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Femtosecond depolarization of photoluminescence from InAs:
Comparison with Cu and monolayer graphene
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We investigated the time-resolved photoluminescence (PL) of InAs, Cu, and monolayer graphene excited by
linearly polarized femtosecond pulses. PL depolarization occurred in the femtosecond regime. The establishment
of the isotropic momentum distribution of electrons is discussed based on the electron-electron and electron-
phonon scattering. This study demonstrates the impact of a steep dispersion relation in the electron band structure
on the electron-optical phonon scattering causing the ultrafast depolarization of PL.

DOI: 10.1103/PhysRevB.108.235103

I. INTRODUCTION

Electronic excitation of solids by photoabsorption gener-
ates anisotropic momentum and spin distributions of electrons
depending on the light polarization [1]. Excitation with lin-
early or circularly polarized light results in an anisotropic
momentum or spin distribution, respectively. Light polariza-
tion can be used as the degree of freedom of light applied to
information technology by writing polarization onto materials
[2]. For this application, it is important to understand the
speed and mechanism of depolarization in materials.

The depolarization is caused by scattering phenomena such
as electron-electron and electron-phonon scattering, and it
has been studied by observing photoluminescence (PL). For
early examples of III-V semiconductors, the depolarization
in bulk GaAs and quantum wells has been investigated by
measuring steady-state PL [3-6], picosecond PL [7,8], and
femtosecond PL [9]. The PL measurements also have revealed
the depolarization in InAs quantum structures, e.g., islands
[10], InAs/GaAs quantum dots [11-15], and single quantum
well [16]. Metal nanostructures are another group that has
been studied well on the (de)polarization of PL, for example,
femtosecond PL depolarization of gold nanoparticles [17,18].

In the last two decades, the optical responses of the linear
steep dispersion relations in electron band structures, which
are present in graphene and topological materials, have been
extensively studied. Photoexcited electrons and holes in these
materials experience ultrafast energy relaxation owing to ef-
ficient electron-electron and electron-phonon scattering over
a wide energy range. Indeed, transient reflection measure-
ments showed that the isotropic momentum distribution of
electrons in graphene, after excitation by a linearly polarized
pulse, is established in less than a few hundred femtoseconds
[19,20], though the depolarization of PL from graphene was
not shown.
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A linearlike steep dispersion relation has also been ob-
served in conventional bulk semiconductors. For example, in
III-V semiconductors with light electron effective masses, the
conduction band exhibits a linearlike steep dispersion relation
over a wide energy range [21,22]. InAs is a narrow-gap III-
V semiconductor with a band-gap energy of approximately
0.35 eV at 297-300 K [23], where an electron effective mass
at the center of the Brillouin zone is 0.025 x myg (my: electron
rest mass) [24]. Nansei ef al. [25] studied the dynamics of
photoexcited electrons and holes in InAs using femtosecond
PL measurements. They investigated the thermalization and
cooling of the carriers by observing the PL above 0.9 eV;
however, no depolarization was observed.

In this study, we demonstrate the femtosecond depolar-
ization of PL from InAs excited by linearly polarized laser
pulses. To understand an essential mechanism of ultrafast de-
polarization, comparison among several materials is helpful.
We also observe depolarization of PL from Cu and monolayer
graphene, and the most effective mechanism is discussed.

