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ABSTRACT

Topological surface states (TSSs) coexist with a rapidly formed two-dimensional electron gas (2DEG) at the surface of Bi,Se;. While this
complex band structure has been widely studied for its interactions between the two states in terms of electrical conductivity and carrier
density, the resulting thermopower has not been investigated as thoroughly. Here, we report measurements of the temperature dependent
Seebeck coefficient (S) and electrical conductivity (o) on an undoped 10 nm thin Bi,Se; film over the temperature range of 100-300 K to

find an overall metal-like behavior. The measured S is consistent with the theory when assuming that both the TSS and the 2DEG contrib- :

ute to thermoelectric transport. Our analysis further shows that the coefficient corresponds to a Fermi level situated well above the conduc-

tion band minima of the 2DEG, resulting in comparable contributions from the TSS and the 2DEG. The thermoelectric power factor (S°0)

at 300 K increases by 10%-30% over the bulk. This work provides insights into understanding and enhancing thermoelectric phenomena in

topological insulators.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100991

I. INTRODUCTION

Topological insulators are electrical insulators in the bulk that
possess highly conducting topological surface states (TSSs) that
form under an inverted ordering of the bulk electronic bands due
to strong spin-orbit coupling. These surface states exhibit a linear
dispersion resulting in massless Dirac fermions,' where the electron
momentum is locked to its spin, preventing any backscattering due
to nonmagnetic impurities. Carrier transport via these states has
metal-like conductivities.”” In Bi,Ses, a common thermoelectric
material and a topological insulator, these states coexist with a two-
dimensional electron gas (2DEG) at the surface. Angle-resolved
photoemission spectroscopy (ARPES) measurements’ have explic-
itly confirmed this coexistence. The origin of the 2DEG in Bi,Se; is
similar to that in other semiconductor surfaces where charge accu-
mulation causes band bending near the surface. While the interac-
tions between TSS and the 2DEG have been extensively studied”

for their impact on carrier density, mobility, and conductivity, the
thermoelectric properties of the surface arising under this complex
band structure are still not well understood.

In experiments on the bulk, it is generally difficult to directly :

measure the contribution of surface states to thermoelectric trans-
port due to the typically large contributions from the bulk bands’
that overwhelm the measurement. In contrast to the bulk, thin
films afford a more promising avenue to better understand the
thermoelectric properties of TSS in comparison with those of the
2DEG. Magnetoresistance measurements’ and terahertz time-
domain spectroscopy (THz-TDS)” on Bi,Se; films with thicknesses
less than 100 nm can distinguish surface charge transport from the
bulk but are rare in the literature. Gated measurements of surface
thermoelectric transport in thin films of exfoliated Bi,Se; have been
reported.*™"" In particular, a high $’c of 3uWcm™ K2 was
reported at 240 K and a gate voltage of —50 V'°. The value may be
attributed to the high Seebeck coefficient resulting from a low
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carrier concentration. There was, however, no conclusive evidence
in these experiments that the transport was topologically protected.
Thus, a physical understanding of the magnitude and temperature
dependencies of the thermopower and the thermoelectric power
factor when both TSS and 2DEG are present is still lacking.

In extremely thin Bi,Se; films (~2 nm), hybridization between
the two surfaces is expected to open up a bandgap and also severely
reduce the carrier density in the 2DEG.""'* This presents an inter-
esting system to explore thermoelectric phenomena. As a step
toward this, however, it is also important to understand thermo-
electric behavior in slightly thicker films (~10nm) where both
2DEG and TSS are expected to contribute, effectively forming a
two-channel carrier transport.”” The spatial extent of surface
charge accumulation in the bulk, estimated from the Poisson equa-
tion as v/k€gAV/en (where x is the dielectric constant of the bulk,
€ is the permittivity of vacuum, AV is the potential change near
the surface, e is the electronic charge, and # is the carrier concen-
tration), yields a figure of ~6 nm at the typically high carrier con-
centrations (2.4 x 10" cm™) reported in measurements.” More
detailed solutions put the decay length to be ~15nm when the
Fermi level is ~160 meV above the conduction band minimum, a
typical case."* We would thus expect that in films with thicknesses
comparable to these figures, surface charge accumulation should
create a quantum confined 2DEG across the entire film thickness.
The confinement would shift the bottom of the conduction band
by ~ h?/8m*t?, where h is Planck’s constant, m* is the effective
mass, and ¢ is the film thickness.'” At a thickness of 10 nm, the
upward shift is ~25 meV. This forms an ideal system to investigate
thermoelectric transport where both the 2DEG and the TSS play
arole.

