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ABSTRACT: llleplalcing some Bi with I.n in Bi,Se; transforms it Bi,Se;, (Big.sIngs),5€3
from a topological insulator to a band insulator. Here, we have
used time-resolved terahertz spectroscopy to investigate photo- > ¢ °
excited carrier dynamics in (Bi,_,JIn,),Se; films with indium ¢ Bi,Se; ¢ o ©
concentration x = 0%, 25%, and 50%. In Bi,Se;, optically excited _Z L4 °
carriers scatter from the bulk conduction band states into high 75 —-—
mobility topological surface states within picoseconds after (o

g g g - Big<ln :) Se,
excitation. We demonstrate that a second set of Dirac surface < (Bigsing s),Se;
states, located ~1.5—1.8 eV above the conduction band minimum /\
and accessible to carriers excited by 3.1 eV pulses, is characterized

0 5 10 15 20

by a higher mobility than the surface states within the band gap Time (ps)

that dominate equilibrium conductivity. In (Big-sIng,s),Se; and
(Bips0Ing s0)2Ses, which are insulating without photoexcitation, the
dynamics of photoexcited free carriers are affected by the twin domain boundaries and are sensitive to the disorder introduced by
indium substitution. Transient conductivity rise time, as well as the mobility and lifetime of the photoexcited carriers in
(Bi;_,In,),Se; films, can be tuned by the indium content, enabling tailoring of band insulators that have the desired optoelectronic
properties and are fully structurally compatible with the topological insulator Bi,Se; for applications in high-speed photonic devices
based on topological insulator/band insulator heterostructures.

KEYWORDS: topological insulator, terahertz spectroscopy, Bi,Ses, (Bi;_.In,),Ses, carrier dynamics

T opological insulators (TIs) are quantum materials where different band structures are seamlessly integrated to yield new
a full band gap in the bulk coexists with gapless metallic functionalities. Specifically, (Bi,_,In,),Se;, with In concen-
surface states (SS) that are topologically protected by time- tration in the trivial BI range can serve as a gate dielectric
reversal symmetry and spin—orbit interactions.' ® New material or tunnel barrier between TI SS, essential components
transport and optical phenomena that emerge in these systems of TI field effect transistors, spin valves, topological tunnel
make them attractive for fundamental physics investigations as junctions and other TI devices.'® Achieving those novel
well as for potential device applications.* ® The most widely functionalities requires characterization of the electronic
studied TI is Bi,Se; where the bulk band gap is relatively large properties and ultrafast dynamics of intrinsic and optically
at ~0.35 eV and topological surface states hav§7b_elezn observed excited carriers in (Bi;_JIn,),Se; over a large range of In
experimentally and described theoretically.” When a concentrations.

fraction of Bi atoms are substituted with In to obtain The electronic band structure of Bi,Se; has been extensively
(Bij_.In,),Se;, the system undergoes a series of phase investigated by angle-resolved photoemission spectroscopy
transitions, transforming from a TI at x = 0 to a trivial (ARPES) and Shubnikov—de Haas measurements, which
metallic state at 3% < x < 7(?3'_312‘1 to a true band insulator confirm the presence of spin-polarized Dirac SS that are well
(BI) at higher In content. Varying In content in separated from the bulk states.””'>'”7** In addition to these
(Bi;_,In,),Se; thus enables tuning the band structure and occupied SS, two-photon ARPES and time-resolved ARPES

achieving unique electronic and optical properties. Moreover,
the resulting alloy retains the rhombohedral D3; crystal
structure of Bi,Se; for up to x = 1, and is structurally
compatible with Bi,Se;.”'” In fact, the lattice mismatch
between Bi,Se; and In,Se; is only 3%, and high quality
Bi,Se; TI layers can be grown by molecular beam epitaxy
(MBE) on (Bi;_,In,),Se; with x up to 75%."” This opens a
possibility of engineering heterostructures where
(Bi;_,In,),Se; layers with different In content and therefore

measurements with ~3 eV excitation have uncovered addi-
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tional, unoccupied Dirac SS located energetically ~1.5 eV
above the conduction band minimum and accessible by optical
excitation."”** In (Bi,_,In,),Se; with x > 0, ARPES measure-
ments confirmed that the system passes through a non-
topological metallic state for x ~ 4% and evolves into a trivial
BI for x > 10%.">**

