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Ultrafast dynamics of photoinjected electrons at the nonthermal regime in the intra-I'-valley
relaxation in InP studied by time- and angle-resolved photoemission spectroscopy
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We study ultrafast relaxation of photoinjected electrons confined within the I' valley of InP, based on the
transient electron distribution functions determined using time- and angle-resolved photoemission spectroscopy.
To elucidate fundamental processes that lead to the quasithermalization of electron subsystem at the nonthermal
regime of relaxation, the dynamics are investigated in two p-type samples with different doping levels, which
exhibit different energy-relaxation rates of energetic electrons. In both samples, the photoinjected nonthermal-
electron distributions are quasithermalized only at a finite time delay of several hundreds of femtoseconds.
Although the magnitude of the time delay for quasithermalization depends on the initially prepared nascent elec-
tron distribution and on the energy-relaxation rates in different samples, the quasithermalization is established at

=3 are condensed in the

the specific electron distribution of ensembles; electrons with a density of ~1 x 10'7 cm
phase space characterized by the maximum energy of 0.27 eV and by the maximum wave vector of 0.09 A~'. The
essential features of quasithermalization observed in InP are the same as those recently reported for GaAs [Phys.

Rev. B 104, 245201 (2021)], showing that the delayed quasithermalization is general for electrons photoinjected

by ultrashort-laser excitation in the I" valley of direct-gap semiconductors.
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I. INTRODUCTION

Ultrafast scattering of energetic carriers in semiconduc-
tors has been a strategic research field during the past
three decades, as it constitutes the key process that deter-
mines functional limits and properties of micro-, nano- and
opto-electronics [1-5]. For over 40 years, ultrafast optical
spectroscopy has been developed to study dynamics of scatter-
ing processes, and the accumulating knowledge has provided
a sound basis on which one can gain deeper insight into a va-
riety of ultrafast phenomena in photoexcited semiconductors
[3-5]. However, clear understanding of the physics involved
in some incoherent dynamic scattering processes remains elu-
sive due to the high complexity of the problem and partly
due to methodological limitations to capture the scattering
dynamics unambiguously.

The relaxation processes in semiconductors excited with
an ultrashort laser pulse can be classified into four temporally
overlapping regimes: (a) coherent, (b) nonthermal, (c) hot-
carrier, and (d) isothermal regimes [3]. Among them, at the
nonthermal regime, where the well-defined phase relationship
between the excitation in the semiconductor and electromag-
netic field is destroyed through dephasing, several incoherent
scattering processes bring the photoinjected nonthermal elec-
tron distribution to a hot quasithermalized distribution [3]. To
elucidate how and when the quasithermalization (thermaliza-
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tion only within the electron subsystem) is established, it is
crucial to trace the dynamics of incoherent scattering pro-
cesses, based on the time (7)-dependent electron distribution
function f,(k, E,t), resolved in momentum (k) and energy
(E) spaces [4].

In the optical spectroscopies, the most typical methods
to determine f,(k, E, t) at the femtosecond-temporal regime
are the spectroscopy of the transient absorption saturation
[3,6,7] and time-resolved band-to-band luminescence spec-
troscopy [8—10]. In both methods, optical signals associated
with f,(k, E, t) are measured in momentum-integrated forms,
and changes in spectral shapes and signal intensities are
governed by both f,.(k, E,t) and transient-hole distribution
fulk, E, t), particularly at short temporal domains [9,11].
Therefore, f,(k, E, t) has been inferred indirectly, using theo-
retical modeling with several approximations and parameters,
which makes the obtained f,(k, E, t) less unambiguous.

On the other hand, time- and angle-resolved photoemission
spectroscopy (TR-ARPES) can probe f,(k, E,t), with two
advantages over optical spectroscopy [12]. The first is the
capability of resolving the electron distributions in momentum
space [12,13], and the second is that the method can probe
fe(k, E, t) selectively without any contributions of fj,(k, E, t)
[14,15]. When the matrix-element effect on the photoemis-
sion process is well characterized [16-18], f,(k, E, t) can be
determined experimentally (see Appendix A). Therefore, TR-
ARPES offers a powerful method to explore the incoherent
scattering dynamics of energetic electrons in the conduction
band (CB) of semiconductors.

©2022 American Physical Society
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The scattering dynamics of energetic electrons injected
into the I' valley of the CB depends critically on the excess
energy E,,, referenced to the CB minimum (CBM) because of
the drastically dependent modes and rates on E,, of electron-
phonon (e-ph) interactions [3,19-23]. Due to the prevalence
of multivalley structures in the CB of semiconductors, the
intervalley scattering among I', L, and X valleys plays a
dominant role in the relaxation processes of electrons with
sufficient E,, [3]. On the other hand, for photoinjected elec-
trons in the I" valley into the states with E,, lower than the
minima of subsidiary valleys in direct-gap semiconductors,
the scattering processes are confined in the central I" valley; no
intervalley scatterings are induced. When E,, is smaller than
the bandgap energy Eg, relaxation is free from complicated
impact ionization processes which have been studied in InSb
[24]. The scattering process of photoinjected electrons is then
governed by the electron-electron (e-e), electron-hole (e-h),
and electron-phonon (e-ph) interactions, which act competi-
tively and/or cooperatively. Despite extensive optical studies
on this topic [3-5], our understanding of scattering dynamics
at the nonthermal regime of intra-I"-valley relaxation is still
incomplete.

In previous time-resolved band-to-band luminescence
studies, complemented by Monte Carlo simulations, it was
concluded that the quasithermalization of photoinjected elec-
trons in the I' valley is established within 100 fs under the
excitation density py ranging from 1 x 10'7 to 7 x 10" cm™3
in both GaAs and InP [8-10]. In these studies, it was empha-
sized that the internal thermalizations of the electron and hole
subsystems occur in <100 fs. On the other hand, TR-ARPES
has been applied recently to study the ultrafast dynamics at
nonthermal regime in the intra-I" valley relaxation in GaAs
[18]. It has been demonstrated, based on the experimen-
tally determined f,(k, E, t), that the quasithermalization of
photoinjected electrons in p-type GaAs is established only
after time delays of several hundred femtoseconds under
po ranging from 1.5 x 10'® to 5 x 10'” cm™3. Although the
quasi-equilibration in the momentum space is achieved within
100 fs of excitation by the e-e interaction among photoinjected
electrons, the quasithermalization of the electronic system
evolves in such a way that a substantial part of the electronic
energy is dissipated to other subsystems via the e-ph and e-h
interactions until the electron distributions ideal for the qua-
sithermalization are prepared [18]. The TR-ARPES study has
revealed a characteristic of intravalley relaxation dynamics
which is different from those proposed previously.

In this paper, using TR-ARPES, we revisit the ultrafast
relaxation dynamics of photoinjected electrons in the intra-
['-valley relaxation in InP, another prototypical direct-gap
semiconductor. The bulk electronic structures of InP are like
those of GaAs. The Es of InP (GaAs) is 1.42 eV (1.52
eV), and the CB is characterized by the effective mass m* =
0.080m,(0.067m,), where m, is the electron rest mass [25,26].
However, the polaron coupling constant of electrons in the
CB in InP is ~1.5 times larger than that in GaAs, and energy
relaxation rate by the Frohlich interaction in InP is 2.2 times
higher than that in GaAs [25]. Therefore, InP is one of the
best samples to study the characteristics of the intra-I"-valley
relaxation of energetic electrons comparatively with those
obtained for GaAs in Ref. [18]. The results will give a clear

answer whether the delayed quasithermalization of the elec-
tron subsystem in the I"-valley relaxation is specific to GaAs
or it is more general in other direct-gap semiconductors. They
will also provide valuable information on the characteristic
features of nonthermal regime in the I'-valley relaxation in
direct-gap III-V semiconductors in general.

II. EXPERIMENTAL METHODS

Two single crystals of p-type InP (p-InP), doped with
Zn at different doping levels, were used. One sample (p-
InP#1) with the hole concentration kg of 1.5 x 10! cm™3 was
grown via the vertical gradient freeze method (purchased from
MTI), and the other (p-InP#2) with hy = 6.6 x 10'® cm—3 was
grown via the liquid encapsulated Czochralski method (pur-
chased from SurfaceNet GmbH). They were cleaved under
ultrahigh vacuum conditions (<5 X 10~ Torr), and surface
structures were characterized in sifu using a scanning tun-
neling microscope. All samples showed well-ordered (1 x 1)
surface structure, and concentrations of surface point defects
were typically <1073 monolayers. A 76 MHz Ti-sapphire
laser generated 75 fs laser pulses centered at photon energies
from 1.4 to 1.70 eV. A portion of the fundamental output
was converted to third-harmonic pulses for probing photoe-
mission. The cross-correlation trace between pump and probe
pulses in a B-barium borate crystal was well described by
a Gaussian with a full width at half maximum of 110 +
10 fs. The probe pulses passed a computer-controlled delay
stage to set the time delay (Ar) with respect to the pump
pulses, and pump and probe pulses were aligned coaxially
and focused on the sample surfaces at 45° to surface normal.
The typical spot size of pump (probe) pulses was 9.0 x 107>
(1.4 x 107%) cm?. The pump-pulse fluence was set to give an
excitation density py of 1.0 4 0.1 x 10" cm™3, which was
evaluated using the formula: py = F,(1—R)o, with the pho-
ton fluence of pump pulse F),, the reflectivity R, and the
absorption coefficient o at excitation photon energy hvpump.
Probe-pulse fluences were < ﬁ of those of pump pulses.
Using a hemispherical electron analyzer operated in an angle-
resolved lens mode, equipped with a charge-coupled device
detector, photoelectron images were recorded as a function of
the photoelectron energy E,,., referenced to the work function
of the analyzer and emission angle 6 along the [001] crystal
direction: surface normal photoemission was along the [110]
crystal direction. The energy resolution was 55 £ 5 meV,
while the angle resolution was £0.5°.

