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Ultrafast dynamics in photoexcited valence-band states of Si studied by time- and angle-resolved
photoemission spectroscopy of bulk direct transitions
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We identify direct-transition photoemission peaks from the bulk valence bands of Siin energy- and momentum-
resolved photoemission from Si(111)-(7 x 7) using polarized 6-eV laser light. Time-resolved study of spectral
line shapes of the peaks under interband excitation by 2-eV femtosecond-laser pulses shows the ultrafast
transient spectral-width broadening and its recovery associated with a low-energy peak shift. The changes reveal
the dynamics of screening effects by electron-hole plasma, hot-hole relaxation, and band renormalization in
photoexcited Si, showing strong many-body effects in relaxation at excitation density less than 10'® cm 3.

DOI: 10.1103/PhysRevB.97.035201

I. INTRODUCTION

Ultrafast dynamics of energetic carriers in semiconductors
has been a strategic research field from both basic and applied
science. Together with the accumulating knowledge obtained
by extensive ultrafast optical spectroscopies [ 1-4], direct deter-
mination of transient hot-electron distributions in energy and
momentum spaces by time- and angle-resolved photoemission
spectroscopy [5-9] have made it possible to have deeper
insight into the hot-electron dynamics in the conduction band
(CB) of semiconductors. However, our knowledge of dynamics
of photoexcited valence-band (VB) states in semiconductors
has still been limited. Ultrafast dynamics of a specific VB
state in semiconductors has been captured by infrared optical
spectroscopy [10], but most knowledge is inferred indirectly
from results of transport and optical measurements [11,12].

Time-resolved photoemission spectroscopy is capable of
probing the dynamics of valence-band states [13]. In fact,
ultrafast changes in populations at states below the Fermi
level have been detected in Ru [14] and graphite [15]. In
metal and semimetals, carrier-carrier (c-c) interaction is strong
enough to establish a fast electronic quasithermalization, and
the population changes in VB states may be characterized by
an electronic temperature. In semiconductors, however, the
screened Coulomb interaction is suppressed dramatically by
the band gap on the order of 1 eV. How photoexcited VB states
in semiconductors relax in ultrafast time scale is, therefore,
still an important and relevant open question, since upon
photoexcitation electrons and holes are likewise generated.

In ultraviolet photoelectron spectroscopy, photoelectrons
with kinetic energies of a few tens of eV are analyzed [16],
which correspond to the electron energy in solids near the min-
imum of the inelastic mean-free path of several angstroms [17].
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This length scale is comparable to the depth of reconstructed
surface layers, making the spectroscopy surface sensitive. One
route to gain bulk sensitivity is to increase the photon energy
to the hard x-ray range [18], which raises high demands on
energy and angular resolution. The alternate route is to use
probe light at photon energies less than 10 eV [19], where
bulk sensitivity is enhanced strongly [17,19] and the parallel-
momentum resolution is improved drastically.

Here we demonstrate that 6-eV polarized laser light can
capture photoemission peaks of direct transitions from bulk va-
lence bands of Si with (111) surface orientation reconstructed
in the (7 x 7) structure. Time-, energy-, and angle-resolved
measurements of bulk direct-transition peaks under interband
optical excitation reveal features of ultrafast dynamics in
screening effects and hot-hole relaxation in valence band of
photoexcited Si.

