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Hot-phonon-assisted absorption at semiconductor heterointerfaces monitored by pump-probe
second-harmonic generation
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We provide the evidence for the hot-LO-phonon-assisted absorption at semiconductor heterointerfaces. The
process is demonstrated with GaAs/GaSb interface when the photon energy is tuned below the band-gap
energy for GaAs, but it is in a great excess for GaSb. The excitation of carriers in GaAs in the vicinity of the
heterointerface is shown to be assisted by hot LO phonons generated in GaAs and GaSb within the relaxation
of hot carriers in GaSb. The effect has been observed in the ultrafast pump-probe experiment through the
interfacial-electric-field-induced second-harmonic generation response.
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Light with a frequency w is able to excite free carriers in
the direct-band-gap semiconductors if the photon energy is in
excess of the band-gap energy, iw> E,, where 7 is the re-
duced Planck’s constant. However, if the photon energy is
tuned just below the band gap, an excitation of virtual carri-
ers is also possible if the semiconductor is subjected to an
electrostatic field. As this takes place, the virtual occupation
rate monotonically increases with decreasing the detuning
energy (E,~hw)."?

In the current Brief Report, we report on the excitation of
real carriers in GaAs in the vicinity of the unbiased
GaAs/GaSb heterointerface by an ultrashort laser pulse with
photon energy just below E, for GaAs. The excitation energy
deficit is shown to be compensated by the energy of the
nonequilibrium (hot) longitudinal optical (LO) phonons gen-
erated in GaSb and GaAs due to the relaxation of energetic
(hot) carriers in GaSb. Because the time of LO-phonon emis-
sion is comparable with the photon-mediated virtual state
lifetime in GaAs, the hot-LO-phonon-assisted absorption
process becomes possible. Since the dynamical interfacial
electric field at the GaAs/GaSb heterointerface is formed
exclusively by the joint excitation of carriers in both GaAs
and GaSb materials, the process has been detected through
the pump-probe interfacial-electric-field-induced second-
harmonic generation (IEFISHG) response. Accordingly, the
photon energy dependence of the IEFISHG signal in the
range of the GaAs absorption edge reveals a resonant feature
occurring LO-phonon energy below the band-gap energy for
GaAs. Such a hot-LO-phonon-assisted absorption in the vi-
cinity of the GaAs/GaSb interface is a reason for the real
carrier excitation in GaAs with photon energy of less than E,
(hw+hw o>E,). The mentioned process is similar to that
occurring in the time-resolved anti-Stokes Raman
scattering,* assuming that the laser photon energy is tuned
below E, and so the energy of scattered photon in the anti-
Stokes mode matches it.
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PACS number(s): 78.20.Jq, 73.40.—c, 78.66.Fd, 78.67.Pt

Our experiments were carried out at 4.3 K on a GaAs
(100 nm)/GaSb (500 nm)/InAs (20 nm) heterostructure
with In-Sb interface type between the GaSb and InAs layers.
The details regarding the sample growth have been previ-
ously discussed.> A mode-locked Ti:Al,O5 laser has been
tunable in the range of 873 nm (1.42 eV) to 800 nm
(1.55 eV). The pump and probe beams of 350 fs pulses were
set up to be cross polarized with the laser spot size on the
sample of about 100 wm. The p polarized probe beam of
80 mW average power was channeled through an optical de-
lay stage. The pump beam, after chopping at a frequency of
800 Hz, was of 130 mW average power. The average power
of the pump and probe beams has been kept to be unchanged
over the tunability range of the laser used. The pump beam
was incident normally on the sample, whereas the probe
beam was directed to the sample at the angle of 45°. The
IEFISHG response was measured in p polarization as a func-
tion of probe-to-pump delay times and detected by a photo-
multiplier tube through a lock-in amplifier.

The range of the laser light tunability covers the range of
the direct fundamental absorption edge of GaAs
(E,=1.52 eV). In contrast, the photon energy is much higher
than E, for GaSb and InAs, pointing to the hot carriers to be
excited in the corresponding layers [Fig. 1(a)]. As a result of
the photoexcitation (N=~2.2X 10" cm™ within InAs and
GaSb layers), the electrons and holes relax in all the layers.
This can be proven by taking into account the absorption
coefficients of the materials and the Beer law distribution of
photoexcited carriers. Accordingly, since the absorption
coefficient of GaSb and InAs for 1.5eV light is
~0.5%10° cm™,%7 the average absorption length is esti-
mated ~200 nm. As a result, at normal light incidence, 10%
of the incident light is absorbed in the InAs cap layer, while
the GaSb and GaAs layers absorb 82.5% and 7.5% of the
light, respectively. This estimation proves that the interfacial
electric fields can be formed at both of the heterointerfaces
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FIG. 1. (Color online) (a) The schematic representation of the
band alignment of the GaAs/GaSb/InAs heterostructure. (b) The
TIEFISHGC traces measured at the photon energy indicated are
shown in black. Traces shown in red/gray are the difference of
signals measured with Aw>143 eV and that taken with
hw=1.43 eV. The individual trace baselines are arbitrarily shifted
for better observation.