Here, we report measurements of S and ¢ in high-quality
Bi,Se; films of 10- and 50-nm thicknesses grown by molecular
beam epitaxy (MBE), over the temperature range of 100-300 K to
investigate such transport. The 50-nm film serves as a reference
with a thermoelectric behavior expected to be essentially identical
to that of the bulk. Data from the thicker film also serve to estab-
lish the validity of our experimental technique, which is slightly
modified from the typical case to improve accuracy. In the
thinner film, we expect surface states to be the only channels of
transport. Understanding the surface state contribution presents
complexities since it includes contributions from both the 2DEG
and TSS. As we show below, measurements of the Seebeck coeffi-
cient reveal that the Fermi level is well above the conduction band
minimum, with the coefficient having contributions from both
the 2DEG and the TSS. Analyzing the data, we model transport to
enable a relative quantification of the Seebeck coefficient associ-
ated with each transport channel. The paper is organized as
follows. Section II describes the basic theory of the Seebeck coeffi-
cient in the presence of TSS and a 2DEG. Section III outlines the
material growth of Bi,Se; films used in our measurements.
Section IV describes the measurement platform and the measure-
ment principle used to obtain S and o. Section V presents the
experimental results and discusses the data. Section VI provides
conclusions and insights for future work. This work advances the
fundamental understanding of thermoelectricity in thin films of
topological insulators.
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1. DERIVATION OF THE SEEBECK COEFFICIENT

As discussed above, we expect surface band bending in a
thin Bi,Se; film with a few-quintuple layers to quantum confine
all carriers in the thickness direction, leaving only the 2DEG
and the TSS. The Seebeck coefficient for the film is then a weighted
sum of the two contributions, S = (Stssorss + SapEGO2DEG)/
(orss + 02pEG). We now derive expressions for the diffusive ther-
mopowers, Stss and S,pgg, below to help guide the later discussion.
We note that we only consider the diffusive part of the thermo-
power since we do not expect phonon drag to contribute to ther-
mopower. Any momentum transferred from the electrons to
phoncl)ps is destroyed by boundary scattering in such nanoscale
films."”

A. The Seebeck coefficient for TSS

The density of states for TSS is g(E) = E2nh*vi?, where vg is
the Fermi velocity and # is the reduced Planck constant. The (diffu-
sive) Seebeck coefficient is given by

[ ¢(E) <(E) E* of 10E dE
0

Br = , 1)
| g(E) 7(E) EOf IOE dE
0

Spss = — —
TSS eT

where f is the Fermi function and the relaxation time 7(E) oc E".
The above expression simplifies to

[ E3 Of 19E dE
Bp-2— | @)

| Er+20f 19E dE

0

Srss = — —
TSS eT

The integrals in Eq. (2) can be further simplified using the
product rule to yield

(r+3) }o foE? dE
Ep — = : 3)

(r+2) [ fiE+'dE
E=0

Spss = — —
TSS eT

The two integrals in Eq. (3) can be simplified by introducing

the reduced energies { = E/kgT, n = Ep/kpT, and the Fermi-Dirac 3

integral, defined as F,(n) = [ fo({, n)¢"d{. The Seebeck coefficient
is then 0

_ 1 B (r + 3)Fri2(n)
St = or (EF kBT(r + 2)Fr+1(n))
_ ks (r+3)F0)
=% ( v Z)Fr+1(77)) ' @

For 1> 0, the Fermi-Dirac integral can be expressed in the
form of a rapidly converging series where retaining only the first
two terms yields
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S :_@(_jﬂﬂmHW):_@CW+DHMM—U+$ﬂMm)
e R S A ) e (r + 2)F, 1 (n)
77r+2 r”z nr+3 1 ”2
ks n(r+2)(r+2+(r+1)n Z)‘“H)(Hs“r“)" E) 2k 1
- — = ~(r+2) )
e (r+2) n 3e
r+2

The above expression is linear in temperature, as expected for
metals.

