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ABSTRACT: Electron transport across the transition-metal dichalcoge
nide (TMD)/metal interface plays an important role in determining the
performance of TMD-based optoelectronic devices. However, th s8b
robustness of this process against structural heterogeneities remain
unexplored, to the best of our knowledge. Here, we employ, a
combination of time-resolved photoemission electron microscopy (TR
PEEM) and atomic force microscopy to investigate the spatially resol  Hot-electron transfer |
hot-electron-transfer dynamics at the monolayer (1L) MAS inter- B~0.06+0.01A" Y
face. A spatially heterogemes distribution of 1L-MogAu gap 84 s y 3 .
distances, along with the sub-80 nm spatial- and sub-60 fs temporal Gap distance Ad (A)
resolution of TR-PEEM, permits the simultaneous measurement of

electron-transfer rates across a range of 1L-}aSdistances. These decay exponentially as a function of distance, with
attenuation coecient  0.06+ 0.01 A, comparable to molecular wirésb initiosimulations suggest that surface plasmon
like states mediate hot-electron-transfer, hence accounting for its weak distance dependence. The weak distance dej
of the interfacial hot-electron-transfer rate indicates that this process is insensitive to digtahegions at the TMD/metal
interface, thus motivating further exploration of optoelectronic devices based on hot carriers.

KEYWORDS:transition-metal dichalcogenides, TMD/metal interface, hot carriers, time-resolved photoemission electr
ultrafast spectroscopy
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TMDs) have electronic and optoelectronic proper-port e ciency. For example, in TMD-based thrim-

ties>* of technological sigeance, such as direct transistors, irregularities at the TMD/metal interface resul
band gap%S large exciton binding energies (©®86 a distribution of voltages across it, leading to cont
eV),/%? high carrier mobilities (0'S16° cnt-Vv.s>Y), =12 noise’ ™%
superconductivity"* large nonlinear optical susceptibilities Studies of carrier dynamics provide insight into t
[@ 102 mv®, @ 10578100 V57, ® and the  electronic transport properties of matetidfs.While
addressability of the energetically degenerate Kalieigs by ~ Phenomena such as elecelectrofi® and electraphonon
valley-selective photoexcitatfii. As a result of these sgattgnrﬁ, bandgap_re_nor7maI|zat|‘t§r_1excnon formatioff,
properties, along with the ability to fabricate TMDs ondi usion;” and annihilatiofy, and carrier recombinati6rin

wafer-scalé®?° these have found applications in photo- TMDS have been investigated by ultrafast spectrostupy,

detector€’5?® photovoltaic&’ phototransistofS2® and light- dynamics of electron transport across TMD/metal interface

emitting diode$™>>°
In TMD-based devices, the TMD layer contacts a metdkeceived: September 1, 2020

structure that is part of the electrical circtfitiiglectron Accepted: December 8, 2020

transport at the TMD/metal interface therefore plays a cruciaitblished: December 21, 2020

role in determining thenal performance While much work

has been done to explore means of minimizing the contact

resistance at TMD/metal interfates; less known is how

I ransition-metal dichalcogenide monolayers (1Linterfacial structural heterogeneitiesences electron trans-
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Figure 1. Spectroscopy of 1L-Mo$ Au. (a) Raman spectrum andto the sum of two Lorentzians. (b) PL spectra of 1L-M&8O, and
1L-MoS/Au collected under identical conditions.
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Figure 2. TR-PEEM probing of ultrafast electron transfer at the 1L-MaSinterface. (a) Optical image of 1L-Mg@®u, showing the

outline of the region of interest. Broken regions allow access to the Au substrate (brighter areas). (b) 2.41 eV photoexcitation gf 1L-MoS
Au followed by 3.61 eV probe ejects photoelectrons from 1L Mafilected and imaged by PEEM as a function of piprpbe time delay.

