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Abstract: Time-resolved terahertz spectroscopy is used to
investigate formation and ultrafast long-distance propaga-
tion of electron-hole plasma in strongly photoexcited GaAs
and InP. The observed phenomena involve fundamental
interactions of electron—hole system with light, which man-
ifest themselves in two different regimes: a coherent one
with the plasma propagation speeds up to ¢/10 (in GaAs at
20 K) and an incoherent one reaching up to ¢/25 (in InP
at 20 K), both over a macroscopic distance >100 pm. We
explore a broad range of experimental conditions by inves-
tigating the two materials, by tuning their band gap with
temperature and by controlling the interaction strength
with the optical pump fluence. Our interpretation suggests
that the observed phenomena should occur in most direct
band semiconductors upon strong photoexcitation with low
excess energy.

Keywords: electron—hole plasma expansion; semiconduc-
tors; terahertz spectroscopy; stimulated emission; Rabi
dynamics; coherent light—matter interaction

1 Introduction

Semiconductors are still the most prominent materials for
the conception and development of modern electronic and
opto-electronic components; therefore, they belong to the
best understood solid materials ever. Nevertheless, surpris-
ing new phenomena are still being discovered even in
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off-the-shelf semiconductor wafers and by using relatively
simple table-top spectroscopic experiments.

The transport of (photoexcited) conduction-band car-
riers in semiconductors is a fundamental process in elec-
tronic and opto-electronic applications. Ballistic transport
regime is considered the fastest mechanism of the charge
carrier transport [1]; its speed (carrier group velocity v,)
is, however, limited by the band structure (Ug = 0E/0k)
and it does not exceed (1—2)x10°m/s in any known
crystalline semiconductor. At high photoexcited carrier
densities, various fast electronic transport mechanisms
have been observed, including Fermi pressure driven elec-
tron-hole plasma (EHP) expansion [2]-[4], thermodiffu-
sion [5], screening of electron—phonon interaction [6], and
processes involving stimulated absorption and emission of
radiation [7], [8]. However, those works only reported the
EHP expansion rates below the limit imposed by the band
structure. Recently, we have shown that GaAs submitted
to strong femtosecond excitation with wavelength slightly
exceeding the band gap leads to unexpected phenomena [9].
Namely, we observed stimulated emission of photons with
the energy close to the bandgap energy, which manifests
itself as an ultrafast transfer of electron-hole pairs (with
speeds of a few tenths of ¢) over extremely large distances
(tens to hundreds of micrometers).

Terahertz (THz) radiation strongly interacts with free
charges and can be used to determine the extent and time
evolution of EHP in a semiconductor [10], [11]. Indeed, sur-
faces of a layer of dense EHP behave as metallic-like (i.e.,
highly reflecting) mirrors in the THz range, and the position
of the interface between EHP and unexcited material can
be measured in a setup for time-resolved THz spectroscopy.
This method employs coherent picosecond pulses of THz
radiation, which are detected using a phase-sensitive tech-
nique. This allows one to carry out a time-of-flight variant
[10]-[12] of optical pump-THz probe measurements with
femtosecond resolution. The position of EHP front can be
thus determined with sub-micrometer accuracy.

In this work, we concentrate on the question whether
other materials, besides bulk GaAs [9], can reveal ultra-
fast propagation of the EHP front and what are the criti-
cal parameters for such observation. We ask this question
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since the ultrafast EHP expansion has not been reported
previously despite the fact that we use the common pump
and probe geometry. We demonstrate that the ultrafast EHP
kinetics can be triggered also in a bulk InP. We argue that
this EHP dynamics is quite a general phenomenon, which
is likely to occur in most direct-bandgap semiconductors,
provided the femtosecond laser pulse excitation complies
with the following conditions: (i) the photoexcitation wave-
length ensures an excess energy of photoexcited charge
carriers of the order of a few hundred meV or smaller and
(i) a sufficient photon fluence is used to induce absorp-
tion bleaching in a layer at least a few micrometers thick.
Upon tuning the excess energy (and also in relation with
the carrier cooling rate) incoherent or coherent regime of
the plasma propagation is observed characterized by a stim-
ulated emission of radiation or coherent Rabi dynamics,
respectively. We describe the crossover between these two
regimes.

2 Materials and methods

2.1 Experimental setup

Our experimental setup (Figure 1) is based on a Ti-sapphire
amplified laser system (Spitfire ACE) with 800 nm central
wavelength, 40 fs pulse length, 1 m] pulse energy, and 5 kHz
repetition rate. The pulse train is divided into the pump,
THz, and sampling branch. The pump pulse (propagating
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collinearly with the THz probe pulse) is used for the gener-
ation of the electron-hole plasma (EHP) at the front surface
of the investigated wafer. The THz probe pulse is generated
by optical rectification and detected via electro-optic sam-
pling in a pair of (110) 1 mm thick ZnTe crystals.

