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Optical pump-terahertz probe measurements are performed to study the photoexcited carrier dynamics of the
In-rich two-dimensional InSe multilayer, which is a promising candidate for future high performance electronic
and photoelectronic applications. According to the transient terahertz measurements, the intraband and interband
relaxation processes can be clearly identified from different carrier relaxation lifetimes. The intraband relaxation
consists of an ultrafast (~2 ps) carrier-optical phonon scattering and relatively slower (~10 ps) anharmonic
scattering of hot optical phonon. The subsequent interband recombination is dominated by a Shockley-Read-
Hall recombination with lifetime on order of 100 ps. Because the grown polytype In-rich InSe multilayer has
a high defect density, the primary recombination channel is through the defects in the surface, but the bulk
recombination increases rapidly with temperature and can catch up the contribution of the surface recombination

at high temperature.
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I. INTRODUCTION

Indium selenide (InSe) is a traditional layered semicon-
ducting material and atomically thin layers of InSe are re-
discovered recently owing to its high mobility, quantum Hall
effect, strong optical response, and other interesting properties
[1-8]. The carrier mobility of InSe is comparable with black
phosphorus (BP), a representative high mobility 2D semicon-
ductor, while InSe has better chemical stability compared to
BP [1]. InSe has a layer number dependent band gap which
varies greatly from 1.26 eV to over 2.2 eV as the layer
number decreases, inducing a broad spectral response [1-6].
Because of the large band gap and high mobility, InSe has
large on/off ratio when used as channel material of transistors
[1,5,7,8]. The band gap of InSe becomes direct as the number
of layers is larger than 7 [2,5]. As a polar material, InSe
also has relatively large In-Se polarization in intralayer, which
results in a strong optical nonlinear effect that increases with
thickness [9—12]. Therefore, InSe is a very promising material
competitor for next generation electronic and optoelectronic
applications.

Towards potential application in high performance elec-
tronic and photoelectronic devices based on InSe, it is critical
to understand the dynamics of photoexcited carriers, which
is the basic device physics that governs the optoelectronic
and high-field response. Among the various ultrafast probes
with different photon energies, a low-energy terahertz (THz)
probe is sensitive to the intraband dynamics of photoexcited
carriers that can determine the high-speed transport properties
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and the dynamics of (quasi)particles in a material [13,14].
Here, in this work, we use femtosecond visible/near-infrared
pump and THz-probe transient spectroscopy to study the
relaxation dynamics of photoexcited carriers of synthesized
wafer-scale multilayer InSe. We found that the photoexcited
carrier dynamics is insensitive to the photoexcitation intensity
and pump photon energy, but strongly depends on the tem-
perature. The initial intraband carrier relaxation is through
carrier-optical phonon scattering (~2 ps) and anharmonic
phonon-phonon scattering (~10 ps). Thereafter, Shockley-
Read-Hall (SRH) recombination dominates the interband re-
laxation, which has typical decay lifetime of 100 ps, indicating
the great influence of defect states on nonequilibrium car-
rier lifetime and radiative recombination. Our results provide
necessary photoexcited carrier dynamics physics of InSe for
its potential application for high performance electronic and
optoelectronic devices.

II. EXPERIMENTAL DETAILS

The InSe thin films were prepared on sapphire substrates
by pulsed laser deposition (PLD). The detailed information
about the synthesis method and structural characteristics can
be found in the previous work [6]. The energy dispersive
x-ray spectrum (EDX) measurement shows the atomic ratio
of In:Se ~ 1.05:1. The structure characterization indicates
that the obtained film is e polytype of InSe. The thickness
of the sample used in our measurement is L = 10 nm, which
is approximately 12 layers taking an interlayer space of d =
0.83 nm. The film has a direct band gap of ~1.37 eV based
on the previous reports [6]. The transport measurement shows
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FIG. 1. (a) The schematic diagram of transient THz probe spectroscopic measurement and the lattice structure of e-InSe. The inset is the
unit-cell structure of InSe. (b) THz time-domain wave form transmitted through sample without (black line) and with (red line) pump excitation
at zero delay time. The blue dash line is the frequency-domain terahertz wave form without pump excitation. The inset is the enlargement of

THz peak in time domain.

that the sample is n type with an electron mobility u =
~65cm?/Vs [6].