(GaAs/GaSb and GaSb/InAs) and have to be comparable in
the magnitude. As a result of the carrier-carrier thermaliza-
tion, carrier-LO-phonon relaxation, and subsequent diffu-
sion, the photoexcited carriers accumulate at the heterointer-
faces inducing the band bending.® As a result of the charge
separation, the electric fields at the heterointerfaces are
formed. The delayed probe beam hence interacts with the
system, which is subjected to the interfacial electric field that
varies slowly compared with the frequency of light (dc field).
The coupling of one dc electric field and two optical
fields with the third-order nonlinear susceptibility
[x®(—2w;w,»,0)] gives rise to the IEFISHG response,
which has normally been used to study the dc electric fields
at semiconductor interfaces.>%!0

Accordingly, the IEFISHG intensity for two adjoining
semiconductors [denoted by (1) and (2)] in the electric dipole
approximation is given by!!

o= (XD + xR
+ B + X GLE (2.0 )(U2)?
+ (6Eo.(z.0)|[x(1D5. + x(2) 5]
XD+ x(@)|cos ¢)1°)?, (1)

where ¢ is the relative phase difference between the second-
and third-order susceptibilities, which is constant at the given
experimental configuration. Here, we take into account that
the interfacial electric field due to the charge separation at an
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interface is directed along the axis perpendicular to the
sample surface (z axis) and can be represented by a simple
rise-decay function,

Ey.(z,6) =AH(t)[1 — exp(— t/75)lexp(— t/7p) (2)

where 7, and 7, denote the rise-time and decay-time con-
stants of the dc electric field, which we associate with the
accumulation of carriers at the heterointerfaces and carrier
recombination, respectively, H(z) is the Heaviside step func-
tion that accounts for the pump-probe cross-correlation time,
and A is the amplitude of the dc electric field. Only second
and third terms in Eq. (1) may contribute to the transient
interfacial-electric-field-induced second harmonic generation
change (TIEFISHGC) signal. However, the second term is
not a quadratic-in-field term because such a process should
be described by a nonlinear susceptibility of the higher order
[Xl(,?zzz(—2w;w,w,0,0)]. Since (XSZZ)z can never be trans-
formed into )(S?,?ZZ, the second term in Eq. (1) does not have
any physical meaning. Hence, only linear-in-field term will
contribute to the TIEFISHGC signal, the sign of which de-
pends on the direction of the dc electric field along the z axis.
The sign = in Eq. (1) distinguishes the opposite direction of
the field. The total intensity of the TIEFISHGC signal is
resulted from the interference of contributions in the form of
Eq. (1) from both of the heterointerfaces and hence is deter-
mined by the strength of the interfacial electric fields by their
directions and by the value of the third-order susceptibilities
XS]:Z(—Zw; w,,0) for each of the materials.

Specifically, the TIEFISHGC signal from the GaSb side
of the heterointerfaces is expected to be dominant since the
out-of-resonance value of the third-order susceptibility for
GaSb is at least 1 order of magnitude larger than that for
GaAs and InAs.'> Moreover, our data suggest that even a
resonant enhancement of ij,: for GaAs near the band-gap
energy due to the excitonic and interband transitions'? is in-
capable of making ka)z for GaAs to be comparable with that
for GaSb. Since GaSb in the vicinity of both of the hetero-
interfaces dominantly contributes to the TIEFISHGC signals
and because of the linear dependence on the interfacial field
strength, one can manipulate with TIEFISHGC signals in
accordance with algebraic rules.

Figure 1(b) shows an example of the TIEFISHGC signals.
The signal can be either negative or positive depending on
the photon energy applied. The dc field at the GaAs/GaSb
interface is formed exclusively when carriers in the GaAs
layer are optically excited. Accordingly, if the photon energy
is tuned to be not high enough to excite carriers in GaAs, the
accumulation of both holes excited in GaSb and electrons
excited in InAs at the GaSb/InAs heterointerface forms the
dc field at it. In contrast, if the photon energy is tuned to
excite carriers in GaAs, in addition to the latter process, the
accumulation of both holes excited in GaSb and electrons
excited in GaAs at the GaAs/GaSb heterointerface creates
the dc electric field, which is oppositely directed to that at
the GaSb/InAs heterointerface [Fig. 1(a)]. Thus, the
TIEFISHGC signal can be induced by the dc field at single
heterointerface (GaSb/InAs) or at two heterointerfaces
(GaAs/GaSb and GaSb/InAs) depending on how far the
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FIG. 2. (Color online) (a) Aw-time mapping of the dc field at the
GaAs/GaSb interface. The IEFISHG intensity color/gray scale key
is shown on the right. (b) The corresponding photon energy depen-
dences extracted from (a) at the time delays indicated. The vertical
dotted lines show the position of E, for GaAs and E,~fiw| .

