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We employ infrared transmission spectroscopy to explore the temperature-dependent
absorption edge and electron-phonon (e-ph) interaction in topological insulator Bi>Sesz and
band insulator (Bio.gslno.11)2Ses films. Upon heating from 5 K to 300 K, the absorption edge
shifts from 262 to 249 meV for Bi>Sez and from 367 to 343 meV for (Bio.gslno.11)2Ses. By
analyzing the temperature dependence of the Urbach tail, the significant role of Raman-active
phonon mode E; in e-ph interaction is identified, which agrees well with the ab initio

calculation.

Topological insulators (TIs) are a class of quantum systems with an insulating bulk and a
conducting surface. Their metallic surface states are formed by Dirac fermions with spin-
momentum locking facilitated by strong spin-orbit coupling.!:? As an archetypical three-
dimensional TI, Bi>Ses has a large bulk gap of around 0.3 eV with the simplest surface state,
opening up the possibility of many experiments. Indium doping in Bi>Ses can effectively tune
the spin-orbit coupling and drive the bulk topological phase transition. (BiixInx)2Ses shares
the common rhombohedral Dsq® structure and a topological-to-trivial transition is observed in
a range x from 0.03 to 0.07.3* Despite intensive investigations of Tls, experimental studies for
the temperature dependence of the optical gap in Tls are quite controversial. While Post et al.
reported that T1 Bi2xShx Tes.ySey has an optical gap that shrinks with increasing temperature,®
they found that the optical gap of (Bi, Sbh).Tes does not show an apparent temperature

dependence below room temperature.® There is a lack of comparison between the energy gap



and theoretical models, which could be used to show that temperature induced shifts are
reasonable. Temperature dependences of the optical gap in Tls are seldom explained by any
empirical model, such as Bose-Einstein model, in which the parameter is related to the known

Debye temperature of the material.

At low temperatures, absorption spectrum of a pure semiconductor shows a definite edge,
which can be used to determined optical gap, below which there is no absorption. In some
materials, as the temperature is raised, a tail appears below the edge. This is the so-called
Urbach tail, a well-known phenomenon in insulators with structural and thermal disorder, as
these materials have localized states extended into the optical gap.’ The temperature-
dependent exponential parts of the absorption edge form an Urbach “bundle”, which can be
observed in both indirect and direct optical gap semiconductors.® The absorption process in
the Urbach tail involves the simultaneous absorption of the photon together with any number
of phonons. ® Recently Martinez et al reported an almost exponential increase of the
absorbance in TI Bi,Ses reminiscent of the Urbach tail.X° They focused on the evidence of the
direct optical gap in Bi»Sez without further analysis on the Urbach tail, which can provide
important information about the e-ph interactions. Information on e-ph interactions can be
obtained from absorption coefficient measurements near the absorption edge at different
temperatures. Meanwhile, a systematic investigation of optical gap and Urbach tail in Bi>Ses

is lacking.

In this Letter, we address the temperature dependence of the absorption edge and the Urbach
tail of Tl Bi>Ses by analyzing absorption data from infrared transmission measurements. The
specific phonon mode participating in e-ph interactions of Tl Bi>Ses and (Bio.golno.11)2S€s is

revealed, and it agrees well with Raman spectra and the first-principle calculations.

2-um thick Bi»Ses and (Bio.galno.11)2Sez films were grown on BaF: (111) substrates by
molecular beam epitaxy under ultrahigh vacuum conditions of 5x10° mbar using Bi,Ses, In,
and Se sources.! Transmission measurements were performed using a Bruker VERTEX 80 V
Fourier transform infrared spectrometer in vacuum. The films were mounted into a continuous
flow cryostat, controlled by a LakeShore 331 Temperature Controller. For Raman
spectroscopy, a fiber-coupled iHR 550 micro-Raman setup (Horiba) with a 532 nm laser was

used.



The phonon spectrum was calculated by applying supercell finite displacement method with
PHONOPY!2 codes. To further evaluate the e-ph coupling strength, we determined the third-
order interatomic force constants simplified from the anharmonic Hamiltonian in three
phonon mode, as implemented in PHONO3PY® codes. In both processes, the force constants
were calculated with Vienna ab initio simulation package (VASP) ' based on the primitive
cell optimized from the structure reported in Ref. [15] without including spin-orbit coupling.
The exchange-correlation functional was considered in the generalized gradient
approximation®®. Employing the cut-off energy of 500 eV and the energy convergence criteria
of 1078 eV, we calculated the 2x 2 x 2 supercell using the k-point meshes of 2x 2 x 2. To
visualize accurately the spectrum and linewidths, the phonon frequencies were finally
sampled by 100 x 100 x 100 k-point mesh.