The scattering parameter r can be obtained from the relaxa-
tion time 7(E) as follows:

1
7(Ey)

1—f(E)
1—f(E)’

= Z (1 — cosb ) Wiy (6)
k/

where Oy is the scattering angle between k and K/, Ex=fAvp | k | ,
Wi is the transition probability from the state with momentum k
to k' state, and f(E) is the Fermi distribution function. The

transition probability is given by Wi = 2z/h > \C(q)|2A(E, E). C
q

(g) is the matrix element for scattering by acoustic phonon of
wave vector g=k-k andA(E, E') = Ny6(E — E' + wg) + (N, + 1)
S8(E — E' — w,), where 0, = vpnq is the acoustic phonon energy
whose velocity is vy, and Ny is the phonon occupation number.
The matrix element for the deformation potential'® is given by

-

where D is the deformation-potential coupling constant, p,, is the
mass density, and A is the area of the sample. For temperatures
above 100K, ha)q < kpT, and consequently, Ny =~ kBT/ha)q and
A(E, E') = (2kgT/hwy)6(E — E'). Using these approximations, the
relaxation time is calculated to be

D*hg

ClgP =19
| (q)| 2Apmvph

(7)

1  1E D

o T T
o(E) K 4v§pmvih B

®)

From the energy dependence above, the scattering parameter r
for TSS is (—1).

B. The Seebeck coefficient for 2DEG

The Seebeck coefficient of the 2DEG (S,p) is the sum of the
Seebeck coefficients of all occupied levels weighted by their individ-
ual electrical conductivities. Assuming the mobility to be constant
across all levels and independent of carrier concentration, the total
Seebeck coefficient can be written as

Z N
Sop =
2D Z o;

Z 12piSapi

- Z nypi ©)

Here, i is the index of the discrete energy level and n,p; is

Er
4rm*
2

the occupation of each energy level, given by #n,p;

X ®(Er — E;)dE, where m* is the effective mass, /i is the reduced
Planck constant, E; is the conduction band edge of the ith energy
level, and ®(x) is the Heaviside step function. The Seebeck coeefi-
cient of each occupied energy level (S,p;) can be derived similarly
as above. Using the density of states for a 2DEG as g(E) = m*/nh’
and relaxation time as 7(E) «x E', the diffusive Seebeck coefficient
can be written as

<]

E2 Of /O dE
Sopi = L Ep _Ei_E;o
et [ Er1\0fI0E dE
E;
X [ E"0f10E' dE'
= | EB-E-%——— (10)
e [ BT 0f10E dE
0

The last part of Eq. (10) arises from the transformation
E' = E — E,. By simplifying the integrals using the product rule and
the Fermi-Dirac integral, Eq. (10) can be reduced to

(r+2) [ fE™dE
Ep—-E—-—9%

(o

If the Fermi level is high in the conduction bands with
n; > 0, the expression for S,p; reduces similar to Eq. (5) to

Spi = ——; =
el (r+ l)jfoE,rdE,
0
kg
e

RS IA) )

(r + DF,(7)

kg 1
SZDi = ——B—(T+ 1)
3e n;

(12)

The relaxation time in the nondegenerate phonon regime for
acoustic phonon limited mobility can be written as 7(E) o 1/g(E).
Because g(E) is independent of E in a 2DEG, r= 0."” Consequently,
the expression for S is effectively identical for degenerate electrons
between the TSS and the 2DEG.
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I1l. MATERIAL GROWTH

