Nanosecond dynamics in intrinsic topological insulator Bis_,Sb,Ses revealed by
time-resolved optical reflectivity
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BisSes is an ideal three-dimensional topological insulator in which the chemical potential can
be brought into the bulk band gap with antimony doping. Here, we utilize ultrafast time-resolved
transient reflectivity to characterize the photoexcited carrier decay in Biz-,Sb,Ses nanoplatelets.
We report a substantial slowing of the bulk carrier relaxation time in bulk-insulating Biz_,Sb;Ses
as compared to n-type bulk-metallic BizSes at low temperatures, which approaches 3.3ns in the
zero pump fluence limit. This long-lived decay is correlated across different fluences and antimony
concentrations, revealing unique decay dynamics not present in n-type Bi2Ses, namely the slow

bimolecular recombination of bulk carriers.

Three-dimensional topological insulators (3D TIs)
have a nominally insulating bulk and metallic, Dirac-like
surface states with spin-momentum-locking [1-4]. The
unique electronic structure of these materials lends itself
to numerous electronic, spintronic, or optoelectronic ap-
plications [5-15]. While the surface states are often the
target of these applications, the properties of the bulk
are also crucial, particularly for phenomena involving op-
tical excitations which are predominantly initiated in the
bulk. Most 3D TIs are naturally n-type, with the chem-
ical potential in the bulk conduction band, due to Se va-
cancies that form during the growth process. However,
many utilizations of the surface states require having the
chemical potential inside the band gap to limit signal
from the bulk, and this is usually achieved with chemical
substitution.

Much of the previous work on bulk-insulating TIs cen-
ters on the Biy ;SbyTes (BST) or Biy ,Sb,Tes ,Se,
(BSTS) family of materials [8, 16, 17] based on BiyTes,
but comparatively fewer studies exist on bulk-insulating
TIs based on BiySes, such as Bis_,Sb,Sez [18]. BizSe;
has a larger band gap, more isotropic surface states with
a more ideal spin-texture, and a Dirac point that is well
separated in energy from the bulk valence band [4, 19—
22], and these materials’ differences are somewhat pre-
served when comparing insulating alloys [23]. These
differences sometimes manifest phenomena uniquely or
more robustly than in BisSes-based materials [14, 24],
and can also be expected to result in different bulk dy-
namics of optically excited carriers, which heretofore
have not been characterized in bulk insulating BiaSes-
based TIs.

In this Rapid Communication we report dramati-
cally enhanced photoexcitation lifetimes in Biy ,Sb,Ses
nanoplatelets. This increased lifetime only exists in bulk-
insulating samples and exhibits fluence, temperature,
and Sb-doping dependence distinct from the behavior in
bulk-metallic BigSes. The fluence-dependent decay rate

* ivishik@Qucdavis.edu

is consistent with bimolecular recombination of electron-
hole pairs in the TI bulk, and connections to recently
reported evidence of exciton condensation are discussed.

Time-resolved transient reflectivity is a pump-probe
technique that is extremely agile in terms of the materi-
als and phenomena it can access. A pump pulse creates
excitations into unoccupied states, and a second probe
pulse measures the transient change in reflectivity AR/ R
at a time delay tqelay later. The magnitude of AR/R can
be used as a proxy for the number of nonequilibrium ex-
citations [25], and its evolution AR(fgelay)/R can reveal
the processes by which these photoexcited carriers return
to equilibrium. This technique has been successful in
studying low-energy excitations (i.e., sub-excitation fre-
quency) in superconductors [25-28], charge density wave
systems [29], correlated electron systems [30], and topo-
logical quantum materials [31-33].