(c) Band alignment of 1L-Mg#Au, indicating the process of injection of electrons from Au into the 1L-Mafiduction band, followed by
electron transfer from 1L-Mg%0 Au. TR-PEEM probes the population of conduction-band electrons in 1L-E®3 function of punt®

probe time delay, givinggr.

still unexplored, to the best of our knowledge. Most timethe 1L-Mo$conduction band undergo ultrafast transfer to the
resolved studies of TMDs are based on spatially averag&d substrate on &0.4 ps time scale. The lifetime map reveals
measurements, which do not address # en the carrier  spatially heterogeneous hot-electron-transfer rates, which
dynamics of spatial heterogeneity induced by defects. Timgsrrelate to the spatial distribution of 1L-MaSdistances,
resolved photoemission electron microscopy (TR-PEEM)g revealed by atomic force microscopy (AFM). The

which com_blnes temporal and spgtlal resolutlgn, was exten_ onential distance dependence of the electron-transfer rate
from studies of plasmon-polariton dynamics of metallic

! . ; . IS characterized by an attenuation cisat 0.06% 0.01
nanostructuré$to visualize the spatially heterogeneous carriefs; - able to molecular wifeab initio simulations
dynamics of semiconductds; including TMDS? Its : P

spatial resolution, up to4 nm°® makes it well-suited for shed light on the origin of this smallvalue. The weak

investigating spatially resolved electronic transport at tif#stance dependence suggests that interfacial hot-electron
TMD/metal interface. transfer is insensitive to distangetuations at TMD/metal

Here, we employ TR-PEEM to investigate hot-electrointerfaces, hence providing impetus for the exploration of
transfer at the 1L-Mg@8u interface. Electrons injected into optoelectronic devices that harness hot carriers.
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RESULTS AND DISCUSSION

Figure & is a representative Raman spectrum of a LL-MoS

ake used for our experiments. The positions of the two main
peaks are 385.4 crt for the in-plan& mode, and 404.9
cne! for the A; out-of-plane modé® The di erence
between these modes i49.4 cm?, consistent with 1L-
Mo0S,>"*® Photoluminescence (PL) spectra of 1L-{MaS
and 1L-MogSiO, under identical conditions ard-igure b.
The red curve is the PL spectrum of 1L-}&S,. We assign
the high-energy emission6(6 nm, 2.01 eV) to the
recombination of B-excitdramd the lower energy one64
nm, 1.87 eV) to A-excitord he second-derivative spectrum
shows the existence of a feature, red-shiffegheV from the
A-exciton transition (seBigure S2of the Supporting
Information). This red-shift is consistent with the range of
binding energies for thé &ion;>° therefore, we assign it to
the A trion PL. The blue curve is thexifagnied PL
spectrum of 1L-M@fu, quenched by a factorl9 + 3
relative to the PL of 1L-MgSiO,, possibly indicating
electron transfer from Mp$o Au, suppressing radiative
recombinatiof™%? The PL yield and lifetime of TMDs can
also be inuenced by the substrate in other ways, such as its
doping concentratidr°® interfacial electr@phonon cou-
pIingi3 dielectric tuning of excitSexciton annihila-
tion>°%%® and eld enhancement by the dielectric environ-
ment®® Plasmon-enhanced PL is not relevant in our work,
given that quenching of PL is instead observed. Strong
coupling between 1L-Mo8nd Au could potentially occur,
although its observation typically requires the embedding of
the TMD in a microcavity or in a plasmonic struétisere,
1L-MoS is placed on an Au-coated substrate, making strong
lightSmatter coupling unlikely. A hallmark of strong coupling
is the splitting of the exciton transition energy, observable in
both the darkeld scattering and PL spettr&uch a peak
splitting is not observed in the PL spectf@igfre b, thus
further ruling out strong lighatter coupling.

Photoexcitation of 1L-Mg8u (Figure a) at 2.41 eV
results in the injection of electrons into the conduction band of Time delay (ps)

1L-Mo$ (Figure B). These are subsequently ejected by I:;g?ure 3. Time-resolved PEEM images as a function of time delay.