Figs. 1(a) and 1(b) show the transmittance spectra of Bi.Ses and (Bio.sslno.11)2Ses films,
respectively, normalized to the transmittance of the bare substrate. Due to the multiple
reflections inside the film, the Fabry-Pérot interference can be observed in the transparent
region. The absorption coefficient is obtained from the Beer-Lambert law and, thus, the
reflection losses are not taken into account. This approximation should be plausible in the
vicinity of and above the absorption edge due to the relatively large thickness of the measured
films. The obtained absorption coefficients were subjected to a Fourier filtering in order to
suppress the Fabry-Pérot fringes below the absorption edge. The high frequency cut-off
indicates the direct transitions from the valence band to the conduction band. Since Bi.Sez has
a direct band gap at the I point,' in the vicinity of the absorption edge for hv > E;, (ahv)?
is proportional to (hv — E;), where o is the absorption coefficient and Eg is the allowed
direct optical gap. The plots of the quantity (a/v)? as a function of photon energy for Bi,Ses
and (Bio.salno.11)2Ses films are shown in Figs. 1(c) and 1(d), respectively. The values of Eg can
be obtained by extrapolating the linear portion of the curves to zero. The room temperature
optical gap of Bi>Ses films is 249 meV, which is smaller than the calculated value of 0.3 eV.18
For single crystal Bi>Ses,'® the variation of the optical gap from 0.25 to 0.35 eV depends on
the n-type doping induced by Se vacancy content (Burstein-Moss shift).2’ Moreover, the
optical gap of the thin film Bi,Ses is thickness dependent. 2* The variation of the film
thickness from 15 to 99 quintuple layers (1 quintuple layer =~ 1 nm) results in the optical gap
value from 0.19 to 0.25 eV, smaller than the value of single crystal due to in-gap impurity

states.
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Figure 1. Transmittance spectra of 2-um thick (a) Bi:Sesz and (b) (Bio.galno.11)2Ses films at
temperatures of 5, 50, 100, 150, 200, 250, and 300 K. The variation in (a/4v)? as a function of
photon energy for (c) Bi>Ses and (d) (Bio.gglno.11)2Ses films is used to determine the optical
gap energy Ee.
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Figure 2. (a) Temperature dependence of the optical gap energy Ec for Bi»Ses and
(Bio.golno.11)2Ses films. The fitting results using Eqg.(1) are plotted as solid lines. (b)-(e)
Absorption coefficient a of Bi>Sez and (Bio.salno.11)2Ses films below the optical gap. Solid
lines in (b) and (d) represent the fitting results by the Urbach model. Dashed lines in (c) and (e)
are guides to the eye. (f) Raman spectra of Bi>Seszand (Bio.galno.11)2Ses films. Lorentz model is
used to fit the peaks.

Fig. 2(a) shows that the optical gap of (Bio.sslno.11)2Ses films is 343 meV at room temperature,
larger than the value 249 meV of Bi,Ses films. This is due to a topological phase transition
occurring by closing and reopening of the bandgap at x around 0.06.2 The optical gap of
Bi>Ses or (Biosslno11)2Ses films presents a blueshift trend with decreasing temperature.
Thermal expansion and e-ph coupling contribute to the temperature dependence of band
structures in Bi>Ses family of compounds. First-principle calculations®? reveal that the effect
of thermal expansion is more important in TI Bi>Ses due to the heavy elements as compared

to materials made of light atoms, such as silicon and germanium.?®

The temperature dependence of the optical gap can be described by a Bose-Einstein