Pulses are generated using a mode-locked, Ti:Sapphire
oscillator (80 fs pulse duration, 80 MHz rep rate, Epump =
1.55eV). The deposited energy per unit area, the pump
fluence @, is selected with neutral density filters, and
tdelay is controlled by a retroreflector mounted on a me-
chanical delay line in the optical path of the probe. The
pump and probe pulses are focused to a single spot at
the sample surface with a diameter of d = 40pm. The
probe reflection R is measured by a photodiode, and
the pump-induced AR signal is measured with standard
lock-in detection. The pump and probe pulses are cross-
polarized to minimize interference at the sample surface
and to limit pump scatter incident on the photodiode.
Due to the penetration depth of the probe pulses into
BisSes (o ~ 24nm with Eppoton = 1.55€V) [34], the
probe reflection primarily samples the bulk. Further ev-
idence that the bulk dominates our signal comes from
time-resolved angle-resolved photoemission spectroscopy
(trARPES) measurements showing softening of a charac-
teristic coherent phonon at the surface, whereas only the
original frequency is seen optically [35].

We study Bis_,Sb,Ses nanoplatelets grown by chem-
ical vapor deposition and BisSes nanoplatelets synthe-
sized from the same precursors. Typical nanoplatelet di-
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mensions are 150 x 150 x 0.1 pm?. The thickness of the
specimens is well outside the regime where hybridization
between opposite surfaces leads to the opening of a gap
at the Dirac point [36, 37]. Sb composition ranges from
x = 0.22—0.34 for the Biy_,Sb,Ses samples, determined
with energy-dispersive x-ray spectroscopy (EDS), which
also correlates with carrier density [38]. After synthesis,
the nanoplatelets are transferred by Kapton-tape onto a
Si substrate covered with 300 nm-thick SiOs. No signal
from the bare substrate is observed for the fluences used
in this work.
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FIG. 1. Effect of doping on relaxation dynamics at various
fluences for BizSes (red) and Biz_;Sb;Ses (blue) samples. (a)
Band diagrams of BizxSes and Biz-_;Sb,Ses, with p denoting
the schematic position of the chemical potential. (b) Example
short delay time AR/R traces, normalized to their respective
peak values. (c) Longer delay time traces with the same sam-
ples as in panel (b) at selected pump fluences. The red lines
overlaying the blue traces show linear fits to the decays for
(AR/R)norm > 0.7. (d) (AR/R)norm traces for a different
Biz Sb;Ses sample at 7K (blue) and 296 K (green), with
BisSes at 297 K (red) shown for comparison.

Fig. 1 shows the normalized transient reflectivity
traces for bulk-metallic BizSes (red) and bulk-insulating
Biy_,Sb,Ses nanoplatelets (blue, x = 0.25) at 7K for
several different fluences. fgclay = 0 corresponds to
the time that the pump and probe pulses are coinci-
dent. Upon reaching its peak, the BisSes transient re-
flectivity traces decay to equilibrium in 7 ~ 2 ps, consis-
tent with prior transient reflectivity work on bulk BisSes
[31, 33, 39-41]. In contrast, the Biz_,Sb,Ses traces in
Fig. 1(c) show much longer-lived excitations with 90% of
the reflectivity surviving near the edge of the measure-
ment window at the lowest fluence (® = 2.1pJcem™2).

The transient reflectivity of the Bis_,Sb,Ses samples
has a pronounced fluence dependence, which can be seen
in the data in Fig. 1 by observing the magnitude of
(AR/R)norm near 250ps. Relaxation becomes faster
at higher temperature, but even at room temperature
Biy_,Sb,;Ses shows longer-lived excitations than BisSes

(Fig. 1(d), green). More details on the AR/R signal
structure are given in the Supplemental Material (SM)
[42].
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FIG. 2. Fluence dependence at 7K in Biz_;Sb;Ses and

Bi2Ses. (a) Decay rates « for Biz Sb;Ses from linear fits
of (AR/R)norm VS tdelay. Dashed line: linear fit to v vs. flu-
ence. (b) Decay rates for BiaSes from single exponential fits
as a function of fluence. (c¢) Biz—5SbgSes traces at different
fluences, overlaid by fits to Eq. 1 (black). (d) Extracted