photon energy is tuned below E, for GaAs. We experimen-
tally found that such a critical photon energy is fw
=1.43 eV. Accordingly, the negative TIEFISHGC signals
taken with photon energy Aiw=<1.43 eV are attributed to
those induced by the dc electric field at the GaSb/InAs in-
terface. Further increase in the photon energy gives rise to
another positive component of the signal, which compen-
sates the negative contribution [Fig. 1(b)]. Finally, if the pho-
ton energy is tuned above E, for GaAs, the positive compo-
nent becomes dominant. This means that it is induced by the
dc electric field at the GaAs/GaSb interface because of the
oppositely directed fields at the heterointerfaces. By extract-
ing the contribution from the GaSb/InAs interface (fiw
=1.43 eV) from the total TIEFISHGC signal measured with
hw>1.43 eV, one can get the dynamics of the dc electric
field at the GaAs/GaSb interface. This is exemplified in Fig.
1(b) for two TIEFISHGC traces taken with different photon
energies.

Figure 2(a) represents the corresponding fiw-time map-
ping of the dc field at the GaAs/GaSb interface, which com-
bines ten TIEFISHGC traces taken at different photon ener-
gies. The strength of the dc electric field at the GaAs/GaSb
interface is high enough even if the photon energy is still
below E, for GaAs. Another peculiarity is the existence of a
sharp dip at short time delays and photon energies below E,
for GaAs, which disappears as the photon energy approached
E, for GaAs. This is illustrated in Fig. 3 for one of the
difference of the traces. The fit to the data by using Eq. (2)
allows one to recognize two components. The first compo-
nent manifests itself at short time delays. Accordingly, the
interfacial electric field at the GaAs/GaSb interface initially
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FIG. 3. (Color online) The difference of the TIEFISHGC traces
taken with Aw=1.45 eV and fiw; o=1.43 eV. The result of the fit is
shown in red/gray. The fit components are shown in blue/dark gray.

rises up with a constant of 73=0.5 ps and then decays with
a constant of 7,=2 ps. The second component both rises up
and decays slowly, 7,=10 ps and 7,=170 ps, respectively.

It is evident that all the peculiarities of the dc electric field
variation reflect the changes in the density of oppositely
charged carriers at the heterointerface. The carrier density at
the GaAs/GaSb interface, in turn, is affected by the rate of
carrier excitation in both GaAs and GaSb, by the rate of the
relaxation of both hot electrons and hot holes in GaSb due to
the electron-phonon and hole-phonon couplings, and also by
diffusion of carriers toward the heterointerface. If the photon
energy is tuned below E, for GaAs, the absorption in GaAs
is expected to occur as a transition into the photon-mediated
virtual state in GaAs, which is coupled with hot phonons
generated in GaSb and GaAs in the vicinity of the heteroint-
erface due to the cooling of hot carriers in GaSb. The hot-
LO-phonon-assisted process discussed is similar to that oc-
curring in the time-resolved anti-Stokes Raman scattering,>*
assuming that the laser photon energy is tuned below E, for
GaAs and so the energy of scattered photons in the anti-
Stokes mode matches it.

The rate of emission of LO phonons by hot carriers in
GaSb can be estimated from the polar Frohlich interaction,'*

;_(M><L L) )
Te_ph_477ﬁ #? £ &)

where 7, is the electron-phonon interaction time, e is the
electron charge, fw; =29 meV is the LO-phonon energy in
GaSb, m*=0.041m, is the electron effective mass in the I’
valley (m, is the free-electron mass), and ., and &, are the
high-frequency and static dielectric constants. Hence, the
time required to emit single LO phonon by hot electrons in
GaSb is as long as 454 fs. Using the effective masses for
light and heavy holes in GaSb, m;,=0.05m, and m;,;,=0.4m,,
the following times can be obtained for the hole-phonon in-
teractions: 415 and 145 fs, respectively. If the hot electrons
and holes in GaSb relax by emitting LO phonons in GaAs,
the corresponding times are 410, 371, and 131 fs, respec-
tively. The obtained values are comparable with the virtual
state lifetime in GaAs, which is assumed to be of the order of
the laser pulse duration (350 fs) despite the fact the lifetime
of virtual carriers is measured by the inverse detuning from
the band edge and is much shorter than 350 fs mentioned.'
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Thus, one can argue that the excitation of carriers in GaAs
may involve the hot LO phonons in GaSb and GaAs gener-
ated within the relaxation of hot carriers in GaSb. The cor-
responding rule for the excitation process is iw+hw o> E,.

