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15 ABSTRACT: Photoinduced generation of mobile charge carriers is the il signal out
16 fundamental process underlying many applications, such as solar energy campl canty 720
17 harvesting, solar fuel production, and efficient photodetectors. Monolayer g ﬂ
18 transition-metal dichalcogenides (TMDCs) are an attractive model system
19 for studying photoinduced carrier generation mechanisms in low-dimen-

q P q g Al [3]isolator
20  sional materials, because they possess strong direct band gap absorption and T [Qlcirculator
21 large exciton binding energies and are only a few atoms thick. While a [#lattenuator
22 number of studies have observed charge generation in neat TMDCs for ) (Wlphase:shifter

. . . microwave power

23 photoexcitation at, above, or even below the optical band gap, the role of a—r
24 nonlinear processes (resulting from high photon fluences), defect states, monochromator|
25 excess charges, and layer interactions remains unclear. In this study, we 150W xenon arc lamp -~ A
26 introduce steady-state microwave conductivity (SSMC) spectroscopy for ||:| chopper somn.
27 measuring charge generation action spectra in a model WS, mono- to few-
28 layer TMDC system at fluences that coincide with the terrestrial solar flux.
29 Despite utilizing photon fluences well below those used in previous pump—probe measurements, the SSMC technique is
30  sensitive enough to easily resolve the photoconductivity spectrum arising in mono- to few-layer WS,. By correlating SSMC with
31 other spectroscopy and microscopy experiments, we find that photoconductivity is observed predominantly for excitation
32 wavelengths resonant with the excitonic transition of the multilayer portions of the sample, the density of which can be
33 controlled by the synthesis conditions. These results highlight the potential of layer engineering as a route toward achieving high
34 vyields of photoinduced charge carriers in neat TMDCs, with implications for a broad range of optoelectronic applications.
35 ransition-metal dichalcogenides (TMDCs) are two- conduction and valence band energies of several of these
36 dimensional layered materials with highly tunable TMDCs lie in the appropriate positions for important

37 optoelectronic properties.”> The band structure of TMDCs
38 varies from metallic to semimetallic to semiconducting” and
39 depends critically upon the dominant transition metal,’
40 isovalent or aliovalent substitutional dopants,”” alloying,® and
41 material dimensionality.” Many layered 2D TMDCs, such as
4 MoX, and WX, (where X =S, Se), transition from indirect band
43 gap semiconductors in their bulk form to direct band gap
44 semiconductors at the monolayer level.””* The large optical
45 absorption cross sections and high charge carrier mobilities of
46 these monolayer TMDCs open up intriguing possibilities for
47 optoelectronic applications, such as solar energy harvesting,”"*
48 photodetectors,"”'* and phototransistors.”> Additionally, the
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electrochemical transformations, such as the hydrogen evolution s1
reaction (HER) and oxygen evolution reaction (OER),'® s2
spurring interest in their potential application in electro- and s3
photocatalytic (e.g,, solar-driven) fuel generation schemes.' ™ s4
Quantum confinement and reduced dielectric screening in ss
direct band gap monolayer TMDC:s give rise to strong electron— s6
hole Coulomb attraction, resulting in the production of strongly s7

bound excitons and/or trions (exciton bound to a charge ss
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Figure 1. (a) Absorbance (solid line) and confocal photoluminescence (dashed line) spectra of WS, sample that is predominantly monolayer (“S-poor
1” sample, vide infra). (b) Optical microscopy image of a monolayer WS, flake. (c) Optical microscopy image of WS, flakes showing a small triangular
second layer in the center of the main large flake and a five-layer flake in the upper right-hand corner. (d) Confocal PL spectra of a WS, flake (see Figure
S1 for image) containing six layers. PL spectra are taken at locations where different layer numbers (denoted in legend) are visible by optical
microscopy. (e) Raman spectra of same WS, flake, taken in the same locations as in panel d (see also Figure S1). Excitation is at 532 nm. (f)
Dependence of A,,/E,, Raman ratio (left axis) and PL intensity (right axis) on number of WS, layers.

