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Nanosecond dynamics in intrinsic topological insulator Bi,_,Sb,Se; revealed
by time-resolved optical reflectivity
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Bi,Ses 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 Bi,_,Sb,Se; nanoplatelets. We report a substantial slowing of the
bulk carrier relaxation time in bulk-insulating Bi,_,Sb,Se; as compared to n-type bulk-metallic Bi,Se; at low
temperatures, which approaches 3.3 ns 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 Bi,Ses,
namely the slow bimolecular recombination of bulk carriers.
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Three-dimensional topological insulators (3D TIs) have
a nominally insulating bulk and metallic, Dirac-like sur-
face states with spin-momentum locking [1-4]. The unique
electronic structure of these materials lends itself to nu-
merous electronic, spintronic, or optoelectronic applications
[5-15]. While the surface states are often the target of these
applications, the properties of the bulk are also crucial, par-
ticularly for phenomena involving optical excitations which
are predominantly initiated in the bulk. Due to Se chalcogen
vacancies that form during the growth process, many 3D TIs
are naturally n-type with the chemical potential in the bulk
conduction band. However, many utilizations of the surface
states require having the chemical potential inside the band
gap to limit the signal from the bulk, and this is usually
achieved with chemical substitution.

Much of the previous work on bulk-insulating TIs centers
on the Bi,_,Sb,Te; (BST) or Bi,_,Sb,Te;_,Se, (BSTS) fam-
ily of materials [8,16,17] based on Bi, Tes, but comparatively
fewer studies exist on bulk-insulating TIs based on Bi,Ses,
such as Bi,_,Sb,Se; [18]. Bi,Se; 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 va-
lence band [4,19-22]. These materials’ differences persist in
insulating alloys [23], and can lead to phenomena manifesting
uniquely or more robustly in Bi,Ses-based materials [14,24].
They can also be expected to produce different bulk dynamics
of optically excited carriers, which heretofore have not been
characterized in bulk-insulating Bi;Ses-based TIs.

In this Letter we report dramatically enhanced photoexci-
tation lifetimes in Bi,_,Sb,Se;. This increased lifetime only
exists in bulk-insulating samples and exhibits fluence, temper-
ature, and Sb-doping dependence distinct from the behavior
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in bulk-metallic (n-type) Bi,Ses. The fluence-dependent de-
cay rate is consistent with the bimolecular recombination of
electron-hole pairs in the TI bulk, and connections to the
recently reported evidence of exciton condensation are dis-
cussed.

Time-resolved transient reflectivity is a pump-probe tech-
nique that is extremely agile in terms of the materials 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 #gelay
later. The magnitude of AR/R can be used as a proxy for
the number of nonequilibrium excitations [25], and its evo-
lution 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.,
subexcitation frequency) in superconductors [25-28], charge
density wave systems [29], correlated electron systems [30],
and topological quantum materials [31-33].

Pulses are generated using a mode-locked, Ti:sapphire os-
cillator (80 fs pulse duration, 80 MHz repetition rate, Epymp =
1.55 eV). The deposited energy per unit area, the pump
fluence @, is selected with neutral density filters, and Zgeay
is controlled by a retroreflector mounted on a mechanical
delay line in the optical path of the probe. The pump and
probe pulses are focused to a single spot with a diameter of
d = 40 pum at the sample surface. The probe reflection R is
measured by a photodiode, and the pump-induced AR signal
is obtained 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 1.55 eV light into
Bi,Se; (o ~ 24 nm) [34], the experiment primarily samples
the bulk. Further evidence that the bulk dominates our sig-
nal comes from time-resolved angle-resolved photoemission
spectroscopy (trARPES) measurements showing softening of
a characteristic coherent phonon at the surface, whereas only
the original frequency is seen optically [35].
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FIG. 2. Fluence dependence at T = 7K in Bi,_,Sb,Se; and

Bizse3 .

(a) Decay rates y for Bi,_,Sb,Se; from linear fits of

(c) g 1.0F — T T T T T T T 1
(a) ﬁ\-:\ 0.5 P’\_\Z\,\zﬁ_
% 0.0 @ =22 pd/lcm? @ ud/iecm
NS H 0 50 100 150 200 250
E~03ev f HoEqoF,— ~ ™~ ™ T 1
o 05-
Bi,Se; Bis.Sb,Ses % 0.0 . =17 pJ/cm2 <1> 19 pJ/cm2 E
0 50 100 150 200 250
E10F 1 T T T T T 1
(b) ®=8.9uJcm? 2 j
= 2 o 05F
10 plfem e J ®=74pllcm?2 ®=74 pJ/cm2
EqOF . T I g 00 I I I
£ - 0 50 100 150 200 250
50-5_‘ 71 EH1OFT T A T 1
S 0.0 pwi T T T EE 05-_ N ]
0 5 10 15 20 & ook L, P =28 pJlcm? @ =2.1 pJ/em? 5
tdelay (pS) S ’ L S T T
0 50 100 150 200 250
(d) tdelay (ps)
£ T T T T T
§ 10F ' ' ' ' 1 Bi,,Sb,Se, (7K)
T 05 1 Bi,,Sb,Se; (296 K)
% 0.0 e Bi;Se; (297 K)
0 50 100 150 200 250
tdelay (DS)
FIG. 1. Different relaxation dynamics in Bi,Se; (red) and