We use a time-of-flight variant of the optical pump-THz
probe spectroscopy [10]. The inner surface of the photoex-
cited EHP acts as a metallic-like mirror; the thickness of
the EHP layer is determined from the arrival time of the
pulse to the electro-optic sensor. In short, the THz pulse
enters the semiconductor slab at its front side before optical
excitation. Subsequently, the pump pulse impinges on the
front side of the sample, where it is absorbed and generates
an EHP with initial thickness ;. The THz pulse is partially
reflected at the rear side: the directly transmitted pulse
serves as areference of experimental timing while the inter-
nally reflected pulse probes the plasma-front state inside the
sample. The time of the arrival of the probe pulse to the
electro-optic detector carries information about the actual
position of the EHP edge. By changing the delay between
the pump and the probe pulse, we are able to determine
the course of EHP expansion. If the probe pulse wave-
form is not substantially reshaped, then the accuracy of the
time shift of the detected probe pulse is estimated to ~5 fs
(this corresponds to the plasma thickness uncertainty of
~0.4 pm).

The semiconductor slab was attached behind a metallic
aperture with a diameter of 2 mm. The photon fluences of
excitation pulses used in the experiments were in the range
(0.08-2.4) x 10' cm~2, high enough to saturate absorption

Figure 1: Scheme of the time-of-flight variant

of the optical pump-THz probe experiment.

EM, ellipsoidal mirrors; PBS, pellicle beam-splitter;
FS, fused silica beam-splitter with high-reflective
dielectric coating for 800 nm. The detail of the pulse
propagation in the sample is shown at the
right-hand side. The pump pulse excites the front
surface of the sample and THz pulse probes the EHP
expansion by its internal reflection

at the photoexcited surface.



DE GRUYTER

close to the front face of the wafer and thus generate a layer
of EHP with fluence-dependent initial thickness.

The spatial and temporal properties of the pump pulse
can affect several processes of the studied phenomenon. In
particulay, its duration controls the two-photon absorption
(TPA), and its spatial profile determines the distribution
of free carriers and thus the efficiency of the stimulated
emission. Whereas uncertainties in these characteristics do
not affect any qualitative conclusion, they can influence to
some extent, e.g., the observed EHP expansion rate. The
measurements presented throughout this paper were per-
formed with particular settings of the laser and of the beam
path. However, due to the above reasons, the measured
values might slightly differ from those observed previously
[9], [10].

2.2 Samples

We used samples from common wafers of high-resistivity
GaAs and high-resistivity InP with optically polished sur-
faces (exhibiting standard electron mobilities). The band
structures of these direct-gap materials are qualitatively
similar (relevant parameters are summarized in Table 1).
The excess energy of an electron—hole pair can be tuned
from 30 to 130 meV in GaAs, and from 130 to 200 meV in
InP as a result of the band gap shrinkage between 20 K and
300 K. This approach thus enables us to directly compare

Table 1: Important properties of GaAs and InP at room temperature
(upper part of the table) and at 20 K (lower part of the table).

Properties at 300 K GaAs InP
Bandgap (eV) 1.42 1.35
Excess energy?® (eV) 0.13 0.20
Split-off band (eV) —0.34 —-0.11
L-valley (eV) 1.81 2.01
Electron mass 0.067 0.08
Heavy-hole mass 0.5 0.6
Light-hole mass 0.08 0.09
Split-off hole mass 0.7 0.21
8 (without SOB)
Number of states (10'® cm—3)P 5
umber of states ( cm™) 13 (with SOB)
THz refractive index 3.60 3.55
Properties at 20 K GaAs InP
Bandgap (eV) 1.52 1.42
Excess energy? (eV) 0.03 0.13
6 (without SOB)
Number of states (10'® cm—3)P 2
umber of states ( cm™) 8 (with SOB)

From the review paper [13]. 2Excess energy of electrons generated by
800 nm pulses. "Estimated as number of electron states per unit volume
that can be reached by optical excitation with 40 fs pulses at 800 nm,
excluding or including the split-off band (SOB).
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two materials with identical carrier excess energy (although
at different lattice temperatures). The energy difference
between the split-off band and the valence band in InP is
significantly smaller than in GaAs and, consequently, the
split-off band can contribute to the absorption of the pump
pulse in InP as pointed out in Table 1. The number of states
per unit volume estimated in the table corresponds to the
number of states accessible by direct optical excitation using
40 fs pulses centered at 800 nm; the bleaching occurs when
one half of these states is filled. The number of accessible
states in GaAs at 300 K and in InP at 20 K is similar (but
not exactly equal, due to the slight difference of effective
electron masses and due to the contribution of the split-off
band in InP). While the TPA coefficient at 800 nm has been
determined for GaAs at room temperature [10], it has been
reported neither for GaAs at low temperatures nor for InP
atany temperature. The TPA coefficient depends on the joint
density of states involved in the two-photon absorption,
which should correlate with the joint density of states of the
single photon absorption (SPA) at a double frequency. The
latter is directly proportional to the imaginary part of the
linear permittivity, which is known for GaAs and InP [14].
The correlation between the TPA and SPA is likely to be sim-
ilar for the two binary semiconductors with similar band
structures. Based on these simple arguments, we expect that
the TPA in InP could be somewhat weaker than in GaAs but
of the same order of magnitude.