carrier) for photoexcitation at or above the optical band
21724

ap.
’ The crucial first step in using excitonic TMDC semi-
conductors for solar energy-harvesting applications is to
dissociate excitons into long-lived free charge carriers. One
general approach for achieving photoinduced exciton dissocia-
tion in excitonic semiconductors is to generate heterojunctions
that establish a thermodynamic driving force for interfacial
photoinduced charge transfer,”>>” and this approach has been
applied recently to a number of TMDCs.”~""**7** Even in the
absence of such a heterojunction, there can be non-negligible
charge generation in low-dimensional semiconductors with
exciton binding energies of several hundred millielectron
volts'**>73° because of a pronounced interaction of (often
highly mobile) photogenerated excitons with the surrounding
environment and/or defect or trap states.’® Some recent studies
have observed photoinduced charge generation in neat
monolayer TMDCs via pump—probe measurements, such as
time-resolved terahertz spectroscopy (TRTS),**** or via the
observation of photoconductivity in, for example, photo-
detectors."* Charge generation mechanisms are often attributed
to the involvement of defect/trap states,”*’ and the generated
charge carriers tend to recombine rapidly, in the range of 350 fs
to 100 ps.'****> However, it is important to note that typical
time-resolved optical measurements suffer from the use of high
photon fluences that can exacerbate nonlinear processes such as
multiphoton absorption,””** band gap renormalization,*”~*'
and multiparticle collisional (Auger) processes.”” Typical
electrode-based photoconductivity measurements can suffer
from the potentially confounding effects of the semiconductor/
electrode interface and the influence of applied electric fields.
Furthermore, because many pump—probe experiments probe
collections of many isolated TMDC flakes that may have varying
degrees of monolayer purity (i.e., varying percentages of flakes

with additional layers), the role of these multilayer areas in
charge generation remains unclear.

To address these issues, we introduce in this study a low-
fluence contact-less method for measuring photoconductivity in
mono- to few-layer TMDCs, based on the absorption of
microwave radiation by charge carriers generated under
conditions of steady-state illumination. The technique, steady-
state microwave conductivity (SSMC),* shares many of the
advantages of flash-photolysis time-resolved microwave con-
ductivity (fp-TRMC), which our group and others have used to
study charge generation in a wide variety of neat semiconductors
and heterostructured systems.””****~*" In general, the use of a
resonant cavity in microwave conductivity experiments
enhances the sensitivity for measuring photoconductivity
relative to TRTS, allowing for the use of substantially lower
excitation fluences. Furthermore, the continuous wave (CW)
light source utilized for SSMC enables the use of a higher quality
factor cavity and lock-in detection to achieve operation at even
lower fluence values than employed by the pulsed light source of
a typical fp-TRMC experiment. Our SSMC experiment operates
at fluences (~1 X 10"*/cm?/s/nm @ 600 nm) somewhat below
those associated with terrestrial solar flux (~4 X 10'*/cm?/s/nm
@ 600 nm). Here, we use the SSMC technique to explore the
photoconductivity action spectrum of a model WS, TMDC
system. We find that the dominant photoconductivity response
occurs for excitation of the A exciton transition of small
multilayer areas of WS,. The intensity of this transition, and by
extension the total charge density created in the WS, flakes, can
be tuned via the sulfur feeding rate used in the chemical vapor
deposition (CVD) synthesis. These results introduce both a
powerful new method for studying photoinduced charge
generation in mono- to few-layer semiconductors and a
promising strategy for synthetic engineering of mono- to few-
layer TMDCs for optoelectronic applications requiring high
yields of mobile excited-state charge carriers.
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Figure 2. (a) Absorbance spectra of WS, samples grown with varying sulfur fluxes within the CVD growth process. (b) Absorbance spectra of a WS,
sample grown in sulfur-rich conditions that is either undoped (red trace) or doped with the one-electron oxidant OA. (c) Optical microscopy image of
sulfur-rich WS, sample. The solid red lines outline the area of the substrate covered by both monolayer and multilayer WS, triangles, as identified by an
image segmentation algorithm via MATLAB. (d) The same optical microscopy image shown in panel ¢, where the dashed red lines outline the area of
the sample covered by multilayer portions of WS,. After imaging >50 flakes, the ratio of the multilayer area to the total area for this sample was

estimated to be 28% (+ 13%).

In this study, we synthesize mono- to few-layer WS, flakes on
SiO,/Si wafers by atmospheric pressure chemical vapor
deposition (APCVD) and transfer them to quartz substrates.
The absorption spectrum of a characteristic CVD-grown WS,
sample containing predominantly monolayer flakes (see analysis
below) is shown in Figure la (solid blue line). The absorption
spectrum of a sample dominated by WS, monolayers consists of
three primary peaks corresponding to excitonic optical
transitions: the A exciton at 611 nm (2.03 V), the B exciton
at 513 nm (2.42 eV), and the C exciton at 432 nm (2.87 eV).
The primary excitonic photoluminescence (PL) occurs at 617
nm (Figure 1a, dashed line), corresponding to a Stokes shift of
20 meV, characteristic of monolayer WS,. The samples consist
of isolated and randomly oriented triangular flakes with edge
lengths of ca. 20—100 ym, as shown by a representative zoomed
optical microscopy image of a monolayer flake in Figure 1b. In
larger area optical images (Figure lc), many flakes can be
observed with a second layer or even multiple additional layers,
as indicated by the sharp change in contrast. In Figure 1c, the
flakes containing additional layers are indicated by asterisks.

