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Direct observation of the dispersion and relaxation of photoexcited electrons in InAs
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Time- and angle-resolved photoemission spectroscopy has been applied to the excited state in n-type InAs.
The electrons populated by the direct optical transition were clearly observed in the middle of the conduction
band. The relaxation of the photoexcited electrons was also observed along the dispersion of the lowest
conduction band on the ¥, line. The nonequilibrium electron distribution on the relaxation was found within 1

ps.
DOI: 10.1103/PhysRevB.81.113203

Angle-resolved photoemission spectroscopy (ARPES) is a
powerful tool to investigate the dispersion relation of occu-
pied electronic states. With the incredible advances of the
electron energy analyzer and the excitation light source, oc-
cupied electronic states can be easily understood with a good
energy resolution of less than 10 meV.!?

On the other hand, it is not easy to know the dispersion
relation of unoccupied states and the excited electron dynam-
ics. For example, an inverse photoemission spectroscopy
(IPES) is a well-known technique to study unoccupied elec-
tronic states but the IPES has the difficulty that the cross
section of the inverse photoemission process is 10° times
smaller than that of the photoemission process.?

Two-photon photoemission (2PPE) technique has been
developed with the progress of laser technology in order to
investigate unoccupied electronic states, and the pioneer
works on 2PPE have been reported.*~¢ It is expected that the
combination of the ultrafast laser technology and ARPES,
which have evolved dramatically over the last decade, will
be a breakthrough of the electron spectroscopy for unoccu-
pied electronic states.

InAs is one of interesting and useful materials for tera-
hertz (THz) emission. It was reported that the ultrafast ex-
cited electron transport driven by the intrinsic surface electric
field or the gradient of the photoexcited charges generates
ultrashort electromagnetic wave packets called as the THz
emission, when ultrafast laser pulses are incident on semi-
conductor surfaces. It has been reported that the THz inten-
sity of InAs is one order of magnitude higher than those of
InP and GaAs.” Liu et al. observed the THz emission from
various InAs wafers and simulated with the drift-diffusion
equation.® In their calculation, the electron temperature was
assumed to be constant at 6000 K in I ps, even though their
model of the electron transport was governed by the diffu-
sion constant D=kzT,u/e. Nansei et al. reported the tempo-
ral evolution of the hot luminescence, i.e., the luminescence
from the excited carriers on the relaxation, in InAs with the
1.6 eV excitation by using the up-conversion technique.’
Since it is difficult to calibrate the spectral intensity obtained
by the upconversion, they also assumed the initial electron
temperature 7, of 6000 K and that it would decay exponen-
tially at 2.3 ps lifetime in order to interpret the temporal
behavior of the hot luminescence. The electron dynamics in
the early stage of the photoexcitation in InAs have not been
clarified yet. In the present report, the time- and angle-
resolved photoemission spectroscopy (hereafter abbreviated
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as TARPS) for the two-photon photoemission has been ap-
plied to investigate the dispersion and relaxation of the pho-
toexcited states in InAs.

The schematic drawing of the TARPS system was shown
in the previous reports.'®!" A femtosecond laser system and a
high-resolution angle-resolved photoemission spectrometer
were combined in the present system. The laser system was
Ti:sapphire regenerative amplifier (Coherent RegA9000)
with the Ti:sapphire oscillator (Coherent Mira900F). This la-
ser can generate the intense laser pulses with the duration of
less than 200 fs at the high repetition rate from 10 to 300
kHz. The fundamental of hv=1.55 eV was used as a pump
beam and the third harmonics was generated as a probe beam
by the nonlinear optical crystal of B-barium borate. The time
resolution of the present system was obtained as 360 fs by
measuring cross correlation of the pump and probe pulses.
The powers of the pump and probe lasers were limited to
avoid the spectral distortion due to the space-charge effect.
The actual conditions of the repetition rate, pump, and probe
powers were 300 kHz, 15 MW/cm?, and 1.5 MW/cm?, re-
spectively.

The photoemission spectrometer consisted of the hemi-
spherical electron energy analyzer of a 200 mm inner radius
equipped with a charge-coupled device (CCD) camera to-
gether with a microchannel plate (MCP) (MB Scientific
A-1). The total-energy resolution of the experimental appa-
ratus was determined as 45 meV by the two-photon photo-
emission spectra of a Au Fermi level. The angle resolutions
of the electron energy analyzer and the present TARPS mea-
surement were 10 mrad and 44 mrad, respectively, the latter
of which was determined by the step of sample rotation. The
system was constructed at the Saga University beamline
BL13 in the SAGA Light Source (SAGA-LS).'>!3 It should
be emphasized that the TARPS and the conventional x-ray
photoemission spectroscopy (XPS) measurements have been
performed to one and the same sample at the machine time.