II. METHODS

The samples consisted of a (111) InAs crystal, a Cu sheet
(purity 99.99%, thickness 1 mm), and monolayer graphene.
The Cu sheets and monolayer graphene were purchased from
Nilaco and Sigma-Aldrich, respectively. The graphene was
transferred onto a quartz glass substrate. We checked that PL.
from the quartz glass substrate was not detected. The InAs
crystal was an undoped n-type InAs wafer. The wafer was
checked by the measuring x-ray diffraction pattern (Rigaku,
SmartLab, Cu Ka) and the Raman-scattering spectrum (Ren-
ishaw, inVia, He-Ne laser) at 298 K [26-28]. The inset of
Fig. 1(d) shows the diffraction pattern for the x ray incident
to the wafer surface, where the PL was measured. A strong
peak is observed at 18.0 nm~!, which is attributed to the
(111) peak of InAs (Q = 18.0nm™"). Figure 1(d) shows the
Raman-scattering spectrum of this surface in the backscatter-
ing geometry. The spectrum shows sharp peaks at 217 and
238 cm™!, which are attributed to transverse optical (TO) and
longitudinal optical (LO) modes, respectively. It is known
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FIG. 1. (a) Time-dependent /; (red) and /, (blue) of InAs at different photon energies. Top panel shows the instrument response function
(circles) and a fitted result using a Gaussian function (black curve) with a FWHM of 0.16 ps. The inset shows a schematic of electron energy
dispersions of InAs near the Brillouin zone center. Vertical arrows indicate photoexcitation of electrons. The labels ¢, hh, lh, and so denote
conduction, heavy-hole, light-hole, and split-off bands, respectively. (b) PL photon energy dependence of time at maximum PL kinetics. (c)
Time-resolved PL spectra for /; and I, of InAs. (d) Raman-scattering spectrum of the sample in the backscattering geometry. The label (xx)
denotes that the polarization directions of excitation and scattered lights are parallel to the x axis in the laboratory system. The measured
surface is the same as that in the PL measurements. The peaks at 217 and 238 cm™' are attributed to transverse optical (TO) and longitudinal
optical (LO) modes of InAs. The inset shows an x-ray diffraction (XRD) pattern of the sample. The peak at 18.0nm~"' indicates the (111) peak

of InAs.

that both of them are observed in the (111) backscattering
geometry [26,28], while in the spectrum of the (001) or (110)
backscattering geometry, only LO or TO modes are observed,
respectively [27]. Therefore, our wafer is (111) InAs crystal.
A broad component with a shoulder at ~100cm™! is ob-
served in the spectrum, while it was not present in an undoped
InAs crystal with a low carrier density (<10 cm—3) [29].
The broad component is ascribed to electronic Raman scatter-
ing involving the collective plasmon excitation, and the energy
of this shoulder approximately corresponds to the plasma
frequency [30]. The spectral shape of this broad component

is independent of the excitation density, and its intensity is
proportional to the excitation density. These spectral features
indicate that the broad component is the electronic Raman
signal of intrinsic carriers, not the photoexcited carriers. The
plasma frequency is calculated to be 100 cm™! using the car-
rier concentration of 4 x 10'° cm?, the electron effective mass
of 0.025 x myp, and the background permittivity of 14.76 in
the low-frequency region <100cm™" [31]. Thus, the roughly
estimated value of carrier concentration in our InAs is ~4 x
10'® cm?, which is consistent with a typical carrier concentra-
tion of 2 x 10'® cm~2 in undoped n-type InAs [23].
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FIG. 2. Time-dependent degree of polarization P in (a) InAs, (b) Cu, and (c) monolayer graphene. Top panel shows the instrument response
function (IRF; circles) and a fitted result using a Gaussian function (black curve). Below the top panel, the time dependences of P (gray circles)
are shown. Black curves indicate the fitted results of the single-exponential function model. Time-dependent /; (red) and /, (blue) are shown
for comparison. (d) Comparison of time-dependent P and /; among InAs (purple), Cu (green), and monolayer graphene (brown). Dashed
curves indicate the fitted results of the single-exponential function model.

Femtosecond PL was measured using the frequency up-
conversion technique [32] with a home-built measurement
system [33]. A Ti:sapphire laser (800 nm, 100 fs, and 82 MHz)
was used as the light pulse source. The output of the laser
was divided into excitation and gate pulses using a beam
splitter. The excitation pulse was passed through a variable
neutral density filter, half-wave plate, and lens and focused
on the sample. The spot size of the excitation pulse on the
sample surface was 50 wm, and the incident excitation flux
densities per pulse were 8.7 x 107> Jcm™2 for InAs and Cu
and 2.5 x 107> J cm~? for graphene. The PL emitted from the
sample was reflected by a pair of paraboloidal mirrors and
focused on a nonlinear optical crystal (8-barium borate). After
traveling on a delay stage, the gate pulse was focused on the
nonlinear optical crystal as it overlapped with the PL, and
the sum-frequency light between the PL and the gate pulse
was generated. The sum-frequency light was directed to a
monochromator and detected using a photomultiplier with a
photon-counting unit. To convert the detected sum-frequency
signal to PL intensity, we used the sum-frequency generation

data between an infrared standard light source and a gate pulse
[34,35]. All samples were measured at 298 K in air.