The spectroscopic signatures of mono- to few-layer WS,
depend strongly on the number of layers (Figures 1d—f and
S1), providing additional means to confirm the presence of
multilayer segments observed via optical microscopy. The PL
intensity decreases ragidly with layer number (Figure 1d,f), as
observed by others,”*" and also shifts bathochromically from ca.
620 nm to >640 nm (Figure 1d) in transitioning from
monolayer to multilayer. Raman spectra (Figure le) of both
mono- and multilayers show the expected in-plane E,, mode at
353 cm™'and the A, gout-of-plane mode at 417 cm™, in addition
to a number of acoustic combination modes.* The intensity
ratio of the A}, mode, relative to the E,, mode, systematically
increases with increasing layer number (Figure lef), as
previously observed for WS,.**7>° The combination of

observations in Figure 1 demonstrate that both optical
microscopy and confocal spectroscopy can be readily used to
discern the presence and prevalence of both monolayers and
multilayers in our CVD-grown WS,.

It is generally appreciated that the CVD growth environment
can play a significant role in the quality and optoelectronic
properties of TMDCs, but it is often difficult to understand the
mechanisms at play. We find that varying the sulfur flux in the
CVD synthesis leads to dramatic changes in the WS, absorption
spectrum. Figure 2a shows the absorbance spectra of three
samples grown in either sulfur-rich or sulfur-deficient con-
ditions. While all three samples display the optical transitions of
the A, B, and C excitons, two of the samples show an appreciable
shoulder (labeled A*) ca. 60 meV below the A exciton of
monolayers, with an absorption maximum of approximately 630
nm (1.97 eV). The presence of this shoulder also correlates with
an appreciable rising background across all visible wavelengths.
These observations are consistent with the changes in
absorbance observed between monolayer and few-layer WS,
in several recent studies.”’ ~>* Specifically, Niu et al. observed
that the 2.02 eV A exciton energy of monolayer WS, shifts
abruptly by ca. 40 meV to 1.98 eV in bilayer WS, and then more
gradually shifts as the layer number increases (i.e., a total shift of
ca. 60 meV for 3 layers and 80 meV for 6 layers).”’ The
transition from mono- to few-layer WS, is also accompanied by a
significant broad absorption background,”"** as observed for
the samples in Figure 2a. We thus assign the A* peak to the
excitonic transition of multilayer WS, portions of the samples.

To confirm that the A* peak observed in Figure 2a
corresponds to the absorption of multilayer WS, areas, we
must rule out other possible contributions and also attempt to
correlate the absorption with structural information. Zhu et al.
tentatively assigned a broad peak below the monolayer A exciton
peak to the absorbance of an electron or hole-bound exciton
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Figure 3. (a) Diagram of the microwave homodyne circuit used to conduct steady-state microwave conductivity (SSMC) experiments. (b)
Photoconductance action spectra of the same three samples. Inset: fluence dependence of photoconductance, measured at 530 nm. Dashed line shows
a square root dependence of photoconductance on light intensity, which fits the measured data significantly better than a linear regression (gray solid
line). The percentage of multilayers extracted from microscopy images are 8.8 + 3.6% for S-poor 1, 8.7  4.8% for S-poor 2, and 28.3 & 13.2%for S-rich.
(c) Comparison of the absorbance spectrum (solid line) and photoconductance action spectrum (dashed line) of the sample synthesized under sulfur-
rich conditions, after OA doping. Inset: normalized photoconductance as a function of the absorbance of the A* exciton peak assigned to multilayers.

(negative or positive trion, respectively).”' Molas et al. observed
two peaks in the reflectance spectrum of WS, monolayers at T =
S K, lower in energy by ca. 37 and 56 meV relative to the A
exciton.” The strong sensitivity of each peak to the electro-
statically gated charge carrier density in the WS, monolayer
allowed for the assignment of both peaks to trion optical
transitions (labeled T, and T, respectively).”> To probe
whether the 630 nm peak in our spectra corresponds to a
trion optical transition, we treated films with a well-known one-
electron oxidant—triethyloxonium hexachloroantimonate
(OA), which has been used as a p-type molecular dopant in a
number of organic and low-dimensional materials.”*~>* The
absorption spectrum of an OA-doped film (Figure 2b)
demonstrates that injection of holes by adsorbed OA molecules
dramatically increases the oscillator strength of the A exciton.
This observation suggests that the holes injected by OA
molecules compensate a native electron density (that quenches
the A exciton by phase space filling) to produce a WS, sample
that is more electronically intrinsic. Importantly, the intensity of
the A* peak is unaffected by the same change in excess carrier
density, suggesting that this absorbance feature is not related to
the optical transition of trions. Analysis of PL spectra for the
undoped and OA-doped S-rich sample also suggests that the free
charge carriers measured in the microwave conductivity
experiment do not result predominantly from direct optical

21
222
223
WS, samples, we analyzed a large number of optical microscopy 224
images of flakes. An algorithm was developed that used the
difference in contrast (see Figure 2c) between mono- and
multilayer sections to calculate the total area covered by each, as
shown in Figure S3. Statistical analysis of a large number of flakes
(>50) for the “S-poor 1” sample and the “S-rich” sample revealed
that the relative area covered by multilayers in the latter sample
was approximately four times more than that for the “S-deficient
1”7 sample. This analysis corroborates the hypotheses that CVD
growth in more sulfur-deficient conditions leads to the
production of more multilayer WS, sections and that these
multilayer sections contribute to a relatively strong excitonic
transition (A*) in the absorbance spectrum at ca. 630 nm.

