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Hot-electron relaxation in the layered semiconductor H-MoS, studied by time-resolved
two-photon photoemission spectroscopy

Akinori Tanakd
Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627
and Department of Physics, Graduate School of Science, Tohoku University, Aoba-ku, Sendai 980-8578, Japan

Neil J. Watkins and Yongli Gao
Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627
(Received 10 May 2002; revised manuscript received 19 September 2002; published 24 Majch 2003

We have carried out a femtosecond two-photon photoemission study of layered semiconductor
2H-Mo0S,(0001) surface. From the detailed time-resolved two-photon photoemission measurements as a func-
tion of electron excitation energy, it is found that the relaxation lifetime of hot-electron is extremelysiéort
fs) and the inverse lifetime depends linearly on the excess energy above the conduction-band minimum.
Deviation from the Fermi liquid behavior in layered semiconductdr®10S, is discussed.
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The transient dynamics of hot electrons created by photostructure of H-MoS,(0001) surface were checked by x-ray
excitation are attracting much interest, since the hot-electrophotoelectron spectroscogXPS and low-energy electron
dynamics plays an important role in the various physical angjiffraction (LEED) measurements. The cleaved surface of
chemical phenomena in the condensed matter. The exc:iteg_|_|\,|os2 shows no XPS signal from contaminants and ex-
hot electrons relax through a number of decay processefipiis 5 sharp k1 LEED pattern. The output of fundamen-
such as electron-electron scattering, electron-phonon scattely iyt from the Ti:sapphire laser has a pulse width of about
ing, electron-impurity/defect scattering, and scattering W|th50 fs, pulse energy of about 9 nJ, wavelength of about 750
other elementary excitatiodsThe detailed understanding of nm énd a repetition frequency of ’82 MHz. The second har-

hot-electron dynamics will provide not only information @onic light, with a photon energy of around 3.3 eV, was
about the fundamental interactions in the many-body SySteergenerated by Using a 25@m-thick beta barium borate dou-

cesses including the surface phase transition, adsorption, dBI-'ng_ crystal(TP-1B .Trlpler, Uniwave Technology Cp.aqd
sorption, catalysis, and electrochemical reaction. Especiall§ Pair of external prisms was used for group velocity disper-
from the viewpoint of both fundamental and device physicsSion compensation of the frequency-doubled light. The
the hot-electron dynamics in semiconductor systems is fequency-doubled light was then split into two beams with
very important issue. Up to now, the excited-electron dynamequal intensities by a beam splitter. One beam was used as a
ics in semiconductors has been studied extensively by optic&flump pulse to generate the excited electron in the sample,
spectroscopic methods on femtosecond time scales with thghile the other beam was used as a probe pulse to photoemit
development of ultrafast pulse lasers. On the other handhe excited electrons. After one of the beams was passed
among the time-resolved spectroscopic methods, timethrough the variable delay line, the two beams were recom-
resolved two-phonon photoemissidifR-2PPE spectros- bined to make coaxial beams in order to obtain the both
copy is a unique method to observe directly the temporaspatial and temporal overlap on the sample surface. The two
evolution of excited electrons within the conduction bandbeams were then cross polarized using a half-wave plate in
that may not be easily accessible through optical technitjuesorder to eliminate coherent artifacts due to the coherent two-
Therefore, TR-2PPE spectroscopy is an effective method tphoton excitatiof. The pulse width of the frequency-
study the excited-electron dynamics over a much broadedoubled light was about 80 fs and was obtained by deconvo-
range of electron densities. In this work, we have carried oulution of a pump-probe scafcross-correlation trageof a

a femtosecond TR-2PPE study ofi2ZMoS, as a prototype transition-metal tantalum reference, in which the lifetime of
layered semiconductor. TR-2PPE spectroscopy has bedhe excited electron is negligible far above the Fermi level
used to study the hot-electron dynamics on noble and transi=3.0 eV).” The total energy resolution was about 150 meV,
tion metals and semiconductors by several researéhers. and all measurements were performed at room temperature.
The present work elucidates the fundamental properties asna order to reduce the effects of stray fields and to extend the
sociated with the highly excited-electrons in two- range of detection angléhat is, momentum being col-
dimensional layered semiconductors from the results of dected, the sample was biased witti0 V.

