plasma-doped and undoped MoS,
regions is expected to be a p—n junction with a built-in
potential Ad;, ~ 0.7 eV, as implied by the XPS data.
The electric field associated with this built-in potential
barrier could effectively facilitate the separation and
collection of photogenerated e—h pairs, therefore
resulting in the higher J;c and EQE values for plasma-
doped MoS, PV devices as compared to those for
undoped ones. This built-in potential barrier is also
responsible for the increased open-circuit voltage (V).
In addition, the plasma doping-induced p—n junctions
canresult in a strong diode-like transport characteristic
in MoS, PV devices, which feature a high degree of
current rectification. Such a rectifying diode behavior
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effectively suppresses the reverse dark current and
increases the shunt resistance of a MoS, PV diode,
resulting in the enhancement of the fill factor (FF).
Although the plasma-induced enhancement of
photovoltaic response in MoS, PV devices could be
attributed to the formation of p—n junctions in MoS,
photoactive layers, the effect of the Schottky junction
barriers potentially formed at ITO/MoS, and Au/MoS,
interfaces needs to be further analyzed and justified.
The interface between ITO and untreated n-type MoS,
is expected to be a quasi-Ohmic contact, because the
work function of untreated MoS, (®,,.mos2 ~ 4.6 €V) is
very close to that of ITO (@10 ~ 4.4—4.5 eV).3 There-
fore, only a negligible Schottky barrier built-in potential
would be formed at ITO/untreated MoS, interfaces. To
experimentally verify this band alignment analysis, we
fabricated lateral ITO/untreated MoS,/ITO structures
and measured their /—V characteristics. Parts (a) and (b)
of Figure S8 (Supporting Information) show the OM
image and the /—V characteristic curve of a represen-
tative device, respectively. The highly linear and sym-
metric /—V curve indicates that there is a very shallow
Schottky junction barrier formed at ITO/untreated
MoS, interfaces. Figure S9 (a) (Supporting Information)
illustrates the ideal band diagram of an Au/untreated
pristine MoS; interface, which is plotted without taking
into account the Fermi level pinning effect due to the
interfacial traps. Here, the band alignment is comple-
tely determined by the work functions of pristine MoS,
(@) mos2 ~ 4.6 €V) and Au (@, ~ 5.1 eV).'® The built-in
potential (A®;,) of the Schottky barrier at such an
Au/untreated MoS; interface is ideally estimated to be
ADjn= Ppy, — Dpposa ~0.5 eV. Shanmugam et al.
attributed the photovoltaic response observed in their
MoS, PV devices to such a Schottky barrier effect.'® The
photovoltaic response observed in our undoped PV
devices could also be attributed to it. However, the
substantially poorer PV performance of our undoped
PV devices in comparison with our plasma-doped ones
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suggests that the real Schottky barrier height in our
undoped PV devices may be significantly smaller than
0.5 eV (ie, Doy, — Pp-mos2), Which could be attributed
to the Fermi level pinning effect induced by the inter-
facial traps at Au/pristine MoS, interfaces. Figure S9 (b)
(Supporting Information) qualitatively illustrates the
band diagram of an Au/untreated MoS, interface that
is plotted with taking into account the Fermi level pinning
effect that could result in A®;, < @, — Pp-mos2- We also
postulate that the real Au/MoS; Schottky barrier heights
may highly depend on the specific conditions for pro-
ducing and processing MoS, flakes.