II. EXPERIMENTAL

Boron-doped p-type Si(111) wafers were clamped with Ta
sheets to the sample holder in an ultrahigh vacuum chamber
(< 3 x 107" Torr). After appropriate thermal treatments,
in situ scanning tunneling microscope observation showed
(7 x 7) reconstructed structures with surface defects less than
0.05%. A laser system, consisting of a Ti-sapphire laser oscil-
lator, a regenerative amplifier, and a tunable optical parametric
amplifier, generated 65-fs pump laser pulses with pump-photon
energies (hvpump) between 1.7 and 2.4 eV. The fluence of
pump pulses was ranging from 13 to 76 1J /cm?. A part of the
amplified fundamental output at 824 nm was used to generate
the 80-fs third harmonics and 100-fs fourth harmonic pulses
for probing photoemission. Pump and probe pulses, with a
preset time delay (At), were aligned coaxially and focused on
the sample surfaces at 45° to the axis of the electron analyzer.
Measurements were made mostly at 90 K under the flat-band
conditions for Si (111)-(7 x 7), established by pump-pulse
excitation with a 250-kHz repetition rate [20]. A hemispherical
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FIG. 1. (a) Photoemission spectra of normal emission probed by
s- and p-polarized 6.02-eV light with the incident plane parallel to
'K ([110]) direction. The red (dark gray) spectrum is that probed by
4.51-eV photons 5 ps after 2.21-eV pump-pulse excitation for the
same specimen at 90 K. The thin solid curve is the fitted electron
distribution function near the CBM at 90 K convolved with the
50-meV energy resolution. The inset shows the unit cell of (7 x 7)
structure with directions along I' M and 'K of surface Brillouin zone.
Red (dark gray) circles show adatoms, while green (gray) circles
show rest atoms of (7 x 7) structure. (b)—(e) Two-dimensional E(6)
photoemission spectra for the Si(111)-(7 x 7) surface acquired along
[110] directions with (b) s- and (c) p-polarized probe light, and
those along the [112] directions with (d) s- and (e) p-polarized light.
Positive emission angles correspond to the increased angles between
the surface normal and the optical path of incident probe lights over
45°. The light-blue (gray) curves are the results of theoretical analysis
(see the text).

electron analyzer operated in an angle-resolved lens mode and
a two-dimensional image-type detector served as the electron
spectrometer. The energy resolution with fs-probe light was
50 meV, while angle resolution was +0.5°.

III. RESULTS AND DISCUSSION

A. Photoemission peaks of direct transitions from bulk valence
bands of Si

Figure 1(a) shows the normal-photoemission spectra probed
by s- and p-polarized 6.02-eV light with the incident plane
parallel to the TK ([110]) direction of the sample. The
red curve in the figure shows the photoemission spectrum
probed by 4.51-eV photons 5 ps after 2.21-eV pump-pulse
excitation for the same specimen. This gives the photoemission
peak from the thermalized electrons at the conduction band
minimum (CBM). By applying the spectral-shape analysis as
in Ref. [5], the kinetic energy of photoelectrons corresponding
to the CBM is determined. Using this result, the initial-state
energy E; of photoemission probed by 6.02-eV photons is
precisely referenced to the valence band maximum (VBM),
since the flat-band condition is established. In the spectrum by

s-polarized light, one intense peak at the initial-state energy
E; = —0.40 eV dominates. On the other hand, in the spectrum
by p-polarized light, not only a similar peak at E; = —0.36¢€V,
but also two other weak structures, labeled as S; and S;/,
are visible above the VBM at E; = +0.46 and +0.13eV,
respectively. The two peaks are from the S; and S,/ surface-
state bands of the (7 x 7) structure [21]. Here we focus our
attention to the photoemission peaks with E; < 0.

The dispersion of the photoemission peaks is shown in
Figs. 1(b)-1(e) as a function of emission angle 6, along 'K
and T' M directions for s- and p-polarized probe light. Positive
angles correspond to the increasing parallel momentum & from
surface normal (6, = 0°) toward the [110] or [112] direction.
In Figs. 1(b) and 1(c), the peak at E; = —0.36eV splits into
two branches. The lower branch disperses downward, while
the upper branch first disperses upward, reaches a maximum
at 6, = £12°, and then disperses downward. The dispersion
in Fig. 1(b) is symmetric with respect to 6, = 0°, reflecting
the mirror symmetry of the system with respect to the (110)
crystallographic plane. In Fig. 1(c), the intensity of the upper
branch is stronger at the positive-0 side than at negative
0. This comes from an accidental overlap of the surface-
specific S, band photoionized selectively by the electric vector
perpendicular to the surface. The same component is detected
also in Fig. 1(e), where a dispersionless feature of the S, band
(shown by a broken line) is more clearly visible.

