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A computational study of the thermoelectric performance of ultrathin

Bi>Te; films
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(Received 18 September 2012; accepted 22 February 2013; published online 4 March 2013)

The ballistic thermoelectric performance of ultrathin films of Bi,Te;, ranging in thickness from 1
to 6 quintuple layers, is analyzed using density functional theory combined with the Landauer
approach. Our results show that the thinnest film, corresponding to a single quintuple layer, has an
intrinsic advantage originating from the particular shape of its valence band, leading to a large
power factor and figure-of-merit exceeding bulk Bi,Te;. The interaction between the top and
bottom topological surface states is key. The thinnest film yields a six-fold increase in power factor
compared to bulk. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794534]

A key goal of thermoelectric (TE) research is increasing
the material figure-of-merit Z7T, which is directly related to
the efficiency of the thermal/electrical energy conversion.
The figure-of-merit is expressed as ZT = S’GT/(K, + K;),
where S is the Seebeck coefficient, G is the electrical con-
ductance, T is the temperature, and K, /1 is the electronic/lat-
tice thermal conductance.'® Recent theoretical works have
suggested that very thin films (~1nm) of Bi,Te; and/or
Bi,Se; may yield enhanced in-plane ZT values, exceeding
that of bulk.”® According to Refs. 7 and 8, the interaction
between the top and bottom surface states of these topologi-
cal insulators (TI)° is responsible for this potential gain in
ZT. In general, improvements in ZT occur in two ways: by a
reduction in thermal conductance or by an enhancement of
the product S>G known as the power factor (PF). With regard
to the former strategy, the use of nano-engineered structures
has proven effective in suppressing heat conduction.'® It has
proven more difficult to enhance the electrical performance,
but this is believed to be necessary for continued progress,''
and recent experiments show promise.'” Interestingly, the
proposed improvement in ZT with ultrathin TI films is via
the PF. Understanding the source of this improvement may
point the way towards higher TE efficiencies.

In this study, we wish to understand the source of the
potential PF enhancement in ultrathin Bi,Te; and/or Bi,Se;
and how the TE performance of these films varies with thick-
ness. Utilizing first principles calculations combined with the
Landauer transport formalism, our findings confirm that a 1
quintuple layer (QL)-thick film is a superior TE compared to
bulk Bi,Tes. An enhanced PF stems from the unique shape
of the valence band that is very unlike parabolic dispersion.
A strict constraint on thickness (¢) is found because all the
studied films (r=0.74nm to 5.82nm) thicker than 1 QL
compared worse than bulk. Bulk properties are retrieved
when ¢ is large enough such that conduction through the TI
surface states becomes negligible.

Bulk Bi,Te; has a rhombohedral crystal structure, which
along the c-axis can be viewed as stacked S5-atom-thick
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layers called quintuple layers. A single QL has the sequence
Te,-Bi-Te,-Bi-Te; of atoms along its thickness, where Te;
and Te, are inequivalent. Within a QL the chemical bonds
are strong whereas the van der Waals-type interaction con-
necting different QLs is weak. Thus, Bi,Te; films can be
mechanically exfoliated or cleaved'® or atomically grown'*
and are likely to have a thickness corresponding to an integer
number of QLs. The bare surfaces of Bi,Tes films do not
have dangling bonds and thus do not require chemical passi-
vation. However, exposure to atmospheric conditions can
lead to surface oxidation, which electron dopes the surface
but does not destroy the topological surface states.'’
The films have a hexagonal crystal structure defined by the
length of the two in-plane and one cross-plane lattice vec-
tors, a = 4.38 A and ¢ = 30.49 A, with values taken from
bulk,'® as previously done.'”