The sample used in the present experiment was the n-type
InAs(001) wafer with the carrier concentration of 1.4
X 10'7-1.7%X 10" cm™> (GIRMET Ltd.). The clean surface
of InAs(001) was obtained by the ion bombardment and an-
nealing (IBA) as reported in Ref. 14. Ne gas was used in the
ion bombardment with the ion energy of 1 kV and the inci-
dent angle of 45° because the Ne sputtering yield is smaller
than that of Ar. The annealing temperature was 600 K for the
ion bombardment. The final annealing was performed at 750
K for 15 min. After the IBA procedure, a good ¢(8 X 2) pat-
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FIG. 1. (Color) Bird views of TARPS for the photoexcited electrons in the n-type InAs with the delay time of 0.0 (top left), 0.2 (top
right), and 0.4 ps (bottom left). Arrows show two electron peaks (see text).

tern was obtained by the low-energy electron diffraction
measurement. Previously it was reported that the carrier con-
centration on the InAs surface was increased up to
10" c¢m™ order by the electronic damage caused by the IBA
treatment with Ar.!> Thus, there is a possibility that the Fermi
level of the surface region could be moved by the change in
the carrier concentration but the shift of the Fermi-level pin-
ning was not clearly observed in our experimental condi-
tions.

The base pressures of the photoemission spectrometer and
the preparation chamber were less than 1.0 X 1077 Pa. Little
contaminations of carbon and oxygen were observed on the
IBA-treated InAs surface by the XPS measurement before
and after the TARPS experiment.

Figure 1 shows the bird views of TARPS in the n-type

InAs. The abscissas show the momentum k; parallel to the
[110] direction and the ordinates indicate the energy from the
conduction-band minimum (CBM), which was determined
by the Fermi level of the metal sample holder and the dopant
dependence of the Fermi level in InAs.'® The photoemission
intensities are represented by the heights. The ridge related to
the band dispersion of the excited state can be seen clearly in
the bird views. At the delay time of 0.0 ps, additional elec-
tron peaks are observed at (k;, E)=(0.07,0.6) and (0.08, 0.7)
along the ridge, as shown by the arrows in Fig. 1. As dis-
cussed later about the time dependence of the excited elec-
tron distribution, the intensities of the peaks decrease but still
remain up to the 0.7 ps time delay. This means that the elec-
tron peaks are attributed to the real excitation in the excited
states but not to the two-photon excitation of the occupied
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FIG. 2. Peaks obtained by the Gaussian fittings for the MDCs,
which were averaged from 0.0 to 1.0 ps delay time in the n-type
InAs. The solid line indicates the theoretical conduction-band dis-
persion (see text).

valence states. It is also clearly seen that the relaxed elec-
trons are accumulated in the lower-energy region of the band
bottom and their intensity increases as the time goes by.
The square dots in Fig. 2 show the peaks obtained from
the momentum distribution curves (MDCs), which were av-
eraged from 0.0 to 1.0 ps delay time since the excited elec-
tron distributions are localized in k-E space at some delay
times. One can clearly see the dispersion of the excited state,
which can be seen as the ridge in the bird views of TARPS.
The band structures in the InAs bulk were previously re-
ported by the nonlocal pseudopotential calculations.!”!3
These theoretical bands were modified empirically to repro-
duce the experimentally determined band dispersion data of
the III-V semiconductors along the 2 line, which were ob-
tained from the normal-emission ARPES spectra on the (110)
surface by changing the excitation photon energy.'® From
these results, the energy difference between the I'g point of
the valence-band maximum (VBM) and the I'; and the I'g
points of the upper conduction band is 4.4-5.2 eV and be-
comes smaller as the wave number k increases. It was also
reported by the inverse photoemission study that the peak
due to I'; and I'y points of the upper conduction band was
found above 4.5 eV from the VBM with the bandwidth of
about 2 eV.'? Therefore, the photoemission from the lowest
conduction band should occur near by the I'¢ point, i.e.,
CBM, to I'; and I'g points of the upper conduction band with
the 4.65 eV excitation. In other words, the k, of the final
state is considered to be small and the photoemission should
reflect the conduction-band dispersion on the % line approxi-
mately when the excited electrons in the lowest conduction
band are reexcited by the 4.65 eV probe. In Fig. 2, the the-
oretical conduction-band dispersion from Ref. 18 is shown
by the solid line. It can be seen that the theoretical band
structure fits well to the experimental result. Therefore, the
observed excited-state dispersion can be assigned as the low-
est InAs bulk conduction band along the 2 line. The two
observed peaks of the photoemission at the 0.0 ps delay time
can be explained as the electrons populated with the direct
optical transition from the light- and heavy-hole bands since
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FIG. 3. Time dependence of the photoexcited electron distribu-
tions in the n-type InAs. The solid lines indicate the electron distri-
butions in the -E plane obtained from the TARPS results. Arrows
show two electron peaks. The dashed lines are the fitting results of
the quasiequilibrated electron distributions (see text). The inset
shows the time dependence of the excited electron temperature
(closed square) and the average excess energy of the nonequilib-
rium distribution (open triangle).