In a TT state, it is difficult to disentangle the contribution of
the SS states to room temperature electrical conductivity using
conventional transport measurements. Most samples are n-
doped due to the presence of Se vacancies and antisite
defects,”*° and the resulting bulk carrier conduction can
overwhelm the SS contribution. The bulk carrier density in
Bi,Se; depends on growth kinetics, and can vary from very low
values of ~10'7 cm™ to over 10" cm™.” In addition to finite
bulk conduction, another topologically trivial transport channel
that can obscure observation of SS conduction is the quantum
well states (QWS) that can form in the 3—4 QLs immediately
adjacent to the surfaces.'">"*7**

Recently, investigation of the far-infrared complex optical
conductivity of Bi,Se; films using THz time-domain spectros-
copy (TDS) allowed disambiguating contributions from SS,
QWS, and bulk states.”” Establishing an important benchmark,
authors showed that the mobility of carriers in the QWS is
more than 50 times lower than that in the SS (54 cm?/(V-s)
versus 2880 cm’/(V-s)). THz TDS studies have also mapped
out the evolution of the optical conductivity in (Bi;_,In,),Se;
over the sequential phase transitions from TI state to metallic
and finally, trivial BI state as a function of In content from 0%
to 259, 153031

Finally, time-resolved techniques such as time-resolved
ARPES, optical pump-optical probe spectroscopy with probe
in the visible to mid-infrared range, time-resolved second
harmonic generation (SHG), THz emission spectroscopy, as
well as time-resolved THz spectroscopy (TRTS) have been
used to uncover various aspects of optically excited carrier
dynamics.’”**~* Of these techniques, optical pump-optical
probe measurements are invaluable for probing interband
processes, and time-resolved ARPES, time-resolved SHG and
THz emission probe exclusively processes that occur at the
surface. TRTS allows monitoring of the evolution of the
complex optical conductivity in response to photoexcitation
with subpicosecond time resolution, and is best suited for
unraveling the dynamics of the photoexcited carriers as they
interact with both the surface states and with the states in the
bulk band structure. TRTS studies explored effects of the
interaction of optically injected carriers with bulk and surface
states, as well as with the bulk a-phonon in Bi,Se,.” """

In this study, our focus is on exploring how photo-
conductivity in (Bi;_,In,),Se; evolves with In content
increasing to 25% and 50%, well beyond the onset of the
trivial BI phase. (Bi,_,n,),Se; with x values above the BI
threshold is ideally suitable for structurally compatible, tunable
insulating layers for TI devices.'” We use time-resolved THz
spectroscopy with 800 nm (1.55 eV) and 400 nm (3.1 eV)
excitation to study the dynamics of optically excited carriers in
MBE-grown ~100QL (Bi,_,In,),Se; films with x = 0, 0.25, and
0.5, on two sides of TI-BI transition. We establish that high
photoinduced conductivity in Bi,Se; is dominated by free
carriers that are excited into bulk conduction band but rapidly,
over several picoseconds, scatter to the high mobility
topological surface states. On the other hand, photoexcited
carriers in indium-containing films have significantly lower
carrier mobility that is sensitive to the indium concentration,
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and experience weak confinement and suppressed long-range
transport due to the twin domain boundaries and possible
phase segregation. Indium concentration can thus be used to
engineer carrier mobility, photoconductivity rise time, as well
as the lifetime of optically injected carriers, tailoring the
ultrafast response of (Bi;_JIn,),Se; films for high speed
optoelectronic devices, including TI/BI heterostructure
devices.

