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Interplay Between Microstructure, Defect States, and Mobile Charge Generation in Transition
Metal Dichalcogenide Heterojunctions

Dana B. Sulas-Kern,” Hanyu Zhang, Zhaodong Li, Jeffrey L. Blackburn™
National Renewable Energy Laboratory, 15013 Denver West Parkway, Golden, CO 80401

Abstract — Two-dimensional transition metal dichalcogenides (2D-TMDCs) have gained attention for
their promise in next-generation energy-harvesting and quantum computing technologies, but realizing
these technologies require a greater understanding of TMDC properties that influence their photophysics.
To this end, we discuss here the interplay between TMDC microstructure and defects with the charge
generation yield, lifetime, and mobility. As a model system, we compare monolayer-only and monolayer-
rich MoS, grown by chemical vapor deposition, and we employ the TMDCs in Type-II charge-separating
heterojunctions with semiconducting single-walled carbon nanotubes (s-SWCNTs). Our results suggest
longer lifetimes and higher yields of mobile carriers in samples containing a small fraction of defect-rich
multilayer islands on predominately monolayer MoS,. Compared to the monolayer-only heterojunctions,
the carrier lifetimes increase from 0.73 us to 4.71 us, the hole transfer yield increases from 23% to 34%,
and the electron transfer yield increases from 39% to 59%. We reach these conclusions using a unique
combination of microwave photoconductivity (which probes only mobile carriers) along with transient
absorption spectroscopy (which identifies spectral signatures unique to each material and type of
photoexcited quasiparticle, but does not probe mobility). Our results highlight the substantial changes in
photophysics that can occur from small changes in TMDC microstructure and defect density, where the
presence of defects does not necessarily preclude improvements in charge generation.

Introduction defined. TMDC recombination dynamics vary
widely depending on factors such as thickness,>*
grain size,®? edge states,! vacancy or defect
concentration,'!!13  doping,'*!>  substrate,”> 1©
ambient conditions,!” and fabrication method.!?
Longer-lived kinetics are generally expected in
multilayers compared to monolayers due to both
a transition to an indirect bandgap as well as the
decreasing impact of surface recombination.’
While some studies do observe predictable trends
such as increasing lifetime with the number of
layers,’ in other cases multilayer materials exhibit
even shorter effective lifetimes compared to the
monolayer counterparts.” The complex interplay
of factors that affect excited state dynamics, and
sometimes mask expected trends, highlights the
need for a greater fundamental understanding of
structure-property relationships in this emerging
class of materials.

Two-dimensional transition metal
dichalcogenides (2D-TMDCs) offer promising
optoelectronic and quantum properties for the
development of next-generation semiconductor
technologies including applications in energy
harvesting, quantum computing, and
photocatalysis.! Importantly, the success of these
TMDC-based technologies relies on increasing
the lifetimes and mobilities of photogenerated
charge carriers. For example, while exciton-
dominated decay kinetics result in ultrafast
relaxation in  MoS, monolayers over
femtoseconds to nanoseconds,>* generation of
longer-lived free charge carriers is needed to
enable carrier motion to photocatalytic sites for
redox reactions, charge extraction at electrodes in
photovoltaics or photodetectors, and binary
information transmission in computing systems
through sustained electronic spin and momentum TMDC defects are key factors that
degrees of freedom. complicate carrier Kkinetics,''"1* leading to
important impacts on device-relevant properties
such as  electronic  transport'®!®  and
photocatalytic activity.?’2! On one hand, defects

Despite the obvious need to extend carrier
lifetimes, the path toward sustaining sufficiently
long-lived carriers in high yields is not yet well
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can rapidly quench TMDC excited states,?? and
localized disorder around point defects such as
molybdenum antisites has been shown to create
charge scattering centers that decrease band-like
mobility.?* On the other hand, defects such as
sulfur vacancies in MoS, have been shown to
enable hopping-type charge transport to decrease
intra-grain sheet resistance,'” and defects such as
edge states, vacancies, and strained regions have
been increasingly recognized as a means to
enhance redox reaction rates and yields while
decreasing the necessary overpotential 2! These
various roles of defects in TMDC performance
highlight the fact that it is currently unclear
whether defects should be minimized or utilized
to advance different types of optoelectronic or
photocatalytic applications.