Figures 1(d) and 1(e) present the photoemission images
measured along the ' M direction using s- and p-polarized
probe light. The electrons are emitted in a mirror plane. In
Fig. 1(d), the dispersion shows a single intense peak with the
highest energy of E; = —0.25eV at 6, = +15° to [112]. As
the final state has to be even under reflection [22], odd (even)
initial states are probed by s- (p-) polarized light. Note that the
dispersion is not symmetric for £k, although time-reversal
symmetry requires E(kj) = E(—kj). When photoemission
proceeds via bulk bands as final states, the effect of group
velocity (vg); perpendicular to the surface in the final state
becomes crucial to describe the intensity as a function of k.
Depending on (v, )1, the electron can either propagate toward
the surface for photoemission, or it can disappear into the bulk
[23]. The sign of (vg), changes under reflection from k| to
—kj and the electron in the bulk final state is emitted only in
certain directions [24]. Therefore, the asymmetric dispersion is
a consequence of photoemission from a bulk direct transition.

In order to quantify the qualitative arguments above, we
employed the parametrized tight-binding scheme of Papacon-
stantopoulos using three-center integrals in a nonorthogonal
basis [25]. For 6.02-eV probe light, only one final-state band
with A; symmetry is relevant above the vacuum level Ey,
(5.31 eV above VBM [6]), and a transition from the A3 band
leads to photoemission, as shown in Fig. 2(a). For each kj, the
perpendicular momentum k; is scanned for direct transitions
between Aj valence and A; conduction bands at a photon
energy of 6.02 eV. Only transitions with final-state energy
above E,. and a group velocity in the direction of the surface
normal are kept. Resulting calculated dispersions are shown
by the light-blue curves in Figs. 1(b)-1(e). The calculated
results nicely fit the experimental data for both 'K and T'M
directions. Along "M, some discrepancies are seen at large-0
region. The reason may be due to the incorrect description
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FIG. 2. (a) Electronic band structure of silicon along the L-I"-X
lines. The red (dark gray) dashed line indicates the vacuum level
of Si(111)-(7 x 7); the ionization energy is 5.27 eV (Ref. [6]).
The violet (gray) arrow illustrates a direct transition for 6.02-eV
probe light. (b) Photoemission spectra probed by s-polarized 6.02-eV
light at 6 = 15°(E; = —0.25 eV) before pump-pulse excitation
(At = =200 fs), solid, at At = 70 fs, red (dark gray), and at Ar =
700 fs, blue (gray). The broken line labeled E; show the low-energy
cutoff of the spectra, corresponding to the vacuum level at 5.31 eV.
(c) Red (dark gray) curve shows the hot-electron distribution 70 fs
after 2.21-eV photoexcitation probed by 4.51-eV light. The solid
curve is the distribution function shifted downward by 2.21 eV,
predicting hot-hole distribution under 2.21-eV excitation.

of the band-structure calculations and/or the finite energy and
momentum resolutions in experiment that broaden the peaks
and flatten the dispersion curves. Thus the observed dispersive
peaks are identified as direct transitions from the A3 valence
band to the A, conduction band in Si.

B. Ultrafast relaxation of photoexcited VB states in Si

As shown above, monitoring the bulk direct-transition peaks
by 6-eV photons makes it possible to capture the changes
in bulk electronic properties unambiguously with negligi-
ble contributions from surface-state photoemissions even for
Si(111)-(7 x 7), one of the largest-scale reconstructed surfaces
[26]. We use this technique to study relaxation of photoexcited
VB states in Si. First, using 4.51-eV probe light, we determined
the nascent hot-electron distribution photoinjected in the CB.
The red curve in Fig. 2(c) displays the hot-electron distribution
measured at 70 fs after 2.21-eV light pulses, showing a broad
distribution with a peak at 0.7 eV above the CBM. The VB
states participating in the optical transitions can be identified
by shifting down the distribution by Avpymp as shown by the
solid curve. Hot holes are injected at the lowest energy of
0.9 eV below the VBM.

INTENSITY
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FIG. 3. (a) Temporal changes in the peak intensity measured
at 593 eV in Fig. 2(b); (b) spectral width (full width at half
maxima); and (c) peak energy of the photoemission spectra probed by
s-polarized 6.02-eV light at 6 = 15°(E; = —0.25eV). The thin solid
curve labeled “total” in (a) is the photoemission intensities integrated
with respect to energy from 5.6 to 6.10 eV in Fig. 2(b). The solid,
broken, and blue (gray) curves are the results of rate-equation analysis.