We grew the thin-film Bi,Se; on a c-plane sapphire (0001)
substrate in a UHV chamber (<107 Torr) using MBE. High-purity
Bi (5N) is loaded into an effusion cell and high-purity Se (6N) is
loaded into the bulk zone of a valved, cracked selenium source. The
fluxes for Bi and Se are set to 14-1.5x10" and 3.2-
3.7 x 10" atoms/cm’s, respectively, to achieve super-stoichiometric
Se:Bi flux ratios between 4:2 and 5:2. A nucleation layer of six quin-
tuple layers of Bi,Se; is deposited with the substrate temperature
set to 80 °C. The substrate temperature is increased to 200 °C to
deposit the rest of the film. The substrate temperature is dropped
to 100 °C and molecular oxygen is introduced into the chamber at
a pressure of 9x 107> Torr. An aluminum beam with a flux of
7 x 10'? atoms/cm?s is used to deposit a 13 A-thick AL,O; layer on
the Bi,Se; surface. This capping protects the film from atmospheric
oxidation and helps in reducing selenium vacancies, leading to a
lower intrinsic carrier concentration than in an uncapped film. The
two nominal film thicknesses chosen in our experiments are 50
and 10 nm. The 50-nm film is expected to exhibit bulklike behav-
ior, whereas the 10-nm film is expected to have transport contribu-
tions from different surface states. The sheet carrier density for
both films is characterized using Hall bar devices (see Sec. S1 in the
supplementary material for sheet carrier density data).'®

IV. MEASUREMENTS OF S AND o

To measure S and o, a Bi,Se; film of lateral dimensions
100 x 100 um? [Fig. 1(a)] is defined on the substrate by ion milling
the sample. The electrodes and heaters are patterned using
electron-beam lithography followed by niobium deposition. The
contact pads are made of aluminum to ensure good electrical con-
tacts to the sample. The measurement scheme of S is similar to the
established methods from the literature'” but incorporates a few
modifications to account for the conductive nature of the films. In
the typical measurement scheme, a heater is used to generate a
temperature difference (AT) across the thin film. AT is determined

(2)

METHOD scitation.org/journalljap

with the help of thin-film resistance temperature detectors (RTDs)
(1 and 2) and the corresponding Seebeck voltage (AV) is measured
as an open circuit voltage across a different set of probes (3 and 4)
as shown in Fig. 1(b). Both AT and AV are measured as a function
of the heating voltage applied to the heater (Vy). Hence, the
Seebeck coefficient of the thin film is given by

_ AV dAV)d(VE)
AT dAT)A(VE)'

The spatial difference between the RTDs and the voltage probes
in the typical measurement scheme can introduce a significant error
in the measurements that is difficult to quantify. To avoid this, we
used the same set of probes [1 and 2 in Fig. 1(b)] to measure both
A(AT)/d(V?) and d(AV)/d(V,?). The RTD probes 1 and 2 are pat-
terned to be in electrical contact with the film since they measure
the Seebeck voltage. The RTDs are also used to measure AT by mea-
suring the voltages when a sensing current is passed through them
and converting them into temperatures using appropriate tempera-
ture coefficient of resistance (TCR). However, the electrically con-
ducting nature of the Bi,Se; film leads to leakages in the sensing
current, which results in an anomalous behavior of RTDs, such as a
negative TCR. To avoid these leakages, the conductive Bi,Se; film
was etched away after measuring the Seebeck voltage, as shown in
Fig. 1(c). The details of the calculation of d(AT)/d(V?) can be
found in Sec. S2 in the supplementary material.