On the vacuum-cleaved (110) surface of InP, like other
II1-V semiconductors, no surface reconstructions are induced,
but the surface atoms are relaxed normal to the surface from
their positions in a bulklike layer within the first two layers
of the surface with a typical depth of ~0.2 nm, keeping the
dimensions of the unit cell unchanged [27]. These features
of surface relaxation of the (1 1 0)-(1 x 1) result in the
following three characteristics of low-energy photoemission
[18]. The first is that no backfoldings of the electronic states
occurs [28], which makes band assignment unambiguous. The
second is that no surface band-bending effects are induced
on this surface, as intrinsic surfaces states do not exist in
the bandgap energy region [27]. Surface point defects, e.g.,
anion monovacancies can act as the pinning centers of the
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Fermi level when the concentration exceeds 10~2 monolayers
[29]. However, the defect concentration is <1073 monolayers,
as determined by a scanning tunneling microscope, ensuring
the flat-band condition. In fact, the vacuum level at the sur-
face, which is sensitive to the band bending and hence the
surface photovoltaic effects [27,30], stayed constant within
a few millielectronvolts for the At ranging from —10 to 50
ps. The third is the enhanced bulk sensitivity. In this paper,
we used the probe-photon energy Avpope Tanging from 4.6 to
5.2 eV. The photoemission by huppe as low as 5 eV takes
place with the escape depth of >3 nm, which is much longer
than the depths (~0.5 nm) in normal ultraviolet photoemission
spectroscopy probed by light with photon energy of typically a
few tens of electronvolts [27,31]. As the depth of modification
(~0.2 nm) by the surface relaxation on InP(110)-(1 x 1) is
small compared with the escape depth of the photoelectrons
probed by the low-energy photons, the bulk sensitivity is
enhanced strongly by the volume effect.

III. EXPERIMENTAL RESULTS

Figures 1(a) and 1(b) show the energy- and momentum-
resolved (k-resolved) maps of photoemissions for p-InP#1
measured at At = 20fs and 4.5 ps under p-polarized 1.70 eV
light pulses at 293 K and py = 1.0 x 10'” cm™3. In the fig-
ures, photoemission intensities specified by color scales are
plotted as a function of k; and Ex on the left-side scale
(see Appendix A for the determination of Ex). The electronic
structures and the dynamics of energetic electrons in the CB
are most conveniently characterized by the excess energy E,,
referenced to the CBM. The right-side scale, which is the
same as the scale in Fig. 1(d), represents the initial-state
energy of photoemission in terms of E,, evaluated by the re-
lation E,, = Ex + X —hUprobe, Where x is the electron affinity
(=Pyac — Eg).

In the photoemission measurements, the [110] crystal
axis is aligned along the surface normal (z), and the x
and y axes correspond to the [001] and [110] directions.
Under this geometry, the bulk Brillouin zone (BBZ) and
the surface Brillouin zone (SBZ) have the relation shown
in Fig. 1(c) [13,28]. As the emission angle corresponds to
k; along the ['—¥ (= X') direction of the SBZ, the mea-
sured photoemission image represents a one-dimensional cut,
along I'—Y of the SBZ, of the two-dimensional projection
of three-dimensional electron distributions. The projection
has the following characteristics. First, all states along the

I'-K direction in the BBZ are projected at T, contributing to
surface-normal photoemission. Second, the states along the
I'-L line in the BBZ are projected on the ['—Y direction with
kj given by k| = kzcos(54.7°), with k; being the wave vector
along the I"-L direction. Third, the states along the I'-X line
in the BBZ are projected on the I'—Y direction with k = kx,
with kx being the wave vector along the I'-X direction. There-
fore, the photoemission images measured in this paper capture
photoelectrons emitted from the initial states included in the
projection plane shown in light blue (hereafter, we call the
projection plane the detection plane for photoemission).

The determination of kj fixes a point on the two-
dimensional SBZ; the momentum k; normal to the surface
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FIG. 1. Images of photoemission from p-InP#1 measured at (a)
At = 0fs and (b) Ar = 1.5 ps under excitation with p-polarized 1.70
eV light pulses at 293 K. The intensities, specified by the color
scale, are plotted as a function of k; and Ex (left vertical axis).
The solid and broken curves show the conduction band dispersion
along I'-L and I"'-X directions, plotted as a function of k|, based on
the band structure calculation in Ref. [32]. (¢) The relation between
the surface and bulk Brillouin zones for InP with the (110) surface
under the present experimental geometry. The plane (light blue) is
the detection plane, and the red (green) arrow within the plane shows
the direction from the I" to L (I to X) points. (d) The spectra of
normal photoemission (k; = 0 £ 0.005 A~") of the images shown in
(a) and (b) plotted as a function of E,,. The solid black curve shows
the Maxwell distribution function with 7, = 300 K convolved with
respect to the finite energy resolution of 55 meV. The arrows labeled
heavy hole (HH), light hole (LH), and split off (SO) are the final-state
energies of optical transitions from the HH, LH, and SO valence
band induced by 1.70 eV photons, based on the band calculation
in Ref. [32]. (e) Temporal changes in photoemission intensities at
energy- and momentum-resolved points L and G indicated by the
rectangles in (a). Intensities are normalized at maxima of respective
curves and plotted on a semilogarithmic scale.

can have a value anywhere along the rod extending into
the three-dimensional BBZ [28]. Therefore, the off-normal
photoemission detected experimentally at a given k| is a su-
perposition of many contributions from such states that are
projected on the one-dimensional cut along the ' —Y direction
of the SBZ. Under the present experimental geometry, the
dispersion along the I'-L line displays the contribution to
off-normal emissions from typical high-symmetry points. The
solid (broken) curve in Figs. 1(a) and 1(b) is the CB dispersion
along I'-L direction (I'-X direction) as a function of k, evalu-
ated using the theoretical results obtained in Ref. [32]. As the
k) is zero for states along the I'-X direction, photoemission
from the states cannot be detected under the geometry; the
curve along the I"-X line portrays the border of the low-energy
part of the I" valley.

To identify the initial states of photoemission unambigu-
ously, we focus our attention to the normal photoemission;
the normal photoemission spectrum reflects the electron dis-
tribution f,(T", E,, At) along the I'-K line, a well-defined line
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in the BBZ. For this purpose, the energy- and time-resolved
normal photoemission intensity L (T, Ex, At), which is ob-
tained by integrating photoemission intensities for k; = 0+
0.005 A~!, is converted to the f.(T, E,, At) by correcting
the matrix-element effects using the method described in Ap-
pendix A.

The f,(T, E.., At) thus obtained from the images in
Figs. 1(a) and 1(b) are plotted in Fig. 1(d) as a function of E,,.
The experimentally determined distribution at At = 4.5ps
is well described by the Maxwell distribution function with
T, = 300K (because of the low pg, the thermalized electron
distribution near CBM is approximated by Maxwell distribu-
tion function). On the other hand, the fe(f‘ ,E.., At) at At =
20fs shows a strong nonthermal feature; the populations at
high-energy states are significantly higher than at low-energy
states. Based on the theoretical band structure in Ref. [32],
we can estimate the energies of the CB states reached by
the optical transitions at X along the I'-K direction from the
heavy-hole (HH), light-hole (LH), and split-off (SO) valence
band induced by the 1.70 eV pump light; it is 0.32, 0.26, and
0.11 eV from the CBM as indicated by arrows. The estimated
energies can reasonably characterize the spectral feature of
the distribution f,(T", E,,, 20 fs). Therefore, we conclude that
f.(T, E,., 20 fs) represents the nascent electron distribution
along the I'-K line injected by p-polarized 1.70 eV light
excitation. As the minimum of the L valley is located 0.59 eV
above the CBM [26], the energetic electrons are photoinjected
into the states lower than the minimum of the L valley; the
scattering processes of these electrons are confined in the
central I" valley, resulting in intra-I"-valley relaxation.

Under the present geometry of photoemission measure-
ments, the polarization selection rule [33] predicts that the
transitions from the HH (LH) band are allowed only for s
(p)-polarized light at ¥ along the I'-K line. The rule predicts
also that the transition from the HH band at A along the I'-L
line, which contributes to the off-normal photoemission, is
allowed for both s- and p-polarized light. Consequently, it is
predicted that the off-normal emission intensities are stronger
than the normal emission intensities at the energy region of the
HH-band transitions for the p-polarized light. These predic-
tions by the polarization selection rules have been beautifully
demonstrated in TR-APRES studies using hvpymp > 2.0eV
[13]. However, as seen in Fig. 1(a), the photoemission in-
tensities at E,, = 0.35¢eV are almost constant, irrespective of
kj;, which is contradictory to the prediction by the optical
selection rule. We presume that the difference comes from
the scattering dynamics after photoinjection rather than the
breakdown of the polarization selection rules, like the case in
GaAs discussed in Ref. [18].

The electrons photoinjected in the I' valley into the states
energetically higher than the minimum of the L valley are
quasi-equilibrated in the whole momentum space including
I, L, and X valleys within a few tens of femtoseconds by
the strong e-ph interactions [13,19]. The rates of e-ph inter-
actions for electrons confined in the I' valley are very low
due to a small final density of states for e-ph scatterings
[19-23]. However, they are subject to the ultrafast momen-
tum scattering by the e-e interaction [25,34], by which the
initial momentum distributions gained from external fields are
randomized to generate the quasi-equilibrated distributions
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FIG. 2. Temporal evolution of electron distribution functions
along the I'-K line in p-InP at 293 K under s-polarized 1.70 eV
excitation in two different samples. The distribution function is pre-
sented with a constant offset to the base line for each At indicated
by number (in units of picoseconds). The red curves show the spec-
tra at Ar = Ops, while the green curves show the distributions at
which quasithermalization is established. The broken blue curves, at
(a) At =0.42ps and (b) At = 0.17 ps show the electron distribu-
tions given by the Maxwell distribution function with 7, = 800 K.

only in the momentum space. In Fig. 1(e), temporal changes
in photoemission intensities are compared at two different
energy- and momentum-resolved points labeled L and G in
Fig. 1(a); they show essentially the same changes. The re-
sults support that the nonthermal electrons with a given E,,
[=0.35¢V in the case of Fig. 1(e)] are quasi-equilibrated in
the momentum space within a pump-pulse width. In contrast
to the ultrafast quasi-equilibration in the momentum space,
the quasithermalization of photoinjected electrons in energy
space takes place at a longer timescale, as shown below.