The electronic structure of bulk and ultrathin film
Bi,Te; is computed using density functional theory (DFT).
Fig. 1 presents the two-dimensional (2D) band structure of
Bi,Tes films, with thickness ¢ ranging from 1 QL (0.74 nm)
to 5 QL (4.81 nm) [6 QL (5.82nm) not shown]. The calcula-
tions were performed using the VASP simulation package,'®
the generalized gradient approximation'® for the exchange-
correlation potential and including spin-orbit interaction
(further computational details can be found here®’). Fig. 1
shows that only 1 QL and 2 QL films possess a band gap
(indirect) of 0.268 eV and 0.050eV, respectively, resulting
from the interaction between the top and bottom TI surface
states. For QL > 3, the surface states decay exponentially in
the insulating bulk effectively suppressing any interaction
and closing the band gap, consistent with the previous
reports.'”*! Since a band gap is generally desirable for a
large Seebeck coefficient, the TE properties of these films
are expected to have a strong thickness dependence.

The thermoelectric coefficients can be expressed as>>

G = JOC‘ G'(€) de, (1)
_ ks [* [e—Er\G'(¢)
=L (%) e o

© 2013 American Institute of Physics
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FIG. 1. DFT-computed electronic structure of Bi,Tes films with 7 equal to 1
QL (0.74nm), 2 QL (1.76nm), 3 QL (2.77nm), 4 QL (3.79nm), 5 QL
(4.81nm), and bulk. 1 QL, 2 QL, and bulk have indirect band gaps (Es) of
0.268¢eV, 0.050eV, and 0.16eV (bulk E; adjusted to the experimental
value). For t > 3 QL, the band gap closes due to the surface states. Bulk cal-
culations correspond to an infinite solid, and hence no surface states are

present. In practice, if the bulk is not perfectly insulating, the surface states
would contribute negligibly to bulk samples.

 (k 2 e e B2
Ko = <;> TJOO( T ) G'(€) de, 3)

where G'(€) is the differential conductance, Er is the Fermi
level, kg is Boltzmann’s constant, ¢ is the electron charge, T
is the temperature, and K, is the zero-electric-field (closed
circuit) electronic thermal conductance. The open circuit
electronic thermal conductance K, is extracted using the
relation K, = Ko — S>?GT. The central quantity in determin-
ing the TE parameters is G’(¢), which in the Landauer pic-
ture is written as*?

SEAVBLO [_ % , @)

where M(e) is the distribution of modes (DOM), T (¢) is the
transmission coefficient, f is the Fermi occupation function,
and /4 is Planck’s constant. The term —df /Je is symmetric,
centered around E, and decays exponentially; thus, the above
integrals are safely evaluated in the range Er = 15 kT. In this
work, we compute the ballistic TE properties T(¢) = 1, which
depend only on band structure, and hence assess a material’s
inherent potential as a good TE. Note that M(¢) corresponds
to the number of quantum conducting channels and is propor-
tional to the average velocity along the transport direction
z times the density of states: M(e) o (|v.(€)|) - D(€). The
DOM is extracted from the electronic dispersion of any sys-
tem using®

Appl. Phys. Lett. 102, 093103 (2013)

L d—1
M(e) = (i) LZZ Ole—g )dd=!,  (5)

where d is the dimensionality of the system, L, is the length
of the sample in the direction perpendicular to transport
[L> =W xt for d=3 and L, =W for d=2; W: width,
t: thickness], ©(e) is a unit step function, &, is the reciprocal
lattice vector in the plane perpendicular to transport, and n*
corresponds to the number of positive velocity states with
energy € at k; . The above equation describes the fact that one
forward moving band (9¢;/Ok, > 0) provides one conducting
channel. For a parabolic band, the bulk three-dimensional
(3D) and film 2D DOM are M;p = th*e/Znh2 and
Msp = W+/2m*e/mth, where m* is the effective mass.’