The instrument response functions were measured using
the cross-correlation signals between the excitation pulses
scattered at the sample surfaces and the gate pulse. The cross-
correlation traces for InAs, Cu, and monolayer graphene are
shown in the top panels of Figs. 1(a), 3(a), and 4(a), respec-
tively, and again in the top panels of Figs. 2(a), 2(b), and 2(c),
respectively. They were fitted with a Gaussian function with
a full width at half maximum of 0.16 ps (black curve). This
value represents the temporal resolution of the measurement
system. The spectral bandwidth was determined mainly by
a spectral width of gate pulse and an acceptance angle for
sum-frequency generation, and the typical value was 0.02 eV.
This gave the energy resolution of our measurements.

Because the sum-frequency generation in our experiment
was based on the type-I phase-matching condition, the PL
with polarization parallel to that of the gate pulse contributed
to the sum-frequency generation. In other words, the PL
polarization direction was selected based on sum-frequency
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FIG. 3. (a) Time-dependent /; (red) and /, (blue) of Cu at different photon energies. Top panel shows the instrument response function
(circles) and a fitted result using a Gaussian function (black). (b) Time-resolved PL spectra for /; and I, of Cu. (c) Schematic of electron
energy dispersion of Cu. Arc arrows indicate typical intraband excitation of electrons by photoabsorption in this study.

generation. In our experiment, the gate polarization was fixed,
and the excitation polarization was set parallel or perpendic-
ular to it by adjusting the half-wave plate. The accuracy of
the polarization detection was tested by measuring the cross-
correlation signals between the gate pulse and the excitation
pulses with parallel and perpendicular polarization. The ratio
of the signal intensity was 0.02, which gave the polarization
detection accuracy of the measurement system.

In this paper, the PL intensities are denoted by /; and
I, for the excitation polarization parallel and perpendicular

to the gate polarization, respectively. The incidence was not
exactly perpendicular to the sample for the measurements of
I and I,, because the excitation pulse was directed to the
sample as the s- and p-polarized lights, respectively, resulting
in the different reflectivity and absorptivity. For InAs, the
excitation polarizations for /; and I, are parallel to [112] and
[110], respectively. The powers of the incident and reflected
excitation pulses were measured to obtain the reflectivity for
each polarization. In addition, a slight temporal change in the
laser output power was considered. The values of I, were
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FIG. 4. (a) Time-dependent /; (red) and /, (blue) of monolayer
graphene at 1.1 and 1.2 eV. Top panel shows the instrument response
function (circles) and the fitted result using a Gaussian function
(black). (b) Schematic of electron energy dispersion of monolayer
graphene near the K point. Vertical arrow indicates photoexcitation
of electrons.

multiplied by the constants and normalized by the absorbed
flux density.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the time-dependent /; of InAs at dif-
ferent photon energies from 0.5 to 1.4 eV (red curves). The
excitation pulse creates electrons in the first conduction band,
heavy and light holes, and holes in the split-off band in the
vicinity of the Brillouin zone center as schematically shown in
the inset of Fig. 1(a). At 1.2, 1.3, and 1.4 eV, steep increases
and decreases in PL intensity are observed until 0.4 ps. The
same PL component was observed in the early study by Nan-
sei et al. [25], where it was attributed to nonthermal electrons.
A long-decay component is superimposed on this steep PL
component. As the detection photon energy decreases, the PL
kinetics show a slow increase and a longer-decay behavior.
This behavior indicates relaxation of the electron and hole
distributions, and the early experiment by Nansei ef al. [25]
showed the similar decay behavior above 0.9 eV.

The time at which each PL kinetic reaches a maximum is
shown in Fig. 1(b). The time difference between neighbor-
ing points increases toward low photon energies, indicating
that the relaxation of the distributions slows at low energies
because of the small density of states and low cooling rate.
The left panel of Fig. 1(c) shows the time-resolved PL spectra
for 1. The PL intensity on the high-energy side decreases
with time, whereas that on the low-energy side increases.
Hence, the spectral shape becomes sharp, and the center of the
spectral weight moves to a lower energy, showing the relax-
ation of the electron and hole distributions.