3 Results

The positions of the excited/unexcited semiconductor inter-
face were measured as a function of the pump—probe delay.
The results were deduced from the time-domain advance-
ments At of the measured probing waveforms, namely
we read the time of the zero-crossing of the electric field
between their first two pronounced extrema (for details, see
Supplementary material of [9]). The spatial position Al of
the EHP front is then calculated as Al = cAt/2ny,, where
noy, stands for the steady-state refractive index of the sam-
ple and cis the speed oflight in vacuum. As a reference (zero
thickness), we take the reflection on the air-semiconductor
interface obtained when the pump pulse impinges on the
sample significantly after the THz probe pulse. In this way,
we eliminate a possible role of the heating of the sample on
the optical path length inside the semiconductor with the
pump beam on and off. Note that we also particularly avoid
the response generated by prepulses in the pump beam: a
prepulse, even if relatively weak, may be able to generate
a non-negligible carrier density for the high pump fluences
used in this work. The surface photoexcited by a weak pulse
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does not act as a good metallic mirror (its reflectivity is
considerably lower than 1) and, therefore, can lead to a
complex reshaping of the reflected THz pulse.

The zero pump-probe delay was chosen close to the
point at which the THz pulse probes the surface of the
wafer just starting to be influenced by the pump. Although
this time can be chosen arbitrarily to some extent due to
the picosecond length of the THz pulse, the relative timing
among the measured waveforms is unambiguous.

In Figure 2(a and b), we present the temperature
dependence of the position of the plasma front for GaAs
and InP illuminated at a high pump photon fluence of
17 x 10 cm~2. We can distinguish two regimes of the
EHP behavior. The first regime is observed in GaAs at high
temperatures (>140K) and at all the measured tempera-
tures in InP. In this case, an initial increase of the plasma
extent (during ~0.5 — 1.5 ps) is always followed by a plateau
(also ~0.5 — 1.5ps) corresponding to the carrier relaxation
(cooling) to the bottom of the conduction band. After these
phases, the plasma expansion occurs through stimulated
emission and reabsorption of light with the wavelength
close to the bandgap edge. We observe that plasma expands
faster in both materials upon the temperature decrease.

The second regime occurs in GaAs only at low temper-
atures (<100 K). Namely, a soliton propagation is observed
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due to coherent electron—photon interaction and Rabi
dynamics as described in [9]. These coherent phenomena do
not involve the carrier energy relaxation (cooling) plateau
and the reflection of the THz pulse occurs, in fact, on a
plasma sheet with the thickness defined by the soliton width
in the propagation direction. This regime is not detected in
InP. A crossover between these two regimes is observed in
GaAs at intermediate temperatures (110-140 K). It is accom-
panied by reshaping of the THz waveforms: in this par-
ticular situation, the zero-crossing of the THz field reflects
the changes in the waveform shape rather than the EHP
interface position. For this reason, such data points are
omitted in Figure 2(a), and in turn, the curves for tempera-
tures 110-140 K are not continuous. To illustrate better this
crossover, we thus show a set of measured waveforms at sev-
eral temperatures as colormap plots in Figure 2(c). For 180 K
(top panel), we observe a clear plateau in the waveform
shift near the pump-probe delay of 2 ps. At intermediate
temperatures (140 and 110 K, middle panels), a competition
is observed between the energy relaxation of carriers con-
tributing to the plateau phase and the formation of a (short-
lived) pulse exhibiting the coherent Rabi dynamics; clearly,
this pulse propagates over a longer distance at 110 K than at
140 K. Soliton propagation only is observed at 20 K (bottom
panel).
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Figure 2: Temperature dependence of the EHP extent in GaAs (a) and InP (b) for the pump fluence of 1.7 X 10 photons/cm?. The legend showing
the temperatures is the same for both samples. (c) Colormap images of the measured THz waveforms reflected from the EHP as a function of the
pump-probe delay (time after excitation) for GaAs at selected temperatures. The color scale in (c) is in arbitrary units, but the same for all the panels.
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The fluence dependence of the photoexcited interface
propagation at 20 K is shown in Figure 3 both for GaAs
and InP. The data for GaAs, plotted in Figure 3(a and
¢), show quite a complex behavior. The soliton propaga-
tion is observed down to the excitation photon fluence of
0.16 x 10% cm~2 and its speed slightly decreases with the
decreasing fluence. However, since the photon energy is
very close to the band edge, the photo-generated EHP inside
the weakening pulse does not represent a metallic-like mir-
ror for the THz radiation anymore; therefore, a part of the
THz pulse is reflected on the front surface of the sample, see
Figure 3(c). As observed in the middle panel of Figure 3(c),
for the fluence 0f 0.16 X 106 cm—2, the two reflections have
a comparable intensity. For even lower pump fluences, the
soliton propagation stops completely as observed in the bot-
tom panel of Figure 3(c). On the other hand, in InP at 20 K, we
observe that the plasma expansion starts always after some
waiting time (plateau), see Figure 3(b). Upon a decrease of
the pump fluence, the plasma expands slower in InP until it
stops completely at the fluence of 0.08 x 106 cm~2,

In Figure 4, we directly compare the EHP expansion
dynamics in GaAs and InP for the same excess energy, i.e.,
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in GaAs at room temperature and in InP at 20 K. The plasma
front position in both cases shows a plateau (shorter for InP)
and an expansion, which is about twice faster in InP than in
GaAs. This is a rather surprising result taking into account
the similarity of the band structure of the two materials.