In Fig. 2, the temporal evolution of f,(T, E,,, At) under
s-polarized 1.70 eV excitation at py = 1.0 x 107 cm™ is
displayed for two InP samples with different doping levels:
Fig. 2(a) for p-InP#1 (hy = 1.5 x 10" cm™3) and Fig. 2(b)
for p-InP#2 (hy = 6.6 x 10'® cm™3). In both figures, the solid
red curves show the distributions measured at Az = Ofs. In
Fig. 2(a), the distribution around At = Ofs, featured by the
largest population around E,, = 0.35eV, is transferred to
form a two-peak structure with roughly the same heights
~100 fs of excitation. At At > 200 fs, the electron population
is further accumulated near the CBM and forms a single
distribution with a high-energy tail. The spectral-shape anal-
ysis, based on the relation between the peak energy and the
asymmetry of f,(T, E,., At) [18,35], has shown that the dis-
tribution is quasithermalized at At = 420 £ 20fs with 7, =
800 £ 20 K. The distribution at At = 420 fs, shown by green
curve, is well fitted to the Maxwell distribution function with
T, = 800K (broken blue curve). On the other hand, in p-
InP#2, the two-peak structure of the distribution is already
clear at Ar = 0fs, and the quasithermalized distribution is
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FIG. 3. (a) Temporal changes in the mean energy of electron
distribution functions along the I'-K line under 1.70 eV excitation
at pp = 1.0 x 107 cm™ in p-InP#1, green curve, and in p-InP#2,
red curve. The blue line indicates the mean energy [(%)kBT(,] of the
Maxwell distribution at 293 K. The black arrows show the time
delays when the quasithermalization is achieved. (b) The energy-
and momentum-resolved photoemission image at At = 420fs in
p-InP#1. The photoemission intensities, specified a color scale, are
plotted as a function of E,, and k. The solid curve shows the con-
duction band (CB) dispersion along the I'-X direction. The broken
line shows the level of E,, = 0.27¢eV. (c) The electron distribution
function along the I'-K line at At = 420fs in p-InP#1, green curve,
and that at Ar = 166 fs in p-InP#2, red curve.

established at 170 £ 20 fs. The spectrum at Ar = 166fs,
shown by the green curve in Fig. 2(b), is well described by the
Maxwell distribution function with 7, = 800 K (broken blue
curve). Although the general feature in temporal evolution
of f.(T, E,., At) is like the case of p-InP#l, it appears that
the energy-relaxation rates of photoinjected energetic elec-
trons in p-InP#2 are substantially higher than in p-InP#1,
leading to the faster quasithermalization of electron subsys-
tem.

To gain deeper insight into the difference in relaxation pro-
cesses in the two samples, we examine the temporal evolution
of the mean energy E,, defined as

S Ef.T,E, At)dE

EnlA) =" 5 (FLE. ADdE

ey

for the electron ensemble characterized by f,(T', E, At). The
evaluated E,, is plotted in Fig. 3; the green (red) curve shows
the result of p-InP#1 (#2). In p-InP#1, E, = 0.30eV just
after the excitation, which represents the £, of the nascent
photoinjected electron ensemble. It decreases rapidly within
1 ps of excitation and reaches a roughly constant value of
0.05 eV around Ar = 1.5 ps. On the other hand, the maximum
value of E,, in p-InP#2 is lower than that in p-InP#1, and it
starts to decrease within the cross-correlation width of 110
fs, shown by the black curve, toward a constant value around
At = 1.5ps.

It should be emphasized that the quasithermalization
of photoinjected electrons is established at the same
E, (= 0.10 eV), despite a significant difference in the
relaxation rates in two samples. Figure 3(b) shows the photoe-
mission image in p-InP#1 at Ar = 420 fs when the electron
distribution is quasithermalized. The image is representative
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FIG. 4. (a) Temporal evolution of the electron distribution func-
tion along the I'-K line under 1.57 eV excitation. The height of
fo(T',E,., At), indicated by a color scale, is displayed as a func-
tion of At and E,,. (b) The electron distribution functions at At =
30fs, red, and Ar = 250fs, green. The solid black curve shows the
Maxwell distribution function at 7, = 800 K. The arrows labeled
heavy hole (HH), light hole (LH), and split off (SO) indicate the
estimated energy levels of the conduction band (CB) states reached
by the optical transitions from the HH, LH, and SO valence band
induced by the 1.57 eV pump light, based on the band calculation
in Ref. [32]. (c) Temporal changes in the mean energy of electron
distribution functions along the I'-K line under 1.57 eV excitation.
The arrow indicates the time delay when the quasithermalization
is achieved. The red curve shows the cross-correlation between the
pump and probe pulses. The broken line indicates the mean energy
[(%)kB T,) of the Maxwell distribution at 293 K.

of the electron distribution in momentum and energy spaces
when the quasithermalization is established. In Fig. 3(c),
the green curve shows the f(T,E, At) at At =420fs in
p-InP#1, while the red curve shows the f,(T',E, At) at
At = 166 fs in p-InP#2. The two distributions are essentially
identical. The result implies that the quasithermalization is
established when a specific distribution of energetic-electron
ensemble is formed during relaxations. In this distribution,
typically 95% of photoinjected electrons are confined in the
CB states below E,, = 0.27 eV with wave vectors <0.09 A1

To confirm the importance of the specific electron distri-
bution for quasithermalization of photoinjected electrons in
the I' valley, we examined the relaxation process of energetic
electrons with a different nascent distribution. Figure 4(a)
shows the temporal evolution of f,(I", E,,, At) in p-InP#1
under s-polarized 1.57 eV excitation. The pump-pulse flu-
ence was set to generate pyp = 1.0 x 10! cm~3. The height
of f,(T, E., At), indicated by a color scale, is displayed
as a function of At and E,.. In Fig. 4(b), f.(T", E.,, 30 fs)
at At = 30fs is shown by red curve, which is featured by
nonthermal distribution with the peak ~0.25 eV. The arrows in
the figure show the states in the CB predicted by transitions at
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the ¥ region from HH, LH, and SO valence bands for 1.57 eV
photons based on the band diagram of Ref. [32]. The predicted
energies can reasonably characterize the spectral features of
f.(T", E,, 30 fs), supporting our conclusion that the spectrum
represents the nascent electron distribution induced by 1.57
eV excitation.

The rapid relaxation occurs within 300 fs, as shown in
Fig. 4(a). In Fig. 4(c), temporal change in E,, is shown. The
maximum value of E,, = 0.20 eV reached just after excitation
is reduced rapidly within 300 fs of excitation and approaching
the thermalized value of 0.03 eV (1.5kgT at T = 293K) at
larger At. Spectral shape analysis shows that the distribution
is quasithermalized at At =250 £+ 30fs when the magni-
tude of E,, = 0.10eV, which is the same as that under 1.70
eV excitation shown in Figs. 2 and 3. The green curve in
Fig. 4(b) shows the f,(T, E,, 250 fs), which is well repre-
sented by the Maxwell distribution function with 7, = 800 K
(solid black curve). The electron distribution in energy and
momentum spaces, determined by the photoemission image
at At = 250fs under 1.57 eV excitation, shows that ~95% of
photoinjected electrons are confined in the CB states below
E,. = 0.27¢V, as in the case of 1.70 eV excitation.

IV. DISCUSSIONS

As shown in Sec. III, the quasithermalization of pho-
toinjected energetic electrons in the CB is established when
the energetic-electron ensembles are relaxed to the specific
distribution during relaxation. The time necessary for qu-
asithermalization, which depends on samples and on the
nascent electron distributions, can be regarded as the period
within which the specific distribution ideal for the qua-
sithermalization is prepared. In this section, we discuss the
relaxation dynamics more quantitatively to have deeper in-
sight into the interactions responsible for the differences in
quasithermalization times and to reveal characteristic features
of the specific electron distribution for quasithermalization.

A. The relaxation of photoinjected nonthermal electrons
and Frohlich interaction in InP

The scattering process of photoinjected electrons with E,,
lower than the minimum of the L valley is confined in the I"
valley and is governed by the e-e, e-h, and e-ph interactions
[3-5]. The e-e interaction, which is the primary source for
establishing quasithermalization of the electron subsystem,
plays the important role in the quasi-equilibration of photoin-
jected electrons in momentum space, as shown in Sec. III.
However, the e-e interaction is not efficient enough to qu-
asithermalize photoinjected nonthermal electron distribution
in the same timeframe, and the quasithermalization is estab-
lished only after a substantial amount of energy of the electron
subsystem is transferred to other subsystems. The processes
responsible for the electronic-energy loss are the e-ph and
e-h interactions, both of which transfer the energy of the
electron subsystem to other subsystems without reducing total
density of electrons in the CB. The other processes that lead
to the reduction of the density of energetic electrons from
the detection region of photoemission can also contribute to
the electronic-energy loss. However, as shown in Appendix

B, the contributions of these processes are small; >80% of
photoinjected electrons remain in the CB within the timeframe
of quasithermalization. As demonstrated in previous studies
[3,7], the Frohlich interaction plays the important role on
electronic-energy relaxation in III-V semiconductors. We first
discuss the role of this mechanism on the energy relaxation of
nonthermal-electron relaxation in the I" valley of InP.