Fig. 2 shows the DOM versus energy for bulk and ultrathin
films of Bi,Te;. The analytical electronic dispersion model in

Ref. 8 is also plotted, where M(e) = /€2 — A?/(mvph)
(fitting our 1 QL data we find A=134meV and
vp =75 x 10° m/s, where 2A is the band gap and vp is the con-
stant band velocity when A = 0). Ex corresponds to the self-
consistently calculated Fermi level, which is the valence band
(VB) edge for semiconductors. The DOM of 1 QL is noticeably
different from 2 QL, 3 QL, and bulk; with 1 QL showing a
sharp, discrete-like increase in DOM at the VB edge while the
other curves show gradual increases. As will be shown, this fea-
ture is advantageous for increasing PF because G is enhanced
near the VB edge. The DOM of films with # > 4 QL are very
similar to 3 QL and are not presented for clarity. We note that
the shapes of the DOM for 1 QL and bulk are consistent with a
previous report; however, a difference in magnitude is
observed’” which can be partly explained by a spin degeneracy
factor of 2 (not included in our definition of M (¢)).

Next, we examine the TE properties. The Seebeck (S)
coefficient versus Ep is shown in Fig. 3(a). The maximum
positive S (p-type transport) occurs with 1 QL near mid-gap
with S approaching 500 £ V/K; however, the most negative S
(n-type transport) occurs with bulk Bi,Te;. The large DOM

8 |
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©
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FIG. 2. Distribution of modes versus energy for 1 QL, 2 QL, 3 QL, bulk
Bi,Te;, and the analytical model in Ref. 8 (fitting our 1 QL data:
A=134meV and vp =5 x 10°m/s). The DOM for films is divided by the
thickness ¢ to compare to bulk. Transport is along I'-K (binary axis) and is
found to be identical to transport along I'-M (bisectrix axis).
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FIG. 3. Seebeck coefficient (a), power factor (b), and electronic ZT (ZT,) (c)
versus Fermi level (Ey) at T=300K for 1 QL, 2 QL, 3 QL, bulk Bi,Tes, and
the analytical model in Ref. 8. Electronic ZT is obtained by assuming K; = 0
in the expression of figure-of-merit. Note that the units of power factor are
different in the ballistic and diffusive transport regimes. Assuming a con-
stant mean-free-path, the diffusive power factor (units of W/K’m) is
obtained by simply multiplying the results in (b) by the mean-free-path.

at the VB edge is the reason why S is not anti-symmetric as
is the case with the analytical model. Our simulations indi-
cate that S decreases with increasing thickness, the result of
a shrinking band gap. Physically, S is equal to the average
energy (relative to Ex) at which current flows times —kg/q;
thus, a large |S| requires a large asymmetry between electron
and hole conduction. With a band gap, one can vary Ey such
that the average conduction energy is located far above
(n-type) or below (p-type) Er, thus yielding a large |S|. With
metals, conduction above and below E is roughly equal,
leading to a small |S|. Note that S initially drops due to the
closing of the band gap by the TI surface states, but as the
thickness increases conduction through the bulk will eventu-
ally dominate thus allowing S to retrieve its bulk value. With
1 QL, S is large because: (i) the band gap is larger than bulk
and (ii) the large asymmetry in the VB and the conduction
band (CB) DOM means that S continues growing until mid-
gap before changing sign. We highlight that such features
can easily be found in many semiconductors and that 1 QL
Bi,Tes is not special in regard to the Seebeck coefficient.
Fig. 3(b) shows the ballistic power factor (PF = S>G)
versus Er. One QL shows a maximum PF that is more than

Appl. Phys. Lett. 102, 093103 (2013)

FIG. 4. (a)—(c) k, -resolved DOM (integrand of Eq. (5)) versus energy for 1
QL, 2 QL, and 3 QL. Each color corresponds to an integer value equal to the
number of conducting channels at a given &, . (d)—(e) Surface plot of the VB
for 1 QL and 2 QL, showing how the VB of 1 QL is pushed downward near
I". (f) Line plot taken from (a) and (b) at an energy of —15meV below the
VB edge. Note that the DOM shown in Fig. 2 is proportional to the integral
of these curves divided by .