4 Discussion

4.1 Overview of the theoretical description

In [9], two regimes were proposed to explain the temper-
ature dependence of the observed phenomena in GaAs:
an incoherent regime valid at high temperatures and a
coherentregime governing the process at low temperatures.
We considered two photon fields (incident pulse with fre-
quency w; and a re-emitted radiation with frequency w,)
and two relevant energy levels, which participate in the
system dynamics. The upper level 1 (V; is the number of
available states per unit volume) is populated by the direct
single-photon absorption of the pump laser field (w,).
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Figure 3: Fluence dependence of the photoexcited interface propagation in GaAs (a) and InP (b) at 20 K. (c) Colormap images of the measured THz
waveforms reflected from the EHP as a function of the pump-probe delay (time after excitation) for GaAs at selected fluences. The color scale in (c) is
the same for all the panels. The oblique signal represents a part of the THz wave form reflected at the soliton pulse while the vertical lines at large
pump-probe delays correspond to the signal reflected on the front surface of GaAs.



1864 = T.Troha et al.: Photon-assisted ultrafast electron-hole plasma expansion in semiconductors

’é\ 120 _ ¢ =1.7x10% ¢cm2 0/2_.’8'/-/
2 L ==-0 mP20K
S 100F — m GaAs295K
2 1 7 c/53.1
2 ol =
g i pos
E 40F &
Fol|
T 20F
0 A " 1 " 1 " 1 " 1 " 1

0 2 4 6 8 10 12
Time after excitation (ps)

Figure 4: Comparison of the EHP interface position as a function

of the pump probe delay for GaAs at room temperature and InP

at 20 K. The two materials have the same band gap energy at these
temperatures. Pump photon fluence: 1.7 X 10 cm=2 in both cases.
Symbols: experimental data, dotted lines: slopes of experimental data
(corresponding EHP expansion speed is indicated), solid and dashed line:
results of the calculations for GaAs and InP, respectively, within the
model for incoherent regime described in Section 4. For InP, the model
dynamics predicts a shorter plateau phase than observed; to be able to
directly compare the expansion phase, we shifted the theoretical curve
for InP in time by 1.5 ps to the right in order to match the expansion
onset with that observed in the experiment.

In the incoherent regime, the level 1 plays a role of
the reservoir for the bottom level 2 with a lower num-
ber of states per unit volume (N,), which is the source
of an amplified stimulated emission of “recycled” photons
(). These photons leave the originally excited EHP region,
become absorbed in the unexcited part of the crystal, and
contribute to the plasma edge shift in space. The initial ~ps
long plateau, which is always experimentally observed at
the beginning of the EHP expansion dynamics, then reflects
the build-up of the population inversion at the level N,,
i.e., a relaxation of carriers from N; to N,. The coherence
of the system is instantaneously lost during this relaxation
process.

In the coherent regime, the two photon fields overlap
in frequency, no significant energy relaxation occurs, and
the coherent electron—photon interaction leads to the Rabi
dynamics connected to a formation of solitons carrying the
EHP plasma deep into the sample.

4.2 Coherent regime

The coherent regime takes place when three conditions are
met: the photon fields w; and w, overlap (within the excita-
tion pulse bandwidth) in frequency, the carrier decoherence
time exceeds the pump pulse length, and the pump pulse
fluence is sufficient to produce the so called pulse area (i.e., a
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change in the phase of the population inversion oscillation)
of at least 2z, which causes just one Rabi flop in the popu-
lation inversion [15]-[19]. Such coherent electron-photon
interaction develops in GaAs at low temperatures; under
these conditions, the reflection of the THz pulse monitors
the long-distance propagation of a 2z soliton pulse with the

speed [20], [21]:

= —5, ()
ng + iC(ti

where n, is the group refractive index and « is the (linear)
absorption coefficient in the semiconductor, and t, is the
pump pulse duration.

The coherent regime is demonstrated in GaAs at
low temperatures. Indeed, at 20 K and with fluence ¢ =
1.7 X 10% cm™2, the pulse area is, following our estima-
tions, 4 X 2z [9], which means that several copropagating
solitons can be formed, each with a spatial thickness of a
few micrometers. The THz reflectance is then given by the
sheet conductivity of the whole soliton structure. At this
fluence, the sheet conductivity is high enough to efficiently
reflect the THz radiation as observed in the bottom panel
of Figure 2(c). Upon a decrease of the pump fluence, the
pulse area decreases with the square root of the excita-
tion fluence. The cut-off fluence below which even a single
soliton pulse is not really formed is then ~0.1 X 10'6 cm—2,
This is observed in Figure 3(c), where the reflection on
the soliton structure becomes progressively less intense as
the pump fluence is diminished, and, finally, in the bottom
panel, the soliton does not propagate. At the same time,
we observe a reflection on the photoexcited front surface
of the wafer; however, we do not observe any propagation
of this interface since the density of carriers is not suffi-
ciently high. Similar situation is observed if we heat the
sample, Figure 2(c); indeed, as the temperature is increased,
the bandgap shrinks and the spectral overlap between the
photon fields @, and w, becomes progressively smaller. Less
carriers can then participate to the coherent interaction
and the pulse related to the Rabi dynamics is weak (110 K)
or cannot be formed anymore (180 K). At these tempera-
tures, a reflection at the EHP close to the GaAs surface is
also observed, and since the overall photon fluence is high,
the incoherent regime takes over and the EHP expansion
restarts at later times.