The experimental scheme of THz transmission and pump-
probe spectroscopy measurements are the same as in our early
work [15]. The InSe thin film is excited by either 1.53- or
3.06-eV 100-fs pump pulse, and the collinearly polarized THz
probe pulse overlaps with the pump beam probe at various
time delays as shown in Fig. 1(a). The spot sizes of pump and
probe beams are ~1.2 and ~1.4 mm, respectively, ensuring a
relative uniform photoexcited region for the THz probe. Since
the photocarrier diffusion length is estimated to be on the
order of 100 nm [6], which is far smaller than the beam sizes,
the diffusion effect can be safely neglected with pump probe
spot size over | mm. The pump-probe delay time ¢ denotes the
arrival time difference between the pump pulse and the THz
pulse, and it is positive as the pump pulse arrived earlier to the
sample.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the typical transmission wave forms of
THz in the time domain when the sample is unexcited (7p)
and excited (7) by the 1.53-eV pump at# = 0. From the inset,
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we can see the transmitted THz intensity slightly reduced
(AT =T — Ty < 0) after the pump excitation because of
the enhanced THz absorption by photocarriers (free carriers
and excitons). Figure 2 shows the dynamical evolution of
the transient THz response with different pump fluences at
78 K. The normalized response curves are overlapped with
each other [Fig. 2(a)], indicating that the relaxation dynamics
is independent of the photocarrier density AN in the pump
fluence range. A similar phenomenon has also been observed
in previous reports on mono/bilayer nanoflake and InSe single
crystal [16,17]. The overall relaxation time of AT(¢) from its
peak to the noise background floor is ~800 ps. On the other
hand, Fig. 2(b) shows the transient response at time zero,
AT(0), increasing linearly with the pump fluence, which is
consistent with the reported visible-band transient measure-
ment of single crystal InSe [17].

The sample is n-doped with doping density (Np) of 2 x
10" cm~2, which is estimated from the mobility measurement
with mobility u = 65cm? V~!s~! at room temperature [6].
The absorption coefficient (o) for a 1.53-eV photon strongly
depends on the crystal quality, layer number, doping density,
strain, and so on; it falls into the range between 10 and
10* cm™! according to the literature [17-21]. If we take
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FIG. 2. Pump fluence dependence of transient THz dynamics of photoexcited carriers of InSe at 78 K. (a) Normalized transient transmission
response of THz probe with 1.53-eV pump excitation. Inset is the enlargement of the part marked by the red box in the main plot. (b) |AT /Tp|, -,

as a function of pump fluence, whereas the solid line is the linear fit.
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FIG. 3. Temperature dependence of transient THz dynamics of InSe excited with 1.53-eV pump. (a) Transient transmission response of
THz probe at different temperatures with a pump fluence of 143 1J/cm?. (b) Semilog plots of normalized curves of (a), whereas the solid
lines are fitting curves using Eq. (2). (¢) Zoom-in plot of the two fast exponential decay components (as marked by red box) in (b), and (d) the
temperature dependencies of the three decay time constants; the solid lines are guide to the eye.

a ~ 10* cm™! as a reasonable estimation [6], the photoex-

cited carrier density (AN) is estimated to range between
10" and 10'* cm~2 taking a pump fluence range between
5.3 x 103 and 5.8 x 104 photon cm~2, which is one to two
orders larger than initial doping density before the excitation.
Therefore, the overall carrier density N is dominated by AN,
and then N & AN. According to the pump power dependent
measurement, the transient THz response has a linear relation-
ship with excited carrier density AN [14]:

|AT/Ty| ~ 0 ZoL/(1 + n) ~ ANepZoL/(1 +n), (1)

under the approximation that |AT/Ty| < 1 and wt* <1,
where o is the frequency of transmitted THz wave center at
0.3 THz in this work [Fig. 1(b)], and t* is carrier scattering
time which is usually faster than 1013 5 [13,14], o is the con-
ductivity, Zy = 377 Q2 is the impedance of free space, n ~ 3 is
the effective refractive index of InSe at THz frequencies [16],
and e is the electron charge. Thereby, |AT /Tp| is proportional
to ANu. AN is directly proportional to the pump fluence
when the excitation is below the saturation density [22-24].
Figure 3 shows the temperature dependence of pho-
toexcited carrier dynamics with excitation pump fluence of
1434J/cm?. At different temperatures, AT (0)/Ty are almost
the same [Fig. 3(a)] implying the initial transient signal im-
mediately after the pump excitation is not sensitive to thermal
vibration of lattice under the measured temperature range.
As temperature increases from 78 to 300 K, the recovering
time of the transient signal decreases from ~800 to ~300 ps.