B EXPERIMENTAL METHODS

Growth of (Bi;_,In,),Se; Thin Films. (Bi,_ In,),Se; thin
films on c-plane sapphire (~0.5 mm thick) with three different
compositions were grown by molecular beam epitaxy with a
thickness of ~100 nm. Bismuth and indium fluxes were
adjusted based on the beam equivalent pressure measured
using a tungsten filament to achieve the desired compositions.
The selenium flux was fixed during the growth and was
maintained after the growth until the sample cooled below 200
°C to prevent selenium outgassing and vacancy formation. A
cracker source for selenium was used to break the large
selenium molecules into more reactive monomers and dimers
which also helps reduce vacancy formation. A two-step growth
method was adopted for the indium-containing films, which
involves an initial seed-layer growth with the desired
composition to maintain the correct phase and polytype.'’
Detailed thin film growth information has been reported
elsewhere."**> The AFM images of the resulting films are
shown in Supporting Information, Figure SI. The image of
Bi,Se; shows pyramidlike domains of ~500 nm size that have
previously been attributed to twin domains.** The twin
domains are mainly resulted from relative rotation (~60° in
hexagonal symmetry) of growth front direction.”* Both In-
containing films also show evidence of pyramidlike domains,
though the domains are smaller. This is likely caused by the
shorter diffusion length of indium adatoms compared to
bismuth adatoms.

THz Spectroscopy. Equilibrium complex optical con-
ductivity in (Bi,_,In,),Se; films was explored using THz TDS
in a transmission configuration. THz probe pulses with a
bandwidth between 0.3 and 2.4 THz (1—-10 meV) were
generated by optical rectification of 800 nm, 100 fs pulses from
a 1 kHz amplified Ti:sapphire laser in a 1 mm thick [110]
ZnTe crystal and focused onto a ~1.5 mm diameter spot on
the sample. The transmitted THz pulses were then coherently
detected in a second ZnTe crystal by electro-optic sampling.
Comparing, in the frequency domain, the amplitude and phase
of THz pulses transmitted through the sapphire substrate alone
and through the (Bi,_,In,),Se; film on the substrate allowed
extraction of frequency-dependent complex conductivity.

Effects of optical excitation on the THz conductivity and
photoexcited nonequilibrium carrier dynamics were inves-
tigated using TRTS, where either 800 nm (1.55 V) or 400 nm
(3.1 eV), 100 fs optical pulses were used to inject hot carriers.
The photoinduced transient changes in the complex THz
conductivity were interrogated using a time-delayed THz
probe pulse. In the limit of small photoinduced changes, the
negative change in the transmission of the THz probe pulse
peak is proportional to the transient change in the
conductance, or the photoconductance (—AT(t)/T o AG(t)).
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B RESULTS AND DISCUSSION

Equilibrium Conductivity in (Bi;_,In,),Se; Films. The
necessary first step to investigating the effects of optical
excitation on the free carrier dynamics with TRTS is
characterization of the equilibrium THz conductivity of the
films using THz TDS. Measured complex THz TDS spectra
are shown in Figure 1. For Bi,Se;, the observed spectrum is in
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Figure 1. THz TDS spectra: Equilibrium conductance of
(Bi;_,In,),Se; films with x = 0% (a), x = 25% (b), and x = 50%
(c). Solid symbols represent real, and open symbols imaginary
conductivity, with lines showing global fits of both the real and
imaginary conductivity to the Drude—Lorentz model.

agreement with previous reports of THz sheet conduc-
tance.”">*?3**! 1t exhibits a broad free carrier Drude response
at low frequencies that can be extrapolated to a zero frequency,
DC value Gpc ~ (430 + 30) X 10™° Q7' In addition to the
low frequency Drude free carrier response, the THz complex
conductivity of Bi,Se; exhibits a strong contribution of a bulk
infrared-active in—glane a-phonon mode at 2 THz (66.7 cm ™,
or 83 meV)."”*?%** In the absence of a substantial
interaction between the bulk phonon and topological SS, the
phonon resonance is symmetric, and the overall complex
conductance can be described by a Drude—Lorentz con-
ductivity model which combines a Lorentzian to represent the
phonon mode, and a free carrier Drude model to account for
the free carrier response:

G(w) = GD(w) + CN;Lorentz(a))
_ a)PZ Saa)(raa) - l(a)az B wz))
- : 2 V) > [€od
I, — iw (0, — )" + (Tw) (1)