3.61 eV UV probe pulse and refocused by a column of electr PEEM images collected in the vicinity of the region of interest

optics onto a 2D array detector, giving rise to the PEEM SIgNGlown inFigure &. Gaps in 1L-MoSexpose the Au substrate,
(Figure B). Based on the_lateral momentum conservatioRjiving rise to regions with a large number of counts. (b) Temporal
requirements in photoemissfaand the use of 3.61 eV probe evolution of the TR-PEEM signal, spatially integrated over the
pulses, we infer that direct injection of electrons in theegion of interest indicated ifrigure Z&. The dashed line shows
conduction band of Mg8oes not yield electrons in the probe the data and the solid line thet.

window of the PEEM instrument (§&eporting Information

for further details). On the other hand, photoexcitation 0b 41 eV pulse then probes the relaxation of these high-energy
electrons near the Au Fermi leéglcreates hot electrofis,  electrons, hence giving rise to the dynamics observed at a
which then undergo ultrafast injection into the high-energyegative time delay. The subsequent rise to give a secondary
conduction-band states of 1L-Md&®m which they can be peak, delayed by.12+ 0.01 ps relative to time-zeroeas
photoemitted in the instrument probe windéw\(re 2). the injection of hot electrons from Au into the region of the
TR-PEEM images for various p&pibe time delays are  1L.-Mo$ conduction band in the probe window, consistent
shown inFigure &. The temporal evolution of the TR-PEEM with previously observed sub-200 fs hot-electron transfer from
signal, spatially integrated over a 1L;Maton of interest, is  Au nanoantennae to 1L-MdS$Intervalley scattering from the
reported inFigure B. The signal exhibits a promp&0 fs, K valley, following 2.41 eV photoexcitation of 1L;M8S
setup limited) response at time-zero, coincident with the pealfled out as the origin of the rising signal because the lowest-
of the signal from the Au substrate, followed by a delayed riggergy band in the probe window, centeredl@s 0.7 eV
to give a secondary peak that eventually decays on a sutapeve the conduction-band minimum at the K valleys
time scale. The signal prior to and at time-zero arises from theaking such an energetically uphill intervalley scattering at
3.61 eV pump and 2.41 eV probe in the pulse overlap’fegionroom temperature unlikely. The TR-PEEM signal subsequently
At a negative time delay, photoexcitation by the 3.61 eV puldecays withgy 351+ 6 fs as electrons leave the probe
populates the 1L-Mg8&onduction band near theoint. The window. g7 is independent of carrier density Sepporting
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Figure 4. Correlation of spatially heterogeneous interfagighnd 1L-Mo%/Au gap distribution. (a) Representative single-pixel time traces
for di erent locations on the 1L-M@Sake. The dashed lines are the data, and the solid linestate a single exponential decay, with
and corresponding standard errors of ths given in the panel. (b)zr map, showing the spatial distribution and the locations from which
the single-pixel traces iRigure 4 are extracted. (c)z7 histogram. (d) AFM image of the region of interest. (edl distribution. (f) FFT
power spectral densities (PSDs) gf map and AFM image, showing a similar dependence of FFT power on spatial frequency.

Information), ruling out carrier thermalization and carrier-LO-deviation of 54 fs. The mean is in good agreement with the
phonon scattering as its origin. Indeed, carrier thermalizatitime constant obtained frontting the spatially integrated
speeds up with carrier den$itwhereas carrier-LO-phonon time trace. The slight deviation is due to the fact that the
scattering slows with carrier density, due to the hot-phondifetime obtained from the spatially integrated measurements
e ect’! Instead, based on the conduction-band minimum ofepresents an amplitude-weighted average time constant,
1L-Mo$S being 0.52 eV above the Bif° we conclude that instead of a simple average. The standard deviation, larger
the sub-ps decay of the TR-PEEM signal arises from the batkan the typicaltting error ( 20 fs) for single-pixel time
electron transfer from the conduction band of 1L-tMoSu traces, suggests that the obseryedistribution primarily
(Figure 2). This assignment is supported by thé-fold originates from spatial heterogeneity.

reduction of the spectrally integrated PL of 1L;klo®u as In order to elucidate the origin of the spatially heteroge-
compared to SiFigure b). Ultrafast electron transfer from neous gr, we use AFM to measure the heights of 1L-MoS
the 1L-Mo$ conduction band to Au facilitates nonradiativeand Au substraté&igure 4). The Au substrate has a nm-scale
electro§hole recombination through the Au states beforgoughness, which translates to roughness of the 1atbmS

they enter the light cone, thus suppressing radiativiéence a distribution of 1L-M68u gap distancesd (Figure
recombination within 1L-MgSand quenching its PP. 4e). The d distribution is asymmetric due to theedént
Indeed, optical purprobeé® and angle-resolved photo- widths and mean values of thg, and h, height

emissiof’ showed electron transfer from MaSAu on a  distributions (se€igure Séf the Supporting Informatipn
sub-ps time scale. Ideally one would obtain a spatial map @by separately