In addition to understanding and optimizing
intrinsic TMDC properties, a fruitful strategy to
increase the lifetimes and yields of free charge
carriers is to employ TMDCs in heterojunctions
with materials having appropriate energy-level
offsets to overcome the binding energies of
photogenerated excitons.!> 2#?7 While this has
been successful for generating free carriers
persisting into the tens of nanosecond and
microsecond timescales,>* 2% it is important to
note that the photophysical processes at the
heterojunction are substantially affected by the
underlying TMDC properties such as defects,?
thicknesses,> 27 and interface states.?> Perhaps
due to the developing state of TMDC syntheses
and variations in the resulting materials, it is not
uncommon for studies to report differing
photophysics and extents of charge transfer even
for nominally similar heterojunctions.3’-3!

Here, we discuss the interplay between
TMDC defect states and microstructure along
with the ability to generate long-lived mobile
charge  carriers when  employed in
heterojunctions. As a model system, we compare
monolayer-only and monolayer-rich MoS, grown
by chemical vapor deposition (CVD), and we
employ the TMDCs in Type-II charge-separating
heterojunctions with semiconducting single-
walled carbon  nanotubes  (s-SWCNTs).

Interestingly, our results suggest that the presence
of  defect-rich  multilayer islands on
predominately monolayer MoS, (1) increases
free carrier mobility, (2) generates persistent
photoconductivity in the MoS, layer, (3) extends
carrier lifetimes by approximately a factor of 6 in
the SWCNT layer (from 0.73 ps to 4.71 ps), and
(4) enhances the charge generation yield by
~50%. We reach these conclusions using a unique
combination of time-resolved and quasi-steady-
state microwave photoconductivity to probe only
the mobile population of free carriers along with
quantitative analysis of transient absorption data
that provide spectral signatures to differentiate
between excitons, charges, and defects. Our
results highlight an interesting balance between
microstructure and defect density, where carrier
generation appears to be improved by a small
fraction of multilayer sites despite the presence of
more defects in this system.

Results
Monolayer-Only vs. Monolayer-Rich MoS,

We investigate the microstructure-dependent
excited state kinetics in CVD-grown MoS, that is
either monolayer-only (Figure 1a) or monolayer-
rich (Figure 1b). The photoluminescence (PL)
image for the monolayer-only sample in Figure
la maps the characteristic monolayer A-exciton
PL centered at 660 nm, which appears to be
largely uniform.>* However, the 660 nm PL
image in Figure 1b has several ~1 um diameter
dark islands which have <20% PL intensity
relative to the maximum PL signal in Figure 1b.
These islands appear within ripples having ~80%
PL intensity relative to the maximum value.

Using Raman spectroscopy (Figure 1c) and
atomic force microscopy (AFM, see Section S2),
we identify the dark PL regions in Figure 1b as
multilayer sites. We find that ~0.8% area of the
predominately monolayer sample contains
islands that are on average 360 +/- 100 nm wide
and 90 +/- 40 nm tall (~130 layers). We therefore
refer to this microstructure as 0.8%-multilayer
MoS,. This large thickness indicates that the
multilayer regions likely have characteristics of

2
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bulk MoS,. The PL at multilayer sites appears
dark because the indirect band gap decreases the
PL quantum yield and shifts the PL peak to longer
wavelengths (i.e. ~950 nm for bulk versus ~660
nm for monolayer).> The dark regions in the PL
map appear larger than the actual diameter of the
multilayer regions primarily due to the spatial
resolution of the of the optical system. Exciton
quenching due to band offsets at the
monolayer/multilayer (1L/nL) interfaces may
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Figure 1. Photoluminescence (PL) maps at 660 nm
corresponding to monolayer MoS, A-exciton PL
peak measured using 532 nm excitation for (a)
full-coverage  monolayer MoS, and (b)
predominately monolayer MoS, containing 0.8%
area multilayer islands; (c) Raman scattering at
the MoS, E*,, and A;; modes showing larger peak
difference at the multilayer islands.

also contribute to a larger region of PL quenching
around the multilayer sites.?3-3

Figure Ic shows the in-plane (E';,) and out-
of-plane (A;;) Raman scattering modes for the
monolayer-only sample along with the 0.8%-
multilayer sample at monolayer or multilayer
regions. The majority of both samples are
continuous monolayers with 18.8 cm! energy
difference between the E',, and A, peaks.’” The
multilayer islands exhibit a larger peak difference
of 24.5 cm’!, characteristic of bulk MoS,.%’