The low-energy part of the CB in InP is approximated as
a nonparabolic spherical band characterized by the effective
mass m* and the nonparabolicity constant o: m* = 0.080m,
[25,26] and o = 0.596 [25]. For the electron with energy ey
(specified by the wave vector k) referenced to the CBM, the
scattering rate W (k) by the Frohlich interaction is given by
[25,36]

W (k) = Wol*(k, k) Fom(ex) + Fups(er)]. 2)
In Eq. (2),
. e 2m*wr o

Wy = 3
0 4 hep )

where 7 is Planck’s constant, wpo is the longitudinal opti-
cal (LO) phonon frequency, and 1/¢, = 1/e,,—1/¢, with the
high frequency e, and static &, dielectric constants. Here,
I(k, k") is the overlap integral of Bloch functions of initial
(k) and final (k') states of the scattering, and F,,(e;) and
Fps(er) are the e;-dependent part of LO phonon emission and
absorption rates given by

[1 + n(wro)][ 4

deg ]ek—tho

tanhq[«/m]

Fon(er) = v (ex)
- Vv (er) ’
“4)
dy(ex) —1[ VY (exthiwio)
Faps(er) = ool dex ]ekaLOCOth [ re) ] )

Ay (ex) '

with the LO phonon occupation number n(w; o), and y (ex),
which is defined as

y(er) = e (1 + aey). (6)

The energy relaxation rate (deg/dt) is then given by

[25,36]
dek 2 ’
T (hwro)Wol” (k, k) [—Fem(ex) + Faps(er)].  (7)

Although I(k, k') is less than unity where nonparabolicity
is present [25], we assume [(k, k") = 1 for simplicity. Under
this assumption, the energy relaxation rate given by Eq. (7) be-
comes k independent; the rate is determined only by the excess
energy (ex = E,,). The calculated result of Eq. (7) is shown as
a function of E,, by blue curve in Fig. 5. In the calculation, we
used fiw o = 43 meV [37] and other material constants given
in Ref. [25]. These parameters give Wy = 3.34 x 102571,

In Fig. 5, —dE,,/dt is 0.46 eV/ps for electrons with E,, >
0.2 eV, which predicts that the electronic energy of 0.1 eV is
lost in the timeframe of 220 fs at the states with E,, > 0.2¢eV.
The red curve in the figure is the time-resolved electron distri-
bution function in the CB at At = 20fs, which is obtained
by correcting both the matrix-element effects and the k-
dependent detection-efficiency effects of photoemission using
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FIG. 5. Theoretical energy-relaxation rate for polar optical mode
scattering of I"-valley electrons in InP, calculated using Eq. (7), is
plotted by blue curve as a function of excess energy. A spherical
nonparabolic band, characterized by m* = 0.080m, and o = 0.596,
is assumed for the conduction band (CB). Other material constants
used in the calculation are as follows: fiw o =43 meV, e,/ =
9.52, and &;/ep = 12.35 (g being the permittivity of free space).
The red curve shows the electron distribution function in the CB
at At = 20fs in p-InP#1, obtained by correcting the matrix-element
and detection-efficiency effects (see Appendix B). The green circles
represent the results of theoretical simulation; the amplitudes of N;
at At = 20fs obtained by the simulation is plotted as a function of
E; (= E,) (see the text).

the method described in Appendix B. The electrons are dis-
tributed mostly at the states with E,, > 0.2eV. In Fig. 2, the
populations at the states with E,, > 0.2eV are transferred to
the states with E,, < 0.2 eV within ~300 fs in p-InP#1, while
a similar population transfer occurs within 160 fs in p-InP#2.
The results suggest that the high rate of energy relaxation
predicted by Eq. (7) is qualitatively consistent with the exper-
imental results. However, to elucidate thoroughly the relative
importance of several possible energy-relaxation mechanisms,
more quantitative comparisons between the experimental re-
sults and theoretical consequences of the Frohlich interaction
are highly desirable, beyond such a qualitative argument.

For the quantitative comparison, there is one serious prob-
lem that the energy-relaxation rate which can be compared
directly with Eq. (7) cannot be obtained in the present ex-
periment, as the experimental conditions to generate energetic
electrons are qualitatively different from those in the theoreti-
cal formalism. The theory assumes one single electronic state
with energy e; and two other states generated by LO phonon
emission and absorption transitions with energies e; & fiwo.
The population n; at the initial state with e¢; decays with the
time constant t; which is governed purely by the total LO
phonon scattering rates at the state with e; [given by Eq. (2)].
This ideal case may be applicable for the continuous wave
(CW) luminescence spectroscopy for carrier relaxation in
semiconductors, where a spectrally narrow CW laser shining
onto a sample lifts electrons from the HH, LH, and SO bands
into three narrow energy regions in the CB, and the relaxation
forms the LO phonon cascade [38]. However, the present ex-
perimental situations under ultrashort laser excitation are far
from the ideal case; energetic electrons with continuous broad
distributions (as shown by red curve in Fig. 5) are introduced

simultaneously within a temporal period of pump-laser pulses.
Then the population at the state with E,, is strongly affected
not only by the population loss by the scattering processes at
E,, but also by the population flows from other states with
energy E,, + liwro by LO phonon emission and absorption
transitions. Under such population-transfer cascades by the
LO-phonon-induced transitions, the dynamics of the popula-
tion at the state with E,, is modified strongly from the ideal
dynamics predicted by the theory which derives Eq. (7).

In Fig. 3, we introduced E,,, defined by Eq. (1), for ex-
amining energy relaxation. The first derivative of E, with
respect to At gives a measure for the energy-relaxation rate
at a given Ar. However, we cannot compare quantitatively the
magnitudes of derivatives with the theoretical results shown
in Fig. 5, as the E,, is defined as an average over a whole
excess-energy range, and temporal changes of populations
at the energy-resolved states are possibly affected by the
population-transfer cascade. Therefore, we need a different
approach for more quantitative comparisons of the present
results with theoretical consequences of the Frohlich interac-
tion.

B. Dynamics of energy-resolved electron-population densities

As an alternative approach to clarify the role of the Froh-
lich interaction on the electron dynamics in the I'-valley
relaxation in InP, we analyze the dynamics of the time-
and energy-resolved electron-population density p.(E.., At)
in the CB. Theoretically, based on the formalism of the
Frohlich interaction described in Sec. IV A, we can simu-
late the dynamics of p,(E,,, At) including the effects of the
population-transfer cascade by the LO-phonon-induced tran-
sitions. Experimentally, we can determine p,(E,,, At) using
the results of temporal changes in photoemission intensities
at a given Eg. Therefore, the quantitative comparison be-
tween the experimental and theoretical results of dynamics of
pe(Eex, At) makes it possible to examine the role of Frohlich
interaction on the nonthermal electron relaxation more thor-
oughly than in Sec. IV A.

We start with the theoretical simulations of the ef-
fects of the population-transfer cascade on the dynamics of
pe(Eey, At). For this purpose, we introduce a set of simul-
taneous rate equations that describe the population densities
at energy-resolved states. In the model, we divide the elec-
tron distribution into 13 groups specified by integer j (=1)
with energies E; = (j —%)hwm, based on the nascent electron
distribution shown in Fig. 5. The temporal change in the
population density N; at the state with energy E; (1 < j < 13)
under the LO-phonon-induced transitions can be described by
the following rate equation:

% = &;8(t) = Ni[d + (W, + W) ]+ Njoi Wy, !

abs
N (d+ W), ®

where &; is the population amplitude of N; induced by a pump
pulse, g(¢) the temporal function of electron injection, and
Wen (W), ) the rate of LO phonon emission (absorption) at
energy E; given by WoF,, (E;) [WoF,, (E;)] in Egs. (3)—(5).
The quantity d in Eq. (8) stands for an additional rate of
downward population transfer from the state E; to the state
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E;_, which is added to examine possible effects on energy
relaxation by other mechanisms, like the e-h interaction, when
necessary. The second term on the right-hand side of Eq. (8)
represents the population loss at the state with E;, the third
term the population gain from the state with E;_;, and the
fourth term the population gain from the state with E; ;.

We choose the state with E3 (E., = 12.5hw o =
0.5375eV) as the highest energy level, to which no direct
population by laser excitation is induced. For the state with
Ey3,

dN3
dt

Additionally, we identify the state with E; (j =1, E,, =
0.5%w; o) as the lowest energy level in the model. As the state
with E; has E,, smaller than /w0, no LO phonon emissions
are possible, and acoustic-phonon processes become impor-
tant. However, the precise description of the energy-relaxation
process of N; needs extensive knowledge of nonequilibrium
dynamics of acoustic phonons, which is beyond the present
scope. Here, we simply approximate that the population at the
state with E; can communicate with that at the state with E;
via LO phonon absorption and emission transitions:

% =&1g(t) — N\W,y, + No(d + W,2,). (10)

The magnitude of &; is the only parameter in the simu-
lation, as the magnitudes of WJ;H and Waﬂm are determined
already using Eqgs. (3)—(5). However, the magnitude of &;
is determined almost uniquely as the calculated amplitude
of N; at At = 20fs has to fit to the experimental result of
the nascent photoinjected electron distribution at At = 20fs
shown in Fig. 5. The green circles in the figure show the
results of N; at Ar =20fs in the simulation. The n(wro)
is an important parameter that determines the magnitudes of
LO phonon emission/absorption rates. It has been emphasized
that the electron relaxation takes place under nonequilibrium
LO phonon distributions [39,40], However, here, we use the
thermal equilibrium value of n(wrp) = 0.223 for hwro at
293 K for simplicity. As seen in Egs. (8)—(10), the model
does not include any effects of density loss from the CB;
the electrons injected by photoexcitation at the states with
different E; are relaxed to the lowest energy ensemble with
conserving the total density constant. The simultaneous rate
equations for N; (j = 1-13) were solved numerically using
pump-pulse width of 75 fs, and the calculated results were
convolved with respect to the probe-pulse width of 80 fs to
have better comparison with experimental results.