Based on the XPS result, the work function of CHF;
plasma-treated (or p-doped) MoS; layers is estimated
to be @, mos2 ~ 5.3 eVthatis close to the work function
of Au (i.e., ®p, ~ 5.1 eV). Therefore, an Au/p-doped
MoS, interface would be likely a quasi-Ohmic contact
with a very shallow Schottky barrier, as illustrated in
the band diagram in Figure S10 (a) (Supporting
Information) that is plotted without taking into ac-
count the Fermi level pinning effect. However, the
band alignment at such Au/p-doped MoS, interfaces
could be complicatedly affected by the interfacial
traps, as illustrated in Figure 6 (b). To experimentally
evaluate the transport property of such Au/p-doped
MoS, interfaces, we fabricated a back-gated MoS,
field-effect transistor (FET) using the method pre-
viously reported.'?* The top surface of the MoS,
channel was blank-treated with CHF; plasma to form
a pair of Au/p-doped MoS, drain/source contacts.
Figure S10 (b) in the Supporting Information illustrates
the cross-sectional view of the FET structure labeled
with critical dimensions. Figure S10 (c) (Supporting
Information) shows the output characteristics (i.e.,
drain-source current (Ips) versus drain-source voltage
(Vps) curves measured under different gate voltages
(Vg)) of the FET. This FET exhibits highly linear and
symmetric Ips — Vps characteristics under all gate
voltages, which implies that the Au/p-doped MoS,
interfaces are quasi-Ohmic contacts with a very shallow
Schottky barrier. This analysis further supports our view
that it is the p—n junctions formed in MoS, photoactive
layers that give rise to the high photovoltaic response
observed in plasma-treated MoS, PV devices.

It is known that in layered semiconductors, the
interlayer transport characteristic parameters (e.g., mo-
bility and saturation velocity) are worse than the
corresponding parameters for the in-plane transport
case. To evaluate the interlayer transport properties in
multilayer MoS,, we further studied the diode trans-
port characteristics of our PV devices in different bias
regimes. Figure 7 shows the forward bias J—V char-
acteristic curve, measured without illumination, of a PV
diode consisting of vertically stacked Au/p-doped
MoS,/n-type MoS,/ITO layers. The total MoS, thickness
(or the channel length of this vertical diode) is L ~
120 nm. This vertical MoS, diode exhibits different
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Figure 7. Forward bias J—V characteristic curve, measured
without illumination, of a MoS, diode consisting of vertically
stacked Au/p-doped MoS,/n-type MoS,/ITO layers (total
MoS; thickness ~120 nm), which exhibits different transport
characteristics in different bias regimes, including Boltzmann
(0—1.2 V), low-field space-charge-limited conduction (SCLC)
(1.2—4 V), and velocity-saturation SCLC (>4 V) regimes.

transport characteristics in different bias regimes, in-
cluding Boltzmann (V = 0—1.2 V), low-field space-
charge-limited conduction (SCLC) (V = 1.2—4 V), and
velocity-saturation SCLC (V> 4 V) regimes. In particular,
in the low-field SCLC regime, the J—V curve can be well
fitted with eq 1 (i.e., the Mott—Gurney equation for the
low-field SCLC regime),***° where ky,os> is the effective
dielectric constant of multilayer MoS, (kyos2 ~ 10);%%>7
&o is the vacuum permittivity; u, is the field-effect
mobility along the direction perpendicular to MoS,
layers. Here, the coefficient oL = 9kpios2€0 1.1 /8L is fitted
to be ~115 A/V?cm?, and u, = 8L30/Kkpos280 is esti-
mated to be ~0.2 cm?/(V s) that is about 2 orders of
magnitude lower than typical in-plane mobility (/)
values of MoS, layers.

2
_ 9kmos2e0u, V'

J = = aV? 1
8L3 ¢ M
2kmos280vLV

In the velocity-saturation SCLC regime, the J—V
curve can be fitted with eq 2 (i.e., the Mott—Gurney
equation for the velocity-saturation SCLC regime),3*3>
where v, is the saturation velocity along the direction
perpendicular to MoS; layers. The coefficient 5 = 2kyosa€o
v, /L? is fitted to be ~348 ANcm?, and v, is estimated
to be ~3 x 10% cm/s that is also about 2 orders of mag-
nitude lower than the in-plane saturation velocity in MoS,
layers.3® In addition, the critical electric field associated
with v is ~3 x 10° V/cm that is estimated from the
critical voltage (~4 V) of the transition between low-field
and velocity-saturation SCLC regimes.