Here, I'y/27 is the Drude carrier scattering rate, ((,/27)*d)
is the 2D Drude spectral weight, with @,/27 representing the
plasma frequency, &, is the permittivity of free space, and d is
the film thickness. Parameters of the Lorentzian contribution
are the a-phonon in THz, ®,/27, the phonon damping
constant in THz, I',/27, and S,,, which is its oscillator strength.
This phonon mode broadens, with I',/27 increasing from
~0.25 to ~0.55 THz for x = 25%. It also shifts to the higher
energy due to lower atomic weight of In compared to Bi,
appearing at ~2.3 THz for x = 25%, in agreement with the
previous observations.'”>" For x = 50% it shifts out of our
probe bandwidth, appearing only as a broad positive real and
negative imaginary conductance components, slowly increasing
over the experimental spectral window.

The prominent phonon feature and high free carrier
scattering rate resulting in a nearly flat free carrier response
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Figure 2. (a) Schematic illustrating the band structure of Bi,Se; with two sets of SS. Excitation with 800 nm pulses excites carriers into the lower
states of the bulk CB above SS1, and 400 nm pulses can inject carriers into the higher lying states in CB above the SS2. Following excitation, the
photoexcited electrons scatter from CB to SS. Transient change in THz (—AT/T « Ac) transmission of (Bi;_,In,),Se; films as a function of time
after photoexcitation with 400 nm (b—d) and 800 nm (e—g) pulses with excitation fluences indicated in the legends. Solid lines in (b—d) represent
fits of —AT/T decays to either a single exponential (b,e) or a double-exponential (c,d,f,g) decay functions with the decay times indicated in the
panels. Insets show the same data zoomed around the photoconductivity rise, with solid lines showing singe-exponential rise fits. Second peaks seen
in (e), (f), and (g) result from re-excitation by an 800 nm pulse reflected from substrate/air interface. In (c), (d), (f), (g), the solid symbols and the
scale on the right represent photoexcited carrier density extracted from the Drude—Smith analysis of transient change in conductance.
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Figure 3. (a—c) Peak of —AT/T at 800 and 400 nm as a function of the photon flux in an excitation pulse. Symbols show the experimental data,
and solid lines show power law fits with fit results given in the panels. (d) Rise time of —AT/T as a function of the excitation fluence of 800 and

400 nm pulses for all three films.

precludes us from using the fitting of experimental complex
conductance spectra to estimate carrier scattering time or
carrier density. We know from prior THz measurements that
the Drude response of MBE-grown Bi,Se; films is insensitive to
the film thickness (16—100 quintuple layers, QL) as the effect
of bulk free carriers on equilibrium conductivity is negligible,*’
with 2D conduction channels (SS and QWS) playing a
dominant role.** While it is difficult to disambiguate the
contributions of those two channels, we can use their
combined sheet carrier density N ~ 3.32 X 10" cm™ and
Hall effect mobility of  ~ 623 cm?/(V-s) reported earlier for a
similarly prepared sample,** to estimate Gpc = Nue ~ 330 X
107° Q7', comparable to our extrapolated value (Figure 1(a)).
For both In-containing films, Gpc is nearly zero, as expected
for the trivial BI, and in agreement with previous Hall
measurements that found similar films to be electrically
insulating.'” If there is any bulk free carrier response due to
residual doping in either of the films, it is small enough to be
entirely obscured by the phonon contribution. Sharp
discontinuities in spectra at frequencies ~1.1 and ~1.6 THz
arise from absorption of THz probe pulses by the rotational
transitions of water molecules in ambient air, and all
conductivity fitting was weighted by the spectral amplitude
of the reference THz pulse to ensure these artifacts do not
affect experimental fitting parameters.