It is true that the rate equation model introduced above
is too simple to describe the relaxation processes of ener-
getic electrons fully. The model does not include any other
interactions and effects which play important roles in carrier
relaxation, like effects of screening of electron—LO-phonon
interaction, hot-phonon effects of electron-energy relaxation,
and electron-acoustic phonon interactions [8—10,39—41]. Fur-
thermore, the e-e interaction is treated just as the source of
quasimomentum equilibration during relaxation. Neverthe-
less, it is very instructive to examine possible effects of the
population-transfer cascade induced by LO phonon transitions
on the decay dynamics of energy-resolved electron popula-

= —Ni3(d + W) + NoW, .. )
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FIG. 6. Typical effects of population-transfer cascade on the tem-
poral changes in the energy-resolved population densities in InP.
Simulated population decays of the state with E,, = 7.5 hw,o are
plotted for the case with no population-transfer cascade, blue, and
under population-transfer cascade with longitudinal optical (LO)
phonon occupation number of 0.223 (0.40), green (red). The broken
lines on blue and green curves are the exponential-decay fits with
time constants indicated in the figure.

tions in semiconductors excited with an ultrashort laser pulse,
the importance of which has been pointed out for the carrier
dynamics in Si [42].

Before the comparison of simulated results of the dynamics
of p.(E,., At) with the experimental results of p.(E.y, At),
we point out typical effects of the population-transfer cascade
on the dynamics of p.(E,, At) revealed by the simulation.
As stated above, the population n; at the initial state with
e in the ideal theoretical frame decays with the time con-
stant tp = 1/ (W, + Wape). At E,, = 7.5hwr o (= 0.3225eV),
which corresponds to the maximum of the nascent electron
distribution, 7, = 59.3fs for n(wrp) = 0.223. The simulated
decay profile in this case is shown by the blue curve in
Fig. 6. In the simulation including the population-transfer
cascade, the state Eg (E., = 7.5hw o) has four high-lying
states with finite &; (j = 9-12). The green curve shows the
simulated population decay of the state with Eg under the
population-transfer cascade with n(wr o) = 0.223. The pattern
of population decay changes significantly, and the decay is
well approximated by an exponential decay with the time
constant of 210 fs, which is 3.5 times longer than ;. The red
curve in Fig. 6 is the simulation of the Eg state population
decay in the case of n(w o) = 0.4, which corresponds to the
phonon occupation number at 400 K. Because of relatively
enhanced rates of phonon-absorption processes, the popula-
tion decay time becomes longer than that at n(wr o) = 0.223.
When the hot-phonon effect on electron relaxation is sig-
nificant, n(wrp) would become more enhanced, resulting in
slower decay of energy-resolved populations. Therefore, the
effects of the population-transfer cascade on the dynamics of
pe(Eey, At) are substantial to modify the decay time strongly.

The simulated results of the dynamics of energy-resolved
populations (N;) under the population-transfer cascade with
d = 0, which represents the dynamics caused by the LO
phonon emission and absorption transitions only, are dis-
played in Fig. 7(a). Here, N; at the state with E; is plotted
on a semilogarithmic scale, and the line color specifies E;
(in units of Ziwy o) as defined in the inset of Fig. 7(c). In this
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FIG. 7. Temporal changes of energy-resolved population densities in (a) simulation, (b) p-InP#1, and (c) p-InP#2. The population density
at the state with E,, is plotted on a semilogarithmic scale. The E,, for a state is specified by different color and the magnitude of E,, (given
in unit of Aiw; o) shown in the inset of (c). The maximum values of the densities at the states with E,, = 7.5/iw; o are normalized to unity. The
broken lines in the figures are the exponential-decay fit to the densities at E,, = 7.5/iwy o. In the simulation, the same material constants listed

in the caption of Fig. 5 were used.

figure, panels (b) and (c) show the experimentally determined
Pe(Eex, At)in p-InP#1 and p-InP#2 by the methods described
below.

As shown in Fig. 1(e), the quasi-equilibration in mo-
mentum space at a given E,, is established with ultrafast
rates <100 fs. In such a case, it is possible to evaluate the
Pe(Eeyx, At) from the results of time- and energy-resolved
photoemission intensities (see Appendixes A and B for de-
tails). Considering a finite energy resolution in this paper, we
first evaluated the angle-integrated photoemission intensity
Loy (E,x, At) at a given E,, with £21.5 meV width and trans-
ferred it to p.(E,,, At) by correcting both the matrix-element
effects and the k-dependent detection-efficiency effects of
photoemission. The transformation from [l (E,., At) to
pe(Eey, At) is important for comparing the experimental re-
sults with theoretical simulations, as the simulation has been
made for the energy-resolved electron density in the CB. The
energy width for intensity integration (43 meV), which is
equal to hiwy o, is a little narrower than the energy resolution in
this paper. However, we use the width to compare the exper-
imental result directly with those of the model simulation of
the population-transfer cascade by LO-phonon-induced tran-
sitions.

The results of p.(E,,, At) in p-InP#1 (p-InP#2) are shown
in Fig. 7(b) [Fig. 7(c)]. In these figures, the line color specifies
E,, (in units of hiwrp) as indicated in the inset of Fig. 7(c).
For both samples, and for the simulation results in Fig. 7(a),
the maximum of p,(E,, At) at E,. = 7.5hw;o(= 0.3225eV)
is normalized to unity. In Fig. 7(b), the temporal evolutions
of p.(E., At) in p-InP#1 show the following three charac-
teristics: (1) p.(E.c, At) of the states with E,. > 7.5hw; o
decay exponentially with time constants <180 fs after their
generation by laser pulses, (2) p.(E.., At) near the CBM
(E.x < 2.5hwy o) increases monotonically at Ar <~ 1ps to

the peak ~1.5 ps, and (3) p.(E.,, At) of the states with E,,
from 2.5wr o to 7.5hw; o show the maxima at At < 0.5 ps and
follow complicated decay kinetics at At > 0.5 ps.

The simulation results for the temporal changes of
Pe(Eeyx, At) shown in Fig. 7(a) reproduce well the characteris-
tic features of experimentally observed results in p-InP#1. The
agreement is even at quantitative levels at some points. The
decay of populations at E,, = 7.5/iw ¢ is fit by an exponential
decay with the time constant of 210 fs in the simulation, which
is longer than the experimental result (180 fs) by only 17%.
The beautiful reproduction of experimental results of tempo-
ral changes in p.(E,., At) by the model simulation supports
strongly that the Frohlich interaction is the dominant mech-
anism which governs relaxation processes of photoinjected
electrons in p-InP#1.

On the other hand, characteristics of decay profiles of
energy-resolved population in p-InP#2 show significant dif-
ferences from those of simulated results. First, p.(E., At)
at states near the CBM with E,, < 2.5hw; o decays faster
than the model simulations. As shown in Appendix B, the
initial electron density photoinjected in p-InP#2 starts to
decrease at At > 0.5ps, which is not the case in p-InP#1.
Since no mechanisms of total electron-density reduction are
included in the model simulation, the disagreements between
the simulation and experimental results may be expected for
the samples which show the loss of total electron density.
Therefore, we do not go into the details of the disagreement
at Ar > 0.5ps. Second, the decay rates of p.(E.., At) at
the states with E,, > 7.5hwro in p-InP#2 are substantially
higher than those in the model simulation. At E,, = 7.5hwo,
the population decays with a time constant as short as 65
fs, while it is 210 fs in the simulation (and it is 180 fs in
p-InP#1). We cannot ascribe the high decay rate in p-InP#2 to
the ultrafast loss of total electron density at the timeframe of
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At < 0.4 ps, as the density is roughly constant in p-InP#2 (see
Appendix B). It is most likely that other mechanisms, to-
gether with the Frohlich interaction, contribute strongly to
the decay rates of populations at high E, states in p-
InP#2. The simultaneous rate equations introduced above
predict that the population decay time at the state with E,, =
7.5hwy o becomes 65 fs when we introduce additionally d =
18 x 10'?s~! in Eq. (8). The additional rate corresponds to
—dE,,/dt = 0.77 eV/ps, larger than the rate by the Frohlich
interaction. We presume that the additional rate of downward
population transfer in p-InP#2 is due to the e-h interaction.

The effects of e-h interactions and of acceptor doping on
the energy-relaxation rate of energetic electrons in GaAs and
InP have been studied in detail using Monte Carlo simulations
[10,41]. The efficient energy loss from the electron subsystem
by the e-h interaction originates from the high efficiency of
hole-phonon scattering through the unscreened deformation-
potential interaction [41]. As the rate of e-h scattering is
proportional to the hole concentration, the role of the e-h
interaction on the electron-energy loss is more significant in
p-InP#2 than in p-InP#1; the doping level in p-InP#2 is higher
than that in p-InP#1 by more than a factor 10, even if the
photoinjected hole concentration is included. Furthermore, the
important role of electron-acceptor collisions in the electronic
energy loss has been shown [10]. These channels, characteris-
tic of the heavily dosed samples, can contribute to the electron
energy-relaxation rate, together with the Frohlich interaction,
in p-InP#2.

C. Specific internal structure of electron ensemble
for quasithermalization

As shown above, the quasithermalization of photoinjected
electrons in the I' valley in p-InP is established at the spe-
cific distribution of the energetic-electron ensemble, despite
significant differences in the nascent energetic-electron dis-
tributions and in the energy-relaxation rates for nonthermal
electrons. The difference in the time delays to establish the
quasithermalization reflects how fast the distribution ideal for
quasithermalization is formed. At the specific electron dis-
tribution, photoinjected electrons with py ~ 1.0 x 10" cm™3
are confined in the CB states below E,, = 0.27 eV with wave
vectors <0.09 A~!. The electronic structure of the T' valley
of CB in InP is well described as a nonparabolic spheri-
cal band characterized by m* = 0.080m, and a = 0.596eV~!
[25]. For this band, the number of states N included below
E..=0.27¢eV is Ny = 1.83 x 10" cm™3. Then the specific
electronic distribution for quasithermalization can be charac-
terized by the occupation ratio y = 7.7 x 107%; y is defined
as y = po/Ny.