the energy splitting of the light- and heavy-hole bands
around k=0.08 A~" on the ¥ line can be read as about 100
meV from the same calculation.

The energy distributions of the photoexcited electrons in
the 2-E plane from 0.0 to 1.0 ps are shown in Fig. 3. The
abscissa shows the energy measured from the conduction-
band minimum. The solid lines indicate the experimentally
obtained electron distributions. The broad excited electron
band is clearly observed around 0.7 eV from 0.0 to 0.4 ps,
which is the composite band with the different electron peaks
and corresponds to the electrons populated by the direct op-
tical transition in the conduction band, as mentioned before.
It can be seen that the band of the directly populated non-
equilibrium electrons shifts to the lower-energy side with the
intensity decreased as the delay time increases. After the
band almost disappears in 1.0 ps, the tail structure of the
quasiequilibrium electrons remains. The quasiequilibrated
electron distribution can be fitted by the following equation:

N(E) = E™V2 exp(— E/kgT,), (1)

where 7, is the electron temperature and E~"/? represents the
density of states in the one-dimensional parabolic band. The
dashed lines show the fitting result of Eq. (1). The electron
distribution can be separated into the equilibrium and non-
equilibrium parts. The closed squares in the inset show the
obtained electron temperatures from 0.0 to 1.0 ps. The aver-
aged excess energies of the nonequilibrium electrons are also
shown by the open triangle. At the zero delay time, the equi-
librium electron energy obtained from 7, is about half of the
excess energy of the directly populated nonequilibrium elec-
trons. The electron temperature of the quasiequilibrium elec-
trons is raised over time by taking the heat, in other words
the excess energy, from the nonequilibrated electrons. The
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averaged electron energies of the equilibrated and nonequili-
brated parts achieve almost balanced at the 1.0 ps delay time.

Generally, the energy relaxation of photoexcited electrons
is governed by the electron-electron and electron-phonon in-
teractions. Ichibayashi et al. reported that the averaged elec-
tron energy at 100 fs delay time in Si is less than half of the
excess energy given by the photoexcitation, indicating that
more than half of the electron excess energy is transferred to
the lattice within 100 fs during the intravalley scattering.?
This means that the e-p scattering is dominant process of the
energy relaxation in Si. On the contrary, 90% of the electron
excess energy still remains at 1.0 ps delay time in InAs. It
indicates that the e-p interaction has the secondary role in the
energy relaxation in InAs, which originates the decay of 7,
with a few picosecond lifetime as reported by Nansei et al.’
The energy relaxation of the early stage in InAs is dominated
by the electron-electron interaction as one can see in the
balancing of the equilibrated and nonequilibrated parts of the
excited electrons. However, it is difficult to explain the cold
electron distribution at the zero delay time with the half of
the excess energy only by assuming the energy transfer
among the photoexcited electrons because the total and also
the averaged electron energies in the excited states are con-
served in that process. In order to explain the cold electron
distribution, it is necessary to consider the impact ionization,
which is due to the electron-electron interaction between the
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conduction and the valence electrons.?! Since the directly
populated electrons in the middle of the conduction band can
interact to little amount of the excited electrons and also a
large number of valence electrons in the initial stage of the
photoexcitation, one excited electron can easily lose the ex-
cess energy by exciting another valence electron to the con-
duction band. This is the reason why the initial temperature
of the quasiequilibrium electrons is almost half as much as
that expected from the excess energy of the photoexcitation.
As the photoexcited electrons increase, the quasiequilibration
among the excited electrons takes the place of the impact
ionization of the valence electrons by the screening.

In summary, it is concluded from the TARPS measure-
ment that the conduction-band dispersion and the photoex-
cited electron relaxation in the InAs were directly observed.
The wavelength tunable TARPS measurement will be espe-
cially useful to measure the three-dimensional dispersion of
the bulk unoccupied electronic states.
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