Nonequilibrium Photoexcited Carrier Dynamics in
(Bi,_,In,),Se; Films. Next, we investigate the effects of light
excitation with energies 1.55 and 3.1 eV on electronic
properties of (Bi;_,In,),Se; films using TRTS. A simplified
schematic of Bi,Se; band structure is shown in Figure 2(a). It
includes, in addition to SS within the bulk band gap (SS,), a
second set of unoccupied Dirac SS (SS,) located ~1.5—1.8 eV
above the bulk CB edge.'”*® We expect the excitation with 800
nm (1.55 V) pulses to predominantly excite bulk free carriers
into the lowest CB band, but excitation of carriers from the
Fermi edge that is typically located at ~300—400 meV to the
higher CB states is also possible. Higher energy 400 nm pulses,
on the other hand, can couple directly to the higher energy
bulk CB states above the high energy 2D Dirac SS,. For
(BigsIng,s),Se; and (Bigolng so),Ses, surface states are no
longer present, and the (indirect) band gap increases to ~0.6
and ~0.85 eV, respectively, while the higher bulk states that
give rise to the onset of direct optical transitions occur at ~1.5
and ~1.8 eV, respectively.*
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Transient dynamics of the photoexcited carriers are captured
in —AT/T traces, negative change in transmission of the THz
probe peak as a function of time after photoexcitation (Figure
2(b—g)), which is proportional to the transient photo-
conductance AG. We also summarize the peak values of
—AT/T for all three samples as a function of the photon flux
Figure 3(a—c), and the photoconductance rise time as a
function of excitation fluence, determined by fitting the early
time dynamics to a single-exponential rise (Figure 3(d)).

Several salient features need to be highlighted. First, the
transient photoconductance AG in Bi,Se; is positive for both
400 and 800 nm excitation, for all studied fluences and times
after excitation, contrary to a transient suppression of THz
sheet conductance in thinner (<20 QL) films in prior
studies.””*' Direct photoexcitation of SS, just like photo-
excitation of carriers in graphene, results in their rapid
thermalization and an emergence of a population of hot
carriers subject to an increased scattering rate, which manifests
in the conductivity reduction observed in these studies. In
~100 QL films studied here, photoexcitation primarily injects
free electrons into the bulk conduction band (Figure 2(a)),
and they scatter into the unoccupied SS after initially relaxing
to the lower energies within the bulk CB. As a result, film
conductance increases due to a transient increase in free carrier
density. This effect overwhelms the expected reduction in
conductance due to direct excitation of SS.

Second, the peak transient increase in conductance is
significantly higher in Bi,Se; compared to both In-containing
films, for comparable or even lower excitation fluence values.
This indicates that SS, characterized by significantly higher
carrier mobility values than the bulk states, or even the QWS,
determine the photoinduced response of Bi,Se;. Rather than
exciting them directly, excitation with high photon energies of
1.55 and 3.1 eV injects carriers into the bulk conduction band,
with 3.1 eV photons even accessing the second conduction
band states. Those free carriers then scatter into the SS via
phonon-assisted relaxation, as was observed previously in
TRTS and TR-ARPES.***' This relaxation occurs over few
picoseconds, and is responsible for a rather slow buildup of
photoinduced conductance in Bi,Se; as can be seen in insets of
Figure 2(b,e), as well as in the plot of the rise time as a
function of excitation fluence (Figure 3(d)). Dependence of
the peak —AT/T as a function of the photon flux (e.g,, number
of incident photons per unit area of the sample in an excitation
pulse) for both 800 and 400 nm excitation is shown in Figure
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Figure 4. Photoinduced change in THz conductance in (Bi;_,In,),Se; films at different times after excitation with fluences of 200 uJ/cm? for 400
nm (shown in blue) and 225 yJ/cm® for 800 nm (shown in red). Solid and open symbols indicate the real (AG;) and imaginary (AG,)
components of the transient conductance change. Solid and dashed lines are global fits of AG, and AG, to a Drude—Lorentz model (eq 1) for
Bi,Se;, and the Drude—Smith model (eq 2) for (Biy,5Ing,s),Se; and (BigsoIng <o),Ses.