The conclusions obtained for p-InP in this paper are essen-
tially the same as those obtained for p-GaAs in our previous
study [18]. In both GaAs and InP, the quasithermalization of
photoinjected electrons in the I' valley is established only
after a substantial amount of energy stored in the electron
subsystem is transferred into other subsystems. Quantitatively,
however, there are some differences in the quasithermaliza-
tion processes in GaAs and InP. Under similar excitation
density of ~1 x 107 ecm™ in p-type samples with similar
magnitudes of iy = 1 x 10'7 cm™3, it takes 600 fs to establish

quasithermalization in p-GaAs [18], while it is 420 fs in
p-InP. In this paper, we have shown that the time delays for
quasithermalization become shorter in samples with higher
energy-relaxation rates. When we consider that the energy-
relaxation rate by the Frohlich interaction in InP is higher
than that in GaAs, the observed difference in time for estab-
lishing quasithermalization can be consistent with our general
conclusion that the quasithermalization is achieved when a
substantial amount of energy stored in the electron subsystem
is transferred to other subsystems.

The rate of e-e scattering, which is the most important in-
teraction to establish electronic quasithermalization, depends
not only on the density in the real space but also on the
distribution in the momentum space [3,9,10,41]. Our results
show that the energy exchange among photoinjected electrons
by the e-e interaction is not efficient enough to establish
the detailed balance necessary for electronic thermalization
for the photoinjected nascent electron distributions in a short
timeframe <100 fs. Instead, the system evolves in such a way
that a substantial part of the energy stored in the electron
subsystem is dissipated to other subsystems via the e-ph and
e-h interactions to condense nonthermal electrons into a spe-
cific phase space characterized by the critical excess energy
E. and critical wave vector k.. The magnitudes of E, and k.
are excitation density dependent [18]. Under the excitation
density of ~1 x 10" cm™3, we find that E, = 0.27eV and
k. =0.09 A~"in p-InP in this paper, while E. = 0.14 eV and
k. = 0.04 A="in p-GaAs [18].

The energy exchange among nonthermal electrons, the dis-
tribution of which is far from equilibrium, takes place mainly
via binary collisions under a screened Coulomb interaction.
In this situation, the energy exchange among the hot carriers
is quite ineffective [19]. It is highly desirable to further study
the energy-exchange processes using sophisticated theoretical
methods to make the physical meaning of the magnitudes
of these parameters clear and to understand thoroughly the
carrier relaxation processes in semiconductors. We leave it as
an important future issue and emphasize here that the delayed
quasithermalization of the electron subsystem in the I" valley
relaxation, discovered in GaAs in Ref. [18], is not specific to
GaAs, but it is more general in other direct-gap semiconduc-
tors. In fact, the delayed quasithermalization of photoinjected
energetic electrons in the I" valley has been observed in CdTe,
a prototypical II-VI semiconductor [43].

V. SUMMARY

We have studied ultrafast scattering dynamics of photoin-
jected electrons at the nonthermal regime of the I'-valley
relaxation in p-InP, based on the time-, energy-, and
momentum-resolved electron distribution functions obtained
by TR-ARPES. In p-InP, the quasithermalization of photoin-
jected electrons is established when the electron ensemble is
relaxed into the specific electron distribution during relaxation
at a finite time delay of several hundreds of femtoseconds. For
an electron density of ~1 x 10'7 cm™3, the electron distribu-
tion ideal for the quasithermalization is characterized by the
condensation in the phase space with the energy <0.27 eV and
with wave vectors <0.09 A~'. Finite time delays for the qua-
sithermalization can be regarded as the formation time of this
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specific distribution, starting from the photoinjected nascent
electron distributions, controlled by the energy-relaxation
rates in the samples. The conclusions obtained for p-InP are
essentially the same as those observed for p-GaAs in our
previous study [18]. Therefore, the characteristic feature of I'-
valley relaxation that the nonthermal regime lasts for several
hundreds of femtoseconds of excitation is not specific to GaAs
but is more general in direct-gap semiconductors.

Intra-I"-valley relaxations of energetic electrons in semi-
conductors with Eg wider than the highest E,, can be regarded
as the simplest process of energetic carrier relaxations in
semiconductors; the complicated processes of intervalley scat-
terings and impact-ionization processes are not involved.
However, it is still complicated, as the e-ph, e-h, and e-e in-
teractions act competitively and/or cooperatively. Our results
show that the energy exchange among photoinjected electrons
by the e-e interaction is not efficient enough to achieve the
detailed balance necessary for electronic thermalization for
the photoinjected nascent electron distributions in a short
timeframe <100 fs. Instead, the system evolves in such a
way that a substantial part of the energy in the electron sub-
system is dissipated to other subsystems via the e-ph and
e-h interactions until the electron distributions ideal for the
quasithermalization are prepared.

The internal structure of the electron ensemble ideal for the
quasithermalization in p-InP revealed in this paper is not the
same as that in p-GaAs; y (= 7.7 x 107%) in p-InP is smaller
than that (1.3 x 1072) in p-GaAs, and the electron tempera-
ture (800 K in InP) when quasithermalization is established is
higher than that (600 K) in GaAs under excitation generating
nascent electron distributions with similar py and E,,. How
these parameters are dependent on the energy-exchange rate
by e-e interaction, energy-relaxation rate by the Frohlich inter-
action, excitation density, and other interactions are important
future issues to thoroughly understand the carrier relaxation
processes in semiconductors.
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APPENDIX A: MATRIX-ELEMENT EFFECTS ON THE
LOW-ENERGY PHOTOEMISSION FROM InP(110)-(1 x 1)

The photoemission process inherently involves an interplay
between the bulk and surface phenomena. In terms of the
three-step model on photoemission, the process is subdivided
into three independent and sequential steps: (i) optical exci-
tation of the electron in the bulk, (ii) travel of the excited
electron to the surface, and (iii) escape of the photoelec-
tron into vacuum. The photoemission intensity I.(k, Ex, At)
is then governed by the photoemission efficiency 7.(k, Ex),
which includes all effects of the following three indepen-
dent terms: the optical-transition probability in step (i), the
scattering probability for the traveling electrons in step (ii),
and the transmission probability through the surface po-
tential barrier in step (iii) [16,17]. Because of the k- and
E-dependent n,(k, Ex), I.(k, Ex, At) does not correctly rep-

resent the electron-distribution function f,(k, E, At) of the
initial state in step (i) in many cases. Therefore, an un-
derstanding of this difference, the so-called matrix-element
effect, is crucial for determining f,(k, E, At) from ARPES
spectra.

In this paper, the photoemission takes place at the en-
ergy range of 5.8-7.0 eV above the valence band maximum
(VBM), which is ~1 eV above the vacuum level of InP. De-
spite extensive experimental and theoretical studies to make
clear several characteristics of the matrix-element effects in
the photoemission from semiconductor surfaces [44—47], a
clear characterization of the effects at such a very low-energy
region has not been established. To make clear the matrix-
element effect at this energy region of InP with well-ordered
(110) surfaces, we study n.(k, Ex) in the photoemission pro-
cess from a given electron distribution in the I" valley. We used
an n-type InP sample (purchased from Showa Denko K. K.),
which includes a carrier concentration of 4.5 x 10'® cm™3
with the thermalized electron distribution N,(E,, : Eg, T,)
near the CBM, where E,, is the excess energy measured from
the CBM, Ef is the Fermi level, and 7, is the electron tem-
perature. The photoemission I, (k, Ex) from the thermalized
electron ensemble was measured by a tunable probe light
with hvyope Tanging from 4.65 to 5.17 eV. By examining the
correlations between I,.(k, Ex) and N.(E,, : Eg, T,), we can
gain deeper insight into the matrix-element effect. The third
harmonics of fundamental output from a 76 MHz Ti-sapphire
laser, generating 75 fs laser pulses centered at photon energies
from 1.55 to 1.72 eV, were used as probe-light pulses. The
fluences of the probe pulses with different Avyope Were kept
constant (1.5 x 10'” photons/cm?) within 5% of fluctua-
tion.

1. The determination of E x for photoelectrons
emitted from n-InP

In the photoemission process in semiconductors, the initial
state characterized by the one-electron energy level E;(K) at
a wave vector l?, referenced to the VBM, is excited to the
state above the vacuum level by the probe light with photon
energy hvpope and then ionized. As the Fermi levels of the
analyzer and InP bulk match, the energy E,,., of a photoelec-
tron measured by the analyzer with the work function W,
is referenced to the energy Er + W,,, above the VBM. On
the other hand, the kinetic energy Ex of a photoelectron is
referenced to the vacuum level of a sample, which is specified
by the ionization energy ®.,. from the VBM. Then

Ex (k) = huprobe + Er(k) — ®yge. (A1)

In the photoemission process, the parallel component of
momentum (k) is conserved, and k| is determined by the
relation:

k= %\/ZmeEKsinQ, (A2)
where 7 is Planck’s constant, and 6 is the emission angle with
respect to the surface normal [28]. Here, k|| and Ex are two
important quantities that characterize the photoemission.

For determining Ek, it is most straightforward and reliable
to experimentally measure the low-energy cutoff energy Ey oy
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FIG. 8. (a) A photoemission image probed by 4.89 eV light for
n-InP. Photoemission intensities specified by the color scale are plot-
ted as a function of emission angle () and E,.,. (b) The spectra of
normal photoemission as a function of E,,.; measured for n-InP, using
probe-light pulses with different Auype ranging from 4.65 to 5.17
eV. The black line shows the least-square fit to the peak intensities of
respective spectra.

of the photoemission, which corresponds to the vacuum level
of the sample at energy ®,. [30]. However, the experimental
determination needs higher ®,. than Eg + W,,,. In our de-
tection system, W,,,, = 4.337 eV. For p-doped samples, where
Er is <~ 0.5eV above the VBM, we can directly determine
the magnitude of Ei ., and hence Ex experimentally. In view
of Eq. (Al), Ex of photoelectrons emitted from the CBM,
Ex(CBM), is

Ex(CBM) = Eg + hvprobe — Dyye. (A3)

Our experimental results of Ex(CBM) and Avpgpe for p-
InP samples, together with E; = 1.353 eV at 293 K [26], have
given &, = 5.74 £ 0.01 eV. The magnitude of ®,. agrees
reasonably well with those reported previously [27].

