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Ultrafast electron transport in layered semiconductors studied
with femtosecond-laser photoemission
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Femtosecond-laser photoemission was used to investigate the electron dynamics in the layered semiconduc-
tors MoSe and WSe. Photoexcitation with 200-fs pulses of 2.03 eV light creates an electron gas with
significant excess energy. Our measurements reveal a strong transient enhancement in the diffusive transport of
the most energetic electrons relative to the conduction-band minimum. Additionally, we demonstrate that the
surfaces of these layered chalcogenides are electronically passivated and we give an upper bound for the
density of defect states within the band gap.
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A detailed understanding of transient hot-electron effectribed to an enhanced diffusion of carriers possessing large
on carrier transport in semiconductors is essential for variouexcess energy above the conduction-band mininiciom).
problems in modern physics and technology. It has been Our experimental approach to investigating the ultrafast
shown that carrier drift velocities and diffusivities can pulk electron dynamics of MoSeand WSe involves the
f‘o_vershoot” or exceed _thelr eqU|I|br|um_vaIueS Whenever app”cation of excite/probe femtosecomﬂ;) -laser photo-
injected electrons are highly correlated in space or fithe. emission spectroscopy. Although this technique has been de-
The fundamental time scale for many of these transient transscribed in detail elsewheteve give a short description here.
port processes is in the picosecond time regime. Even in thgn amplified dye-laser system operating at a repetition rate
absence of external electric fields, optical techniques can bgf 540 Hz produces-0.6-mJ pulses of 200 fs light at 610

\lﬁﬁ? iﬁ creatﬁ a hot fnonequitl_ibriuhmt carr_ier (il)istriﬁu;[ion.nm_ Roughly 20% of this light is used to photoexcite the
virie the mechanism of generating hot carriers by p c?Oexéample under study while the remaining 80% is focussed into
citation is quite different from heating by an electric field,

the same relaxation and scatterin v i thurst of Ar gas at the output of a pulsed valve. The inter-
g processes apply in both . > . X i .
cases. Thus the advent of ultrafast lasers has made it possilﬁgt'on of the Intense 610 nm l'ght with thg h|gh-d(insny Ar
to probe these dynamic processes directly in the time domaigenerates_ odd multiple hfirmonlcs up to high ord&rs’In
on a femtosecond scale. Among time-resolved techniqued® €xperiments to be discussed here, the Sth through the
time-resolved photoemission spectroscopy is unique in that j#oth harmonics were uséd8.3—30.5 eY. Separation of the
directly measures the temporal evolution of photoexcited’@monic orders was accomplished by angle tuning a 3-m
electrons=* grazing incidence grating that resides in a differentially
In this paper we report on time-resolved photoemissiorPumped vacuum chamber coupled to a UHV analysis cham-
investigations of the transient electron transport in the layber. Overlap of the excitation pulse with the chosen har-
ered semiconductor chalcogenides Mp8ed WSe. These  monic produces photoelectron spectra of the excited sample.
materials display interesting anisotropies in their abilities toElectron detection and energy analysis is carried out with a
transport electronic chardeAt the same time, the strong parabolic-mirror-time-of-flight analyzer possessing a large
absorption of visible radiation makes them attractive candisolid angle of collection {-1.1 sr), which permits detection
dates for use in solar ceffsln their crystalline form, these of the electrons throughout the crystal Brillouin zone.
materials form trilayers, consisting of a metal layer bounded For the investigations to be described, single crystal
above and below by chalcogen atoms. Van der Waals forces-type MoSeg and p-type WSeg were grown with the vapor
bind the layers together to form the solid. The weak van detransport techniquigrystallizing in the trigonal primatic 2H
Waals interaction allows for easy cleavage of the crystal testructure. Typical doping densities of the crystals are
reveal fresh material. Furthermore, as we will show, no state$0'” cm™3. Fresh surfaces were prepared by cleaving in ul-
exist within the band gap of the semiconducting chalco-trahigh vacuum(base pressurel0 °torr), which produced
genides that we studied. The lack of surface states is consifarge optically defect-free areas. Low energy electron dif-
tent with our findings of a highly passivated surface formedfraction from these regions of the sample revealed sharp
upon cleavage of the material. As a result, we have been ablex1 patterns. All experiments were carried out on the
to study the ultrafast bulk dynamics of electrons photoex-defect-free regions of the samples we studied.
cited into the conduction bands of layered semiconducting Absorption of a short, intense visible pulse of light by the
chalcogenides. We observe an extremely fast loss of photsample results in the formation of an excited electron gas.
excited carriers in the first picoseconds, which can be asthe electron distribution thus created can evolve spatially
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FIG. 1. Photoemission spectrum of photoexcited MoSeart
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through diffusion and ballistic transport away from the sur-
face. In addition, electrons can transfer energy via electron-
phonon scattering, which results in energy and momentum
relaxation of the electron gas. Figure 1 displays a represen:
tative photoelectron spectrum of photoexcited MgSel-
lected with 22.4-eV photons. The excite and probe pulses
were coincident in timetE0). States below 0 eV are nor-
mally occupied. The small featurel eV above the valence B ) / ) ) : ]
edge is observed only when the system is photoexcited anc -0.5 0.0 0.5 1.0 1.5 2.0 2.5
results from the transient population of the conduction band. energy (eV)