In Fig. 2(b), we show the photoemission spectrum 70 fs
after excitation, probed by s-polarized 6.02-eV light at 6, =
15° (corresponding E; = —0.25eV), and compare it with
that before excitation. A drastic broadening of the width,
associated with the reduced peak intensity, is evident with
other underlying components almost unchanged. The width
recovers to the original one at Ar = 700 fs as shown by the
blue curve, but a finite low-energy shift of peak energy is
clearly detected. The changes in spectral width AW, peak
intensity I,, and peak energy E, as a function of At are
summarized in Fig. 3. The changes are induced instantly during
the overlap of pump and probe pulses, and they are relaxed
mostly within Az < 1.0 ps. However, small but finite changes
persist at At > 2ps. In Fig. 4(a), the reduction of the peak
intensity is plotted as a function of time delay up to 200 ps
after excitation. It is evident that the rapid process shown in
Fig. 3 follows a slow relaxation process lasting a few hundreds
of ps. Therefore, we can conclude that the ultrafast process at
At < 1.0 ps is the relaxation of photoinduced changes in VB
state to establish a new metastable peak feature which lasts
persistently.

Ultrafast changes in spectral features, together with a weak
sublinear dependence of AW on the incident photon fluence
® being described later, exclude any significant contributions
of vacuum space-charge effect caused by the photoelectron
clouds generated by nonlinear processes of pump pulses [27],
as this effect induces spectral deformation on a time scale of
several tens of ps before and after pump-probe overlap with
strongly ®-dependent magnitudes of deformation. Therefore
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FIG. 4. (a) Temporal changes in the peak intensities of the bulk
direct-transition peak probed by s-polarized 6.02-eV light at 0 =
15°(E; = —0.25eV) at extended time delay up to 200 ps measured
at 90 K. (b) Temporal change in the peak intensities probed by
s-polarized 6.02-eV lightat6 = 15° at 293 K. The red, blue, and black
curves are the results of rate-equation analysis describing the decay
of laser-induced changes, buildup of quasithermalized states with the
same relaxation time, and sum of the two components, respectively.
The relaxation time is 180 fs.

the ultrafast changes shown in Fig. 3 reflect intrinsic dynamics
of photoexcited VB states in Si.

The spectral width of a bulk direct-transition photoemission
peak is determined by the lifetime broadenings at the final state
(photoelectron) I, and the initial state (photohole) I', [28,29].
In view of the present energy range of photoexcitation, we
can reasonably presume that I', at the A above Ey, is not
affected directly. The relative contributions of I', and I';, are
also dependent on (vg), at the initial and final states. In the
present case, probed by 6.02-eV photons, (v, ), atthe final state
A is 5 times larger than that at the initial state A3. This makes
the effects of I'j, more pronounced. Therefore, AW results
primarily from additional lifetime broadening of photohole
by inelastic processes via c-c and/or electron-phonon (e-ph)
interaction in the VB.

Because of the ultrafast changes within 200 fs associated
with fast recovery in 1 ps after excitation, we can exclude
possible incorporation of coherent LO phonons, if any, as
the dephasing time (1.3 ps) of coherent LO phonons re-
ported in Ref. [30] is much longer than the recovery time
of the spectral broadening. Coherent acoustic phonons are
excited at much longer time regime after photoexcitation as
described in Ref. [31]. Therefore, electronic inelastic processes
play dominant roles in laser-induced changes in spectral
broadening. The c-c interaction in such a short time regime
is governed by Coulomb quantum kinetics which includes
buildup of plasma screening with a finite time [32]. In this
regime, the c-c scattering rates depend on the carrier density
p as p'3 for p <2 x 10" cm™3 in bulk semiconductors
[3,33,34]. In order to examine this relationship, the maximum
of AW around Ar = 180 fs is plotted as a function of p
in Fig. 5(a). Here, p was evaluated using the equation p =
®(1 — R)«, withincident photon fluence ® of a fs-pump pulse,
the reflectivity R, and the absorption coefficient ¢, with an
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FIG. 5. (a) Dependence of the excitation-induced broadening
AW of the spectral width of the bulk direct-transition peak on the
excitation density p. The inset shows the plot at a logarithmic scale.
The solid curves display the relation of AW = Ap!'/?, where A is
constant. (b) Dependence of the peak-energy shift AE, on p. The
solid curve shows the density-dependent changes in the band-gap
renormalization calculated by the method in Ref. [35] (a constant is
multiplied to adjust the magnitude of AE),).