On the other hand, Fermi levels of highly n-doped InP
samples are located above the CBM. The sample used here
includes electrons of 4.5 x 10'8 cm™3, which corresponds to
Er above the CBM by 0.11 eV (1.463 eV above the VBM).
It is estimated that Ej o, is at negative range of E,,.; measured
by our analyzer; Ei ., cannot be determined experimentally.
Therefore, we need some analyses to determine Ex for pho-
toemitted electrons from n-InP, based on the results of the
photoemission spectra as a function of Avpgpe.

In Fig. 8(a), we show a typical example of the photoe-
mission images detected by the present measurements; the
photoemission intensities, specified by the color scale, are
plotted as a function of 6 and E,,.;. To determine Ex, we first
analyze the normal photoemission spectra, as they represent
selectively the electron distributions along the I'-K line [see
Fig. 1(c)]. The normal photoemission spectra probed by sev-
eral hvpope, Obtained by integrating photoemission intensities
within emission angles £0.5°, are plotted as a function of
E,..s in Fig. 8(b). The peak energy of photoemission increases
with increasing hvpope. At the same time, the intensities of
photoemission increase with increasing Avpgpe, irrespective
of the constant fluences of the probe pulses with different
hvprone. The peak intensity of the photoemission spectrum

0.8 L T : \I T T T /’-
E 1.0F ] 40.8
0.6 -%05 L ] ]
=) 0.6
s [Z AN S
2 04 055" 06 o8 c)
s | Epes (V) 104 7,
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: | EK (O): EmeS(CBM) 10.2
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1 " | ) 1 L 1 L
4.4 4.6 4.8 5.0 52
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FIG. 9. The energy E,,.;(CBM) of photoemission from the con-
duction band minimum (CBM) in the measured photoemission
spectrum, red circles, as a function of hupepe. The broken line
shows the Ex(CBM) predicted from the experimental result of
d,,. = 5.74eV. The difference E,,.,(CBM) — Ex(CBM) is plotted
by the green circles. In the inset, the black curve is the normal
photoemission spectrum by 4.89 eV probe light, for which possible
distortions in spectral shape coming from energy-dependent intensity
enhancements is corrected. The red curve shows the calculated elec-
tron distribution function in n-InP, and the broken blue curve is the
function convolved with respect to the energy resolution of 55 meV.
They are plotted with an offset A in energy to match the peak energy
with the experimental black curve.

at a given hvpepe 18 described well by the linear function
(black straight line) which intersects with the abscissa at
Eyes = —0.070 £ 0.002 eV. The result shows clearly that the
efficiency of generating photoelectrons increases linearly with
the final-state energy reached by optical transitions from the
common initial N,(E,, : Eg, T,) in step (i). This effect reflects
one of the important matrix-element effects in the present
case. We discuss this feature quantitatively later, but here, we
pay attention to the fact that the effect possibly distorts the
spectral line shape of photoemission from the initial electron
distribution.

To minimize the distortions in spectral line shapes, we
first correct this effect by dividing the spectra by the lin-
ear function shown in Fig. 8(b) and analyze the corrected
spectra to determine the energy E,.,(CBM) at which the
photoemissions from the CBM are detected in the spectra.
The solid black curve in the inset of Fig. 9 is the corrected
normal photoemission spectrum for hvpgpe = 4.89eV. The
red curve is the thermalized electron distribution function
N.(E.; Er, T,) at the CB of InP, characterized by an effec-
tive mass of 0.080m, and the first-order nonparabolic factor
of 0.596 [25]. The result calculated with Er = 0.11eV and
T, = 293K is plotted with a given offset A of energy. The
energy of the distribution peak is higher than the CBM by
71 meV. The broken blue curve is the distribution function
convolved with respect to a finite energy resolution of 55 meV.
The function with A = 0.445eV describes reasonably well
the corrected photoemission spectrum. The analysis allows us
to determine the E,,.;(CBM) in the photoemission spectrum
measured by a given hvyope.

The red circles in Fig. 9 show the E,,.;(CBM) as a function
of hvprobe ranging from 4.53 to 5.25 eV; a linear relation is
evident. However, the magnitude of E,,,.,(CBM) is lower than
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FIG. 10. (a) Images of photoemission from n-InP. Photoemission
intensities, specified by the color scales, are plotted as a function
of Ex and k). Image labeled A was probed at hvupp. = 5.10€V,
while image B was probed at hupgon. =4.71€eV. Note that the
amplitudes of color scales are different. (b) The normal photoemis-
sion spectra, determined by integrating photoemission intensities at
k; =020.005 A, for images A and B, together with the spectrum
probed at hvupgpe = 4.89 eV. The solid black curves are the simulated
photoemission spectra (see the text). (¢) The momentum-resolved
intensities at the peak energies of images A and B. The intensities
are normalized with respect to the intensities at ky = 0 A~".

Ex(CBM) expected from Eq. (A3) with the experimentally
determined ®,. = 5.74 £ 0.01 eV . The difference, shown by
green circles, is —0.070 eV on average, indicating that Ey o, =
—0.070eV on the scale of E,.; Ex = E,es +0.070 eV.
The electron concentration of 4.5 x 10" cm ™ in our n-InP
sample implies that Eg is 0.11 eV higher than Eg (Ep =
1.463 eV above the VBM). Therefore, E,,.; = 0, corresponds
the energy level of 5.81 eV above the VBM. In view of our ex-
perimental value ®,,. = 5.74 eV, the estimated magnitude of
Ej 4w is totally consistent. We adopt hereafter our conclusion
that Ex = E,..s + 0.070 eV for analyzing the matrix-element
effect of photoemission in our n-InP crystal.

2. Characteristics of the matrix-element effect on photoemission
from InP with (110)-(1 x 1) surfaces

Figure 10(a) shows the energy- and momentum-resolved
(k-resolved) maps of photoemissions from n-InP probed by
hvprobe = 5.10€V, image A, and by hvyope = 4.71 €V, image
B. In the figure, photoemission intensities specified by color
scales are plotted as a function of k) and the kinetic energy
Ex of photoelectrons. The spectra of normal photoemission
I(T', Ex), which are now obtained by integrating photoe-
mission intensities for the range of & = 0+ 0.005 A~!, are

displayed in Fig. 9(b), together with the spectrum obtained
by hvproe = 4.89€V. The difference in the peak energies of
images A and B is 0.44 eV, which is identical to the difference
in hvpepe for probing peaks A and B.

In the measurements, the [110] crystal axis is aligned along
the surface normal (z), and the x and y axes correspond to the
[001] and [110] directions. Under this geometry, the BBZ and
SBZ have the relation shown in Fig. 1(c) [28]. As described
in the main text, the spectra of normal photoemissions reflect
the electron distributions along the I'-K line of the BBZ. On
the other hand, the off-normal photoemission at a given kj; is a
superposition of many contributions from such states that are
projected on the one-dimensional cut along the I'—Y direction
of the SBZ.

In Fig. 10(c), the momentum-resolved intensities at the
peak energies for images A and B are compared; the dis-
tributions do not depend on Avype. Therefore, there are no
significant matrix-element effects on the momentum-resolved
characteristics in the photoemission processes. On the other
hand, as seen in Figs. 8, 10(a), and 10(b), the intensities
of photoemission from the common thermalized electron
distribution with the same density are enhanced at higher
probe-photon energies; electrons excited to higher energy in
step (i) of the three-step model show larger L (T, Ex). The
solid black line in Fig. 10(b) represents the least square fit
to the intensities at the maxima of the spectra measured at
different Avpope; the line crosses the abscissa at Ex = 0. The
result shows that the 1,(I", Ex) is represented by

(T, Ex) = o Ex (T, Ex), (A4)

where o is a constant and fe*(f, Ex) stands for the electron
distribution at the final state of the optical excitation of step (i),
reached by the vertical transitions from the electron distribu-
tion N,(E.; Er, T.) under the relation Ex = E,; + hvprope —
X

We examine more closely the relation given by Eq. (A4)
by simulating the (", Ex) using the initial electron distri-
bution function N,(E,; Er, T,) near the CBM at T = 293 K.
When we assume that the optical excitation in step (i) brings
the No(E.x; Eg, T,) up to the final-state energy region without
changing the energy-distribution characteristics,

f5(T,Eg) = N(¢;Ep, T,) for &>0,

fHT,Exk)=0 for &<0, (AS)

where ¢ = Ex — (huprobe — ). The photoemission spectra
were calculated using the relation given by Eq. (A4), and they
were convolved with respect to a finite energy resolution of
55 meV. The black curves in Fig. 10(b) show the calculated
results. The simulation reproduces the experimental results
reasonably well [48,49], substantiating the empirical relation
between the photoemission spectra and the electron distribu-
tion functions given by Eq. (A4).

As described above, the main feature of the matrix-element
effects on the normal photoemission spectra in the present ex-
periments is the Ex-dependent photoemission intensity, which
can be characterized by Eq.(A4). Although a thorough un-
derstanding of the matrix-element effects of very low-energy
photoemission, just ~1 eV above the vacuum level, needs
more expensive experimental and theoretical studies, we leave
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it as an important future issue. In this paper, we use Eq. (A4)
to determine the time-resolved electron distribution functions
during relaxation. We comment here that the empirical rule
of Eq. (A4) was also obtained recently for GaAs with (110)
surfaces [18], which have structural and electronic properties
like those of InP [27]. From the results shown in Figs. 8§ —10,
the relation given by Eq. (A4) has been proved for the energy
range 1.1 eV above the vacuum level. The electron distribu-
tions are induced above the energy range but < 1.25eV in
p-InP, as discussed in the main text. We assume that the same
Ek-dependent photoemission intensity holds for the energy
range between 1.1 and 1.25 eV.