Furthermore, we notice that there are three clear decay com-
ponents as can be fitted with logarithmic plot shown in
Figs. 3(b) and 3(c). Thereby, we can fit the transient THz
relaxation by triexponential function:

AT/Ty = Ay + ZA,» xexp(—t/t) (i=1,2,3), (2

where A; are the amplitude of exponential components and
7; are the correspondent decay time constants. Here we
note that our attempts to fit the transient dynamical curves
at different temperatures with either a biexponential func-
tion [Ag + Y A; x exp(—t/7;)(i = 1, 2)], a power-law func-
tion (t~%), or a complex of monoexponential and power-
law functions [Ag + A; x exp(—t/t) + Az x t7¢] all failed.
Figure 3(d) shows the temperature dependencies of the ex-
ponential decay time constants 7; as the temperature increases
from 78 to 300 K: the fastest decay component 7| increases
monotonically from 1.6 to 2.8 ps, while 7, and 73 decrease
from ~13.7 to ~8.9 ps and from ~250 to 100 ps respectively.

To identify the three exponential decay components, which
are the key to understanding the transient dynamics of InSe,
transient measurements with higher pump photon energy
(3.06 eV) are performed and the results are shown in Fig. 4.
Compared to the 1.53-eV pump, which corresponds to tran-
sitions at the vicinity of the band edge, the 3.06-eV pump
excites carriers to much higher initial carrier energy. The
initial interaction of the photoexcited carriers with THz probe
is mainly through intraband processes due to a relatively
large energy gap of InSe (~1.37 eV). The very low photon
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FIG. 4. (a) The comparison of the THz responses excited by 3.06- and 1.53-eV pumps, respectively. (b) The zoom-in plot of the red box
part of (a). (c) The plot of normalized transient transmission response of THz probe at different temperatures with pump fluence of 26 11J/cm?
at 3.06 eV. Inset is the zoon-in plot of the red box part. (d)The temperature dependencies of decay time constants fitted by using triexponential

function; the solid lines are guide to the eye.

energy of the THz probe (1 THz—4.1 meV) is sensitive to
the changes of photoexcited carriers distributions, and the
intraband relaxation process to the band edge of photoexcited
carriers after the excitation of 3.06 eV is more rapid than that
of the 1.53-eV excitation.

Figures 4(a) and 4(b) compare the transient dynamics for
the 3.06- and 1.53-eV excitation at both room temperature
and 78 K. The initial relaxation (the first tens of ps) is
clearly faster for the 3.06-eV pump, and this difference is
more prominent at lower temperature [Fig. 4(b)]. However,
after the initial relaxation, the normalized relaxation curves
become very similar thereafter [Fig. 4(a)]. Figure 4(c) shows
the temperature dependence of transient dynamics excited
with the 3.06-eV pump. The two fast decay time constants
(11 and 1) both have clear temperature dependence as shown
in Fig. 4(d): 7, increases monotonically as temperature in-
creases and 1, decreases monotonically as temperature in-
creases, while 73 doesn’t show clear temperature dependence.
The temperature dependence of 7/, indicates that higher
pump energy can significantly modify the fast decay pro-
cess(es) which corresponds to the intraband relaxation. The
temperature dependence of 7y, is similar between 3.06- and
1.53-eV pump excitation [Figs. 3(d) and 4(d)]. 3 shows
a large variation and no clear tendency with temperature,
mainly because of the large experimental error, which arises
from the lower signal-to-noise ratio at the decay tails at long
delay time, so the fitting results of 73 has large uncertainties
and its temperature dependence shown in Fig. 4(d) is not
conclusive.

According to the temperature and pump-photon energy
dependent results, we can attribute different decay time con-
stants to different photoexcited carrier relaxation processes.
The initial transient relaxation dynamics relating to t; and 1,
are both attributed to intraband relaxation of carriers. After the
pump excitation and the initial rapid carrier-carrier scattering
processes (< ~100 fs, within the excitation pulse width),
the photoexcited electron/hole reaches a thermal equilibrium.
Thereafter, the relaxation of hot carriers is initially dominated
by large energy optical phonon scattering, which accounts for
the decay time constant 7, on the order of a few ps depending
on the temperature. This decay time constant (~2 ps) is
consistent with the hot carrier cooling time (1-3.5 ps) of bulk
InSe measured by visible light [17], but shorter than that of
mono/bilayer InSe nanoflake (~4 ps) [16]. The differences are
possibly due to the difference in electronic structure, exciton
states with large binding energy in mono/bilayer InSe [1,3],
and the chemical modification on the nanoflake.