Bi,_,Sb,Se; (blue). (a) Band diagrams of Bi,Se; and Bi,_,Sb,Ses;,
with p denoting the schematic position of the chemical potential.
(b) Example short delay time AR/R traces, normalized to their re-
spective peak values at T = 7 K. (c) Longer delay time traces with
the same samples as in (b) at selected pump fluences at T = 7 K. The
red lines overlaying the blue traces show linear fits to the decays for
(AR/R)norm > 0.7.(d) (AR/R)porm traces for a different Bi,_,Sb,Se;
sample at 7K (blue) and 296 K (green), with Bi,Se; at 297 K (red)
shown for comparison.

We study Bi,_,Sb,Se; nanoplatelets grown by chemical
vapor deposition (CVD) and Bi,Se; nanoplatelets synthesized
from the same precursors. Typical nanoplatelet dimensions
are 150x150x0.1 um?3. 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 to 0.34 for
the Bi,_,Sb,Se; 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 capped with 300-nm-thick
Si0O,. No signal from the bare substrate is observed for the
fluences used in this work.

Figure 1 shows the normalized transient reflectivity
traces for bulk-metallic BiySe; (red) and bulk-insulating
Bi,_,Sb,Ses nanoplatelets (blue, x = 0.25) at 7K for sev-
eral different fluences. #4e1y = O corresponds to the time that
the pump and probe pulses are coincident. Upon reaching
their peak, the BipSes; transient reflectivity traces decay to
equilibrium in T ~ 2 ps, consistent with prior transient re-
flectivity work on bulk Bi,Se; [31,33,39—41]. In contrast,
the Bi,_,Sb,Se; traces in Fig. 1(c) show much longer-lived
excitations with 90% of the reflectivity surviving near the
edge of the measurement window at the lowest fluence (¢ =
2.1 pJem™2). The transient reflectivity of the Bi,_,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 VS taeiay- Dashed line: Linear fit to y vs fluence. (b) Decay
rates for Bi,Se; from single exponential fits as a function of fluence.
(c) Bi,_,Sb,Sej traces at different fluences, overlaid by fits to Eq. (1)
(black). (d) Extracted bimolecular decay rates y¢ from the fits to
Eq. (1).

(AR/R)porm near 250 ps. Relaxation becomes faster at higher
temperature, but even at room temperature, Bi,_,Sb,Ses;
shows longer-lived excitations than Bi,Ses [Fig. 1(d), green].
More details on the AR/R signal structure are given in the
Supplemental Material (SM) [42].

Figure 2 quantifies the fluence dependences for
Bi,_,Sb,Se; and Bi,Se; at 7K. For Bi,_,Sb,Se; 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 y from
these fits are plotted in Fig. 2(a) as a function of fluence
for Biy_,Sb,Ses. This model-independent fitting shows that
decay rates become slower as the number of excitations (as
parameterized by the fluence) is reduced, and suggests a
linear relationship between the two. This linear relationship
is characteristic of a bimolecular recombination process.
Extrapolating to the zero fluence limit, the Bi,_,Sb,Ses
samples yield a decay rate of y(® — 0)~0.30ns™!,
or a decay time of 3.3ns, substantially slower than in
metallic BiSes. In contrast, the decay rates, derived from
single-exponential fits, for Bi,Se3 in Fig. 2(b) show a fluence
dependence opposite that of Bi,_,Sb,Se;. Data on n-type
Bi,Se; samples show a plateau at sufficiently long delay
times (>10 ps), which increases with fluence, indicating
steady state heating [31]. This plateau reaches <10% of the
maximum AR/R for ® < 22 uJcm™2, indicating minimal
steady state heating in the fluence regime in Fig. 2 where our
analysis of insulating samples is performed.