TR-2PPE study on 2-MoS,. Figure 1 shows the two-photon photoemissi@PPB
TR-2PPE measurements were performed with an ADESpectrum of the BI-MoS, measured with photon energy of
500 (VG Mictrotech Co) photoelectron spectrometer and a 3.31 eV at zero pump-probe delay. As shown in Fig. 1, the
femtosecond self-mode locked Ti:sapphire la6EBsunami, observed 2PPE spectrum exhibits a broad feature. This broad
Spectra Physics Co A 2H-MoS, single-crystal was cleaved feature indicates that a phonon assisted indirect transition
in situ to obtain a clearf0001) surface. The cleanliness and contributes to the observed 2PPE spectrum in addition to
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FIG. 1. Two-photon photoemission spectrum &f-MoS, mea- Pump-Probe Delay (fs)

sured with a photon energy of 3.31 eV at zero pump-probe delay. 5 o5 3
The horizontal axis corresponds to the intermediate-state energy E b ’ VBM (eV
with respect to the valence-band maxim@uwBM). nergy above (V)
] o o FIG. 2. Relaxation lifetime of excited hot-electron in the con-
direct transition contribution¥? From the band-structure gyction band as a function of excited-electron energy relative to
calculatior" and optical absorption spectfazH-MoS, is  valence-band maximutfVBM) for 2H-MoS,. The inset shows the
an indirect semiconductor with an indirect gap of 1.2 eV, incross-correlation trace measured at the excited-electron energy of
which the valence-band maximufdBM) is located at thd”  2.19 eV above the VBM. Open circles and solid line show the
point and the CBM is located in the middle of theandK  experimental data and fits to the experimental data by the convolu-
points in the Brillouin zone. From the comparison with thetion of the exponential decay with the Gaussian instrumental func-
experimental ionization potential determined by the photo-ion, respectively.
emission measurements with the He | resonance lme (
=21.2 eV) for the samel2-MoS,(0001) surface, itis found correlation traces. However, the population of an excited
that the high-energy cutoff and low-energy edge of thestate might be refilled due to the energetic decay of excited
present 2PPE spectrum correspond to the 2PPE from thelectrons in energetically higher-lying states, building up a
VBM and the cutoff due to the vacuum level, respectively.secondary electron cascatié® Therefore, the observed
Therefore, from the measured kinetic energy of the photoeross-correlation trace might be affected by this cascade ef-
electron €,), the corresponding intermediate-state energyfect, in fact, the deviations from the convoluted function of
(E;) can be determined by assuming the high-energy edgthe simple exponential decay with the Gaussian instrumental
(Ex may in the 2PPE spectra as the highest intermediate-statéjnctions have been observed in the cross-correlation
with one-photon energyh) above the VBM Eygy), i.e.,  tracess>°This cascade effect definitely plays a more impor-
Ei—Evem=Ex—Exmaxthv. As shown in Fig. 1, the tantrole for the lower excited states. In the inset of Fig. 2, we
intermediate-states observed in the 2PPE spectrum correhow a cross-correlation trace at the excited-electron energy
spond to the energy region between 2.1 and 3.3 eV abovef 2.19 eV above VBM and the exponential fit to experimen-
VBM, that is, to an excess energy of about 0.9-2.1 eV abovéal results. As shown in the inset of Fig. 2, even at the lowest
the CBM. In Fig. 1, there is no spectral intensity in the excited-electron energy in the present experiments, the ob-
higher intermediate-state energy region beyond the highserved cross-correlation trace is reproduced fairly well by the
energy edge of the 2PPE spectrum, indicating that there is nconvoluted function of a single exponential decay function
2PPE from electronic states between the Fermi level andith the autocorrelation function of the two laser pulses. This
VBM. This means that there is no midgap state below theneans that the cascade effect is negligibly small in the
Fermi level in the presentt2-MoS, samples. present cross-correlation measurements fofMoS,. Since
TR-2PPE measurements were carried out by monitoringhe present measurements have been done for high excess
the number of photoelectrons at a given kinetic energy as anergy regior(higher than about 1 eV above CBMnd the
function of delay time between the pump and probe pulsesobserved relaxation lifetimes are very sh@l below 65 fs
This pump-probe scan directly reflects the temporal evoluas described latter in Fig.),2the contribution from the cas-
tion of the hot-electron population at a given intermediate-cade effect to the cross-correlation trace should be negli-
state. The present TR-2PPE spectra were measured withgible. The transport of photoexcited electrons away from the
pair of cross-polarized laser pulses. In this case, the temporahotoelectron probing depth also makes significant contribu-
profile of the observed cross-correlation trace is described btjons to the observed relaxation lifetime. However, this trans-
the convolution of the autocorrelation function of the two port effect can be also neglected, sind¢-®10S, has a two-
laser pulsegGaussian instrumental functipand the expo- dimensional layered structure. Therefore, the convolution of
nential decay function exp(|t|/7) of the excited hot electron single exponential decay function with the autocorrelation
in the conduction band, whereis the relaxation lifetime of function of the two laser pulses is adequate to describe the
the excited hot-electrohUsing this expression, we can de- results of this experiment.
rive the relaxation lifetimes of hot electrons at various elec- Figure 2 shows the measured relaxation lifetimes of hot
tron excitation energies from the experimental cross-electrons in the conduction band as a function of excited-
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0.03 » . this fitting line using an empirical function reproduces the
experimental dependence fairly well. The indirect energy gap
of 2H-MoS,; is about 1.2 eV, therefore, this result suggests
that the decay rate of hot electron has an almost linear de-
pendence on the excess energy above CBM. An important
point to note is that the hot-electron relaxation in the layered
semiconductor is in contrast to a prediction by Fermi liquid
theory, in which the decay rate of the hot electron associated