3(a—c), where the solid lines are power law fits. For each film,
peak photoconductance values for both 800 and 400 nm
excitation fall on the same curves, indicating that each
absorbed photon contributes one electron—hole pair to the
photoinduced response. For Bi,Se;, the peak photoinduced
change in conductance saturates with increased excitation, as
indicated by the power law exponent ~0.35 (Figure 3(a)).
Saturation occurs as a result of filling of the SS bands. Higher
excitation fluences reduce the observed photoconductance rise
time. Carrier—carrier scattering at high fluences also plays a
role of an additional relaxation channel, accelerating scattering
toward the SS. Finally, the rise time for most fluence values
appear to be slower for 400 nm excitation, likely an indication
of the slower scattering of bulk carriers to SS,.

Interestingly, the peak also shows signs of saturation
behavior indicated by a power law exponent of ~0.7 (Figure
3(b)), albeit weaker, for (Biy;sIng,s),Se;, but not for
(Big.soIngso)»Ses, although for x = 50%, the peak does not
reach the range where saturation sets in for x = 25%, even at
higher excitation photon flux. (Big;5Ing,s),Se; film also
exhibits a fluence dependent rise time, comparable to that of
Bi,Se;. For (Biygolngso),Se; film, rise time is short and not
dependent on fluence, ~260 fs for 800 nm excitation, and
~500 fs for 400 nm excitation. Carriers in both In-containing
films are still excited well above the CB minimum. Many of
them rapidly become trapped by bulk defect states or trap
states associated with the twin boundaries over the time scales
beyond our experimental time resolution (<200 fs). In the
absence of SS, the remaining carriers likely scatter into lower-
lying, higher mobility bands. Filling and emptying of those
higher mobility CB states may lead to a relaxation bottleneck,
observed as a slow rise time in (Biy-sIng,s),Se; at low
excitation fluence values. As increased fluence leads to a higher
instantaneous carrier density, carrier—carrier scattering pro-
cesses contribute to accelerated relaxation. We also hypothe-
size that higher density of trap states, combined with a lower
excess energy of the photoexcited carriers due to the higher
energies of CB states in (Bigsolngso),Se; compared to
(Big7sIng,s),Ses, make trapping a much faster process and
preclude observation of appreciable band filling effects that
manifest as a slow rise.
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After photoinduced transient conductance reaches a peak, it
decays within tens of picoseconds. In Bi,Se;, the SS
photoconductivity decays to zero with 15—18 ps time constant.
In both In-containing films, on the other hand, photo-
conductivity follows a two-exponential decay, indicating the
presence of at least two carrier-trapping mechanisms that may
involve trap states associated with the bulk disorder due to In
substitutions, possible phase segregation and nonuniform
indium concentration throughout the film, as well as twin
boundaries. Both decay components are significantly shorter in
x = 50% film (3 ps vs 6—20 ps, and ~20 ps vs 30—100 ps),
indicating that In concentration can be used to tailor ultrafast
response in (Bi;_,In,),Se; trivial Bls for applications in high-
speed devices.

We can get a much more detailed picture of the transient
changes in conductance by examining the excitation-induced
changes to the complex, frequency-resolved conductance at
different times after the arrival of the optical pump pulse.
Examples of those spectra for 400 and 800 nm excitation for all
three films are given in Figure 4.

Again, the spectra for Bi,Se; are dramatically different
compared to those for (Biy;5Ing,s),Se; and (BigsoIng so),Ses:
not only is the transient change in conductance about an order
of magnitude stronger for the same excitation fluence values in
TI phase, and the spectral shape differs drastically for it from
those in In-containing films. Like the equilibrium conductance,
the transient conductance of Bi,Se; exhibits a pronounced
Drude free carrier response, described by the first term of eq 1,
at low frequencies, which we attribute to the photoexcited
carriers scattered to SS states. In (Bijy,sIng,s),Se; and
(Big.soIngs0),Se;, the real photoinduced conductance compo-
nent AG, that increases with increasing frequency and negative
imaginary photoinduced conductance AG, are indicative of the
effects of disorder and backscattering of charge carriers that are
typically observed in nanostructured and granular materials.
The potential phase segregation and nonuniform indium
distribution, as well as the twin domain boundaries that act not
only as carrier trapping sites but also as partially transparent
boundaries, both may be contributing to localization of free
optically excited bulk carriers over mesoscopic length scales.
The THz complex conductivity of such systems can be well-
described by a Drude—Smith model, a phenomenological
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extension to the Drude model where an additional parameter
(=1 £ ¢ £ 0) accounts for the effects of disorder and
localization within the grains or domains, as grain boundaries
impede long—ran§e transport and thus suppress conductivity at
low frequencies.”*>® In this model, the transient change of
complex film conductance is given by
J
)