expression?*



Ec(T)= Ec (T=0 K)-2ag/[exp(©®&/T)-1] (Eq.(1)), where T is the temperature, ag is the phonon-
induced lifetime broadening of the electronic states at T=0, and ®g is the characteristic
phonon temperature. The fitting results are listed in Table 1. The optical gap Ec of Bi,Ses
toward 0 K is 262+0.5 meV, smaller than that of (Bio.gslno.11).Ses with the value of 367+21.5
meV. The broadening is produced by the electron-phonon interaction and their temperature
dependence. This effect can be described by a complex self-energy of the electronic states.?®
The real part of this self-energy is responsible for a shift of the bands with temperature, while
the imaginary part is related to the broadening of the electronic states. In our case, ag is 2.9
meV for Bi>Ses, smaller than 5.3 meV for (Biogslno.11)2Ses due to increased disorder in
(Bio.golno.11)2Ses. The average phonon temperature @g of BixSez is 73+9 K, and the
corresponding Debye temperature @p can be calculated by @p= 8@&/3.2° Debye temperature
Op is 195+23.5 K for Bi,Ses and 211+41.6 K for (Bio.sslno.11)2Ses, which agrees well with the
reported value of 185 K for bulk Bi2Ses.?’

Table 1
The parameter values of Eq.(1) obtained from the fit of the experiments and Debye

temperature @p= 86s/3.

Sample Ec (T=0K) | ag(meV) O3 (K) Op (K)
meV

Bi2Ses 261.9+0.5 2.9+0.1 73.318.8 195+23.5

(Bio.galno.11)2Ses | 366.7+1.5 5.3+0.4 79.8+15.6 211+41.6

Below the optical gap, the absorption coefficient a follows an exponential energy dependence.

The absorption in this regime can be fitted by the Urbach model:

= 2)

where ao and Eo are the coordinates of the convergence point of the Urbach “bundle”, kg is

a(E) = agexp[o(T)

Boltzmann constant, ¢ is the steepness parameter, T is the temperature. The Urbach energy is
defined as Eu=ksT/ & (T), which is related to the width of the optical band tail due to localized
states in the material optical gap that are associated with the disordered or low-quality
crystalline materials. Figs. 2(b)-(e) show the absorption coefficients o of Bi»Sez and
(Bio.galno.11)2Ses films. The exponential increase of the absorption coefficient near the
absorption edge is due to the transitions between the tails of density of states in the valence
band and the conduction band. Figs. 2(c) and 2(d) show that the linear parts of absorption

coefficient converge to one point. The coordinates of this convergence point ag is 2.16x10°
6



cm? and Eq is 298 meV for Bi»Ses, while oo is 1.98x10° cm™ and Ep is 452 meV for

(Bio.galno.11)2Ses. Raman spectra in Fig. 2(f) will be discussed later.
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Figure 3. Steepness parameter of (a) Bi>Ses and (b) (Bio.golno.11)2Ses films. Urbach energy Eu
of (c) BizSes and (d) (Bio.solno.11)2Ses films. Symbols: Experimental data. Solid/dashed lines:
Fits using the models as described in the text.

According to the phonon theory, Dow and Redfield?® give the relationship between the

steepness parameter ¢ of the Urbach tail, temperature and phonon energy as

2kgT hw
heo tanh (ﬂ), (3)

o(T) = o
where oo IS a temperature independent constant describing the optical excitation in the
material and &w represents the phonon energy which coincides with the energy of the
phonons participating in the formation of the long-wave side of the fundamental absorption
edge. The interaction of electrons and/or excitons with phonons influences the Urbach tail.
The temperature dependent steepness parameter oo Of Bi2Ses and (Bio.galno.11)2Sez films is
shown in Figs. 3(a) and 3(b), respectively. From the fitting values shown in Fig. 3, the phonon
energy hw for BiSes is 14.5 meV, which is very close to the E; mode at 17.4 meV from
calculations or at 16.6 meV from Raman measurement. For (Biosalno.11)2Ses, the resulting

phonon energy hw is 40.3 meV, which is much larger than any actual phonon energy. The
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possibility of the electron interacting with multiple phonons is much lower than that with a
single phonon, therefore, we need to consider the disorder of the sample, which significantly
influences the phonon energy determined from the Urbach tail.

Table 2: The parameter values of Eq.(3).

Sample o) hw (MmeV)

Bi2Ses 0.117+0.004 | 14.47+0.002

(Biogolno.11)2Ses | 0.112+0.002 | 40.34+0.001

Table 3: The parameter values of Eq.(4).