bimolecular decay rates v,,, from the fits to Eq. 1

Fig. 2 quantifies the fluence dependences for
Biy ,Sb,Ses and BisSes at 7K. For Biy ,Sb,Ses at
lower fluences, we quantify the decay rate using linear fits
to the normalized traces over intervals where the decay
is linear in time (red lines in Fig. 1(c)). The decay rates
v from these fits are plotted in Fig. 2(a) as a function of
fluence for Bisy_,Sb,Ses. This model-independent fitting
shows that decay rates becomes slower as the number of
excitations, as parametrized by the fluence, is reduced,
and suggests a linear relationship between the two. This
linear relationship is characteristic of a bimolecular re-
combination process. Extrapolating to the zero fluence
limit, the Bis_ ,Sb,Se3 samples yield a decay rate of
¥(® — 0) ~ 0.30ns™ !, or a decay time of 3.3ns, sub-
stantially slower than in metallic BioSes. In contrast,
the decay rates, derived from single-exponential fits, for
BisSes in Fig. 2(b) show fluence dependence opposite
of that of Biy_,Sb,;Ses. Data on n-type BisSez samples
show a plateau at sufficiently long delay times (> 10 ps),
which increases with fluence, reflecting steady state heat-
ing [31]. This plateau reaches < 10% of the maximum



AR/R for ® < 221Jcm~2, indicating minimal steady
state heating in the fluence regime where our analysis of
insulating samples is performed.

Following these model-independent observations, we
now turn to a fitting scheme which specifically assumes
bimolecular recombination (i.e., electron-hole recombi-
nation across the bulk band gap) to describe the de-
cay dynamics in Biy_;Sb,Ses [25, 27, 28]. This fitting
also considers the exponential decay of the pump and
probe pulses in the sample, which implies the generation
of a nonuniform o nge™“* excitation density. This is ac-
counted for with the following function for the transient
reflectivity [25]:
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The fitting parameters are AR(0) and v, ,,, the initial
reflectivity change and the effective decay rate for the
bimolecular process. Here, the decay rate is defined as
17.;¢] = Bn, with a quasiparticle density n and a coef-
ficient for the bimolecular process 5. By accounting for
the depth-dependent fluence, we can extend the applica-
bility of the bimolecular recombination model to higher
fluences. These traces and their fits to Eq. 1 are plotted
in Fig. 2(c), and the extracted fluence-dependent rates
7.;; are then plotted in Fig. 2(d).

Fig. 3(a) shows the variation in the AR/R traces
as a function of Sb-doping, measured with the same
pump fluence. The specimens in this figure are dif-
ferent nanoplatelets from a single growth. The traces
are fitted to single exponentials to quantify decay times
(AR(taelay)/R)norm = Ae~taeay/T 4 B The time con-
stants from the fits are plotted in Fig. 3(c) as a func-
tion of x, the Sb concentration in Bis ,Sb,Ses. As x
increases, the carrier lifetime monotonically increases.
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FIG. 3. Doping dependence of relaxation dynamics in
Biz—;Sb;Ses. (a) (AR/R)norm traces at T = 7K and ¢ =
10 nJ em 2, with increasing Sb concentration denoted by ar-
row. (b) Corresponding sample images. (c) Extracted time
constants from (AR(tdelay)/R)norm = Ae~taelay/T 4 B fits,

We begin by discussing bulk-metallic BisSez. The ini-
tial decay of AR/R in BisSes follows the framework of
the two-temperature model for metals, where an out-of-
equilibrium population of carriers with temperature T,
thermalizes with the lattice with temperature T; by cou-
pling to multiple phonon modes [35, 39, 40, 43-45]. The
fast initial bulk carrier decay in BisSes is consistent with
previous transient reflectivity measurements [31, 33, 39—
41] as well with transient THz conductivity work in thin
films [46, 47]. Thus, we can generalize the response of
our BisSes samples as that of a typical metal. As noted
earlier, the rates y for BisSes in Fig. 2(b) follow an op-
posite fluence dependence from the insulating samples,
which underlines the importance of tuning the chemical
potential for influencing TT’s response to optical excita-
tion.