Relatively slow propagation of the excitation pulse (i.e.,
at a speed smaller than expected c/n,) is observed also in
the initial phase of the EHP build-up before the appearance
of the plateau in the dynamics for both GaAs and InP. To
address this effect, we estimate the time required by light to
propagate through (and thus form) the initial plasma thick-
ness ly: lyng/c+t; + t,. The first term < 150 fs in GaAs at



DE GRUYTER

room temperature; t; is a characteristic time-domain width
of the optical pump pulse, during which the light intensity is
high enough to saturate the absorption (< 80 fs in our case)
and ¢, is related to the so-called depletion time (time during
which the generated plasma fills out an exponentially decay-
ing spatial distribution) [22]. This time can be significant
in materials with a long linear penetration depth (e.g., Si
excited at 800 nm [11], [22]). However, in our case of GaAs
or InP with a sub-micrometer linear penetration depth, it
remains quite short (< 45 fs), since the initial plasma prop-
agation is essentially due to the saturation of single photon
absorption. The predicted initial plasma formation time is
then < 300 fs, whereas the corresponding observed initial
increase of the plasma extent lasts more than a picosecond.
The reason for this behavior can be twofold. (i) A reshaping
of the picosecond THz pulse is observed during this initial
stage since different parts of the THz pulse find the close
neighborhood of the EHP front in a different (and nonsta-
tionary) state. In other words, we observe a “convolution” of
the fast plasma propagation with the two adjacent plateaus
(one at negative times before the carriers are generated and
the other due to the carrier energy relaxation) leading to a
lowering of the apparent speed. (ii) A possible short-lived
coherent regime might occur within the directly excited
electronic states well above the bandgap (photon field w,)
leading to a slower propagation of the optical pump pulse
during the absorption process. Such regime would decay
rapidly due to the fast momentum relaxation of the charges.
An existence of this last contribution is further supported
by the dynamics observed in GaAs shown in Figure 2(a).
The initial absorption phase becomes progressively longer
on cooling from the room temperature while the observed
speed (slope of the curves) remains approximately con-
stant and comparable to the soliton speed detected at low
temperatures.

For InP in the entire temperature range, the excess
energy exceeds the bandwidth of the excitation pulse
as well as the optical phonon energy. Under these con-
ditions, a rapid carrier energy relaxation occurs, which
prevents the development of the coherent regime for
a long time. Indeed, for InP, we always observe the
plateau, which is characteristic for the incoherent regime
[Figures 2(b) and 3(b)].

4.3 Incoherent regime

Although the band structures of GaAs and InP are very sim-
ilar, well pronounced differences of the plasma expansion
in incoherent regime have been observed between the two
materials. First, in InP, the incoherent process is observed
down to 20K and its EHP propagation speed finally
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saturates upon decreasing the temperature. In contrast, the
EHP dynamics is governed by the soliton propagation in
GaAs at 20 K. Second, EHP expansion speeds differ by a
factor of 2 between GaAs (295 K) and InP (20 K) with the
same excitation excess energy (Figure 4). These findings led
us to an extension of the kinetic model compared to our
original model in [9].

Each electronic state can absorb/amplify electromag-
netic radiation, depending on the actual population of this
state (more precisely, depending on the inversion of the
pair of electromagnetically coupled electron and hole). In
a real experiment, the relaxation kinetics and state deple-
tion by photon emission leads to a space-dependent dynam-
ics in which many states within the band dispersion emit
and reabsorb photons in a complex cascade. This kinetics,
despite its complexity, can be effectively described in terms
of an “active level” with the number of states per unit
volume N,, fed by a “reservoir” with the number of states
per unit volume N;. Our kinetic equations are shown in
the Appendix. The essential extension of the model is an
explicitinclusion of the L-valley carriers (n; ), which are gen-
erated through TPA and subsequently relax to the reservoir.
Furthermore, we deeply rethought the interpretation of the
degeneracy of level 2, N,, which reveals to be the crucial
parameter for the observed dynamics and its temperature
dependence. Indeed, following the estimate of the early time
plasma expansion speed u, Eq. (5) in [9]:

_ b (N1 = N,)

R T @

we find that u may acquire large values when N, is rela-
tively small ({; is the initial thickness of EHP, 7 is the mean
relaxation time from level 1 to level 2 and represents the
inverse intra-band cooling rate of electrons). This counter-
intuitive behavior can be better understood when a real
system with a continuum oflevels is considered. The distinct
energy levels are characterized by different absorption coef-
ficients (due to their different occupancy and degeneracy)
and, therefore, by a distribution of expansion speeds. In
extremis, photons emitted by electrons with an infinitely
small excess energy above the band gap travel through
the semiconductor practically unabsorbed, thus causing an
infinitely small EHP density to expand at the speed oflight in
the material. In other words, the experimentally observed
motion of the plasma front edge is determined by the
fastest speed u(Nz) given by (2), where the lowest acceptable
value of N, satisfies some physical constraints discussed
below.