To determine the degree to which optical excitation of either
mono- or multilayer WS, optical transitions may give rise to free
charge carriers, we turned to steady-state microwave con-
ductivity. A schematic of our system is shown in Figure 3a. In
this experiment we use lock-in detection to measure the change
in photoconductance induced in the sample by square-wave
optical excitation, recording the magnitude of the photo-
conductance (AG) signal as a function of excitation wavelength
to produce a photoconductance action spectrum. The chopping 245

excitation of trions (Figure S2 and associated discussion in the
Supporting Information).
For a window into the prevalence of multilayer areas in the
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frequency (73 Hz) is low enough that steady-state is reached
nearly instantaneously during each on-cycle. We use a new
microwave resonator and homodyne detection circuit designed
for this experiment; the latter is shown in Figure 3a. These
improvements confer 2 orders of magnitude greater sensitivity
than we typically obtain for fp-TRMC, making it possible to
measure weakly photoconductive samples with a monochro-
mated xenon lamp. The photoconductance is normalized to the
photon flux at each wavelength to produce photocurrent action
spectra, as shown in Figure 3b,c. Further details are provided in
the Experimental Section and the Supporting Information.

Figure 3b displays photoconductance action spectra for the
three samples plotted in Figure 2a. The y-axis is the steady-state
photoconductance figure of merit, which incorporates the yield,
mobility, and recombination rate constant of the charges we
detect. It is directly proportional to charge carrier yield per
incident photon at each excitation wavelength (see the
Supporting Information for details). Each sample produces
some amount of free charge carriers that can be measured by the
attenuation of the ca. 9 GHz microwave probe beam, and the
yield of photoinduced charge carriers depends on the excitation
wavelength. In particular, the samples all show a maximum in the
photoconductance for an excitation wavelength of 630 nm. The
photoconductance scales with the square root of the incident
light intensity (inset, Figure 3b), as expected for a second-order
bimolecular recombination process (see also Figure $4) such as
the diffusion-limited recombination of free charge carriers.

Figure 3c compares the photoconductance action spectrum
(dashed line) to the absorbance spectrum (solid line) of the OA-
doped sample synthesized under sulfur-rich conditions. This
comparison illustrates a remarkable correspondence between
the A* transition in the absorbance spectrum and the
predominant peak observed in the photoconductance action
spectrum. In contrast, the photoconductance spectrum does not
have a peak where the A exciton would be expected at ca. 611
nm, even though the oscillator strength of that monolayer
exciton transition has been largely restored by the OA doping
process. Interestingly, the photoconductance action spectrum
also has a pronounced peak at 525 nm, which is consistent with
the position of the B exciton observed for multilayer samples in
many recent studies.” > Thus, panels b and ¢ of Figure 3
suggest that photoexcitation of WS, multilayers is the dominant
source of free charge carriers in the WS, samples, while direct
excitation of excitons in monolayers produces significantly fewer
charge carriers. The inset of Figure 3¢ supports this conclusion,
showing that the measured photoconductance (after correction,
see inset of Figure 3b) correlates linearly with the absorbance of
the A* exciton transition.

To discuss the mechanism of charge generation upon
photoexcitation of the A exciton in multilayer WS, (labeled
here as A*), we must take into account both thermodynamic and
kinetic considerations. It is first important to note that the
binding energy of the A exciton decreases dramatically with
increasing layer number in TMDCs.””® Theoretical studies
suggest that the A exciton binding energy in bilayer TMDCs can
be roughly half that of the monolayer®® and can be reduced by an
order of magnitude for bulk relative to the monolayer.”
Experimentally, Chernikov et al. found a binding energy of ca.
320 meV for monolayer WS,°** and a reduction of the binding
energy in bulk WS, to ca. 50 meV,** which is quite close to kT at
room temperature (25 meV). The sharp reduction in binding
energy with increasing layer thickness should lead to a

corresponding increase in thermally induced exciton dissocia-
tion.