We note that the ~20% variation of PL
intensity within the monolayer-only MoS, areas
is not unusual for CVD-grown materials. Ripple
effects have been attributed to variations in strain,
doping, wrinkles, and grain boundaries.’-4 We
also observe up to 10 nm redshift of the PL
spectrum in the regions with ~80% PL intensity
relative to the maximum sample PL intensity,
similar to the variations in PL peak wavelength
for monolayer samples reported by others.*
Interestingly, the multilayer islands appear to
grow primarily within the monolayer areas that
have red-shifted, lower-intensity PL. While the
reason for this correlation requires further study,
it may indicate that inhomogeneously distributed
strain or doping either causes the growth of
multilayer sites, or (perhaps more likely) these
effects result from multilayer islands that are
seeded before the growth of the monolayer.

Effect of TMDC Thickness Inhomogeneity in
MoS,/SWCNT Heterojunctions

Our previous study showed that the Type-II
band offset at monolayer MoS,/(6,5)-SWCNT
interfaces separates tightly bound excitons,
generating long-lived charge carriers that persist
up to microsecond timescales at room
temperature.”* However, the addition of
multilayer islands to predominately monolayer
TMDCs results in several new photophysical
pathways, as illustrated in Figure 2.

Figure 2 illustrates energy level offsets in
MoS,/SWCNT  heterojunctions  containing
regions of both monolayer (1L) and multilayer
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(nL) MoS,. We estimate the energetics of the nL
regions assuming the bulk limits for MoS,. The
diagram does not include defect states or band
bending at the interfaces, though both defects and
band bending are expected to have important
impacts on charge transfer at TMDC
homojunction*' and heterojunction?’ interfaces.

The MoS,/SWCNT interfaces form Type-II
heterojunctions at both the 1L. and nL. MoS, areas.
Varying MoS, thickness affects the MoS, valence
band maximum (i.e. ionization potential, IP)
much more strongly than the conduction band
minimum (i.e. electron affinity, EA).*> For this
reason, increasing MoS, thickness significantly
decreases the driving force for hole transfer from
MoS, to the SWCNTSs, while increasing MoS,
thickness slightly increases the driving force for
electron transfer from the SWCNTSs to MoS..

We estimate the thermodynamic driving
force for charge generation using the free energy
change (AG) upon electron transfer (ET) or hole
transfer (HT) as AGgrur = (IPp — EA,) —
Eopiniopt.a, Where D and A refer to the donor and
acceptor, and E,, is the optical gap. We
summarize AGcr values at various interfaces in
Table 1.

Table 1. Estimated change in free energy (4G) for
electron transfer (ET) or hole transfer (HT) at various
interfaces estimated from literature values of electron
affinity and ionization potential®’ 4347

AGpqr 1L-MoS; to SWCNT | -620 +/- 90 meV
AGyr nL-MoS,to SWCNT | -70  +/- 90 meV
AGgr SWCNT to 1L-MoS, |0 +/- 90 meV
AGgr SWCNT to nL-MoS, | -20  +/- 90 meV

We note that it is uncertain whether 1L/nL
MoS, interfaces form Type-1 or Type-II
homojunctions because of the variation in
reported MoS, band energies,””> 446 differing
sensitivity of monolayer and multilayer energies
to substrate effects and atmospheric adsorbates,
and possible band bending.*! While calculations
of the layer-dependence for pure band energetics
would suggest Type-I band alignment at 1L/nL
interfaces,>* others have observed Type-II
rectifying diodes at 1L/nL junctions likely caused
by interface characteristics that can alter the small
relative offset of EA energies.? If the system is
Type-II, we estimate the driving force for hole
transfer from 1L to nL MoS, around -450 +/- 130
meV, but due to the small EA offset, exciton
energy transfer can also compete with hole
transfer. The energetics in Figure 2 suggest that
exciton separation via electron transfer at 1L/nL
interfaces should be unfavorable with positive
AGgr. However, the small difference in electron