The electrons photoexcited in GaAs within the hot-LO-
phonon-assisted absorption become confined at the heteroint-
erface, while the photoexcited holes move inward GaAs as a
consequence of the band bending and do not contribute to
the interfacial field. Since the hot-LO-phonon-assisted ab-
sorption produces the carriers with close-to-zero energies,
the electron accumulation at the GaAs/GaSb interface oc-
curs fast enough. The charge balance condition requires the
same number of holes to be accumulated in the GaSb side of
the heterointerface. This process leads to the rise of the dc
electric field with a constant of 7,=~0.5 ps. However, the
low-energy carriers are able to pick up an additional energy
from hot phonons during their lifetime. Therefore, once the
excitation is complete, the carriers photoexcited in GaAs can
be heated up by hot LO phonons until the hot phonon sub-
system gets cooled down. The heating of electrons in GaAs,
which were initially confined at the heterointerface, leads to
their delocalization, resulting in a decrease of the strength of
the dc field at the heterointerface. Thus, the decay of the field
with a constant of 75=2 ps is a measure of the lifetime of the
hot LO-phonon subsystem. The latter value is consistent with
those obtained for numerous semiconductors for which the
anharmonic three phonon (Ridley) decay process, LO—TO
+LA, has been proposed.'*!> However, we note here that in
the discussed case, the relaxation of hot phonons in GaSb in
the vicinity of the heterointerface is governed by their energy
transfer to free carriers, which have been photoexcited in
GaAs through the hot-LO-phonon-assisted process.

The second much longer component of the interfacial
field rise (7z=10 ps) overlaps in time the carrier heating pro-
cess and is caused by the relaxation and diffusion of holes
photoexcited in GaSb. As this takes place, the electrons pho-
toexcited in GaSb move away from the interfaces inward the
GaSb layer and accumulate in the central area of it. The
accumulation of holes at the heterointerface partially returns
the delocalized electrons in GaAs to it, restoring the dc field
at the heterointerface. This process corresponds to the rise of
the dc electric field with a constant of 73=10 ps. Finally, the
interfacial fields decay with a constant of about 170 ps,
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which we associate with carrier recombination.

Because the relaxation of hot carriers photoexcited in
GaSb involves many processes of carrier-LO-phonon scatter-
ing, it proceeds slowly enough. One can estimate the number
of phonons required to emit by hot carriers in GaSb in order
to be cooled down and reached the conduction and valence
band extrema. For the case discussed in Fig. 3, the excess of
the excitation energy in GaSb is 0.64 eV. Assuming that due
to the electron-hole scattering, which occurs on the order of
<100 fs,* the electron and hole subsystems reach the same
temperature, one can estimate that 11 LO phonons in GaSb
(9 LO phonons in GaAs) are required to be emitted by each
photoexcited hole in GaSb before reaching the band edge.
Taking into account the above-estimated times for the single
LO-phonon emission, one can obtain the time required for
the hot carrier energy relaxation in GaSb, which is in the
range of 1.2—4.5 ps for different scattering mechanisms
mentioned. The latter values are less than 7,=10 ps mea-
sured, indicating that the diffusion of relaxed holes toward
the GaAs/GaSb interface also takes place.

Additional evidence for the hot-LO-phonon-assisted ab-
sorption process is a resonant feature in the photon energy
dependence of the TIEFISHGC signal at time delays corre-
sponding to the carrier-LO-phonon interaction time and the
lifetime of hot LO phonons [Fig. 2(b)]. The resonant feature
is energetically positioned LO-phonon energy below E, for
GaAs. The width of the resonance indicates that either the
individual hot LO phonons in GaSb (29 meV) and GaAs
(36 meV) or their combination may contribute to the hot-
LO-phonon-assisted absorption in GaAs.

In summary, we have provided the experimental evidence
for the hot-LO-phonon-assisted absorption in GaAs in the
vicinity of GaAs/GaSb interface, which is realized due to the
coupling of the transition into the photon-mediated virtual
state in GaAs with hot LO phonons generated in GaSb and
GaAs within the relaxation of hot carrier in GaSb. The pro-
cess is similar to that occurring in the time-resolved anti-
Stokes Raman scattring and can be observed at any hetero-
interfaces created by the direct band-gap semiconductors of
different band-gap energies.
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