Following these model-independent observations, we now
turn to a fitting scheme which specifically assumes bimolecu-
lar recombination (i.e., electron-hole recombination across the
bulk band gap) to describe the decay dynamics in Bi,_,Sb,Ses
[25,27,28]. This fitting also incorporates the exponential
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FIG. 3. Doping dependence of relaxation dynamics in
Bi,_,Sb,Ses. (a) (AR/R)porm traces at T =7 K and ® =10 puJcm™2,
with increasing Sb concentration denoted by the arrow.
(b) Corresponding sample images. (c¢) Extracted time constants
from [AR(tdetay)/Rlnorm = Ae"eny/T + B fits with the dashed line
indicating the overall trend.

decay of the pump and probe pulses in the sample, which
implies the generation of a nonuniform o npe™** excitation
density. This is accounted for with the following function for
the transient reflectivity [25]:

AR(t) _ AR(0) [1 I+ yeffw] 0

R Veitl Veitl

The fitting parameters are AR(0) and y.s, the initial reflec-
tivity change and the effective decay rate for the bimolecular
process. Here, the decay rate is defined as |yes| = Bn, with a
quasiparticle density n and a coefficient for the bimolecular
process . By accounting for the depth-dependent fluence, we
can extend the applicability 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 yesr are plotted in Fig. 2(d).

Figure 3(a) shows the variation in the AR/R traces as
a function of Sb doping, taken at a constant pump fluence.
The specimens in this figure are different nanoplatelets from
a single growth. To quantify decay times, the traces are fit-
ted to single exponentials [AR (telay )/ Rlnorm = Ae faeny/T 4 B
The time constants from the fits are plotted in Fig. 3(c) as
a function of x, the Sb concentration in Bi,_,Sb,Se;. As
x increases, the carrier lifetime monotonically increases.

We begin by discussing bulk-metallic BiSes. The initial
decay of AR/R in Bi,Se; follows the framework of the two-
temperature model for metals, where an out-of-equilibrium
population of carriers with temperature 7, thermalizes with
the lattice with temperature 7; by coupling to multiple phonon
modes [35,39,40,43—45]. The fast bulk carrier decay in BipSes
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 Bi,Se; samples as that of a typical metal. As noted earlier,
the rates y for Bi,Se; in Fig. 2(b) follow an opposite fluence
dependence from the insulating samples, which underlines the

importance of tuning the chemical potential for influencing
the TI’s response to optical excitation.

We now turn to bulk-insulating Bi,_,Sb,Se;. As with
metallic Bi;Ses, photoexcitation at #4.ly = Ops causes elec-
trons from within the bulk valence band to populate bulk
states far above Ep, but unlike the n-type system, electrons
relax to the edge of the bulk conduction band which is mini-
mally occupied at low temperature. This rapid initial 1-5 ps
thermalization has been verified by trARPES [35,48-52], and
thus the optical pump has the effect of an indirect injection
of gap-energy excitations. The observed linear fluence de-
pendence of the decay rate in Bi,_,Sb,Ses is consistent with
bimolecular recombination, where photoexcited electron-hole
pairs of density n recombine and follow the simple rate

equation % = —fBn?, which when integrated yields a de-
caying quasiparticle density n(r) = ; J:g) B [25,27,28]. The
effective decay rate yf then takes the form y = 142 = —gp,

where S is the bimolecular coefficient. This recombination
is assumed to be radiative because the band gap of Bi,Ses
(E, ~ 0.3eV) is much higher than the highest phonon energy
(E = 23 meV) in the material [33,53].

For greater context, a summary of time-resolved optical,
mid-IR, and THz studies that have reported bulk photoex-
cited carrier lifetimes in BiySes-related compounds [17,31—
33,39-41,46,47,54] is shown in the SM [42]. Neither long
bulk carrier lifetimes in excess of 1ns nor a fluence de-
pendence characteristic of bimolecular recombination have
been reported simultaneously in those prior studies. Thus, our
measured long bulk carrier lifetimes in insulating samples,
combined with the observed strongly fluence-dependent car-
rier 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 metallic sur-
face states or from surface photovoltage (SPV) in 3D TIs
[49-52,55-57]. While the former may be the dominant re-
laxation mechanism near the surface, it cannot produce the
strong fluence dependence we observe for Bi,_,Sb,Ses. The
surface state has a limited density of states near the Dirac point
which restricts faster relaxation at higher excitation densities.
We note that the decay of the SPV has the opposite fluence
dependence from our results in Fig. 2(a) [57].

Additionally, the bulk decay dynamics of Bi,_,Sb,Se; 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 car-
riers directly. Instead, it results in a smaller unit cell which
is thought to diminish the number of Se vacancies in the
studied doping range [18,38]. In this doping regime, the
free carrier density decreases monotonically with increasing
Sb concentration x [18]. These carriers are primarily thermally
excited electrons in the conduction band, and thus lower val-
ues of x correspond to more recombination opportunities for
photoexcited holes. Thus, the observed doping dependence is
consistent with a bimolecular recombination model.