Once the carrier temperatures cool down to reach an
equilibrium with the hot optical phonons, further intraband
relaxation of carriers relies on the cooling of hot optical
phonons through the anharmonic phonon-phonon scattering
effect [15,22] to couple to low-energy acoustic phonons.
These processes, which account for the time constant 7,
observed in our measurements, persist until the photoexcited
carriers relax to the band edge and reach thermal equilib-
rium with the lattice. The measured total intraband relaxation
time, which is composed of 7; and 1, is consistent with
transient absorption measurement result (12—-16 ps) of InSe
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nanoparticles [25]. 1, is also consistent with the previously
reported typical phonon lifetime of 10 ps [22,26]. The optical
phonon lifetime of InSe is longer than many conventional
semiconductors [26-28], such as GaAs, GaN, ZnSe, due to the
presence of large phononic band gaps and low group velocities
of optical phonons [17,29]. Here we note Auger recom-
bination and certain multiexciton recombination processes
can possibly match the time scales of t; and t,. However,
Auger recombination, multiexciton recombination [30-33],
and exciton-exciton annihilation [34,35] all should have non-
linearly pump power dependence, which doesn’t match the
power dependencies shown in Fig. 2. On the other hand, the
Auger recombination rate is extremely small for wide-band
semiconductors [26]. The multiexciton population can also be
safely ignored at the measurement temperature [32], because
the multiexciton binding energy is only a fraction of free
exciton binding energy (~14.5 meV for bulk InSe [36,37])
[38—40].

The above intraband relaxation process can be further
described by a set of rate equations based on the extended
two-temperature model [15]:

dr. _ T Ty
dr T1 ’
3
dTnp — Ce Te_Top _yTop_TL
dt Cop Tl T ’

where 7. is the quasiequilibrium temperature of photoex-
cited electron/holes, Ty, is the temperature of coupled optical
phonons, T;, is the temperature of lattice, 8 and y are the coef-
ficients that describe the electron-optical phonon coupling and
arharmonic phonon-phonon coupling strength, C. and C,, are
the specific heat of electron and optical phonon, respectively.
Here the instantaneous energy transfer process from photon
to electron during the pump excitation is ignored, which
is much shorter than the experimental time resolution. The
model also doesn’t include the nonradiative recombination
process which should be minor during the rapid intraband
relaxation period due to the larger band gap and long carrier
recombination time. The temperature dependence of t; ob-
served in Fig. 3(d) (with 1.53-eV excitation) and Fig. 4(d)
(with 3.06-eV excitation) indicates that the electron-optical
phonon coupling 8 gets weaker when the temperature in-
creases. This is explained by the fact that the phonon density

J

and subsequent phonon reabsorption by carriers are enhanced
at higher temperature, leading to a slower optical phonon
scattering strength [larger 7|, Figs. 3(d) and 4(b)] [41]. On
the other hand, the temperature dependence of 7, indicates
the anharmonic phonon-phonon scattering strength y gets
stronger when the temperature increases [26-28,42—-44].
After the initial intraband relaxation processes, we attribute
the further relaxation dynamics observed in our experiment
to interband recombination. The InSe is polycrystalline film
with high density of defect states (atomic ratio of In:Se =
1.05:1) [6], especially on the surfaces, which can act as trap-
ping centers [45]. Given that the photoexcited carrier density
(10'2-10"* cm™2) is far larger than the doping density (~2 x
10" cm™2), if this recombination process is dominated by
radiative recombination of photoexcited carriers, the recombi-
nation time should show a carrier density dependence, which
contradicts the observation in the pump power dependent
measurement [Fig. 2(a)]. So we attribute 73 to the trap assisted
recombination (i.e., SRH effect). Therefore, the effective car-
rier recombination lifetime tsgy can be formulated as [46]

(tse) ' = () +2[L2S+ (LD @)