The electrical conductivity of the 10-nm sample is measured
using the standard four-point probe method where current (I) is
passed through the external probes (1 and 2) and voltage (V) is
measured across the internal probes (3 and 4). The probes are equi-
distant from each other to ensure accurate measurements. The elec-
trical conductivity of a thin film of thickness d with finite
dimensions is obtained using the relation, é =C (% d). Here, C is
the correction factor that is dependent on the lateral dimensions of
the film and the spacing between the probes. For a film of

(b)

(©)

FIG. 1. (a) Optical micrograph of a 10-nm Bi,Se; film with dimensions of 100 x 100 um? with electrodes made of niobium and aluminum. (b) Closeup of the thin film
sample with Al,O5 capping, heater, two RTDs (1 and 2), and two voltage measuring terminals (3 and 4). (c) The thin film sample after selective etching of the Bi,Se; film
and the Al,O3 capping to enable the measurement of a temperature gradient across the sample.
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dimension 100 x 100um® and a probe spacing of ~25um,
C=3.1137."° (The instrumentation details for the measurement of
S and o are provided in Sec. S3 in the supplementary material.)

V. MEASUREMENT VALIDATION USING 50 nm BI>SE3

Figure 2(a) shows the resistance calibration of the RTDs pat-
terned on the 50 nm Bi,Se; film in the temperature range of 300-
350 K. The electrical resistances increase linearly with temperature
as expected. Figure 2(b) shows the Seebeck voltage data for the
same film at a bath temperature of 330K, as a function of AT
across the film. The Seebeck voltage at a given temperature should
increase linearly with AT, which is indeed observed in the measure-
ments. The slope of the graph provides S of the film at a specific
bath temperature. Figure 2(c) shows the measured S as a function
of temperature for the 50-nm film. As expected, S is negative, indi-
cating that the material is n-type. S increases nonlinearly with tem-
perature in the 50-nm film, indicating semiconducting behavior.
The diffusion of charge carriers is the dominant mechanism affect-
ing S. Phonon drag contribution to S is not expected to be signifi-
cant in this case.”** At a film thickness of 50 nm, all momentum
transferred between electrons and phonons is destroyed by boun-
dary scattering."”” Then, S due to carrier diffusion can be written
as shown in Eq. (1) but with 3D density of states. Because the
films are undoped and capped with AlL,O; (see Fig. S1 in the
supplementary material for carrier density), we may assume negli-
gible impurity scattering. The typical frequencies of optical
phonons correspond to temperatures beyond the temperature range
of interest (100-350 K), and hence, we can further ignore optical
phonon scattering. The dominant scattering is thus from acoustic

phonons. With r=—1/2," S reduces to S3p = —1 (n - 25—(‘]) Using

the carrier concentration data from Fig. S1 in the supplementary

METHOD scitation.org/journalljap

material and m*=0.15m,,”* Eg is calculated to be ~105meV
(n=9.8%10" cm™) and is almost independent of temperature. S
calculated from above is plotted alongside the experimental data for
the 50-nm film in Fig. 2(c). The agreement between the data and
the established theory for the thick film serves to validate the
measurement.

VI. RESULTS AND DISCUSSION

We now discuss the experimental results for the 10-nm film.
As pointed out in the Introduction, we expect the band structure to
contain only the 2DEG states and the TSS. To explain why, we
note that the spatial extent of the quantum well in the 50-nm film
at a carrier concentration of 9.8x10®¥cm™ is ~+/ke€oAV/en
= 8nm on either surface. This estimate is similar to more detailed,
self-consistent calculations of charge accumulation' that puts the
potential variation near the surface to be ~0.3 eV over ~10 nm. At
similar doping between the two films, we expect band bending to
span the entire thickness of the 10-nm film and the quantum con-
finement of electrons to create only 2DEG states with TSS in the
bandgap. (Hall measurements yielded similar sheet carrier densities
in the 10- and 50-nm films, but the equivalent carrier concentra-
tion in the 10-nm film would be higher at 3.4 x 10>' cm™.) We
thus expect an overall S behavior dictated by Sygs and S,p, weighted
by their respective conductivities. Figure 3(a) plots the data for S vs
temperature in the 10-nm film. S, while again negative, indicating
transport by electrons, is much lower than that in the 50-nm film.
For example, at 300K, S=—-27.7uV/K in the 10-nm film as com-
pared to —62.4V/K in the 50-nm film. The temperature trend is
also different from that in the 50-nm film, with a nearly linear
dependence suggestive of metallic behavior. As discussed in Sec. II,
the linear dependence would arise when S is given by Egs. (5)