Associated with the reduction in binding energy for increasing
layer number is a higher degree of exciton delocalization over
multiple layers and an increased exciton size.” First-principles
calculations on mono- and few-layer TMDCs by Palummo et al.
suggest that this increased exciton delocalization leads to a
progressive slowing of radiative recombination with increasing
layer number.®® This slower radiative recombination rate allows
for other nonradiative recombination processes to compete with
radiative recombination and quench PL in multilayer TMDC:s.
Such nonradiative recombination pathways include thermal
dissociation of excitons, recombination across the indirect gap
following exciton dissociation, and carrier trapping. While the
slower radiative recombination of excitons can qualitatively
explain the numerous regorts of reduced PL quantum yields in
multilayer TMDCs”*”%* (see also Figure 1d,f), PL measure-
ments cannot provide information on the fate of nonemissive
excitons. The current study conclusively demonstrates that
some proportion of photogenerated excitons in multilayer WS,
are spontaneously dissociated to produce free mobile charge
carriers.

To examine the possible role of defect states in producing
charges, we used the ab initio GW method to compute the band
structure (Figure SSa) and ab initio GW-BSE method to
compute the optical absorption (Figure SSb) of pristine
monolayer WS, and monolayer WS, containing sulfur vacancy
defects. We chose sulfur vacancy defects based on the common
observation of these defects in as-grown TMDCs®* and the
suggested39 (but debated)®® link between such vacancies and
the n-type nature of as-grown TMDCs. The band structure
(Figure SSa) demonstrates that sulfur vacancies produce
partially filled donor states (cp) near the conduction band and
acceptor states (vp) lying within the valence band. Such defect
states could potentially contribute to free carrier generation in
the SSMC experiment. For example, an exciton could potentially
undergo dissociation into a localized bound electron sitting in
the defect donor state cp and a hole in an extended defect state
vp that is hybridized with the valence band manifold.

Several peaks below the A exciton in the calculated defect-
containing WS, layer (Figure SSb) correspond to the presence
of optically active defect transitions. While the defects calculated
here may play a role in charge generation observed by SSMC,
several factors suggest that the optically active defect transitions
may not play a dominant role in direct chare generation by
excitation at the A* peak. First, the intensity of the A* peak in
the experimental absorbance spectrum is correlated with CVD
growth in sulfur-rich conditions, where one would assume the
number density of sulfur vacancies would likely diminish relative
to sulfur-poor growth conditions. Second, in an attempt to
discern the role of sulfur vacancies in the A* absorbance feature,
we annealed samples with prominent A* peaks in sulfur vapor in
our CVD chamber to see if we could “passivate” sulfur vacancies.
We did not observe any change in the A* absorbance intensity,
making it difficult to link this A* peak directly to sulfur vacancies.
The role of these trap states in exciton dissociation and charge
generation is thus an intriguing possibility, but the bulk of our
data suggests that the strong A* peak observed in the absorbance
and photoconductance spectra is primarily correlated with the
relative density of multilayers in the WS, samples.

As a final consideration for the source of the observed
spontaneous exciton dissociation in multilayer WS,, we note
that our samples contain myriad junctions between monolayers
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371 and multilayers. A number of recent studies have utilized
372 scanning probe techniques to analyze the interfacial thermody-
373 namics of such junctions, e.g. in MoS,, MoSe,, and WSe,.*%7
374 These studies found the presence of both large band bending
375 within the multilayer and interfacial trap states at the
376 monolayer/multilayer interface. Examination of the resulting
377 band diagrams suggests that photoexcitation in multilayers
378 could lead to holes being trapped at the interface and electrons
379 being repelled from the interface. While such studies have not
380 been reported for WS,, this type of interfacial band bending
381 could potentially contribute to spontaneous exciton dissocia-
382 tion, leaving one dominant type of mobile charge carrier that
383 would contribute to our observed 9 GHz photoconductance.
384 The steady-state microwave conductivity technique devel-
38s oped here is an important complement to time-resolved
386 measurements on mono- to few-layer semiconductors and has
387 additional advantages over such measurements. Transient
388 absorption (TA) spectra of the sulfur-rich sample (Figure 4a)
339 are dominated by a ground-state bleach (GSB) at 626 nm (A*),
390 both at early and long pump—probe time delays, consistent with
391 excitations (excitons, charges, or both) ending up primarily in
392 the multilayer portions of the sample. In contrast, spectra for the
393 S-poor 1 sample are dominated by the GSB of the A exciton at
394 ca. 612 nm. The lifetime of the A* GSB in the S-rich sample is
395 significantly longer than that of the A exciton GSB in the S-poor
396 sample. While the TA spectra alone do not allow for assignment
397 of the spectral features to charges and/or excitons, the much
398 larger 9 GHz attenuation observed in SSMC experiments for the
399 S-rich sample suggests that the long-lived GSB in the S-rich
400 sample results from charges that are generated in the multilayer
401 portions of the sample.