where 7ps is carrier scattering time (related to the
corresponding scattering rate as 2zl g = 1/7pg). When ¢
0, the Drude model is recovered, and when ¢ = —1, carrier
localization over the short distances leads to a complete
suppression of conductivity at @ = 0. The lines in Figure 4(c—
f) are the global fits on the complex change in conductance to
eq 2. In the absence of highly conductive SS, bulk volume
carrier density N can be calculated from the plasma frequency

-
_ wEgm

AGpg =

2
Wy €Tps c
(1 — i) 1 — ity

as =
4

, where m* is the carrier effective mass which we

take here to be 0.15 m,.”* Time- and excitation-dependent
instantaneous photoexcited carrier density values obtained
from fitting the frequency-resolved complex photoconductance
spectra of x = 25% and x = 50% films at 3, S, and 20 ps are
shown alongside the —AT/T decays in Figure 2(c—g). We find
that the photoconductivity decay tracks photoexcited carrier
density for all excitation fluence values. Using those values to
estimate the photoexcited carrier density that corresponds to
the peak photoconductivity, and comparing it to the total
injected carrier density estimated from the photon flux, we find
that only 3—5% of all carriers contributed to the observed
photoconductivity, while the vast majority are lost to rapid
trapping.

The c-parameter values for In-containing films at different
excitation fluence values and times after excitation are shown
in Figure 5. In both samples, localization of carriers over
mesoscopic length scales is pronounced, and the effect is
stronger in x = 50% film. We also find that the ¢ parameter
becomes slightly more negative with time after excitation,
going from ~—0.55—0.65 to ~—0.7 in (Biy;5Ing,s),Ses, and
from ~—0.7 to ~—0.8 in (BijsIngsy),Se;. Such behavior of
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Figure S. Time evolution of the Drude—Smith ¢ parameter for
photoexcited charge carriers in (Bi;_,In,),Se; films with x = 25% and
x = 50% for 400 nm (a,b) and 800 nm (c,d) excitation. Excitation
fluence values are given in legends.
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photoinjected carriers has been reported in many other
semiconductors and insulators, where crystalline regions are
separated by the grain or domain boundaries.’”>>>> Carriers
become more affected by localization as they thermalize with
the lattice. Lower localization at the early times experienced by
the carriers excited by 400 nm pulses compared to 800 nm
pulses supports this hypothesis. It may be also possible that as
carriers get trapped at bulk defects and domain boundaries,
they may impact long-range transport of the remaining free
carriers. Excitation fluence also impacts average carrier
localization, as injecting more carriers appears to result in
slightly less obstructed long-range transport at early times,
likely as higher injected hot carrier density takes longer to
thermalize with the crystal lattice by emission of phonons.
Finally, using the experimental Drude—Smith parameters 7y

and ¢, we can also estimate short-range and long-range carrier
_ empg

mobility for photoexcited bulk free carriers as p, I

m
and /’tlong»range = :"‘sl’xor’c—range(1 + C)' The summary of the Tps
values is given in Table 1.

Table 1. Drude—Smith 7,4 Values for x = 25% and x = 50%
Films, Obtained by Fitting Photoconductivity Spectra to Eq
2

(Big7sIng.s)2Se; (Big,sIngs);Se;
7ps (400 nm) 35+ 7fs 20 + 10 fs
7ps (800 nm) S0 + 10 fs 1S+5fs

We find for (BigysIng,s),Ses that fgorange describing
carrier motion over the short distance within individual
domains is in 400—600 cm?/(V-s) range. Mobility over
macroscopic distances, fiog-ranger i as high as 180—270 cm?/
(V:s) at early times, and decreases to 120—180 cm?*/(V-s) at
later times as the stronger carrier localization sets in. For
(BiO.SOInO.SO)ZseSl /’tshort—range ~ 200 sz/(V'S), and ﬂlong-range
decreased over time from 60 cm?/(V's) to 40 cm?/(V-s). This
demonstrates that varying indium content allows fabrication of
(Bi;_,In,),Se; films with different lifetimes as well as mobilities
of optically excited carriers, thus tailoring the properties for a
specific application.