MoS, SWCNT
JETI
401 - 0" (i) SWCNT to multilayer MoS, electron transfer it
T \\o{;“vo e e 0 0
— _"_ e 0 0 ] e 8 0 8 0
S-451 (=] .
‘é’ ® 0080 00 (iv) nL-MoS, to SWCNT  » ¢ & ¢ & @ »
3 sl et s e e s lii) SWCNT to monolayer MoS, hole transfer - - - .« .« . -
guT electron transfer o SN
& 1 e 8 0 0 0 0 0 0 (] .p’o'l‘c L ]
> T ses " l\‘
@-55:: e e o 0 0 0 0 0 00 ("I) 1L'M052 to SWCNT ‘V) iLtonL MOSZ hole L ‘i\“‘_': et
g V7L — hole transfer or exciton transfer oOR I
w 1 ® o 0 0 o 8 0 0 @ ° ;’o 5 ° ® o8 8 0 ®
6.0 _“_ ® 0 0 0 G\® o 0 0 o %"\\9;“ o % e o 0 -’ LI ’l L]
:_ e 8 0 0 0 0 0 & OQL{:"O o“:p e e °‘_._J{”°l°‘:‘;r (A
6.5+ (vi) Carrier migration to nL-MoS, sites }%_éppropriate energy ié;él offsets exist

Figure 2. Energy level diagram for monolayer(1L)/multilayer(nlL)-MoS,/SWCNT heterojunctions with energy levels
from References 27, 43-47. Schemattic illustrates several charge transfer and energy transfer processes likely to occur

upon photoexcitation.
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affinity could possibly facilitate migration of free
electrons to multilayer sites.

The illustration in Figure 2 summarizes the
most likely photophysical processes. Briefly,
excitons generated on the SWCNT layer can
undergo electron transfer at nL (process i) or 1L
(process ii) MoS, sites. MoS, photoexcitation
leads to hole transfer to SWCNTs with a larger
driving force at 1L-MoS, areas compared to nL-
MoS, areas (processes iii and iv). Additional
charge separation may occur at 1L/nL interfaces
via hole transfer to multilayer sites, where this
process competes with exciton energy transfer
(process v). This 1L/nL interaction provides an
additional pathway for hole transfer from nL-
MoS, to the SWCNT layer via transfer of free
holes separated at the 1L/nL interface (process
iv). This diagram serves to give a general
overview of simplest possible case for
photophysical processes in 1L/nL-
MoS,/SWCNT heterojunctions, though in the
following discussion we show that other factors
such as defect states can further affect the
observed photophysics.

Small Fraction of MoS,; Multilayers Increases
Carrier Lifetimes and Charge Transfer Yields

Since efficient charge generation is essential
for optimized performance in TMDC-based
applications, we use transient absorption (TA)
spectroscopy to compare carrier lifetimes and
yields between MoS,/SWCNT heterojunctions
made using the monolayer-only or monolayer-
rich MoS,.

Figure 3a shows the microsecond time-range
carrier lifetimes for the 0.8%-multilayer-
MoS,/SWCNT and 1L-MoS,/SWCNT
heterojunctions measured with TA. We
characterize the carrier lifetimes based on the
SWCNT trion induced absorption signature (X*,
Figure 3b), as discussed in Reference 24 and
Section S3. The 0.8%-multilayer MoS,/SWCNT
heterojunction exhibits significantly longer-lived
kinetics compared to the monolayer-only
heterojunction, where the amplitude-average
lifetime increases from Tmono-ony-uy = 0.73 ps to

Togomuiy — 4.71 ps (see Table S1 for
multiexponential fitting components).

A SWCNT Charge Kinetics (1175 nm)

1.0+ 0.8%-Multi-MoS,/SWCNT
Ter = 4.71ps
s 08+ “ .
E 06+
s
E 044
S
=
024

sl 0.8%-Multi-MoS,/SWCNT

Charge-Associated AA (x10'3) w

900 1000 1100 1200 1300 14(
Wavelength (nm)

Figure 3. (a) Kinetic traces at the SWCNT trion
induced absorption (1175 nm) following 440nm
excitation at 1.2 x 102 absorbed photons cm,
showing charge-recombination time (tcg) of 4.71
us in the 0.8%-multilayer-MoS,/SWCNT
heterojunction (dark red trace) compared to tcp
of 0.73 us the monolayer-only MoS,/SWCNT
heterojunction (light red squares). (b) Fitted
charge-associated spectrum at the time of
maximum charge separation (~3 ps) showing
greater intensity in 0.8%-multi-MoS,/SWCNT for
the SWCNT S;; ground state bleach and trion
(X+) induced absorption.