Our further discussion of the meaning and interpre-
tation of N, is based on the scheme shown in Figure 5.
First we discuss the constraints in the plasma expansion
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Figure 5: Scheme of the conduction band in space along the normal to
the sample surface after its photoexcitation and during the plasma

expansion. The initially excited region A is the part of the sample where
the photon field at @, is absorbed; the plasma expands into the initially
unexcited region B (see also [9]). The bottom of the conduction band is
renormalized due to the high carrier concentration (n, + n, + n, in

region A, n, . in region B). Level 1: yellow, level 2: green, bandgap: gray.

region (region B in Figure 5), which impose a minimum
(or critical) free electron density n, . in the region B (the
corresponding level degeneracy is then N, . = 2n, ). First,
a sufficiently large concentration of electrons n, , must be
created in the region B to reflect the THz pulse, defining
the first lower limit for the level 2 degeneracy: N, , = 2n, .
Second, the propagation of the EHP front is possible only if
the optical absorption is saturated. Such situation occurs in
the region B when one half of electronic states available for
absorption of photons at a given frequency is filled (includ-
ing those reached by thermal fluctuations). The minimum
density of thermalized electrons n, ; that leads to the sat-
uration of the optical absorption then defines the second
lower limit for the degeneracy: N, = 2n, . The critical
degeneracy N, . (electron density n, ) is then the larger of
the two values N,, and N, ; (n,, and n, ). N, is impor-
tant at low lattice temperatures when thermal fluctuations
are negligible; N, » becomes dominant at higher tempera-
tures. This implies that the number of available states at
level 2, N, , is in fact temperature dependent (and that it
is also tightly bound to the sensitivity of the experimental
technique).

Now we turn our attention to the region A in Figure 5.
In fact, given the rather high carrier densities and small
excess energies, the bandgap renormalization plays a non-
negligible role in our estimations, since it is different in
regions A and B due to the different carrier densities in there
(Figure 5). Consequently, the division energy line between
levels 1 and 2 in the region A should be adjusted appro-
priately to ensure the critical electron density n, . in the
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region B. This procedure allows us to define the final value
N, to be injected into kinetic equations for the EHP expan-
sion and allows us to describe the observed temperature
variations of the expansion speeds. Technical details and
deeper discussion of the evaluation of N, are provided in
the Appendix.

Given these arguments, the difference between the
dynamics of InP at 20 K and GaAs at 295 K becomes more
apparent. Indeed, the evaluated degeneracies of level 2 dif-
fer among the two materials (N, = 1.0 X 10'® cm~3 in InP at
20 Kand N, = 2.4 x 10 cm~3 in GaAs at 295 K) and, there-
fore, the model predicts different speeds of expansion. In the
comparison of the theoretical prediction and experimental
results (Figure 4), we observe a very good semiquantitative
agreement of the data. We point out that the model predicts
a significantly shorter phase of carrier energy relaxation
(plateau phase) in InP than experimentally observed (for
GaAs the length of the plateau phase is correct). To compare
the EHP expansion dynamics, we shifted the origin of the
theoretical curve for InP in order to match the onset of the
expansion. In this representation, it becomes apparent that
the expansion dynamics is well reproduced by the model,
which also predicts the correct difference of the expansion
velocities in the two materials.

Figure 6 shows a comparison of the temperature depen-
dent plasma expansion in GaAs and InP and the correspond-
ing results of the theoretical model for all the temperatures
where the incoherent regime was observed. The overall
agreement is very good. In particular, we find a semiquanti-
tative accord of the temperature dependence of EHP expan-
sion in GaAs. The agreement for InP is very good at low
temperatures (up to about 180 K); at higher temperatures,
the speed of expansion is overestimated by the theory to
some extent (even if the decreasing trend of the expan-
sion speed with increasing temperature is preserved). The
energy relaxation (plateau) phase in InP is systematically
underestimated; for this reason, theoretical curves were
shifted in time in Figure 6 to match the onset of expansion
with the experiment.

The relaxation time r was set to 2 ps in the numerical
simulations; the value was selected in order to reproduce
expansion speeds and trends in the experimental curves.
We, therefore, conclude that the time 7 is an effective cool-
ing time of the whole electron—photon system, including the
energy redistribution within the inhomogeneously excited
plasma, provided by the cascade of photon emission and
absorption.

Despite the complexity of this highly nonlinear
problem and despite the number of degrees of freedom
that can influence the quantitative results, the essence of
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Figure 6: Comparison of experimental data and results of the model for incoherent regime at several temperatures for GaAs (a) and InP (b).
The color code is the same for both plots; the pump fluence was 1.7 X 10" cm=2 in all the cases. Vertical offset of the data was applied for clarity.
Since the theory predicts shorter plateaus at the beginning of the dynamics than experimentally observed, we shifted the theoretical curves in time

to match the onset of expansion with the experiment.

the observed phenomenon is grasped quite well by the
proposed simple model based just on effective populations
of the “reservoir” and of the “active level” and relying
on (mostly known) properties of the semiconductor band
structures. The model then serves as a good quantitative
estimate of the system behavior and illustrates well the
underlying physical processes. The complex nature of the
carrier relaxation is further indicated by the mentioned
systematically shorter plateaus in InP; this suggests that the
quasi-equilibrium state is established in a more complex
process than the simple exponential decay represented by
(A1-A5).

4.4 Generalization

The described ultrafast EHP expansion is closely related
to the formation of a degenerate EHP and to an efficient
stimulated emission and subsequent reabsorption. These
particular phenomena should be in principle observable
in the majority of common direct-gap semiconductors. The
question of observing the ultrafast EHP expansion in other
materials is thus much more about the laser pulse fluence
and wavelength as discussed below.