To further investigate the dynamics of electron transfer fromeasuring the heights of 1L-Ma@®d the underlying Au
1L-MoS$ to Au, we extract the time traces for each individuasubstrate. In the absence of an experimental technique that can
pixel of the TR-PEEM image andhem after a 0.2 ps time realize such a measuremem&§ employ an alternative
delay (after hot electron injection from Au to 1L MeS procedure, assuming that an elevated 1L-Mg®n sits
completed) to a single exponential de€ayi(e 4). gt from atop a higher part of the Au substrate, to extract the
each single-pixel time trace is used to construct a lifetime maigtribution of d (see the Supporting Informatiorfor
(Figure #). This is analogous to that obtained from details). Brigy, the heights of the 1L-Mo&nd Au regions
uorescence lifetime imaging microséopyd reveals the are separately sorted in ascending order. Takingetende
spatial distribution ofy. Figure 4 shows the corresponding between each pair of 1L-Ma8d Au heights, and accounting
gt histogram. This has a mean 886 fs and a standard for the oset introduced by the 1L-Mo8an der Waals
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thickness of 0.676 nm, yields a distributiondoNote that To shed light on the origin of the smallve employb
the region selected for our analysis is wrinkle-free, as showrnitioelectronic structure calculations (gethodgor details)
the AFM image dfigure 4; the presence of wrinkles would to investigate the nature of the 1L-M&S interaction. We
weaken the correlation between the height of 1Ldavidshe consider high-energy conduction-band states of 1L-MoS
underlying Au substrate. Spatial fast Fourier transform (FFBccessed by photoexcitation and located in the probe window
analysis reveals a similar dependence of the FFT powatrthe point, 1.6 eV abovE.. Analysis of the partial density
spectrum on the spatial frequency for both AFM imaggrand of states shows that such states split into two when the Au
map Figure f). This suggests that the spatially heterogeneousubstrate is brought into the vicinity of 1L-M®Be energy
gt Map originates from surface roughness. splitting reects the 1L-MgBAu coupling strength, henlgs.
To gain further insight into the distance dependerkge of Increasing the distance between Mo@ Au results in an
= 1/ g1, we assume, based on the exponential decreaseegponential decrease\bfwith an attenuation facto0.21
through-space electronic coupling with distinieat . is ASt (Figure @).
inversely correlated witll. We thus plot likzr as a function Plots of the electron density for such a high-energy
of din Figure 5 note that bothkgr and d values are  conduction-band state reveal a signi delocalization from
both 1L-Mog and Au into the gap~{gure 6). The most
signi cant density peaks arising from Au are localized on the
Au surface, outside the region occupied by the atoms. This
contrasts the electron dapsplot for a lower-lying

Figure 5. Distance dependence of the hot-electron-transfer rate.
Dependence okgr on d, from a combination of g and AFM
maps. The dots are the data points, and the solid line is the

eq 1 The density of the data points rects the density of d from
AFM.

extracted from their respective histograms. ThiRbkslata
points and suggests a linear relation betwkgraimd d, i.e,
an exponential distance dependenkgrof

ket = koeXpé d) 1)

with pre-exponential factég  5.79 + 0.53 p3' and
attenuation factor 0.06x 0.01 A's. We note that typical

for saturated hydrocarbon bridgés 0.851 A%, whereas
conjugated molecules, such as pol§2mesdyyne§! and
phenylenf linkers, span0.150.6 A*. Conjugated molecular
wires with small band gaps <1 eV can hav@1 &°° Our

small , comparable to those observed for molecularWges,
unexpected when one considers the weak electronic coupling
that exists at a van der Waals inteffd¢&lectron transport
within 1L-Mo$, such that interfacial electron transfer
selectively occurs at a smaller rangedo€ould potentially
account for the unusually smallHowever, this is not a
contributing factor for two reasons. First, based on the hot-
electron diusion coecient of 1L.-Mo$( 18 cnf-s>1),%°> we
estimate that it would take a hot electrbr ps to travel 50