The charge-transfer yield (¢cr) is also higher
in 0.8%-multilayer MoS,/SWCNT. Figure 3b
shows the charge-associated TA component that
we obtain from global target analysis at the time
when charge separation is maximized in these
heterojunctions (~3 ps) following MoS, selective
excitation at 440 nm. The charge-associated
spectra have the same shape for both
heterojunctions, but the spectrum has higher Sy,
ground state bleach and trion (X*) intensity in the
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0.8%-multilayer MoS,/SWCNT heterojunction.
We estimate ¢cr based on these SWCNT trion
induced absorption intensities, as further
described in Reference 24 and Section S3. Table
2 shows the corresponding @cr for both SWCNT
to MoS, electron transfer and MoS, to SWCNT
hole transfer. We find that both the @gr and @yt
increase by ~50% in the samples with multilayer
MoS, islands compared to the monolayer-only
heterojunction.

Table 2. Estimated electron-transfer yield (@gr)
following selective SWCNT excitation at 1000 nm and
hole transfer yield (pyr) following selective MoS,
excitation at 440 nm along with the amplitude-
averaged charge recombination lifetime (tcgr)

Qer | Qur | Tcr(ps)
Mono-only MoS,/SWCNT | 23% | 39% | 0.73

0.8%-Multi MoS,/SWCNT | 34% | 59% 4.71

MoS, with Multilayer Islands Enhances
Photoconductivity in SWCNT Heterojunctions

Although TA spectroscopy is often used to
identify spectral signatures that are associated
with charge generation, such as the SWCNT trion
induced absorption in Figure 3, TA spectroscopy
does not measure whether those carriers are
mobile. For this reason, we pair our TA studies
with microwave photoconductivity, which probes
only the mobile carrier population.*

Microwave photoconductivity has long been
used for contactless characterization of minority
carrier lifetimes and mobility in photoactive
semiconductors, and related methods have even
been considered commercially as a relatively
straight forward way to assess semiconductor
quality and impurity distributions in silicon
bricks before they are cut into wafers for solar
cells.*-32 Here, we perform both quasi-steady-

state and time-resolved microwave
photoconductivity (SSMC and TRMC,
respectively). Both methods rely on an

impedance-matched circuit containing the sample
of interested within a microwave waveguide.
Light incident on the sample through the
waveguide increases the sample conductivity

through photo-induced charge generation,
disrupting the impedance matching and causing a
change in the microwave reflectivity. In SSMC,
we vary the wavelength of incident light to obtain
a spectral profile of the sample conductivity. In
TRMC, we measure the transient decay of the
photoconductance following a 5 ns laser pulse.

—
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Figure 4. (a) Normalized time-resolved
microwave photoconductivity transients under
440nm excitation at 2 x 10"’ absorbed photons cm

2 where the inset shows the transient on a longer
time scale for the 0.8%-multilayer MoS,/SWCNT
heterojunction. (b) Comparison of steady-state
microwave photoconductivity spectral response to
absorption spectra of  0.8%-multilayer
MoSy/SWCNT and neat 0.8%-multilayer MoS,.
The peak labels indicate MoS; A, B, and C excitons
along with SWCNT S;; and S, transitions.

Figure 4a shows significantly longer-lived
TRMC signal on the 500 ns timescale for the
0.8%-multilayer MoS,/SWCNT heterojunction
compared to 1L-MoS,/SWCNT, neat SWCNT,
and neat 0.8%-multilayer MoS,. Interestingly, we
find that a photoconductivity signal in the 0.8%-
multilayer MoS,/SWCNT heterojunction persists
even past several milliseconds (inset, Figure 4a),
while there is no detectable signal for the other

6
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samples in this time range. This result is
consistent with recent results that show persistent
photoconductivity lasting even up to several
days, which was attributed to contributions from
multilayer MoS, domains.>* We note that longer
lifetimes measured in TRMC compared to TA
spectroscopy is not surprising, due to the higher
sensitivity of the TRMC method and the
selectivity toward mobile carriers which excludes
contributions from quickly-decaying excitons.
We also note that TA spectroscopy reveals an
MoS, spectral signature in the 0.8%-multilayer
MoS, samples that persists substantially longer
than the other TA components (past the 100 us
time range, Figure S8), while the SWCNT-related
trion TA signal decays around 10 us (Figure 3a).
These results suggest a mechanism in which the
MoS, material plays a key role in sustaining long-
lived mobile carriers when a small fraction of
multilayer islands are present, potentially where
carriers on MoS; continue to persist even after
SWCNT-located carriers have decayed.