The PL component at low energy observed around the
time origin suggests the rapid formation of electron and hole
distributions in the low-energy regions by impact ionization
and scattering between photoexcited electrons, which start
just after excitation within the time resolution. In the impact
ionization, a valence-band electron (conduction-band hole) is
excited to a conduction (valence) band by interacting with a

photoexcited electron (hole) to compensate for the excess en-
ergy. Early studies have shown that efficient electron-impact
ionization occurs in InAs [36-38]. This ionization populates
electrons in the vicinity of the bottom of the conduction band,
and they contribute to the finite PL at 0.5 and 0.6 eV in the
early part of our experiment.

The first conduction band in zinc-blende materials pos-
sesses a linearlike dispersion over a wide energy range owing
to interband interaction [39]. In our experiment, photoexci-
tation populated the electrons in a linearlike dispersion of
InAs. Scattering between the photoexcited electrons in the
linearlike dispersion can satisfy energy and momentum con-
servation over a wide energy range. Hence, this scattering
results in a broad energy distribution of electrons. In fact,
the hot luminescence of InAs excited by 780-nm light was
observed even at 400 nm in the ultraviolet region [40], the
origin of which might be electron distribution formed by the
excitation of photoexcited electrons by scattering among them
on the linearlike dispersion. The counterparts of the scattered
photoexcited electrons relax to the low-energy region. Such
relaxed photoexcited electrons are involved in the finite PL at
0.5 and 0.6 eV in the early part of our experiment. Similar
wide-range scattering of photoexcited electrons and holes has
been observed in graphene with a linear dispersion [41]. The
relatively strong PL at low energy even at 0.02 ps is partially
because the transition matrix element is large toward the zone
center in zinc-blende materials [21,42].

Figure 1(a) (blue curves) and the right side of Fig. 1(c)
show the time-dependent I, of InAs and the time-resolved
spectra, respectively. Although the decay behavior of I, is
approximately the same as that of I; at the corresponding
energies, the PL intensities of 7, at 1.4, 1.3, 1.2, 1.1, and
1.0 eV are low until 0.4 ps. This difference indicates an
anisotropic momentum distribution of the electrons. The dis-
tribution becomes isotropic when I, and /; coincide and the
depolarization is complete. Depolarization is almost complete
at 0.4 ps.

To examine the depolarization dynamics in InAs, the de-
gree of polarization P is defined by (I} — 1.)/(I} + 21, ) and
shown in Fig. 2(a) (gray circles) with ; (red) and I, (blue).
The maximum value of P is observed at 1.4 eV and —0.05 ps,
and the value is 0.18, which is much less than 1. Early studies
[43] showed momentum distribution functions of electrons
and holes generated by a linearly polarized light excitation in
GaAs-type semiconductors. For the excitation from the heavy
hole to the conduction band, the selection rule determines that
electrons and holes have momenta directed predominantly
normal to the excitation polarization, and no electrons or holes
have momenta directed along the excitation polarization. In
contrast, for the excitation from the light hole to the conduc-
tion band, a large part of electrons and holes have momenta
directed along the excitation polarization, and a small part of
electrons and holes have momenta directed normal to the exci-
tation polarization. The radiative recombination of an electron
and a hole is governed by the same selection rules. Therefore,
for the recombination of the electron and hole created by the
linearly polarized light excitation from the light hole to the
conduction band, it is possible to emit PL with a polarization
perpendicular to the excitation polarization even before polar-
ization relaxation. This causes low P. In addition, the linearly
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TABLE I. Fitted values of depolarization time constant in InAs,
Cu, and monolayer graphene.