nm, i.e, the distance between adjacent pixels in the PEEM
lifetime image. This time scale is substantially longer than, and
therefore not competitive with, the obsen@®5 ps time
constant for electron transfer at the 1L-faSinterface.
fSecond, the lntfrfl;llayeirdt{ansport_g eIecltlror:js W'thl'g ]Ti"Mo Calculated 1L-MogAu interaction strength as a function ofd
rom a region ot largerd to one with smaiierd, would give symbol) and t to an exponential distance dependence. (b)
rise to an additional growth component at early (<1 ps) timgjasmon-like state and (c) nonplasmon-like state exhibierwint
delays for time traces collected in regions of smaliBuch a  gelocalization of electrons into the 1L-M@&u gap, as seen from
growth component is not observedrigure 4, thus further  the calculated electron densities (top panel) and their projections
ruling out intralayer electron transport. (bottom panel). dis 0.74 A.

SFigure 6.Ab initio simulation of the 1L-MogAu interaction. (a)
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conduction-band state, which shows electrons bound tightly toAtomic Force Microscopy. To characterize the separation
the individual 1L-MgSand Au layersHgure 6). The distance between 1L-Mashd Au after 1L-Mg@Sransfer, AFM is
electron delocalization is reminiscent of the surface plasmderformed with a Bruker Dimension Icon system in peak-force
like states, suggested ina@fo play a role in the electron- tapping mode, with a topography resolution56f pm. From our
transfer dynamics of Au nanostructures interfaced to 1L-Mo$FM measurements, the Si/Skbbstrate roughness i8.250.3
The spatial delocalization of the Au electron density into th@™, while that of Au is1.6 nm. The resolution of the AFM is
1L-MoS/Au gap supports the weak distance-depehgent therefor_e sucient to detect _the roughness of the 1L2Mxmﬂ_ the
we observe. The calculated 0.21 Al is larger than the underlying Au substrate. It is well-known that the AFM height of 1L-
experimental value because the 8-atom-thick Au slab in tJﬁ%ered. materjals (lL-LMs) on asubstratg does usually reproduce the
simulations may not fully reproduce the spatial extent of tHacoretical thickneSSThis is related to dérent parameters: the
plasmon-like state in the experiment. Wermotthis by roughness of the substrate, the force of interaction between 1L-LM
repeating the simulations with a 10-atom-Au slabitsee and substrate, and the_ presence of trapped contaminants. For
S8of the Supporting Information). These give 0.17 E;l, ex_ample, even for a single layer of graphene, measured AFM
closer to the experimental value 0f0.06 AL High-energy thicknesses 0f1.8 nm are common, depending on peak force and

! 9 substraté® Therefore, the height of 1L-Ma Au is also &cted.
plasm.on—hke stateE & E- > 1.6 QV) that may be accessed The height of 1L-MqSs predicted to be 0.7 nm'°* while the
experimentally extend more into the 1L-{#aS gap,

. . ) experimental thickness by AFM is expected to be higher, due to the
especially for rough surfdtelgading to an experimental  faciors discussed above. For examplE)Zeéported 1L-WSen
smaller than the computed one.

Au with a thickness2.4 nm, attributed to water molecules trapped
between 1L-Wgand Au, while refO1reported 1.6 nm for 1L-
MoS, on hBN, assigned to PDMS residues trapped between both

. : aterials. Our AFM data indicate a 1L-Magyht 1.3 nm, lower
We harnessed the spatial and temporal resolution of Tt an expected for PDMS contamindftswe also remove

Z’EE il\t:IL,JtliE)SnlEg?elel_lfjh-/l(gz;o‘\gﬁvga?)ngig'::nigitlﬁo”y dgteetfr:ﬁgsntizuéontaminants from the interface by performing transfer according to