We currently lack a comprehensive model for fully
understanding the MoS, thickness-dependent behaviors
of critical PV parameters that are shown in Figure 5. Such a
model should be based on the plasma doping-modulated
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band structure of MoS, and needs comprehensive data of
diffusion lengths and binding energies of photogenerated
e—h pairs, positions/depths of p—n junction depletion
regions, electric field-dependent recombination rates of
carriers, and light extinction coefficients in plasma-doped
multilayer MoS,. Here, we only provide an initial qualitative
explanation. The increase of J,. with increasing the MoS,
thickness in the range of 10—120 nm could be attributed
to the increase of the total absorption of incident light
and the total amount of photogenerated carriers. The low
Jsc values observed in devices with MoS, thicknesses
>210 nm (Figure S5. Supporting Information) may be
due to the limited diffusion lengths of photogenerated
carriers that in turn would result in a low collection effi-
ciency of carriers at the electrodes. Although the origins of
V. and FF parameters of MoS, PV devices are still not clear,
the previous works on c-Si, a-Si, and organic PV cells imply
that they are probably associated with multiple factors,
including built-in potentials (A®;,) at p—n junctions, shunt
resistance (Ry,), series resistance (Rs), generation rate of
carriers per unit photoactive area (G), disorder, tempera-
ture (7), and the work functions of electrodes.3*~*' Here,
Rt Rs, G values are dependent on the MoS, thickness.
The increase of MoS, thickness in the range of
10—120 nm can enhance the absorption of incident
light and the generation rate of carriers (G), which could
increase the quasi-Fermi level difference between elec-
trons and holes, and therefore increase V.. This mech-
anism is expected to be coupled with an increase of
Js. In addition, the increase of MoS, thickness is ex-
pected to reduce the current leakage through the tunnel-
ing channels and pin-holes in MoS, flakes, which could
increase R, and therefore V. as well as FF values. However,
when the MoS, thickness is overly thick (eg., twosz >
210 nm), R; may be too high and degrade the FF value 3’

Finally, we systematically compare the critical photo-
voltaic response parameters achieved in our plasma-
doped MoS, PV devices with those of relevant LTMD-
based photodevices reported by other groups, which
are listed in Table 131214184243 T4 the best of our
knowledge, under the standard AM1.5G illumination
our CHF3 plasma-doped PV devices with 100—120 nm
thick MoS, photoactive layers exhibit the highest
Js, EQE, and PCE values among current LTMD-based
PV-related devices with similar photoactive layer
thicknesses.'®*? It is noted that our PV devices as well
as other recently reported vertically stacked LTMD
heterostructure PV devices exhibit relatively low values
of V. (lower than 0.6 V; mostly in the range 0.1-0.3 V).

MATERIALS AND METHODS

Fabrication of PV Devices with Plasma-Doped MoS, Photoactive Layers.
The bulk MoS, ingot samples were purchased from SPI,
Inc., with sample size ~1 cm? The prepatterning of the MoS,
ingot stamps was performed by using a previously published

WI ET AL.

Such low V. values could be attributed to pinholes or
edge leakage defects in current MoS, flakes, which may
result in undesirable leakage between electrodes, rela-
tively low shunt resistance (Rg,), and hence relatively low
Vo327 Such a pinhole or edge-leakage effect is expected
to become more serious with reduction of MoS, thickness.
To support this analysis, we plot R, values of our CHF5-
doped devices as a function of their MoS, photoactive
layer thicknesses (Figure S11 (a)) (Supporting Information).
Figure S11 (a) (Supporting Information) shows that Ry,
indeed decreases with reduction of MoS, thickness. In
addition, the V,,. values of our devices also exhibit a strong
correlation with Ry, values (i.e., V. decreases with reduc-
tion of Ry, as demonstrated in Figure S11 (b), Supporting
Information). These experimental data support our con-
clusion that pinholes or edge leakage defects would be
likely responsible for the relatively low V., values of current
vertically stacked LTMD PV devices. With the development
of new methods enabling the growth of high-quality MoS,
films with a lower defect density and the reliable passiva-
tion of the edge leakage states of MoS, flakes, the V.
values of vertically stacked LTMD PV devices would be
significantly improved in the future.