402 Time-resolved microwave conductivity transients (Figure 4c)
403 demonstrate that the charges produced in the S-rich sample are
404 long-lived, with an appreciable fraction of carriers surviving
405 beyond 500 ns. The recombination lifetimes, extracted from
406 global fits of the fluence-dependent transients (black lines,
407 Figure 4c), decrease with increasing photon fluence (see also
408 inset and Figure S6), consistent with the second-order
409 bimolecular recombination mechanism inferred from SSMC
410 (inset, Figure 3c). However, we cannot reliability estimate a
411 yield from this data because of the fundamental difference
412 between AC and DC mobility®® and the lack of established
413 values of p, for WS,

414  Interestingly, the carrier lifetimes extracted from TRMC
415 transients (tens to hundreds of nanoseconds, Figure S6) are
416 much longer than those extracted from TA measurements (tens
#17 to hundreds of picoseconds). As discussed in detail by Levine et
418 al,, this discrepancy arises primarily from the much larger
419 instantaneous carrier generation rate associated with the ca. 200
420 fs pulse width of TA measurement, relative to the 4 ns pulse
421 width of the TRMC measurement.”” In addition, the lowest
422 fluence used for the TRMC measurements reported here is
423 ~10X lower than in the TA (8 X 10" vs 7 x 10" cm_z‘
424 respectively). We do not believe these lifetime estimates are
425 substantially impacted by the instrument response time, as our
426 fitting procedures’’ are capable of extracting components ~10X
427 smaller than the instrument response time of 7 ns and the fastest
428 component extracted here was 3 ns at the highest fluence.
429 However, we note that any process that takes place on a time
430 scale faster than about one period of the microwave probe field
431 (100 ps) will not be observed.

432 In contrast to both of these transient experiments, SSMC has
433 the advantage of a low carrier generation rate that is on par with
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Figure 4. (a) Transient absorption spectra of S-rich and S-poor 1
samples at pump—probe delays of 1 ps and 1 ns. (b) Transient
absorption dynamics of the S-rich and S-poor 1 samples, probed at 626
nm (A* exciton) and 612 nm (A exciton), respectively. (c) Fluence-
dependent time-resolved microwave conductivity transients of the S-
rich sample, following excitation at 640 nm (A* exciton). Fluence
increases from ca. 8 X 10'> cm™ to ca. 8 X 10'* cm™2, going from top to
bottom transient. Inset: Normalized transients following low- and high-
fluence excitation at 640 nm.

or lower than the generation rate associated with the solar flux. 434
Moreover, for a rapid assessment of the photoconductance 435
action spectra, the SSMC measurement offers several additional 436
advantages over the TRMC measurement in terms of 437
throughput, cost, and safety considerations. While TRMC can 438
be used to produce photoconductance action spectra,””>** 439
such experiments can take a full day to run and analyze, as 440
opposed to the 0.5—1 h time frame needed for a similar SSMC 441
action spectrum. Additionally, the pulsed laser needed for 442
TRMC measurements requires both a substantial financial 443
investment and the establishment of both administrative and 444
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engineering safety controls for class 4 laser operation, whereas
the CW light source of the SSMC technique is inexpensive and
operates at low photon fluences that pose no risk of eye damage.

In this study, we develop a specially fabricated steady-state
microwave conductivity experiment that is sensitive enough to
measure charge generation in a model mono- to few-layer WS,
semiconductor upon excitation with light well below the solar
flux. We find that mobile charges are generated in WS, samples
primarily when photons directly excite the excitonic transition
(denoted here as A*) of WS, multilayers, while complementary
measurements suggest that in some scenarios trions and/or
defect states may contribute to charge generation as well. The
amount of multilayers are correlated with the flux of sulfur in the
CVD growth process, with sulfur-rich conditions producing
more WS, multilayers. Complementary TA and TRMC studies
confirm that the photogenerated charges reside primarily within
the multilayer portion of a sample grown in sulfur-rich
conditions and that such free charge carriers can survive well
beyond 500 ns when generated at fluences at or below solar
fluences. Controlling these long-lived free charges can be
important for enhancing surface catalytic reactions and
harvesting charges in photodetectors. The current study
demonstrates that the SSMC experiment has the sensitivity to
provide mechanistic information on charge carrier generation in
mono- to few-layer semiconductors, an extreme case where the
total absorption is less than 10 mOD and the charges are
generated in a thin slab of material ranging from ca. 0.7 to 4 nm
thick. These results suggest that the SSMC technique can be
used as a fast and inexpensive route toward measuring free
carrier generation in a wide variety of low-dimensional
semiconductors and heterojunctions, even for ultrathin samples
where the total density of generated charges is exceptionally low.