The creation of a sufficiently thick degenerate EHP
requires high fluence of the excitation field. The higher is
the photon excess energy above the band gap, the larger
is the excitation pulse attenuation by absorption due to
the larger number of available states per unit volume and,
in turn, the higher is the required excitation fluence. The

highest possible fluence is, however, limited by the avail-
able laser technology and also by the damage threshold of
the given material (e.g., the highest fluences used in our
experiments with GaAs at 800 nm were still safely below its
damage threshold [23], [24]).

There may be slight quantitative (not qualitative) dif-
ferences in the maximum acceptable excess energies due to
the particular value of the effective mass of electrons in each
semiconductor. However, this influence is not expected to
be pronounced since the electron effective masses (which
determine the densities of states close to the bottom of
the conduction band) do not differ much among common
binary direct-gap semiconductors like GaAs (0.067 [13]), InP
(0.08 [13]), CdTe (0.096 [25], 0.09 [26]), CdS (0.166 [26], 0.21
[27]), CdSe (0.114 [26], 0.13 [27]), ZnTe (0.11 [25], 0.12 [26]), etc.
In the parentheses, we included the relevant effective elec-
tron mass at the bottom of the conduction band expressed
in free electron mass units. In this context, the observed
virtually vanishing EHP expansion in InP at room temper-
ature (Figure 2) leads us to the conclusion that the related
excess energy of ~0.2 eV is a rough maximum for the obser-
vation of the effect in the above cited semiconductors at the
pump level of the order of 10 mJ/cm?. For 800 nm pulses of
Ti:sapphire lasers and among common semiconductors, the
excess energy condition is satisfied in GaAs, InP, and CdTe
only.

It is interesting to notice that apart from the above con-
ditions, the developed interpretation does not involve any
details about the band structure of the particular material.
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One crucial parameter in the incoherent regime [Eq. (2)]
is the carrier effective cooling time 7, which is related to
the optical phonon emission rate. This parameter is not
expected to have a huge spread among common semicon-
ductors. The other fundamental parameter is the product
l,N,, which, in fact, expresses the areal density of the degen-
erate electron-hole gas. This product is thus given by the
density of photons in the excitation pulse (provided that
there is no significant loss channel like, e.g., picosecond
carrier lifetime).

All these arguments suggest that the EHP expansion
is controlled by the laser pulse fluence and its wavelength
(through the excess energy of photoexcited charge carri-
ers), with little differences among individual semiconduct-
ing materials.

5 Conclusions

We studied the dynamics of electron-hole plasma (EHP)
after strong photoexcitation in two common semiconduc-
tors, InP and GaAs, by means of ultrafast THz spectroscopy.
In both materials, we observed ultrafast propagation of
EHP front toward the bulk of the material over distances
exceeding 100 pm at low temperatures. Two mechanisms of
the propagation, incoherent and coherent, were observed
depending on the temperature and photocarrier excess
energy, and the crossover between the two propagation
regimes was experimentally identified by changing the sam-
ple temperature and the strength of optical excitation. The
theoretical model for the incoherent regime introduces the
notion of a carrier “reservoir” (hot carriers in I'-valley
and two-photon absorption carriers in the L-valley) and an
“active level” exhibiting inversion of population close to the
band edge. The discussion how to correctly cast the contin-
uous semiconductor band structure into an essentially two-
level system (involving the frequently neglected fine effects
like bandgap renormalization due to free carriers) is the key
for a quantitative understanding of the observed dynam-
ics as a function of temperature in the two materials. The
results clearly suggest that the effect should be present in
most direct bandgap semiconductors when strongly excited
with low excess energy.

We also note that recently the reflection of broadband
THz pulses on a propagating plasma front due to strong
photoexcitation in indirect bandgap silicon was proposed
as a tool for Doppler-effect-based up-conversion of THz
bandwidth to higher frequencies [22]. The blue shift of THz
power spectrum was then demonstrated up to a factor of
2 [11]. However, in this scheme, the time window for the
THz reflection is very narrow and the phase shift is not
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uniform within the THz pulse. The present work re-opens
this opportunity for direct bandgap semiconductors where
the available time window is very wide allowing reflec-
tion of picosecond THz pulses under strictly constant con-
ditions. Similar up-conversion factors were experimentally
observed in our measurements (1.46 in amplitude spectrum
[9], i.e., 2.1in power spectrum).
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Appendix: Kinetic equations
for the incoherent regime

In this section, we extend and more precisely specify details
of the theoretical model of the incoherent regime in order to
understand the temperature dependent experimental data
in both GaAs and InP.

Two photon fields are considered in the model, the
first one with frequency w, describing the absorption at the
pump pulse wavelength and the second one (@,) describing
the stimulated emission close to the bandgap edge. These
fields are coupled to two model levels in the conduction
band: N; describing the number of available states per
unit volume (n; being the related population of carriers)
connected to the pump absorption and N, describing the
number of states per unit volume (n, being the carrier
population) below the quasi-Fermi level shifted inside the
conduction band. The EHP expansion then corresponds to
a spontaneous/stimulated emission of photons due to the
recombination of carriers between the level N, and the
ground state, and their reabsorption deeper in the semi-
conductor wafer. Two-photon absorption (TPA) was orig-
inally proposed [9] only as a mechanism leading to the
saturation of the initial plasma thickness [, at high pump
fluences, but the electrons created by TPA were not con-
sidered to take part in any further stage of the plasma
dynamics.
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In the light of recent measurements [28]-[30] and the-
oretical calculations [31] of phonon-assisted electron relax-
ation, we have to admit that the L-valley carriers, excited
by two-photon absorption, should be accounted for since
their relaxation time to the I'-valley on the picosecond time
scale is fast enough to contribute to the plasma expansion
dynamics. The full set of kinetic equations then reads:

% Zhﬁwl - ﬁnL .
Ea s s

Compared to [9], we added the third level denoted as
“L,” which represents the L-valley electrons, generated by a
two-photon process (the saturation of this level is neglected
since the higher excess energy and higher effective electron
mass ensure that there are much more states than in the
I"-valley). The electron relaxation time from the L-valley to
the level 1 is of the order of 0.2 ps [30]. The corresponding
holes relax to the I'-valley through a cascade of scattering
events involving phonon emission and this process can last
for ~2 ps [32]; consequently, we set 7;_ = 2 ps. The carrier
densities (ny, n,, n;) and light intensities (I3, I,) are time and
z-dependent. The sample can be divided to a part, which is
initially excited (by the field @,), region A, and to an initially
unexcited part, into which the plasma expands (due to the
absorption of the field w,), region B, as schematically shown
in Figure 5.

The values of the parameters of the model are as fol-
lows: v = ¢/n, where c is the vacuum speed of light and
ng, ~ 4.2 (GaAs) and n, ~ 3.6 (InP) are the group refractive
indices near the band edge, values of N, were taken from
Table 1. We set # = 220 cm/GW for both GaAs [9], [10] and
InP. The linear absorption coefficient @ = 1.3 pm~! for GaAs
and o =33 um~! for InP [14], [33] and the spontaneous
emission rate A = 1 ns~! [34] are known from the literature.
The effective electron cooling time 7 is of the order of one
picosecond. The bottom level degeneracy N, appears as a
crucial parameter for the dynamics and its meaning and the
proper setting of its value are discussed below.

As argued in the main text, the lower limit N, . of the
value N, is given by the critical electron density required for
the reflection of the THz radiation on the plasma edge and
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by the minimum density of thermalized electrons, which
leads to the saturation of the optical absorption in the
crystal at frequency w,. Concerning the first limitation, the
THz pulse is efficiently reflected on the EHP surface if its
whole spectrum lies below the electronic plasma frequency.
The critical electron density for the plasma frequency at
2.5 THz (upper limit of our THz pulse spectrum) is n,, ~
8 X 10' cm~3 in both InP and GaAs. This corresponds to
one half of the total available number of states at the level
2, i.e., we define the first limit: N, ; = 1.6 x 10" cm~>. The
second limitation of N, comes from the requirement that
the thermalized plasma does not absorb light at w,, which
enables the spatial shift of the EHP surface to the unexcited
part of the crystal. To estimate this limit, we consider that
the electron and hole densities are the same in the region B
of the sample, that they are thermalized to the lattice tem-
perature, and that Zw, is close to the band gap energy. The
saturation of absorption at w, arises when the population
inversion at the band edge vanishes; in other words, y, —
#y = 0, where the electron and hole chemical potentials 4,
and p, are defined with their origins at the respective band
edges. This condition yields the sought electron density n, r
and, consequently, Ny, which is twice that value. The crit-
ical degeneracy N, is then the larger of the values N,
and N, .

Furthermore, the presence of the high-density EHP
induces a band gap renormalization; its magnitude is
comparable both to excess energy and excitation band-
width (~30 meV for the free carrier density of 10’ cm™3)
and, therefore, it should be taken into account [35]. The
band gap renormalizes differently in the initially excited
region (stronger renormalization) and initially unexcited
part (weaker renormalization) of the sample due to the large
difference in the carrier concentration. It could then happen
that all (or many of) the states of the level 2 in the region A
lie below the band gap of the region B. In this case, photons
emitted from the level 2 would not be (or would be weakly)
absorbed in the plasma expansion region B. To ensure the
occupancy of n, . in this region, we have to increase the
degeneracy of the level 2 by increasing its upper bound (i.e.,
by increasing the energy which separates the states of the
levels 1and 2).

For the calculation of the bandgap renormalization
effects, we use the values published in [35]. We denote by
2Ey the bandgap energy shrinkage in region B due to the
occupancy n, .. The initial band gap renormalization in the
region A due to an electron and hole populations averaged
over this region is then denoted 2E,. These renormaliza-
tions evolve in time; therefore, we consider only one half
of these renormalizations as effective values, i.e., Ez and E,



1870 = T.Troha etal.: Photon-assisted ultrafast electron-hole plasma expansion in semiconductors

respectively (with E, > Ep). It is then necessary to ensure
that the photons emitted from the region A are absorbed in
the region B. In order to generate the carrier density n, . in
region B, photons with energy hw, = u, — u; + Eg should
be absorbed (here y, and y, are the chemical potentials
for which the electron and the hole densities at the lattice
temperature are both n, ;). Such energy must be available
within the level 2 in the region A. In other words, level 2
should involve all the states up to the electron and hole
energies v, and v,, respectively, that fulfill the relation
Ve — Vy +E, = p, — up + Eg under the assumption that the
electron and hole densities are equal. This equation yields
the separation energy between levels 1and 2inregion A and
thus the level degeneracy N, to be injected into the kinetic
Egs. (A1)-(A5).
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