We  further
photoconductivity  in

the relative
0.8%-multilayer

investigate
the

A 0.8%-Multilayer MoS,/SWCNT
S,, B A

Time (ps)

500 550 600 650 700

Time (ps)

500 550 600 650 700
Wavelength (nm)

MoS,/SWCNT heterojunction depending on
whether the MoS, or SWCNT layer is initially
photoexcited. Figure 4b compares the SSMC
action spectrum to the absorption spectrum of
0.8%-multilayer MoS,/SWCNT. The MoS,
absorption features are disproportionately
represented in the SSMC spectrum compared to
their relative optical absorption in the
heterojunction. Since the SSMC signal is
proportional to (X u)’F, (assuming a
bimolecular recombination mechanism, where ¢
is the charge generation yield, p is mobility, and
F, is the fraction of absorbed light),*® the higher
MoS, signal relative to the absorption implies that
o> p)? is higher when MoS, is excited. The
higher (> u)?> at 440 nm excitation relative to
1000 nm excitation is consistent with our TA
results (Table 2) that give higher ¢cr upon MoS,
excitation compared to SWCNT excitation.

Spectral Signatures of Monolayer-Only versus
Multilayer-Containing MoS,

We next analyze the TA spectral signatures
to gain further insight into the photophysical

C  0.8%-multilayer MoS,/SWCNT
S, A

—0.5 ps
=0—2-5 ns (signal x10)

500 550 600 650 700 750

D Full Monolayer MoS,/SWCNT
S, A
T

5 . | =0-2-5ns (signal x10)
50 550 600 650 700 750

Wavelength (nm)

Figure 5. Transient absorption (TA) spectra with 440 nm excitation at 1.2 x 10*? absorbed photons cm? from
femtoseconds to 5 ns for (a) 0.8%-multilayer MoS,/SWCNT and (b) large-area monolayer-only MoS,/SWCNT.
Comparison of TA spectra at 0.5 ps and 2-5 ns (spectra multiplied by 10) for (c) 0.8%-multilayer MoS,/SWCNT,

and (d) monolayer-only MoS,/SWCNT.
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processes that underlie the exceptionally long-
lived mobile charge carriers in the 0.8%-
multilayer MoS,/SWCNT heterojunctions.

Figures 5a and 5b show the evolution of the
visible-range TA spectra over time for the 0.8%-
multilayer and monolayer-only heterojunctions,
respectively. At early times, both heterojunctions
show similar bleach positions, which we assign to
the MoS, A and B excitons (660 and 615 nm,
respectively) along with the SWCNT S,
transition (575 nm). Interestingly, Figure 5a
shows that the MoS, bleach signatures shift
abruptly to longer wavelengths around 20 ps for
the 0.8%-multilayer heterojunction, resulting in
bleach positions at 685 and 640 nm. Figure S9
shows that this abrupt spectral shift also occurs in
neat 0.8%-mutilayer MoS, samples. We do not
observe this spectral shift in monolayer-only
heterojunctions (Figure 5b) or monolayer-only
neat MoS, (Figure S9). Figures 5c-d show a
comparison of the spectra at 0.5 ps and averaged
over 2-5 ns, highlighting the change in MoS,
bleach positions that occurs only for the
multilayer-containing samples.

Our results suggest that the abrupt shift of the
MoS, bleach positions is related to the presence
of multilayer sites, and it also appears to be
correlated with the longer lifetimes in these
multilayer-containing samples presented in
Figures 3-4. In the Supporting Information
(Section S5), we demonstrate the generality of
this effect in a different set of predominately
monolayer MoS,/SWCNT samples that may
contain multilayer islands. As we further describe
below, we attribute the shifted spectral shape in
the multilayer-containing samples primarily to
electrons trapped in defect sites'! while spectral
overlap from non-trapped excitons and carriers
can further affect the observed kinetics and
relative intensities of the defect TA signatures.

Our analysis below suggests that, while the
shifted spectral shape is most likely a defect
enhanced and

signature, it becomes

eventually saturated when populated by

long-lived carriers that are formed by
interfacial photoinduced charge transfer,
leading to the exceptionally long lifetimes

that we observe.

Probing Defect States at Multilayer Islands

Similar abrupt shifting of MoS, bleach
positions (as shown in Figures 5a, 5c, and 5e) has
been previously observed in few-layer MoS,, and
different studies have assigned this spectral
change either to charge generation (even in the
neat material)**% or to mid-gap defect states that
either serve as carrier traps or electron-hole
recombination centers, depending on the relative
capture rates and cross sections for electrons and
holes.® 11112 57 We investigate these possibilities
using the TA fluence dependence in our 0.8%-
multilayer MoS, samples.