B EXPERIMENTAL SECTION

Sample Preparation. Monolayer WS, was grown on SiO,/Si
wafers by atmospheric pressure chemical vapor deposition
(APCVD). For synthesizing monolayer WS,, a water-soluble
precursor was coated on the SiO,/Si substrate first. The
precursor solution was prepared by mixing three types of
chemical solutions (defined as A, B, and C).

e A (metal precursor): 0.2 g of ammonium metatungstate
(AMT, Sigma-Aldrich, 463922) was dissolved in 10 mL of
deionized (DI) water for tungsten precursor.

e B (promoter): 0.1 g of sodium hydroxide (NaOH, Sigma-
Aldrich, 795429) dissolved in 30 mL of DI water was
introduced for promoting monolayer TMDC:s.

e C (medium solution): an OptiPrep density gradient
medium (Sigma-Aldrich, D1556, 60% (w/v) solution of
iodixanol in water) was used as a medium solution.

The precursor solution in which A, B, and C were mixed in
certain ratios was coated onto the SiO,/Si wafer by spin-casting
at 3000 rpm for 1 min.

The precursor-coated substrate and 0.2 g of sulfur (Sigma,
344621) were separately introduced to a two-zone furnace. The
temperature of the sulfur zone was increased to 200 and 250 °C
for sulfur-poor and sulfur-rich conditions, respectively, to
modulate the portion of WS, multilayers. At the same time,
the substrate zone was increased to 800 °C at a rate of 100 °C/
min. Nitrogen (600 sccm) and hydrogen (10 sccm) gases were
injected as a carrier gas and reactive agent, respectively, to
reduce metal oxides.

The as-grown WS, on SiO,/Si was transferred to a quartz
substrate for further optical measurement. Poly(methyl
methacrylate) (PMMA C4, MicroChem) was coated onto
samples as a supporting layer and then immersed into diluted
hydrofluoric acid for detaching WS, from the SiO,/Si wafer by
etching silicon oxide. The PMMA-supported samples were
transferred to a quartz substrate, and then PMMA was removed
by acetone.

Characterization. Confocal Photoluminescence and Raman
Spectra. Confocal PL and Raman spectra of WS, monolayer
were acquired with an InVia Renishaw confocal Raman
microscope with a 532 nm laser. The laser power was measured
by a Thorlabs PM100D power meter. For the PL measurements,
the laser intensity was 260 W/cm?” For the Raman measure-
ments, the laser intensity was 1.84 kW/cm?® The PL/Raman
signals were dispersed by grating mirrors (600 lines/mm grating
for the PL measurements and 1800 lines/mm grating for the
Raman measurements) and detected by a charge-coupled device
(CCD) array.

Absorption Spectroscopy. The absorption of films was
measured using a Cary 5000 optical spectrophotometer in
transmission mode. The absorption is not corrected for
reflection.

Steady-State Microwave Conductivity. Steady-state implemen-
tations of microwave conductivity*®’® have rarely been
reported®’ but provide important complementary advantages
over pulsed-laser excitation. The simplicity of measuring a
steady-state microwave absorption signal allows parametric
study of new variables such as excitation wavelength or applied
magnetic field. In this Letter we present steady-state photo-
conductance action spectroscopy; this is similar to measuring a
photocurrent action spectrum, but with no electrical contacts.

505
506
507
508
509
510
511
512

524

We optimized our microwave circuit for sensitive detection of 537

square-wave modulated photoconductivity. This includes a high
quality factor microwave resonator *® (Q = 850), a low phase-
noise microwave source (Rhode & Schwartz SMB100A), a
homodyne detection circuit, and a lock-in amplifier (Stanford
Research, SR830). This apparatus is ~100 times more sensitive
than our standard fp-TRMC apparatus.*®

Figure 3a shows a diagram of the microwave homodyne
circuit and optical path. The microwave probe is split into two
arms, reference and sample. The sample arm contains the sample
cavity, coupled to the circuit via a circulator; the reference arm
contains a variable phase shifter and attenuator. The two arms
rejoin at a hybrid (magic) tee, which has a pair of matched
Schottky barrier diode detectors (1IN23C), one in each output
arm of the tee. Their differential sensitivity is measured using a
calibrated attenuator in order to quantify microwave power
absorption (Figure S7). The whole circuit is implemented in a
WR90 (X-band) waveguide, and the isolators and circulator (M-
Wave Design) all have a directivity of >35 dB. In operation, the
microwave frequency (~9.9 GHz, 100 mW) is tuned to
resonance with the sample cavity; the amplitude in each arm