We now turn to bulk insulating Bis ,Sb,Ses. As with
metallic BizSes, photoexcitation at fgelay= 0ps causes
electrons from within the bulk valence band to popu-
late bulk states far above Er, but unlike the n-type sys-
tem, electrons relax to the edge of the bulk conduction
band which is minimally occupied at low temperature.
This rapid initial 1-5 ps thermalization has been veri-
fied by trARPES [35, 48-52], and thus the optical pump
has the effect of an indirect injection of gap-energy ex-
citations. The observed linear fluence dependence of
the decay rate in Bis_,Sb,Ses is consistent with a bi-
molecular recombination, where photoexcited electron-
hole pairs of density n recombine and follow the sim-
ple rate equation: ‘Zl—? = —fn?, which can be integrated
to yield a decaying quasiparticle density n(t) =

no
1+nopBt
[25, 27, 28] The effective decay rate v,,, then takes the
1dn

form v = ¢ = —fn, where 8 is the bimolecular co-
efficient. The linear fluence dependence in Fig. 2(a),(d)
is characteristic of bimolecular recombination, indicat-
ing that recombination of electron-hole pairs dominates
decay of bulk excitations in Biy_,Sb,Ses. This recombi-
nation is assumed to be radiative because the band gap
of BisSes (E4 ~ 0.3€eV) is much higher than the highest
phonon energy (E = 23meV) in the material [33, 53].

For greater context, a summary of time-resolved opti-
cal, mid-IR, and THz studies that have reported bulk
photoexcited carrier lifetimes in BisSes-related com-
pounds [17, 31-33, 39-41, 46, 47, 55] is shown in the
SM [42]. Neither long bulk carrier lifetimes in excess of
1ns nor a fluence-dependence characteristic of bimolec-
ular recombination has been reported simultaneously in
those prior studies. Thus, our measured long bulk carrier
lifetimes in insulating samples, combined with the ob-
served strongly fluence-dependent carrier recombination,
points to a distinct interpretation of bulk recombination
dynamics in insulating 3D TIs.

TrARPES studies have reported long-lived carriers
arising from bulk excitations relaxing through the metal-
lic surface states or from surface photovoltage (SPV) in
3D TIs [49-52, 54, 56, 57]. While the former may be the
dominant relaxation mechanism near the surface, it can-
not produce the strong fluence dependence we observe
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FIG. 4. Schematic of decay processes for Biz ;Sb,Ses. (a)
Optical excitation generates electron-hole pairs in the bulk
and surface of the TI. (b) Radiative, bimolecular recombi-
nation of electrons and holes. (c¢) Carrier migration due to
a temperature gradient VT and surface photovoltage (SPV).
(d) long-lived carriers in surface Dirac state form different
chemical potentials for electrons and holes(pie, uy) (left) where
excitonic gaps (2A) can open (right).

for Biy ;Sb,Ses. The surface state has a limited den-
sity of states near the Dirac point which restricts faster
relaxation with higher excitation-density. We note that
the decay of SPV has the opposite fluence dependence
from our results in Fig. 2(a) [57].

Additionally, the bulk decay dynamics of Bis ,Sb,Ses
are highly doping-dependent, as illustrated by the traces
in Fig. 3, which may be interpreted either in terms of
a changing free carrier density or doping inhomogeneity.
Sb-doping on the Bi site is isovalent, and thus does not
introduce charge carriers directly. Instead, it results in a
smaller unit cell which is thought to diminish the number
of selenium vacancies in the studied doping range [18, 38].
In this doping regime, the free carrier density decreases
monotonically with increasing Sb concentration = [18].
These carriers are primarily thermally excited electrons
in the conduction band, and thus, lower values of x corre-
spond to more recombination opportunities for photoex-
cited holes. Thus, the observed doping dependence is
consistent with a bimolecular recombination model.

Another relevant aspect is possible distributions of lo-
cal dopings, primarily due to varying Se vacancy den-
sity, which has been described in similar nanoplatelets
[58, 59]. In samples closer to the n-type regime (smaller
x), small local deviations from the average doping are
more likely to correspond to local metallicity. As shown
earlier, metallic and insulating BisSes yield profoundly
different decay dynamics, and an increased probability of
locally higher carrier density may promote behavior more
like the former. We note some variation between dif-
ferent growths, which presumably arises from precursor
variability in the CVD synthesis process, and the sample
in Fig. 1 was from a different growth.