Another relevant aspect is a possible distribution of lo-
cal dopings, primarily due to varying Se vacancy density,
which has been described in similar nanoplatelets [58,59].
In samples closer to the n-type regime (smaller x), small
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FIG. 4. Schematic of decay processes for Bi,_,Sb,Ses. (a) Op-
tical excitation generates electron-hole pairs in the bulk and surface
of the TI. (b) Radiative, bimolecular recombination of electrons and
holes. (c) Carrier migration due to a temperature gradient VT and
surface photovoltage (SPV). (d) Long-lived carriers in the surface
Dirac state form different chemical potentials for electrons and holes
(We, p) (left) where excitonic gaps (2A) can open (right).

local deviations from the average doping are more likely to
correspond to local metallicity. As shown earlier, metallic and
insulating Bi,Ses 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 different growths, which presumably arises
from precursor variability in the CVD synthesis process, and
the samples in Fig. 1 were from a different growth.

A summary of relaxation and migration processes in the
bulk and surface regions in Bi,_,Sb,Ses is shown in Fig. 4,
combining our results with those from the literature. The
pump initially generates electron-hole pairs in the bulk and
surface regions of the material, which can subsequently un-
dergo several processes during the decay to equilibrium. The
first process for bulk carriers is bimolecular recombination
across the bulk band gap. Near the band edge, bulk carriers re-
combine and release energy radiatively. The long nanosecond
lifetime of this process allows time for other processes, such
as photothermoelectric effects and SPV to assist the remaining
carriers in migrating towards the surface [14,56,60,61]. In
both cases, either a temperature gradient [50] or a photodop-
ing gradient produces an internal voltage that can sweep
carriers from the deep bulk towards the surface [Fig. 4(c)].
When carriers ultimately relax, they slowly recombine and
return to equilibrium after #4¢10y > 3 ns, well outside our mea-
surement window.

Near the surface, trARPES measurements show that bulk
carriers at the surface slowly relax through the surface
state [Fig. 4(d), left] often establishing a long-lived car-
rier population at the surface [49-52,55]. Importantly, these
long-lived surface excitations are only observed in bulk-
insulating or p-type samples [e.g., lifetimes exceeding 400 ps
in (Sby_,Bi,),Tes [51] and in Mg-doped Bi,Se; [57]]. Our
transient reflectivity experiments contribute nuance to this

picture by illustrating the behavior of bulk carriers away from
the surface, which are excited at the same time and can popu-
late 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 i, pp
[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 ex-
citon condensate—a Bardeen-Cooper-Schrieffer-like ground
state of bound electron-hole pairs at the TI surface with
gating or optical excitation [5,68]. Key spectroscopic signa-
tures of this state are excitonic gaps 2A that form in the
surface states at the chemical potentials ., w, [Fig. 4(d),
right] [68,69]. These gaps have an estimated magnitude up
to ~1-3 meV. Bimolecular recombination of carriers across
these excitonic gaps would also produce the presently ob-
served fluence dependence, and ultrafast optics is typically
sensitive to recombination 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 in the present Letter
reported highly nonlocal, millimeter-long surface photocur-
rents in bulk-insulating Bi,_,Sb,Se; after optical excitation
[14], which have been interpreted in terms of exciton con-
densation. Tuning the chemical potential into the bulk gap
is necessary for observing long relaxation times as it is for
observing long decay lengths [14,15]. Photocurrent decay
lengths in Bi,_,Sb,Se; are maximized at low temperature
(T <40K) and low fluence, precisely the regime where
we observe the longest relaxation times. Importantly, our
long T > 3ns lifetime, observed in the fluence regime rele-
vant to potential exciton condensation, is incompatible with
millimeter-long diffusive carrier travel, which would imply
a carrier mobility of u > 10° m?/V's, much higher than the
highest measured values of ;1 ~ 1 m?/V's [71,72].

In summary, our transient reflectivity results show a three
orders-of-magnitude slowing of the carrier decay rate y —
0.30ns™! in the zero pump-fluence limit in photoexcited
Bi,_,Sb,Se; at T = 7K, as compared to n-type specimens.
Our fluence-dependent data reveal a distinct process to con-
sider in bulk-insulating TIs: bimolecular recombination of
bulk carriers after optical excitation. We additionally show
the key role composition plays in both establishing long bulk
carrier decay in bulk-insulating samples and in influencing
carrier recombination rates. These findings underscore the
role optically excited bulk carriers play in TIs prior to mi-
grating to the surface, relevant for interpreting optoelectronic
phenomena of surface states.
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