Figures 6a and 6b show neat 0.8%-multilayer
MoS, at low fluence (5.5 x 10'! absorbed photons
cm?) and high fluence (2.7 x 10!> absorbed
photons cm), respectively. The normalized
spectral shapes are the same between the two
fluences at early times (< 1 ps) and also at long
delay times (2-5 ns). However, the abrupt spectral
shift of MoS,; bleach positions occurs an order of
magnitude slower at high fluence (~100 ps)
compared to low fluence (~10 ps). Figures 6¢c-d
show corresponding 0.8%-multilayer
MoS,/SWCNT heterojunctions at the same low
and high fluences. Again, we observe the abrupt
spectral shift at both low and high fluence, but it
occurs more slowly at higher fluence.

In addition to the slower spectral shift with
higher fluence, the long-timescale (shifted)
spectrum increases in intensity at the higher
fluence (relative to low fluence) and with
incorporation of the SWCNT layer (relative to
neat 0.8%-multi MoS,). Figures 6e-f highlight
this trend using the kinetic traces at 665 nm
(MoS, A-exciton bleach). The low-fluence
kinetics in Figure 6e show a switch from
bleaching to induced absorption around 10 ps,
after which the induced absorption reaches higher

8
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Figure 6. Transient absorption spectra with 440 nm excitation from femtoseconds to 5 ns for (a) neat 0.8%-
multilayer MoS; at low fluence (5.5 x 10** absorbed photons cm), (b) neat 0.8%-multilayer MoS, at high fluence
(2.7 x 10%2 absorbed photons cm?), (c) 0.8%-multilayer MoS,/SWCNT at low fluence, (d) 0.8%-multilayer
MoS,/SWCNT at high fluence, along with kinetic traces probed at 665 nm at (e) low fluence and (d) high fluence
with insets highlighting the kinetics between 10 ps to 5 ns. The dotted horizontal line in the insets is a guide to
compare signal intensities to the average value of neat MoS, from 2-5 ns at low fluence.

intensity in the heterojunction compared to the
neat material. The horizontal dotted line in the
inset is a guide to compare the induced absorption
signal intensity to the average value of neat 0.8%-
multi MoS, from 2-5 ns. Figure 5d shows that the
bleach decays more slowly at high fluence, and
the final induced absorption intensity reaches a
higher value (see intensity comparison with
horizontal dotted line in the inset).

If we assign the long-timescale (shifted)
spectrum primarily to electrons localized in
defects/traps, the fluence dependence shown in
Figure 6e-f is consistent with trap filling. '1-12.57
That is, the defect-related induced absorption

signature gains intensity when more traps are
filled at higher excitation density. At low fluence,
exciton quenching or charge capture at traps
would lead to a relatively rapid bleach recovery.
In contrast, the greater occupancy of traps at high
fluence allows a larger fraction of excitons or
charge carriers to avoid quenching at trap sites,
leading to the slower bleach recovery.

The fluence dependence is not consistent
with the induced absorption being a direct
signature of free carriers that do not interact with
trap states. For one, this shifted spectral signature
shows a much slower 10-100 ps rise time
compared to the ~0.5 ps rise time of carriers in
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the SWCNT layer.”* We also note that this
signature is absent in 1L-only MoS,/SWCNT
heterojunctions that appear to generate charge
relatively  efficiently.”*  Furthermore, the
timescale for charge generation via exciton
dissociation should not become slower with
increasing fluence. The charge-transfer time
constant is most often fluence independent,
although some processes such as exciton-exciton
annihilation could lead to faster exciton
quenching to generate charge.* We also note that
this TA line-shape cannot be described by a
typical Stark effect, as demonstrated in Figure
S12 which shows that the spectrum cannot be
reconstructed from the first or second derivatives
of the ground-state absorption.