A careful analysis of the size of the band gap gives 1.1 eV,

which compares well with results from optical and pho_to- FIG. 2. (a—(d) Spectra of the excited WS@opulation for dif-
electrochemical measuremefitsThe broad and asymmetric ferent delays between excite and probe pulses. The vertical line is a
peak indicates that a significant fraction of electrons possessiide to the eye for the loss of the highly excited electrdis.

excess energy above the clisee also Fig. 2 The calcu-  pifferential change in the conduction-band peak betwieef and
lated band structure of the hexagonal Brillouin zgB&) of t=1.33 ps.

MoSe, indicates that it possesses an indirect gap of 1.1 eV
with the minimum direct gap of 1.4 eV located at tMe  the two systems under study, we monitored the total intensity
point of the BZ. The cbm lies roughly halfway between the of the conduction signal as a function of delay between the
andM points of the BZ:>'6 Photoexcitation produces a hot- excite and probe pulses as shown in Fig. 3. In addition, a
electron gas distributed over a large fraction of the BZ, withcareful analysis of the evolution of the shape of the conduc-
a maximum excess energy relative to the cbm of 0.9 eVtion signal was carried out as shown in Figs. 2. Figure 3
giving rise to the broad conduction-band signal we observedisplays the normalized conduction-batab) emission in-
Similar results were obtained for Wseith minor differ-  tensity as a function of the delay time. For Mg3ee signal
ences due to the somewhat larger 1.2-eV band gap. It i;tensity rises to a maximum within 400 fs. Remarkably, the
interesting to point out that the conduction-band signal wasignal decays by 66% in the following 2 ps with subsequent
observed over a tuning range from 18.3 to 30.5 eV in stepslecay of the signal considerably slower. Qualitatively similar
of 4 eV, although an enhancement in the intensity of thebehavior is observed for Wgeavith a somewhat slower de-
signal was observed from 22 to 26 eV, presumably due t@ay of the initial drop. A number of runs on different crystals
final-state effects in the photoemission process. and different spots on the same crystal yielded a high level of

Another interesting property of the layered materials carmreproducibility in the observed time dependence. The overall
be observed by further inspection of Fig. 2. It is clear that thebehavior cannot be fit with a single exponential decay. Ad-
gap region is nearly devoid of emission. For our excite pulsalitionally, numerically solving the diffusion equation for a
fluence, the surface photoexcited electron density is estisingle diffusion coefficient yields an unsatisfactory fit to the
mated to be X 10'%cn?. Assuming that the defect states data. Such analysis implies that more than one component
within the surface band gap emit with a similar probability ascontributes to the dynamics we observe.
the conduction-band states we can give an upper limit of While the time dependence of the overall intensity reveals
about 5<10'Y%cn? for the density of defect states. This interesting behavior, further insight can be gained from in-
shows directly that the van der Waals surfaces of Ma®el  spection of the shape of the conduction-band signal as a
WSe, are electronically extraordinarily well passivated. function of time. Figures @)—2(d) display a panel consist-

In order to more fully investigate the dynamic behavior of ing of four spectra showing the time evolution of the electron

difference e) (a)-(b)]
spectrum E
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0 5 10 15 20 21). The hatched region indicates the energy range of the excited
delay time (ps) electrons.(b) Schematic representation of the energy-dependent

transport of electrons from the surface.
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FIG. 3. Normalized emission intensity from the transiently oc- .

cupied conduction band as a function of delay between excite anHmeS betweeri=0 andt=1.33 ps. Although an overall re-
probe pulses fota) MoSe, and (b) WSe,. The solid curve is a fit duction in intensity plus thermal equilibration could lead to
based on the numerical solution of the diffusion equationDor ~Similar observations we can rule out recombination on this
=1cn?/s. The dashed curve is a fit to the ultrafast intensity losstime scale, as we discussed above. Since the escape depth of
with 7=1.1 ps. the photoemitted electrons we observe-i§—8 A, the loss