Depolarization time constant T (ps)

Photon energy (eV) InAs Cu Monolayer graphene
1.4 0.18 £ 0.01 0.56 £0.05

1.3 0.16 £0.01 0.58 £0.05

1.2 0.11+£0.01 0.60 £ 0.08 0.16 £0.02

1.1 0.224+£0.02 0.6£0.2

1.0 0.16+0.01 0.7£0.2

polarized light excitation from the split-off band to the con-
duction band generates isotropic momentum distributions of
electrons and holes [43]. The PL emitted by a recombination
of these electrons and holes is nonpolarized, resulting in lower
P. The early calculation [43] showed that P = 2/13 ~ 0.154
for the linearly polarized excitation light incident on a GaAs
crystal in the [111] direction, and this value is independent of
the excitation polarization. This calculation agrees well with
the experiments on steady-state hot luminescence of GaAs
[44]. These studies are consistent with our low value of P.

The initial value of P decreases toward lower energies. This
indicates that energy relaxation proceeds with depolarization
at the time resolution. The curve P above 1.0 eV at each
photon energy shows a monotonous decrease by approxi-
mately 0.5 ps within the error, and it is phenomenologically
fitted with a single exponential function o exp(—f/t) with
a depolarization time constant T using the data in the range
of —0.05-0.50 ps. The experimental results are reproduced
well in Fig. 2(a) (black curves), and the obtained values of
T are listed in Table I. The mean value of 7 is 0.17 & 0.01
ps, and this is the depolarization time constant in InAs. The
early study by Boggess et al. [45] determined a momentum
relaxation time of 0.34 ps, which is comparable to the depo-
larization time constant of 0.17 &= 0.01 ps in our study.

Here, we discuss the possible origins of ultrafast depolar-
ization in InAs. First is electron-electron scattering among
the photoexcited electrons and holes. The concentrations of
photoexcited electrons and holes in our experiments were es-
timated to be ~2 x 10'” cm~3 using an absorbed flux density
of 2.5 x 10" photons cm~2 per pulse and an absorption co-
efficient of ~7 x 10* cm™! [46]. (The concentration might be
lower than this value owing to absorption saturation.) A high
carrier concentration leads to a high scattering rate, resulting
in the quick formation of an isotropic distribution of electrons
and holes. (The estimated intrinsic carrier concentration in
our InAs is ~4 x 10'® cm~3 and negligible compared with the
photoexcited electrons and holes.)

Second is another electron-electron scattering, impact ion-
ization. As described above, InAs has a narrow gap and high
impact ionization efficiency [36—-38]. This ionization causes
the randomization of the electron and hole distributions.

Third is electron-optical phonon scattering, which is accel-
erated by a steep electron energy dispersion. The linearlike
dispersion in the first conduction band of InAs is steep
[22,39], which enables photoexcitation to create electrons and
holes near the center of the Brillouin zone, despite the high
excitation photon energy. These photoexcited electrons and

holes can be scattered by phonons with small wavenumbers,
which causes randomization of the distributions of electrons
and holes. Owing to the strong Frolich interaction [47] and
high density of states of optical phonons [48] near the zone
center, the scattering rate of photoexcited electrons and holes
by these phonons is high, and an isotropic distribution of
electrons and holes can be established quickly.

The PL kinetics of Cu were investigated to determine the
most effective of these three options. Cu is a simple metal
with a large number of carriers (1.2 x 10% cm™?) [49,50],
and Auger recombination of photoexcited carriers occurs ef-
ficiently [51,52]. Hence, Cu is a suitable reference material
for studying the first and second options (electron-electron
scattering). In addition, considering the band structure of
Cu [53], we attributed the photoexcitation of Cu to the in-
traband excitation of electrons across the Fermi energy as
illustrated in Fig. 3(c). In other words, photoexcitation pop-
ulates the excited electrons and holes at large wavenumbers.
Thus, Cu is also an appropriate reference for the third option
(electron-optical phonon scattering accelerated by a steep en-
ergy dispersion).