estimated error of 10%., The results show clearly the relation
AW = Ap'/3, where A is a constant. Therefore, the initial
broadening of spectral width is due to inelastic interaction with
photoinjected holes having nonthermal distributions shown
in Fig. 2(c). As the c-c interactions depend critically on the
carrier distributions, the temporal change of AW at At < 1ps
is representative of the relaxation of photoinjected hot holes to
establish quasithermalized distribution near the VBM.

We simulate the quasithermalization rate using a rate-
equation model with a single relaxation time t. The best-fit
results are shown by solid and broken curves in Fig. 3. The
temporal changes of AW (and associated reduced Ip’s) are
well described with t = 310 fs. The magnitude of T does not
depend sensitively on p, partly because of weak dependence
of p!/3. On the other hand, we find that T depends critically on
temperature. In Fig. 4(b), the peak-intensity changes obtained
by similar measurements at 293 K are shown, with the results
of the rate-equation analysis. At 293 K, the time constant
is reduced to 180 fs. Therefore, the e-ph interaction also
plays important roles in relaxation process leading to hole
quasithermalization.

Finally, we discuss another important feature, the peak-
energy shift AE,, captured by the analysis of the bulk direct-
transition spectra. The peak-energy shift reveals electronic-
structure changes upon interband electron-hole injection. After
ultrafast transient changes, the new peak energy is established
at 1 ps after excitation [Fig. 3(c)]. The present magnitude of p is
higher than the Mott density (3.7 x 10'7cm™3) at 90 K. There-
fore, the peak-energy shift can be ascribed to the renormaliza-
tion of valence-electronic system via significant exchange and

035201-4



ULTRAFAST DYNAMICS IN PHOTOEXCITED VALENCE- ...

PHYSICAL REVIEW B 97, 035201 (2018)

correlation interactions [35,36]. In Fig. 5(b), we show AE),
at At =1 ps as a function of p. At p = 8.4 x 10"7cm™3 the
peak-energy shift AE, amounts to —12 meV, which is only
22% of band-gap renormalization A E predicted by the theory
[35]. Nevertheless, the p dependence of A E), is well described
by the formula for A E in Ref. [35], indicating the same origin
as A Eg. The negative shift of AE, shows that the downward
shift of the A; final state is larger than the opposite shift of
the A; valence band at At = lps. The transient changes of
AE, shown in Fig. 3(c) may be representative of ultrafast
dynamics of band renormalization induced by photoexcitation
of Si. Although the band renormalization itself is a well-
established concept, the ultrafast dynamics of many-body
system leading to band renormalization in semiconductors is
rather new. In fact, a theoretical study for the time-resolved
band renormalization has been reported only recently [37].
Mechanisms that give rise to the ultrafast transient changes
of AE, are not clear at this moment. However, we could
speculate that the dynamical change in AE), is related to
the temporal changes in screening effect, as it occurs at the
timeframe when buildup of plasma screening evolves. This
topic of band-renormalization dynamics has attracted strong

attention to achieve dynamic tunability of the band gap and the
electron dynamics for two-dimensional semiconductors [38].

IV. SUMMARY

We have identified, using 6-eV polarized laser light, pho-
toemission peaks of direct transitions from bulk valence bands
of Si with (111) surface orientation reconstructed in the
(7 x 7) structure. Time- and angle-resolved photoemission
spectroscopy of the direct bulk transitions under interband
photoexcitation has revealed that even for p < 1018 cm—3,
many-body effects of screening and band renormalization
play important roles in the ultrafast relaxation processes in
valence-band states in photoexcited Si. These features show
strong contrast to those of hot-electron relaxation in the CB,
where e-ph interaction is the dominant mechanism in ultrafast
relaxation as demonstrated in Refs. [5] and [6].
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