CONCLUSION

In conclusion, this work has provided a solid founda-
tion to prove that the plasma-assisted doping can
serve as a reliable approach to form stable p—n junc-
tions in multilayer MoS, and result in a significant
enhancement of photovoltaic response in MoS,-based
PV devices. We have applied this doping method to
make a vertically stacked Au/p-doped MoS,/n-type
MoS,/ITO PV structure and achieved reasonably good
PCE values up to 2.8% and very high J;. values up to
20.9 mA/cm? under AM1.5G illumination, as well as high
EQE values in the range of 37—78% for wavelengths
ranging from 300 to 700 nm. These are the highest values
of PCE, J, and EQE for LTMD-based PV devices ever
reported to date. This work also suggests that the photo-
voltaic response performance of MoS, PV devices highly
depends on the MoS, photoactive layer thicknesses, and
the optimal MoS, thickness for achieving the highest
performance may be in the range of 120—210 nm. We
anticipate that this work could advance new technical
approaches for tailoring the band structures of emerging
atomically layered 2D materials, and provide critical and
imperative scientific insights for leveraging the unique
optoelectronic properties of these materials for photo-
voltaic and other optoelectronic applications.

method.'” The top surface layers of MoS, ingot stamps were
treated (or doped) with various plasmas (i.e., O,, SFs, CF,4, and
CHF3) in a standard reactive ion etching (RIE) tool (Plasma-
Therm 790 Etcher). For all plasma recipes, the RF power was
fixed to 100 W; the pressure was 10 mTorr; the precursor
gas flow rate was 10 sccm; and the treatment time was 1 min.
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The surface analysis of plasma-doped MoS, flakes was per-
formed by using an X-ray photoelectron spectroscope (XPS,
Model: Kratos Axis Ultra XPS). To exfoliate the plasma-treated
MoS, flake pixels onto the device substrates, the MoS, ingot
stamps were pressed onto the prepatterned Au cathodes on
substrates and subsequently released by using a custom-made
pressing tool. These Au cathodes (5 nm of Ti/70 nm of Au) were
fabricated by photolithography followed by metal deposition
and lift-off. To form the anode electrodes, 50 nm ITO films were
deposited on top of the exfoliated multilayer MoS, flakes by
using an ion-beam sputter (Kurt J. Lesker Lab 18-1). The as-
deposited ITO films were thermally annealed in a vacuum
chamber at 300 °C for 40 min to enhance their conductivity
and transparency.

PV and EQE Characterizations. Current density versus voltage
(J—V) characteristic curves were measured by using a Keithley
2400 system equipped with an Oriel Sol3A solar simulator
(AM1.5G, Class AAA, Newport) that was calibrated by using a
NREL-certified Si reference cell. The EQE data as a function of
wavelengths were measured by using a luminescence spectro-
meter (AMINCO-Bowman series 2) with a slit width of 16 nm as
the light source. The spectral irradiance of this instrument
ranges from ~25—200 uW/mm? over the wavelength range
from 300 to 800 nm, and it was calibrated using a Newport 818-
UV detector. Photocurrents were quantified with a Keithley
6514 electrometer. In addition, to enable a preliminary identi-
fication of the optimal plasma recipes for doping MoS, PV
devices, a 532 nm laser (power density, 283 mW/cm?) was also
employed to quickly characterize the PV response performance
of the devices doped with various plasmas.

Conflict of Interest: The authors declare no competing
financial interest.

Supporting Information Available: |-V characteristics of
MoS, PV devices treated with O,, SFs, CF,4 and CHF3 plasma
recipes measured under illumination of 532 nm laser light
(Figure S1); J—V characteristics of several CHF3 plasma-treated
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plasma-assisted doping processes; angle-resolved XPS charac-
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