APPENDIX B: TEMPORAL CHANGES IN THE TOTAL
ELECTRON DENSITIES IN THE THREE-DIMENSIONAL k
SPACE ESTIMATED FROM THE ANGLE-INTEGRATED
PHOTOEMISSION INTENSITIES

Laser-induced excitation densities pp in real space in
semiconductors can be estimated by the formula described
in Sec. II of the main text. However, it is not guaran-
teed that the initial excitation density is conserved during
the whole timeframe in measuring relaxation processes in
the TR-ARPES study. In the photoemission measurements,
the electrons within a limited depth from the surface can be
probed. Therefore, any processes that cause electron trans-
ports from the detection depth to the outer regions, like
diffusion or hot-electron transports, can reduce the elec-
tron density that governs several important processes in the
relaxation. The nonradiative recombination processes charac-
teristic of the high-energy minority carriers can also be a cause
of reducing the density [50-55]. As the photoemission spec-
troscopy is surface sensitive, the deep-level defects not only
in the bulk but also on the surfaces can act as the nonradiative
recombination centers. Therefore, how the electron density
in the CB changes in the timeframe of measurement is an
important issue for correctly interpreting the results obtained
by TR-ARPES.

The photoemission intensity with Ex detected by TR-
ARPES is proportional to the electron density at an initial
state with E,, in the CB. However, it is not trivial to determine
the total electron density N in the three-dimensional k space
from the detected photoemission intensities, as the constant—
which correlates the energy-resolved photoemission intensity
and the electron density at the initial state responsible for
the photoemission—depends on several factors. One is the
matrix-element effects discussed in Appendix A. The other
important factor which gives significant effects on the magni-
tude of the proportionality constant is the detection efficiency
na(k, E;) specific to the method of the measurement. As
shown in Fig. 1(c), we measure the photoemission image for
the detection plane, which represents a one-dimensional cut,
along ['—Y of the SBZ, of the two-dimensional projection
of electron distributions in the three-dimensional k space.
Therefore, to quantify the correlation between the measured
photoemission intensities and the electron densities at the
initial states, it is necessary to probe photoemission images
at a whole azimuthal angle range in general cases.

In this paper on the I'-valley relaxation of photoinjected
electrons, the k space near the CBM can be approximated well

TOTAL DENSITY
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FIG. 11. (a) The estimated total electron density in the conduc-
tion band in p-InP#1, red, and p-InP#2, blue, under excitation of
s-polarized 1.70 eV light at 293 K. The maximum value is normal-
ized to unity in each sample, which corresponds to the density of
1.0 x 10" cm™3. The orange (light blue) curve (on the right-hand
scale) shows the total of angle-integrated intensities of photoemis-
sion without any corrections. (b) A schematic representation of the
detection volume for evaluating the detection-efficiency factor in
photoemission. The y-z plane corresponds to the detection plane for
photoemission (see the text).

to be spherical (but not parabolic) for a small E,, (< 0.6eV),
and the electron distribution at the states with a given E,, is
not dependent on k because of the ultrafast momentum equi-
libration by the e-e interaction. In such a case, it is possible
to evaluate n,(k, E,,) which makes it possible to convert the
measured photoemission intensity in the detection plane to the
electron density in the three-dimensional k space, as described
below.

For a spherical nonparabolic band characterized by m* and
o, we introduce the volume of the shell in k& space bounded
by the two surfaces on which the energy E is constant, one
surface on which the energy is E; referenced from the CBM
and the other on which the energy is E, (E; = E; 4+ E > E)).
We assume that the electron densities p,(E;) are included
uniformly in the volume of the shell, given by 37 (k3—k3});
the relation between E; and k; is given by )

27,2

L = Ei(1 4+ aE). (B1)
2m*

Then the characteristic k space volume vy per electron is
4

vy = m(kg—kf). On the other hand, the detection plane
of photoelectrons is the plane which includes the origin of
the k space and I [see Fig. 11(b)], and it includes the cross-
section S of the shell between the E; and E, surfaces; S
is given by § = rr(k%—k%). Because of a finite angle res-
olution of the detection, the detection plane is not ideally
two-dimensional. When we introduce the thickness & for the
plane, which reflects a finite angle resolution of the detection,
then the detection cuboid includes a part of the shell volume
given by S§. We call this volume the detection volume vg;
vg = 7 (k3—k?)3. The density ny(E;) of electrons included in
the detection volume is

" (E)_U_d_ 36(k; + k)
T 0 T AR+ kik + )

pe(Er),  (B2)
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and the ny(E;) determines the intensity of photoemission
1;(E)) from the detection volume characterized by E| and E5;
1;(Ey) o< ng(Ey) [56]. Equation (B2) shows that the ny(E;)
is a fraction of p.(E;) multiplied by the detection efficiency
Na(Eex, k) = 38(ki + ka)/4(k? + kika + k3). Therefore, the
magnitude of p,(E;) at Ar, which is the energy- and time-
resolved electron density p,(E,y, At), can be estimated from
1;(Ey) and ng(Eey, k).

Although it is preferred that §E (= E, — E;) is infinitely
small in precise determination of 7, (E,,, k), the energy reso-
lution is limited to 55 £ 5 meV in the present measurement.
Here, we estimate the total electron density N in the three-
dimensional k space as the sum of p.(E,,) estimated for a
finite width of §E = 43 meV, which was chosen to compare
the temporal changes in p,(E,,) directly with theoretical re-
sults of LO-phonon-induced transitions. We confirmed that
the estimated N, with different magnitudes of §E ranging
from 40 to 60 meV are essentially the same.

As described above, the photoemission intensity must be
corrected, in estimating Ny, With respect to two effects: one
is the matrix-element effect, and the other is the detection-
efficiency effect. The matrix-element effect is corrected for
the photoemission intensity as a function of Ex, as described
in Appendix A, while the detection-efficiency effect is char-
acteristic of the photoemission intensity as a function of
E... Therefore, we first evaluate the angle-integrated photoe-
mission intensity I<9)(E_K, At) for the kinetic energy range
between Ex; and Eg, at a given Af from the Ekx- and k-
resolved image data [Ex = (Ex| + Ex2)/2], and I (Ex, At)
is divided by Eg to correct the matrix-element effect of
photoemission. As E,, = Ex — Ex(CBM), the kinetic energy
range between Ex; and Eg, is transformed to the excess
energy range between E; and E, of the initial states for
photoemission. Then the obtained value of Iy (Ex, At)/Ex
is proportional to ny(E;) for the excess energy range between
E| and E,. As a next step, we correct the detection-efficiency
effect to estimate p,(E;) in the shell volume between E; and
E5 in the three-dimensional k space, using 14 (E.., k) derived
above. By summing up p.(E;) for the whole energy range
concerned, we can estimate the total electron density Ny in
the CB as a function of At.

As an example of estimating the total electron density Ny
in the CB, we describe the results under s-polarized 1.70 eV
excitation for p-InP#1 and #2. The orange (p-InP#1) and light
blue (p-InP#2) curves in Fig. 11 show the total of /i) (Ex, At)
obtained for the energy range from Eg; = Ex(CBM) —
0.0215eV to Egr = Ex(CBM) + 0.5375¢eV. Intensities at
negative Ex | regions come from the photoemissions detected

at the negative range because of a finite energy resolution
of the measurements. These curves show temporal evolutions
of the total photoemission intensities emitted from the whole
detection volume as a function of Az. In p-InP#1, the intensity
decreases first just after the photoexcitation partially and then
increases gradually to the peak ~2.5 ps. In p-InP#2, the total
intensity increases to the maximum around Ar = 0.6 ps after
pump-light-induced rapid growth and then decreases at At >
0.6 ps. As the changes in the total of /5y (Ex, At) include both
matrix-element and detection-efficiency effects, they do not
correctly represent the temporal changes in Ny in the CB.

The red and blue curves in Fig. 11 show the estimated
Niot in the CB, obtained by correcting the matrix-element and
detection-efficiency effects using the method described above.
In p-InP#1, there is a fast decrease in N, by ~20% just after
the excitation, but it stays constant until A ~ 2.5 ps. We find
that the estimated N,o; decreases nearly exponentially with a
time constant of 200 ps at longer timeframe. In p-InP#2, on
the other hand, the fast decrease just after the excitation cannot
be detected, and Ny, shows a roughly constant magnitude at
At < 0.5ps. It decreases with the decay time of 1.9 ps for
the timeframe in Fig. 11. As to the temporal changes in Ny
at the first 500 fs in p-InP#2, we may need to introduce one
more correction to estimate the density from the photoemis-
sion intensity. In this sample, the decay time of Igy(Ex, At)
at Ex > 1.0eV (E,, > 6.5hwLo) is < 65 fs, which is shorter
than the temporal width of probe-light pulse (~80 fs). In
such a situation, the relation between the photoemission in-
tensity and the electron density at the initial state becomes
complicated. However, without going into the details of this
higher-order correction here, we conclude that N, changes at
most 20% in the temporal frame of the first 500 fs of exci-
tation within which the quasithermalization of photoinjected
electrons is established. Therefore, the results obtained in the
main text can be regarded as those induced by the processes
under a roughly constant density of electrons in the I" valley,
although possible small effects of the ultrafast partial loss of
the electron density cannot be excluded.

In the later timeframe after 1 ps of excitation, temporal
changes in Ny in the two samples are not the same, sug-
gesting significant difference in e-h recombination processes
at the hot-electron regime. The mechanisms which cause the
ultrafast partial loss of Ny in a few hundreds of femtoseconds
of excitation and the sample-dependent rates of e-h recombi-
nation in the picosecond temporal range are not clear at this
moment. We leave them as open questions to be studied in the
future as interesting issues in the hot-electron and isothermal
regimes of carrier relaxation processes in semiconductors.
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