The equation consists of two terms: the first term accounts
for the recombination in the bulk, where 7, is the bulk carrier
recombination lifetime; the second term on the right-hand
side accounts for the surface recombination. The surface
recombination term consists of two parts: the first half (L/25),
accounts for the out-of-plane surface recombination, where
L ~ 10 nm is the thickness of the InSe flake, S is the sur-
face recombination velocity; the second half [(L/m)*D™']
accounts for the diffusion to the surface, where D = ukgTy /e
is the ambipolar diffusion coefficient. The (L/7)> D! term
is estimated to be on the order of 1072 s; since 73 ~ Tsru
is on order of 10~'9 s as measured in our experiment, the
contribution of the diffusion term [(L/7)*D~'] is negligible.
Furthermore, since the sample thickness of 10 nm is far
smaller than its micrometer scale penetration depths accord-
ing to the absorption coefficients of 103-10* cm~! of our
pump beams [17-21], the carrier density is approximately
homogeneous along the out-of-plane direction. Therefore, the
influence of carrier diffusion along the out-of-plane direction
can be neglected, and the surface recombination dynamics is
independent of the photoexcitation energy.

For the bulk recombination term, the recombination time
75, follows the following SRH recombination rate [47—49]:

()" = Nvo,o,(No + Py + AN)/[0,(No + AN + Ny) + 0,(Py + AP + Py)], S

where N, is the trapping state density in bulk, v =
(BkgTy/m*)'/? is carrier thermal velocity, m* is the carrier
effective mass, o, is the capture cross section of electron
(hole), Py is the equilibrium hole density, AP is the pho-
toexcited hole density, Ny = N, exp[(E; — E.)/kgT.], P| =
N, exp[—(E; — Ey)/ksTL], Novy, 1s the effective density of
state at the conduction (valence) band, E; is the trapping
level energy, and E) is the conduction (valence)-band edge
energy. Because an efficient trapping level lies in the band

(

gap of a wide-band-gap semiconductor, both Ny and P, are
very small when the thermal energy is much smaller than the
band gap. After the photoexcitation, because the photoexcited
carrier density is much higher than intrinsic doping level,
AN = AP > Ny, Py, Ny, and P;. Making an approximation
0p & 0, [48], the bulk recombination rate follows ()™
Nv 0, which has very similar form with the recombination
at the surfaces: S o< Nyvos, with the trapping state density
and capture cross section replaced with Ny and ;. According
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FIG. 5. The fitting of temperature dependence of carrier recom-
bination rate for 1.53-eV excitation with Eq. (6). The solid line is
the fitting curve, and the dash and dot lines are contributions from
surface and bulk, respectively.

to 0, = 0 exp(—E,/kpgTL), where E, is capture activation
energy of trapping center, equivalent to value of trap depth
subtracted from emission activation energy [50], therefore,
Eq. (4) can be rewritten as

(tert) " = C,N,va, + CNyva,
= (kgTy)'”[C) exp(—E, /kpTr)
+G exp(_Esa/kBTL )], 6)

where C; (i =1, 2, t, 5) is constant, and Ej, is the capture
activation energy of trapping center on the surface.

The fitting of the temperature dependence of t3 with Eq. (6)
is shown in Fig. 5, indicating the SRH recombination is the
mechanism behind the slow process. The surface recombina-
tion has very weak temperature dependence and it dominates
the recombination at the low temperature. On the contrary, 7,
increases rapidly as temperature increases, and catches up the

contribution of surface recombination at room temperature.
This indicates that the recombination through the defect states
has different activation energy and the capture of carrier in
the bulk more relies on the phonon scattering process. The
SRH recombination lifetime determined by in this work has
the same order of magnitude with the transient photolumi-
nescence and reflection measurement results on InSe single
crystal and nanoparticle samples by Zhong and Yang [17,25]
although our sample may have higher defect density.

In summary, our optical pump-THz probe measurements
on 2D In-rich InSe multilayer show that the carrier dynamics
is not sensitive to excitation density and photon energy, but
strongly depends on temperature. The initial rapid cooling of
photocarriers relies on the carrier optical phonon scattering
with characteristic decay time constant of ~2 ps. The cooling
thereafter is dominated by the hot optical phonon emission
with characteristic time constant of ~10 ps, which decreases
with temperature because of the enhancement of anharmonic
phonon scattering. The slow carrier recombination process is
mainly through the defect states and the SHR effect dominates
the recombination with a lifetime on a scale of 100 ps.
Our simulation shows the recombination on surfaces is more
efficient than that in bulk at low temperature, but the bulk
recombination increases rapidly as temperature increases and
becomes equally important with surface recombination at
room temperature. Our results provide necessary photoexcited
carrier dynamics for potential future high performance elec-
tronic and photoelectronic applications based on InSe.
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