T T T T T T T T
114} [-m- RTD1 ™ 40} Ty =330 KI
= - - | -
& RTD 2 " -
= -
2112- - . Z w0l
.7 @
% , - » g
210 . S 2 2
2 . » >
= " -
-3 a * [*]
108 | . -
g P 2 I
g o g ‘l
i 106 e a*
- L]
-
'y oF §°
Ll bs - . - . . . i
300 310 320 330 340 350 0 200

g ;?so.
A1 3
i ] % 5| La=
B 1 £a} I

8 ¥

4 B p
gesf -

i m 1 A 1

Temperature (K)

(a)

Temperature difference (mK)

(b)

L . L
300 310 320 330 340 350
Temperature (K)

(c)

400 €00

FIG. 2. (a) The measured electrical resistance of the resistance temperature detectors as a function of the environment temperature used in calibration for a 50-nm Bi,Se;
film. The error in the resistance is calculated to be between +75 and —8 mQ and is not included in the graph because of its magnitude when compared with the meaured
resistances. (b) Variation of the Seebeck voltage with temperature difference across the sample for the 50-nm-thick Bi,Se; film at a bath temperature of 330 K. The slope
of the graph gives the Seebeck coefficient of the sample at 330 K. (c) The experimental Seebeck coefficient of the 50-nm-thick Bi,Se; film as a function of temperature.
The red dashed line corresponds to the theoretical Seebeck coefficient calculated for bulk using acoustic phonon scattering as the dominant scattering mechanism.
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FIG. 3. (a) The Seebeck coefficient of a 10-nm Bi,Se; film measured as a function of temperature. The calculated values of Syp and Stss are also shown. The measured
S is a conductivity weighted average of S,p and Stss. (b) AEE of the 10-nm Bi,Se; film obtained from fitting the measured Seebeck coefficient and the carrier densities of

the 2DEG and TSS calculated as a function of temperature.

and (12) for the TSS and the 2DEG, respectively. The situation cor-
responds to the Fermi level situated high in the 2DEG bands, such
that the expression for Srss and S,p is identical, with each being
equal to —?k3T/3eEp. However, the Ej is measured relative to the
Dirac Point for the TSS and relative to the conduction band
minima for the 2DEG. ARPES data on bulk Bi,Se; shows that the
energy gap between the Dirac point of the TSS and the conduction
band edge of 2DEG is ~205 meV." With quantum confinement in
the 10-nm film, we expect the gap to increase slightly. Assuming
both surfaces to have similar band bending, a simple estimate of
the shift, considering an infinite well, is ~h?/8m't? = 25 meV.
Following from the above discussion, we now fit the data

Stssnrsstiss +S2p MaDHop 3
T where n is the sheet

carrier density and u is the mobility. The RHS of the expression

N\ /
N\

cb,min

using the expression S =

AE,

205 meV

Dirac point

/N

FIG. 4. Schematic representation of the band structure of a 10-nm Bi,Se; film.
Er lies above the conduction band edge of 2DEG, which implies that charge
transport takes place through both 2DEG and TSS. The Dirac point is 205 meV
below the conduction band edge of 2DEG based on ARPES measurements”.

can be rewritten as (—m?kgT/3eEp) X [%

AEr = Er — Egpmin and the ratio f = napuyp/nrssiirsg. Our Hall
measurements on the 10-nm film show effective carrier density and
mobility that are similar to those reported in Ref. 13. In their
detailed analysis of the data across multiple samples with varying
film thicknesses, the authors reported u,p/trss = 6 for films of
10-nm thickness. The ratio does not change significantly until a
2- nm thickness. The ratio n,p/nrss is a function of AEr since each

, where

carrier density can be directly calculated by integrating over the !