Figure 3(a) shows time-dependent /; (red) and 7, (blue)
of Cu at different photon energies from 0.5 to 1.4 eV. The
time-resolved PL spectra for /; and I are shown in Fig. 3(b).
For all the detection photon energies, the PL kinetics show
very fast decay behavior, and the PL intensity decreases to
almost zero within 1.5 ps. At 1.4 eV, the maximum intensity
of I is approximately four times higher than that of 7, . The
difference between [ and I, decreases toward lower ener-
gies. At 0.5 eV, I and I, show the same decay curve, and
the depolarization is complete until the electron population
relaxes to the corresponding energy region. Time-dependent
P is plotted as gray circles in Fig. 2(b). The decay of P
is slower than that of PL. This indicates that the energy
relaxation largely proceeds independently of depolarization,
whereas the gradual decrease in the initial value of P toward
low energy indicates the presence of a small part of the energy
relaxation with depolarization. The curves for P are fitted with
a single exponential function, and the obtained values of
are listed in Table I. The mean value of 7 is 0.6 = 0.1 ps,
and the depolarization time constant obtained is 0.6 £ 0.1 ps.
This value is higher than the depolarization time constant of
0.17 ps in InAs. The comparison of the time-dependent P and
I between InAs and Cu is clearly shown in Fig. 2(d). The
decay of P at 1.3 eV of InAs (purple) is faster than that of
Cu (green), whereas the decay of I} of InAs is slower than
that of Cu. Thus, depolarization is faster in InAs than in Cu,
and the first and second options are (probably effective, but)
not the most effective, for ultrafast depolarization in InAs.
The residual third option of electron-optical phonon scattering
accelerated by steep energy dispersion, is the most effective.

The scattering rate is proportional to the absolute square
of the matrix element of the interaction Hamiltonian. For the
electron-phonon interactions in metals [54] as well as polar
semiconductors (Frolich interaction) [55], the absolute square
of the matrix element is proportional to (¢> + ksz)fl, where g
is the phonon wave vector and k; is the screening wave vector.
The wave number of optical phonons strongly contributing
to the depolarization has a similar value to that of the pho-
toexcited electrons, the typical value of which is in the order
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of a magnitude of 1 and 10nm~! in InAs [22] and Cu [53],
respectively. The value of k; is in the order of the Fermi wave
number and < ~1 nm~! in InAs and ~10nm~! in Cu. Thus,
the electron-phonon scattering rate is roughly ~100 times
higher in InAs. In contrast, the depolarization rate (inverse of
depolarization time) in InAs is only four times higher than
that in Cu. This is probably because the electron-electron
scattering largely contributes to the depolarization in Cu.
Finally, a general view of this interpretation is examined.
A typical material with steep energy dispersion is monolayer
graphene, where linear dispersions are present in the vicinity
of the K point as schematically shown in Fig. 4(b). Figure 4(a)
shows the time-dependent /; (red) and I, (blue) of the mono-
layer graphene at 1.1 and 1.2 eV. At 1.2 eV, [, is smaller than
Iy, while [, is the same as /; within the error at 1.1 eV. The
degree of polarization P is redefined by (/y — 1, )/({ + 1) for
two-dimensional materials and is plotted with gray circles in
Fig. 2(c). Curve P (1.2 eV) was fitted with a single exponential
function, and the depolarization time constant obtained is
0.16 £0.02 ps (Table I). This value is consistent with the
results of previous transient reflection experiments [19,20].
The establishment of an isotropic momentum distribution of
electrons in graphene by scattering optical phonons around
the zone center has been shown in a theoretical study [56].
Figure 2(d) shows that the decay of P at 1.3 eV of InAs (pur-
ple) is as fast as that at 1.2 eV of monolayer graphene (brown).

The depolarization times in InAs and monolayer graphene
are consistent despite the different materials, indicating that
ultrafast depolarization is a characteristic of materials with
steep energy dispersion.

IV. CONCLUSION

In this study, we measured the femtosecond PL of InAs,
Cu, and monolayer graphene excited by linearly polarized
laser pulses. The degree of polarization was calculated for
the three materials and fitted to a single exponential function.
The depolarization time constants obtained for InAs, Cu, and
monolayer graphene were 0.17 £ 0.01,0.6 £ 0.1, and 0.16 +
0.02 ps, respectively. Depolarization is discussed in terms of
the electron-electron and electron-phonon scattering. A steep
dispersion relation in the electron band structure accelerates
the electron-optical phonon scattering causing the ultrafast
depolarization of PL. This study indicates that ultrafast de-
polarization is a characteristic of materials with steep energy
dispersion.
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