587

is equalized, and the relative phase is set to 90°. Interference of sss

the reference and sample signals in the magic tee produces equal
output power at the two detectors; any change in sample
conductivity due to optical excitation manifests as an imbalance
of the two detector signals, which we acquire and selectively
amplify using a differential voltage amplifier (Teledyne LeCroy
DA1855) and a lock-in amplifier (Stanford Research SR830).
Excitation is provided by a 150 W xenon arc lamp coupled to a
monochromator (OBB Tunable Power Arc, 0.3 m f/4
monochromator, 1200 lp/mm grating). The output beam is
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mechanically chopped (Stanford Research SR540) and sampled
using an amplified photodiode to provide an excitation reference
channel (acquired by a second lock-in, Stanford Research
SRS510). The remaining output is columnated by a 45° off-axis
parabolic mirror (OAP, f/4, SO mm dia., Edmonds Optics) and
reimaged onto an opening in the sample cavity by a second OAP
(f/2, S0 mm dia.). The latter optical relay configuration allows
the microwave circuit to be placed as far as possible from the
optical chopper while also maximizing optical coupling
efficiency. The former consideration is important, as one of
the main noise sources in the present instrument configuration is
vibrational coupling with the optical chopper. Microwave-
transparent polymer shims are used to prevent the sample from
vibrating within the microwave cavity. We note that, as with our
TRMC measurement, the SSMC measurement reported here
measures the average photoconductance of the sample, because
the visible excitation source and the microwave probe beam
illuminate the entire 1 X 2 cm quartz substrate on which the
sample is deposited.

Square wave optical excitation of the sample induces a square-
wave modulation in its conductivity; microwave power is
absorbed, and a square-wave amplitude modulation is encoded
on the microwave probe. Interference with the reference arm
demodulates this signal, which appears as a voltage difference
between the two microwave detectors. The lock-in amplifier
detects the first Fourier series component of this signal and
returns its root-mean-squared amplitude. Thus, it follows that
the peak-to-peak voltage modulation of the original square-wave
signal is

sy = 2y,

4
From this point the analysis is identical to that for fp-TRMC
data. We calculate the change in microwave power reflection

according to
AP AV
— = n(Vea) ——
p Cell

where n(V¢,) is an empirical calibration function that describes
the sensitivity of the detector, and Vi is the equilibrium voltage
output of the two detectors when the microwave frequency is on
resonance with the cavity and the interferometer is balanced.
The photoconductance is calculated as

1 AP

K P

where K is the sensitivity factor of the microwave cavity,
calculated from electromagnetic simulations, which have been
thoroughly described previously.46 In the present case, K =
198 000.

The final transformation we perform is to normalize the
photoconductance by the photon flux at each excitation
wavelength, which is calculated from the reference diode
measurement and a calibration measurement using a NIST-
traceable silicon photodiode (Newport 818-UV) mounted at
the sample position. However, the relationship between steady-
state photoconductance and light intensity depends on the
recombination order that is obtained in any given sample. First-
order recombination leads to a steady-state charge density that is
linear with light intensity, whereas second-order recombination
leads to a square-root dependence. In the present case, all the
WS, samples displayed near-perfect square-root behavior,

suggesting that bimolecular recombination predominates. This
is accounted for in calculating the figure of merit displayed in
Figure 3b. See the Supporting Information for details.

Flash Photolysis Time-Resolved Microwave Conductivity. For
TRMC measurements, the WS, samples were pumped with a §
ns pulse width beam from an optical parametric oscillator
(OPO) pumped by the third harmonic of an Nd:YAG laser and
probed by microwaves at around 9 GHz. The microwave field is
absorbed by photogenerated mobile carriers, and its relative
change in power AP can be measured. The change in microwave
power relates to the photoconductivity AG through AP/P =
—KAG where K is an empirically determined calibration factor
for the microwave cavity used in this experiment. For the TRMC
measurements reported here, K = 24 000. The cavity response
time is 7 ns. The photoconductivity is proportional to the
number of charges and their mobility. It can be expressed as AG
= ¢fF\lo(¢pZu) where ¢ is the elementary charge, f = 2.2 the
geometric factor for the X-band waveguide used, I, the incident
photon flux, F, the fraction of light absorbed at the excitation
wavelength, ¢ the quantum efficiency of free carrier generation
per photon absorbed, and 2y = p, + g, the sum of the mobilities
of electrons and holes. Biexponential fits of the photo-
conductivity decay transients were weighted to calculate the
average carrier lifetime using the equation 7,,, = (Ag7y + A,7;)/
(Ay + Ay).

Transient Absorption Spectroscopy. Transient absorption
spectra and dynamics were measured with an Ultrafast Systems
laser system, using the “Helios” configuration, which employs
pump and probe pulses with widths of ca. 200 fs and dynamic
range for the pump—probe delay of ca. § ns. The system is based
on a 1 kHz regeneratively amplified Ti:sapphire laser system that
produces 4 m]J laser pulses at 800 nm. The Ti:sapphire laser
pumps an optical parametric amplifier (OPA) to generate the
520 nm pump light. The excitation pulse energy employed for
exciting the WS, samples was ca. 85 nJ at 520 nm, with a spot size
of ca. 600 ym. A portion of the amplified 800 nm light was
passed through a sapphire plate to generate the visible (400 nm
< Aprobe < 800 nm) continuum probe pulse. The probe pulses
were delayed in time with respect to the pump pulse using a
motorized translation stage mounted with a retroreflecting
mirror. All TA measurements were performed in an air-free
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optical holder to avoid sample degradation in the presence of 662

oxygen and irradiation.
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