. . ref 103 As such, we believe that the 1L-Mw$ght of 1.3 nmis
dlstance-dependent hot-electron-transfer dynamics across e i to the Aulm roughness and the eience in the AFM tip
1L-MoS/Au mterface.. Our approach seamlessly combineS;aaction with 1L-MoSnd Au.
elements of electronic transport measurements performed afjyratast Photoemission Electron Microscopy.We use a high-
single-molecule juncti6i®’ with ultrafast spectroscopic yepetition-rate, high-power Yier laser (Tangerine 30, Amplitude
probing of electron transfer in structurally weleie  systemes), which deliverd0 J, 320 fs pulses at 0.6 MHz and
donor-bridge-acceptor motitfoth of which have elucidated center wavelength (photon energy) @03 m (1.20 eV). After
distance- and molecular conformation-dependent electrogpectral broadening in a Xied hollow-coreber'®* a combination
transfer rates. With improved temporal resolution, it may ks highly dispersive chirped mirrors and a pair of wedges are
possible to resolve the distance-dependent sub-100 fs eleciaiployed to compress the laser pulses to 50 fs full-width-at-half-
injection rates at the 1L-M#®u interface. In the present maximum (FWHM) duration. The second and third harmonics, with
work, electron transfer likely ocotiesincoherent hopping, photon energies 2.41 and 3.61 eV, respectively, are generated
considering that the probe window lies above the theoreticathyrough a series of nonlinear frequency conversion stegiim
predicted tunneling barrier heighfor the 1L-MogAu borate crystals, followed by temporal compression using a prism pair.
interface and thag; exceeds thel0 fs time scale for carrier The FWHM of the second harmonic, which acts as a pump beam, is
dephasirfg in 5L-Mo$S. The small attenuation factor suggests 46 fs, whereas the pulse duration of the third harmonic, acting as a
that the transport of hot electrons across a 1L4MpS  probe, is 40 fs. The pump beam is sent into a computer-controlled
interface is robust against surface corrugations and defeegiical delay line to vary the time delay between pump and probe
This nding, which contrasts with the interface sensitivity gpulses. The overall time resolution, as determined bg praig
transport of low-energy charge carriers in TMD-base@foss-correlation at the sample positiorsGds FWHM. The PEEM
electronic devicé®®’ provides further impetus for realizing Microscope (Focus GmbH, PEEM-IS) has a spatial resolutioh of
optoelectronic devices that harness hot caffers. nm accorqllng to lthe $§4% criterion, deed as the dlstange over

which the image intensity decreases from 84% to 16% of its maximum
value*!% At each time delay, the image acquisition time is 19s. We
use an average of three independent data sets.

Sample Preparation. The 1L-MogAu interface is prepared as Ab Initio Electronic Structure Calculations. We use a
follows: 2H-Mo$ akes grown by chemical vapor trangpare periodically repeated slab with two materials: a 16-atom Au (001)
exfoliated by micromechanical cleavage on Nitto DenKo ttzgre, surface and 6-atom 1L-Mo%he supercell parameters are 5.46 and
exfoliated again on a polydimethylsiloxane (PDMS) stamp placed g5 A in thea andb directions, respectively, with a 20 A vacuum
a glass slide for inspection under an optical micrd8é@ptical  depth along the surface normal. To determine the distance-dependent
contrast, photoluminescence (PL) and Raman spectroscopies gfgctron-transfer rate, variouS®separation distances @74,

used to id%%t,i;‘y lL-MQfSpI’iOt‘d to transfer. Raman and PL 574 474 674, and 8.74 A between the two slabs are used. The
measureme are performed at room temperature USINg &g 0cqnic structure calculation is performed with the \Akrniniéio

Horiba LabRam HR Evolution at 514 nm. PL measurements are . .
performed with an incident powedd.1 mW and a focal spot size of simulation package (VASP)The exchange and correlatioacts

1 m. 2x 2 mn? prepatterned Au/Cr (50/2 nm) pads are ued are described by the EeréﬁurkéErnzerhof function?a_ﬂ.7 The
by shadow mask, using Kapton tape on 90 ngS5ibllowed by |ntgract|on between ionic cores and valence electrons is treated by the
thermal evaporation a6 x 16°” Torr at 0.5 A/s. Before transfer, the Projector-augmented wave (PAW) metfibdhe van der Waals
Au surface is cleaned in acetone and isopropanol for 30 s eabHgractions are described by the Grimme DFT-D3 appfddch.
followed by 60 s of plasma treatment at 10 W. 1L-MdéSs are energy cuto 400 gV is used for the electronic structure calculations.
then aligned on the Au pads and stamped usingnicro- A dense MonkhoiSPackk-point mesh of 9% 97 x 1 is used to
manipulator§*®® obtain an accurate density of stafes.
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