A summary of relaxation and migration processes in
the bulk and surface regions in Bis_,Sb,Ses is shown
in Fig. 4, combining our results with those from litera-
ture. In the bulk, the pump initially generates electron-

hole pairs in the bulk and surface regions of the material,
which can subsequently undergo several processes during
the decay to equilibrium. The first process for bulk car-
riers is bimolecular recombination across the bulk band
gap. Near the band edge, bulk carriers recombine and
release energy radiatively. The long nanosecond lifetime
of this process allows time for other processes, such as
photo-thermoelectric effects and SPV to assist remaining
carriers in migrating towards the surface [14, 56, 60, 61].
In both cases, either a temperature gradient [50] or a
photodoping gradient produces an internal voltage that
can sweep carriers from the deep bulk towards the sur-
face (Fig. 4(c)). When carriers ultimately relax, they
slowly recombine and return to equilibrium after fgeiay >
3ns, well outside our measurement window.

Near the surface, we revisit trARPES measurements
for completeness. These measurements showed that bulk
carriers at the surface slowly relax through the surface
state (Fig. 4(d), left) often establishing a long-lived
carrier population at the surface [49-52, 54]. Impor-
tantly, these long-lived surface excitations are only ob-
served in bulk-insulating or p-type samples (e.g. lifetimes
exceeding 400 ps in (Sby_,Bi,)2Tes [51] and in Mg-doped
BisSes [57]). Our transient reflectivity experiments con-
tribute nuance to this picture by illustrating the behavior
of bulk carriers away from the surface, which are excited
at the same time and can populate the surface state at
later times because they are even more long-lived.

The decay bottleneck near the surface allows electrons
and holes to develop separate chemical potentials ., pn
(Fig. 4(d), left), relevant to an important prediction in
TIs: exciton condensation [5, 14, 62-68]. Dirac materials,
including 3D TIs, are predicted to allow the formation
of an exciton condensatea Bardeen-Cooper-Schrieffer-like
ground state of bound electron-hole pairs at the TT sur-
face with gating or optical excitation [5, 68]. A key
spectroscopic signature of this state is excitonic gaps 2A
that form in the surface states at the chemical potentials
te, por, (Fig. 4(d), right) [68, 69]. These gaps have an
estimated magnitude up to ~ 1—3 meV. Bimolecular re-
combination of carriers across these excitonic gaps would
also produce the presently observed fluence dependence,
and ultrafast optics is typically sensitive to recombina-
tion across meV-magnitude gaps with an eV-magnitude
probe [25-30, 70]. However, as discussed earlier, it is
likely that our signal is dominated by the bulk.

A recent study on the same samples as the present
manuscript reported highly non-local, millimeter-long
surface photocurrents in bulk-insulating Bis_,Sb,Ses af-
ter optical excitation [14], which have been interpreted in
terms of exciton condensation. Tuning the chemical po-
tential into the bulk gap is necessary for observing long
relaxation times in the present manuscript as it is for ob-
serving long decay lengths [14, 15]. Photocurrent decay
lengths in Bis_,Sb,Se3 are maximized at low tempera-
ture (T < 40K) and low fluence, precisely the regime
where we observe the longest relaxation times. Impor-
tantly, our long 7 > 3ns lifetime, observed in the fluence



regime relevant to potential exciton condensation, is in-
compatible with millimeter-long diffusive carrier travel,
which would imply a carrier mobility of x> 10° m2?/V s,
much higher than the highest measured values pu ~ 1
m?/V -s [71, 72].

In summary, our transient reflectivity results show a
three orders-of-magnitude slowing of the carrier decay
rate ¥ — 0.30ns~! in the zero pump-fluence limit in pho-
toexcited Bis,Sb,Ses at T' = 7K, as compared to n-type
specimens. Our fluence-dependent data reveal a distinct
process to consider in bulk-insulating TIs: bimolecular
recombination of bulk carriers after optical excitation.
We additionally show the key role chemical potential po-

sition plays in both establishing long bulk carrier decay
in bulk-insulating samples and in influencing carrier re-
combination rates. These findings underscore the role
optically excited bulk carriers play in T1Is prior to migrat-
ing to the surface, relevant for interpreting optoelectronic
phenomena of surface states.
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