of the high-energy component of the cb signal is due to
population in WSe Figure Ze) is the difference spectrum movement of the electrons away from the surface. We can
generated by subtracting Fig(t2 from 2(a). The top panel conclude from these observations that the highest-energy
shows the signal collected at the temporal overlap of thelectrons diffuse away from the surface much more rapidly
excite and probe beams<£0). The peak is quite broad with than those near the cbm. If we correlate this observation with
a high-energy tail of electrons that approaches 2 eV abovthe decay in the overall intensity of the signal as shown in
the valence-band maximum. At 1.33 ps the signal still hag=ig. 3, we find that a significant contribution to the loss of
the same peak height but the high-energy edge has diminhe high-energy electrons may be found in the rapid transport
ished significantly. At 2.66 ps a further retreat of the high-away from the surface within the first 1-2 ps. Contributing
energy edge is observed concomitant with a reduction of théo the loss of electrons near the surface, but at a slower rate,
peak height. At 8 ps delay the signal has continued to deis the diffusion of the lower-energy electrons near the cbm.
crease in intensity whereas the width has not changed sidiffusion of these electrons is observed in the slowly decay-
nificantly. Within the first 2—3 ps, the major change in theing tail in the intensity beyond 3-5 ps. Such an energy de-
signal is due to the loss of the high-energy electrons. Severglendent diffusion process, while physically reasonable, has
factors could contribute to the loss of these high-energy eledo our knowledge not been previously observed.
trons. We can immediately rule out Auger recombination, To get a more quantitative analysis, we fit a diffusion
which is too slow a process for the electron densities obequation with a diffusion coefficient dd =1 cn/s.?° This
tained in our experimentt3x 10'° cm %) as well as radia- leads to the fit shown in Fig. &olid line). The fit is unsat-
tive recombination, which is even slower for these indirectisfactory at early times but is good at later times when only
materials'’ In addition, the lack of observed surface or gaplower-energy, more slowly diffusing electrons remain near
states implies that nonradiative electron-hole recombinatiothe surface. In order to fit the fast early time component in
is also absent. In particular, a possible explanation for théig. 3@, we have included an exponential term with a decay
loss of high-energy electrons could be due to cooling of theconstant of 1.1 ps. While this term is purely phenomenologi-
distribution due to electron-phonon scattering. Such coolingal in nature, it emphasizes the existence of an ultrafast
would manifest itself as a narrowing of the distribution ac-transport process that is operative in the presence of elec-
companied by a growth in height of the photoemission signatrons possessing significant excess energy.
as the electrons degenerately fill all of the available states To understand this behavior we have to look somewhat
near the cbm. While such behavior has been observed idoser into the physics of the diffusion process. Diffusion is a
previous experiment®'® this is not what is observed here. statistical process that depends upon the electrons scattering
On the contrary, we observe a loss of the high-energy eledrom phonons enough times that they undergo the diffusive
trons with little change in intensity of the the lower-energy random walk. The time it takes for the electrons to become
part of the spectrum. This change is reflected in the differ'statistical” depends on the momentum relaxation time. For
ence spectrum, Fig(8), which shows that virtually all of the electrons with high excess energy there are many more final
electron density loss occurs at energies beyond 1.3 eV fastates to scatter into. The momentum relaxation time will be



56 BRIEF REPORTS 12 095

very fast but will slow down as the electrons lose energy. Fof‘confinement” on the transport properties is despicted sche-
MoSe and WSe this effect should be particularly pro- matically in Fig. 4b). Although the electronic structure of
nounced since both materials are many-valley semicondudoth materials is very similar, the somewhat greater enhance-
tors. Figure 4a) shows a sketch of the lower part of the ment for MoSe can be explained by the higher excess en-
conduction band of WSdafter Ref. 2}. The hatched region ergy of the electrons due to the smaller band gap compared
indicates the maximum excess energy of the electrons in oyp WSe.

experiment. There are mar(gixfold) valleys available for To investigate transient carrier transport in high electric

the electrons to scatter into, and optical intervalley scatteringia|qs Monte Carlo simulatiof€ have proven insightful, but
will dominate the electron-lattice interaction. Additionally, only few experimental studies have been repoffed.
scattering between nonequivalent valleys can lead to an in=gynsecond-laser photoemission spectroscopy has enabled

. . . P ’2 . _
tervalley contribution to the diffusivity” Electronic struc .us to follow electron transport in the transient regime and to

tgre calpulatlo_ns _reveal a conduction-band structure t.hat Rorrelate directly, the enhanced diffusion with excess elec-
highly dispersive in the plane of the surfacey) but that is . : o
tron energy. It is often the case, particularly for indirect

significantly less dispersive in the perpendicular direction, . S i, ) )
consistent with the van der Waals nature of the intershee?emmonductors, that achieving significant absorption of light

bonding. Additionally, these calculations show that, close tg!ntense optical excitatignrequires photons with energies

the cbm, the character of the wave functions are mainl;}nuch greater_than the indirect gap, Igading tq electrons pos-
Mo-d,,, Sepy, and Sep,. At slightly higher energy sessing considerable excess energies relative to the cbm.

Mo—df dominates, resulting in greater overlap of the waveThus in experiments such as, for example, short pulse laser

functions between the layet&This additionally supports the annealing experiments, the early time diffusion of hot carri-

energy-dependent, higher mobility perpendicular to the Iay_ers can significantly extend the area of energy dissipation.

ers. Therefore transport rates are expected to be highly en- We wish to thank the group of Professor E. Bucher for the
ergy dependent and can lead to the extremely fast loss iNMoSe and WSg single crystals. We also thank J. Boneberg,
carrier density we observe. The effect of the energy-M. Fischetti, K. Friemelt, and R. Mker for stimulating dis-
dependent wave-function properties and two-dimensionatussions.
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