Despite this evidence that the induced
absorption is not likely a direct signature of free
charges, the heterojunction data in Figures 6¢-d
demonstrate  that charge generation via
intentional exciton dissociation across the
heterojunction does enhance this long-timescale,
shifted spectral signature. We propose that this is
due to the charge carriers produced by interfacial
exciton dissociation populating the defect states
more efficiently than Coulomb-bound excitons
can populate the defect states. That is, we propose
that the defect is a carrier trap for one type of
carrier (likely electrons) rather than an exciton
recombination center that equally captures
electrons and holes. In the case of the neat
material, exciton recombination via radiative
decay or other non-radiative decay pathways can
compete with ionization and carrier trapping,
decreasing the population of the defect states. In
the heterojunction, many exciton recombination
pathways are out-competed by charge transfer,
which creates a greater density of long-lived
electrons in MoS, that can become trapped
without significant competition from other decay
pathways. This results in a higher defect-related
TA signal in the heterojunction samples
compared to the neat 0.8%-multilayer MoS,.

Our proposal that defect states play a
significant role in the TA spectra implies that the
defect-related signature should saturate at a pump

fluence near the defect density. In Figure 7, we
show the dependence on excitation fluence for
the intensity of the defect-related induced
absorption (blue traces) along with the initial
bleach signal (red traces) for both neat 0.8%-
multilayer MoS, and the heterojunction with
SWCNTSs. In both cases, we observe a maximum
in the defect signal near 2.7 x 10'? cm™ excitation
density, which is consistent with the reported
defect densities in the range of 10" — 10! cm
for MoS,.% 11 13, 18. 23, 57 The decrease in defect
signal after 2.7 x 10'2 cm™ is due to increasing
negative contribution from the longer-lasting
MoS, bleach when the defect states become
saturated. As noted above, we observe higher
intensity of the defect-related signal at all
fluences for the heterojunctions compared to the
neat materials, which likely suggests charge
carriers (likely electrons) populating the defect
states rather than the defects acting as exciton
recombination centers.

Despite the higher intensity of the defect-
related induced absorption for the heterojunction,
the early-timescale MoS, bleach signal (red
circles, Figure 7) is similar between both the neat
material and the heterojunction, suggesting
similar density of initially-excited excitons in
both cases. The magnitude of the early-time
bleach signal increases sub-linearly with
excitation fluence (N). Similar fluence
dependence in monolayer® and bulk® MoS,,
other TMDCs like MoSe,,!"> 3 and GaAs
quantum wells®® has been attributed to saturable
absorption with N/(N+N;) fluence dependence,
where N is the saturation density. Fitting our data
to this model (dotted line in Figure 7) would
suggest exciton saturation density of Ny =5 to 6
x 102 cm?, which is similar to the values
proposed for MoSe, (~6 x 102 cm2)!!- 3 and
MoS; (~1.6 x 10'3 cm2).6
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Figure 7. Fluence (N) dependence of the defect-
related induced absorption around 665 nm (blue
triangles, left axis) averaged from 2-5 ns, along with
the initial bleach intensity at 665 nm at 0.5 ps. Dotted
line is a fit of the bleach intensity to a saturable
absorption model N/(N=Ng) with Ng = 5 x 1072 cm™.

Conclusions

Here, we studied the effect of small changes
in TMDC microstructure on charge generation in
MoS,/SWCNT heterojunctions. Our study was
motivated by common observations of different
photophysics for nominally similar TMDC-based
heterojunctions, as well as the wide observations
that small sample variations and presence of
defect states can drastically alter photophysical
processes and the resulting device performance in
various  optoelectronic or  photochemical
applications.

Our transient absorption spectroscopy studies
showed that a small fraction of multilayer islands
on predominately monolayer MoS, resulted in
longer carrier lifetimes and higher charge transfer
yields. We confirmed this result and specifically
demonstrated the generation of mobile carriers
using microwave photoconductivity, which
showed a higher yield-mobility product when
exciting at wavelengths absorbed by the 0.8%-
multilayer MoS, versus those absorbed by the
SWCNTs in the heterojunction. Surprisingly, we
observed extremely long-live photoconductivity
transients in the 0.8%-multilayer MoS,/SWCNT
heterojunctions,  persisting  past  several
milliseconds. To further understand this behavior
in the 0.8%-multilayer =~ MoS,/SWCNT
heterojunctions, we further investigated the TA

spectral evolution and fluence dependence, which
suggests a prominent role of charge trapping at
defect states in the multilayer-containing
material.

These results highlight the fascinating
interplay between defects and microstructure in
emerging TMDC materials with the resulting
photophysics and efficiencies of mobile carrier
generation. This understanding is an important
step toward greater fundamental understanding of
the significant roles defects play in electronic
transport!®1° and photocatalytic activity.?0-2!
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