Returning to Bi,Se;, we find that photoexcited carriers
exhibit a Drude response with ¢ = 0, as SS are not susceptible
to backscattering. In addition to the free carrier response, we
observe excitation-induced blue-shift of the a-phonon, which
presents as a negative Lorentzian contribution in the
differential conductance AG. Such change of the a-phonon
frequency has been reported in prior studies and attributed to a
change in lattice temperature that results from thermalization
of optically injected hot carriers.””*' The lines in Figure 4(a,b)
represent global fits of the real and imaginary parts of the
differential conductance AG to eq 1 with negative time- and
fluence-dependent Lorentzian amplitude S, and a damping
rate I' /27 ~ 0.45 THz. From the fitting, we obtain both the
2D Drude spectral weight and the Drude scattering rate. We
find that, for each excitation wavelength, the scattering rate
appears to be a function of the Drude spectral weight,
suggesting that carrier—carrier scattering is a limiting factor on
carrier mobility (¢ o 7, « 1/T'p). Data in Figure 6 also show
that the scattering rate is significantly lower for the carriers
excited with 400 nm, indicating the difference in properties of
the two sets of SS, SS; which becomes populated following
excitation with 800 nm pulses, and SS,, which is accessible to
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Figure 6. Scattering rate I';; as a function of photoexcited 2D Drude
spectral weight in Bi,Se; at different times after photoexcitation with
800 and 400 nm. Lines are guides to the eye.

carriers injected higher into the CB by 400 nm pulses (Figure
2(a)). Finally, we note here that the scattering times 7,
corresponding to the lower carrier density limit, are ~100 fs for
SSy, and ~80 fs for SS,. Taking the effective mass in the SS to
be 0.07 m,,”” we estimate the corresponding carrier mobility
values to be ~2500 cm?/(V-s) and ~2000 cm?/(V's).

In conclusion, we have studied nonequilibrium dynamics of
photoexcited free carriers in three ~100 QL thick, MBE-grown
(Bi;_,In,),Se; films with x = 0, 25%, and 50%, representing the
end points of topological insulator—metal—insulator phase
transition that occur as the indium concentration is increased.
Excitation of charge carriers with 1.5 eV (800 nm) and 3.1 eV
(400 nm) pulses allowed investigation of the carriers injected
into different energy levels of the conduction band. We find
that in the TI limit, topological surface states dominate both
equilibrium and nonequilibrium properties. Carriers that are
optically injected into the bulk conduction band relax to the
surface states over few picoseconds, where they exhibit high
carrier mobility and are not susceptible to scattering by the
twin domain boundaries present in the film. We also find that
photoexcited carriers in the second set of Dirac surface states,
located ~1.5—1.8 eV above the conduction band minimum
and accessible by 3.1 eV excitation, experience lower scattering
and have higher mobility than those in the lower-lying surface
states within the band gap. For indium-containing films, we
find that photoexcitation generates bulk free carriers that
experience partial localization over mesoscopic length scales,
commensurate with the presence of the twin domain
boundaries. Dynamics of the photoexcited carriers in In-
containing (Bi;_,In,),Se; films, including both the rise time of
photoconductivity and the carrier lifetime, depend on In
concentration, demonstrating that specific properties desired
for high-speed photonic devices can be achieved by
composition engineering of (Bi,_,In,),Se;. As insulating
(Bi;_,In,),Se, is structurally compatible with TI Bi,Ses, the
ability to tune its optoelectronic properties makes it highly
desirable for applications in high-speed optical, electronic, and
spintronic devices based on TI/BI heterostructures.
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