2H-Mos,

002+ Experimental data
' —— Empirical function fit

Inverse Relaxation Lifetime (fs™")

0.01 with the electron-electron scattering has a quadratic depen-
dence on the electron excitation energy.
A possible explanation of a deviation from the Fermi lig-
. . uid theory can be related to the two-dimensional layered
0 1 2 3 character of electron gas irH2MoS,. In the previous TR-

Energy above VBM (eV) 2PPE study for the highly oriented pyrolytic graphite
o _ (HOPG), a similar linear dependence of decay rate on the
FIG. 3. Inverse relaxation lifetimé&ecay ratg of excited hot- electron excitation energy has been repo?fe]a.Xu et al1®
electron in t.he conduction band as a function of excited-electromave concluded that this linear energy dependence can be
energy relative to valence-band maximuBM) for 2H-MoS,. o anritatively explained as a relaxation lifetime due to the
Solid line shows the empirical function fisee text acoustic plasmon emission. In the layered electron gas

. . (LEG), the plasmons are acoustical excitations and can con-
electron energy relative to VBM. In general, the dominant, AR o
tribute to the quasiparticle lifetime even for the small elec-

process that determines the relaxation lifetime of hot electron

. : . tron excitation energy/*® In the case of small interlayer
on a femtosecond time scale is considered to be electron- gV y

. ) . : X separation, the acoustic plasmon emission becomes the
electron interaction. For the ordinary interacting electron gas

Landau’s theory of Fermi liquids has shown a quadratic de_domlnant decay channel for quasiparticles, and the corre-

pendence of electron-electron scattering rates on the electrosrﬁ)ondIng decay rate exhibits the linear dependence on the

o ) X . excess energ¥. As a result, a possible origin of the present
excitation energy in both .th.ree anq two d|mens_|o(&[D linear dependence of hot-electron decay rate on the excess
and 2D electron gasses within logarithmic correctidfig\s

shown in Fig. 2, the experimental relaxation lifetime of hot- energy above CBM might be explained by the LEG model,

o . indicating that the acoustic plasmon scattering dominates the
electron monotonously becomes faster with increasing elec-

tron excitation energy. This qualitative trend is consistentrelaxatlon of hot electrons in the present layered semicon-

with the standard Fermi liquid picture, but this energy depen—duc'[Or H-MoS,. In the form of a linear dependence of

dence seems to differ quantitatively hot-electron decay rate on the electron excess engrdyr
. _ 71 . .

In order to discuss the detailed excitation-energy depenge[:r‘:efe] Erte dtrt]g géog%g'g %%/Ir;?ftg be)?ufoert Zl%all‘fehclzteengas
dence of the relaxation lifetime, we plot the inverse relax-Dobr alfovet 119 havé also re orte{i the Iinéar de endﬁnce
ation lifetimes (decay ratesversus the electron excitation y o P o pend
energy above VBM in Fig. 3. In general, the electron-phono of the relaxation rate on the electron excitation energy in the
scattering also significantly contributes to the hot-electro igh-T;_oxide-superconductor YB&U,0;_; with layered
relaxation. However the contribution from electron—phononCryStaI structure from the femtosecond pump-probe measure-

scattering is independent of electron excitation energy in th ents of thtg traln?ertlt r;fle?tlvm\/(.BAc%or%ng to. tths) (;ezr;ort,
measured energy region, since the Debye temperature eilprcini)or lonal factorbee for ALlsL7—5 1S UL,
2H-MosS, is about 570 K(Ref. 14 and is quite lower than eV ~fs  and is almost the same as that of tht_a graphite. On
the relevant excitation energy region. If we assume a sepébengéhsfr hhoi?gléélg[nagehczvergig irr‘??r?ertle; :rggiaerrrﬂﬁgﬁgljc-
rate mechanism for energy-dependent decay process With?é_ $n$.2 The pro ortior){al factorb fo): the present
decay time ofryecay @nd all other energy-independent pro- " P pl 1 : ee P