Sample P N

Bi2Ses 0.076+0.042 |1

(Bio.golno.11)2Ses | 1.471+£0.237 | 1
2.325+0.135 | 0.574+0.072

Fig.3(c) shows that the Urbach energy is 56 meV for Bi.Ses at T=5 K, which is quite
reasonable and much smaller than its optical gap of 262 meV at T=5 K. Figs. 3(c) and 3(d)
show that the Urbach energy increases very slowly below 150 K because the number of the
thermally induced phonon is very low and the weak temperature dependence is related to the
structural disorder. By comparison, the Urbach energy increases very rapidly above 200K,
indicating a higher phonon occupation with increase of the temperature. It is not surprising to
find that the Urbach energy of indium doped Bi.Ses is larger than that of pure Bi.Ses, as the
Urbach energy is related to the crystalline lattice disorder caused by structural peculiarities
and external factors. For pure Bi,Ses, the Urbach energy is related to thermal broadening and
structural disorder. The thermal broadening is mainly caused by the lattice thermal vibrations.
The structural disordering of Bi>Sez is caused by intrinsic defects, e.g., Se vacancies or
interstitials, while the external factor, such as indium doping effects, plays an important role
in (Bio.solno.11)2Ses. To consider the disorder, we fit the Urbach energy by Cody model?®

__3kgOp ﬂ N
Ey(T) = 40, [ 2 +exp(3@D/4T)—1]’ (4)

where P is the structural disorder associated with stoichiometry of the films, and N equals to

one. Fig. 3(c) shows that the Urbach energy of Bi>Sez can be fitted quite well by Cody model,
8



which reflects very few defects and disorder in Bi>Ses. Due to increased lattice and alloy
disorder, the Urbach energy of (Bio.gslno.11)2Ses can not be fitted well by Cody model, as
shown in Fig. 3(d). In this case, we consider a revised model proposed by Wasim et al.*® with
a free parameter N, which is the fraction of the total phonon modes excited at a given
temperature which can interact with excitons electrons due to structural disorder. In Wasim
model, for Bi>Ses, P = 0.114 which is smaller than P = 2.325 of (Bio.solno.11)2Ses. N is 0.998
for Bi>Ses, quite close to 1 as for an ideal ordered system, while for the (Bio.galno.11)2Ses, N is
0.574, which is much smaller. Both values of P and N are quite reasonable, as indium doped
Bi>Ses is expected to have a larger structural disorder than pure Bi>Ses due to the presence of
a large number of unintended impurities and vacancies as a result of doping as well as due to
alloy disorder. The parameters P and N of (Bio.golno.11).Ses deviate a lot from the ideal ordered
system. Because the idealized Urbach tail model does not account for the sorts of defects, the

phonon energy hw (40.3 meV) obtained in this way is much larger than any actual phonon

energy.
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Fig. 2(d) shows Raman spectra of Bi>Sez and (Bio.sslno.11)2Ses films. For Bi.Ses, the peaks at
131 and 175 cm™ are E2 and A%, modes, respectively. The frequencies of these modes in
(Bio.solno.11)2Ses shift to 134 and 179 cm™ due to the lighter indium mass compared to
bismuth. For Bi»Ses, the phonon linewidth (full width at half maximum, FWHM) of Ej is7.1
cm™and that of A%, is 10 cm™. For (Bio.sslno.11)2Ses, the phonon linewidth of EZ is 9.8 cm™

and that of A%, is 13.5 cm™. Both peaks FWHM broaden due to disorder. The calculated
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phonon frequencies at the I" point in unit of meV are 5.68, 9.63, 10.97, 17.16, 17.41, 18.26,
19.52, and 22.82, corresponding to the modes E,, A, Ei, EZ, EZ, As, A%, and A, respectively.
The calculated phonon spectrum in Fig. 4 shows that the Raman-active mode Ej at I' point
around 17.41 meV has the largest magnitude of phonon linewidth. Since phonon linewidth,
the twice of the imaginary part of the phonon self-energy, is a measure of the amount of e-ph
coupling contributed by each phonon mode, we here identify Ej to be the most active phonon

mode participating in e-ph interaction.

Urbach tails are observed in the absorption spectra of Bi>Sez and (Bio.golno.11)2Ses films. The
phonon energy Aw associated with the Urbach tail is 14.47 meV for Bi,Ses. Calculations show
that the Raman-active mode E; with the largest magnitude of phonon linewidths is the most
probable phonon mode participating in e-ph interaction. E; is found to be at 17.41 meV from
calculations and 16.6 meV from Raman measurements, which agrees well with the analysis of
the Urbach tail.
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