2
= %Fl(ﬂ)-

Here, vp=5x10°m/s” is the Fermi velocity for the topological
electronic states in Bi,Se;. The 2DEG carrier density is a summa-
tion over different quantized states. Employing an empirical effec-

mﬂggTFo(ﬂ)~

Fitting the above expression to the data point by point, we
obtain the AEp(T) plotted in Fig. 3(b). AEp extracted in this
manner lies within 170-215 meV. The corresponding location of
the Fermi level in the band diagram is shown schematically in
Fig. 4. The location is consistent with degenerate electrons and,
hence, justify the simplifications made in obtaining Egs. (5) and
(12). This location is also close to but slightly lower than that
reported in ARPES™** measurements of the bulk Bi,Se; surface at
carrier concentrations of ~2.4x10'>cm™. The corresponding
carrier densities #,pp and nrgg are plotted as a function of tempera-
ture in Fig. 3(b), and the corresponding Seebeck coefficients, S,p
and Stsg, are plotted in Fig. 3(a). The TSS carrier density is nearly
temperature independent, the behavior being consistent with that
in prior reports in the literature."> Weighing the two carrier densi-
ties by the assumed mobility ratio of u,p/urss ~ 6, we obtain a
carrier density consistent with those measured in Hall experiments
on films (see the supplementary material) prepared under identical
conditions to the one for whom S was measured. The carrier

states. The carrier density for TSS is given by nrgs

tive mass of 0.15 m,”* over all states, we obtain 7,p

Q

ajo1e/del/die/b10°die'sqndy/:dyy wouy papeojumoq
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FIG. 5. Electrical conductivity and thermoelectric power factor of a 10-nm
BiSes film measured as a function of temperature.

density for the 2DEG has a temperature dependence near the lower
temperatures. We are unsure if this is indeed physical or an artifact
of the assumptions in our fitting. We note that we have assumed
that the mobility ratio remains the same across all temperatures,
which is unlikely to be the case at low temperatures where long
wavelength phonon scattering can be different between the surface
state and the 2DEG.

Figure 5 shows the measured electrical conductivity and the
resulting thermoelectric power factor (S’c) for the 10-nm film.
Consistent with a metallic behavior, the overall conductivity
decreases as ~1/T, further confirming the above analysis of a high
Fermi level. The power factor at room temperature is modest at
~100 uW/mK? and considerably lower than what has been reported
earlier in gated measurements.'” The relatively modest power
factor, however, should not be surprising since the carrier density
in our sample is quite high. We expect that gated samples are nec-
essary to optimize the power factor. Overall, the power factor is still
almost 30% higher than that expected in as-grown bulk Bi,Ses.”®
The high electrical conductivity is primarily responsible for this
enhancement. Even though their S is lower than that found in bulk
samples, surface conduction through the 2DEG and the TSS still
yields a higher $’c.

VIl. CONCLUSIONS

In conclusion, we have experimentally measured the Seebeck
coefficient and electrical conductivity of a 10-nm thin Bi,Se; film.
Through theoretical analysis, we suggest that the entire film is com-
prised of surface states in the form of 2DEG and TSS. Comparing
with measurements on a thicker 50-nm film, we find that in the
thinner film, thermoelectric transport is surface dominated and
metal-like, with comparable contributions from the TSS as well as
the 2DEG. The overall behavior is metallic and consistent with a
Fermi level located high in the 2DEG bands. Overall, surface

METHOD scitation.org/journalljap

conduction leads to an increase in o and a decrease in S compared
with the bulk but with an overall higher $’. These results present
insights into further increasing the S’ of TSS by controlling the
band structure of the TSS at lower film thicknesses. We note that
theory'' and experiments'> show that a bandgap opens in the TSS
at thicknesses 2 nm and lower due to hybridization of the two sur-
faces. This has the potential to provide a simultaneously high power
factor and conductivity, which is an important attribute in realizing
practical, high-quality thermoelectric-based heat switches.””

SUPPLEMENTARY MATERIAL

See the supplementary material for the experimental details
and measured data of carrier concentration, mobility, the Seebeck
coefficient, and electrical conductivity and methodology used to
determine the Seebeck coefficient.
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