; ¥ - 2H-MoS; is 0.015 eV “fs” - and is almost the same as that
cesses with a constant decay timerof the observed relax- :

ation lifetime = can be described in accordance with the Mat-_Of _Sn% reported t_)y Xuet al. This proportional factob_ee IS
thiesen’s rule in inverse proportion to the square of the average distagce

between electrons in the layer. The lower carrier density in

1 1 1 the semiconductor R-MoS, than in graphite and
T T +T—l- (1) YBa,CwO,_; can explain the differences in the propor-

y tional factorb... This dependence of proportional factmy,
In order to estimate the excited-electron energy dependenash carrier density seems to indicate that the acoustic plasmon
of relaxation lifetime, the energy-dependent deegy..,yhas  emission dominates the hot-electron relaxation. However,
been approximated by the empirical function7gl{,, more systematic experiments that include carrier density de-
=A(E;—Evgw—E.)®B, and we have carried out a fit to the pendence would be necessary.
experimental data using E@l) by a least-squares method.  Another possible interpretation of the deviation from the
The fitting line using this empirical function is shown by Fermi liquid behavior can be related to the band structure
solid line in Fig. 3, with 1fe.,=[0.015 E;—Eygm effects on the quasiparticle lifetimes. Gonzakzl?* have
—1.2014%9Y fs~1 and 1/, =0.0007 fs 1. As shown in Fig. 3, proposed an alternative mechanism involving unconven-
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tional screening that originates from the specific band strucfor a pristine -Mo0S,(0001) surface. Therefore, we be-
ture of graphite, although also associated to the electronieve that the observed experimental linear dependence of
electron interaction. They have concluded that thegecay rate on the excess energy above CBM reflects the in-
suppression of screening related to the specific band structufgnsic hot-electron dynamics in theH2MoS,, and effects

of graphite leads to deviations from conventional Fermi lig-g,,ch as surface preparation or cesidtiaran be excluded.

. . 22 .
uid behzti)\/_|o_r._ On Thel 0t_her r}and, S_patt_atILaIi_f h_ave carried \ye want to emphasize that a quadratic dependence of hot-
out anab initio calculation of quasiparticle lifetime account- o 4ron decay rate on quasiparticle energy, dictated by the

ing for the band structure of graphite, as determined from th?_ermi liquid theory and phase space considerations, appears

imaginary part of the self-energy .operator \.N'th'.n the GWnot directly applicable to two-dimensional layered semicon-
approximation. They have also derived the significant dewanUC,[in materials
tions from the quadratic dependence expected from the In sgummary We have performed a femtosecond time-

Fermi I|qmd_ theor)_/. Egpemally, th.ey have .fognd the. PIO” esolved two-photon photoemission study of layered semi-
nounced anisotropies in the quasiparticle lifetimes with an

anomaly originated from the lack of electron-electron scat—CondUCtor H-MoS,(0001) surface. It is found that the

tering in thes* band aroundWl point of the Brillouin zone. decay rates of hot-electrons depend linearly on the excess

Furthermore, Mooset al2® have reported that the hot- energy above CBM. This indicates that a quadratic depen-

e ; ) ) . dence of hot-electron decay rate on quasiparticle energy,
electron lifetimes in HOPG derived from TR-2PPE experi dictated by the Fermi liquid theory and phase space consid-

ments exhibit an anomaly similar to that foundab initio X . ) .
i I rations, are not directly applicable to layered materials,
calculation around the electron excitation energy correspond: . . .
and that the relaxation of hot electrons in the layered semi-

ing to theM point of the Brillouin zone. Therefore, another conductor svstem can be related to the acoustic blasmon
possible interpretation of the deviation from the Fermi liquid : Y P
scattering or band structure effects on the electron-electron

behavior in the present layered semiconductd-®IoS, is scattering
the anisotropic quasiparticle lifetimes due to the band struc- ’
ture effects. However, a quantitative discussion of this band We thank L. Yan, S. Zorba, and C. J. Collison of the
structure effect requires detailed theoretical calculation, butniversity of Rochester for help in the instrumentation. This
is beyond the scope of this Brief Report. It remains an interwork was supported by grants from the Ministry of Educa-
esting question whether the observed linear behavior is onltion, Culture, Sports, Science and Technology of Japan, and
specific to materials such as graphite, $n3H-MoS,, and the Advanced Technology Institute Foundation, Japan. N. J.
YBa,Cu;0,_5, or it is generally true for layered com- W. and Y. G acknowledge the support of NSF Grant No.
pounds. The present TR-2PPE experiments were performddMR-9982988.
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