6x larger than all other materials. This enhancement in PF
originates from G and not S; in fact, the S value at the opti-
mal PF is smaller with 1 QL than bulk. It is the sharp
increase in DOM, shown in Fig. 2, that dramatically
increases G near the VB edge. Contrary to the increase in S,
PF is enhanced due to the unique electronic dispersion of 1
QL Bi,Tes. Fig. 3(c) presents the electronic ZT (ZT,), which
corresponds to assuming the lattice thermal conductance is
zero: S2G/K,. To calculate ZT, knowledge of the lattice ther-
mal conductance extracted from phonon transport is
required, which is also expected to vary with the number of
QLs. Assuming the ballistic lattice thermal conductance of
bulk, the relative contribution of the electronic thermal con-
ductance for 1 QL, 2 QL, and 3 QL is found to be roughly
50% near Er =0 and increases as Er moves further into the
valence or conduction band. In reality, ZT will always be
smaller with a finite value of K;; however, Fig. 3(c) allows us
to compare the electronic component of ZT in each material.
One QL demonstrates a ZT, that is ~5x greater than bulk.
Films > 2 QL are worse compared to bulk because of their
low S and high K, arising from a small or zero band gap. We
emphasize that with 1 QL the enhancement in Z7T,, via PF,
stems from the particular electronic character of this material
and not a reduction in lattice thermal conductance.

Next, we wish to understand what is special with 1 QL,
which results in the rapid increase in DOM and enhances PF
and ZT,. For this purpose, we plot the &, -resolved DOM ver-
sus energy for 1 QL, 2 QL, and 3 QL in Figs. 4(a)-4(c). The
k1 -DOM corresponds to the integrand of Eq. (5), where each
color represents an integer equal to the number of quantum
conducting channels. The surface states are easily identified
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because they provide a fixed number of modes independent
of ¢. The sharp increase in DOM with 1 QL occurs since the
width 0k, in k,-space (along I'-M), corresponding to the
region where the modes are non-zero discretely jumps from
zero (in the band gap) to almost the whole Brillouin zone at
the VB edge. This feature is unlike what is observed with
2-3 QL or parabolic-type dispersions, where ok (and the
DOM) smoothly increases from the band edge. According
to Eq. (5), M(¢) depends on the integral of k; -DOM at a
fixed e. As an example, in panel (f) we plot k,-DOM at
the energy e=-15meV, where the area under the curve
is clearly larger for 1 QL than 2 QL. This feature in the
k;-DOM that is responsible for the discrete increase in
DOM is directly related to the particular shape of the VB:
the VBs of 1 QL and 2 QL are shown in Figs. 4(d) and 4(e).
With 1 QL, the interaction between top/bottom surface states
pushes down the VB of 1 QL near I'. This indented shape of
the VB, not observed with 2 QL (or thicker films), is what
leads to the unique TE properties of 1 QL Bi,Tes.

Lastly, we consider whether scattering will hinder the
predicted TE properties of 1 QL. In the diffusive limit, the
transmission scales as T(€) o< ([v-(€)|)t(€)/L,** where 1(€) is
the scattering time. Ideally, we wish for the product
(lv2(e)])z(€) to be large. The scattering time t(¢) depends on
the particular scattering physics and is difficult to accurately
compute whereas (|v,(¢)|) is extracted from the electronic
dispersion. Here, we do not attempt to calculate t(¢), but we
find (|v,(¢)|) > 10°m/s near the VB (comparable to bulk
Bi,Tej3), thus indicating that the carrier velocity itself should
not be a limiting factor.

In conclusion, by analyzing the ballistic thermoelectric
properties of ultrathin Bi,Te; films, ranging in thickness
from 1 QL to 6 QL, we determined that only the thinnest
film shows a large enhancement in power factor and ZT,,
compared to bulk. This result is traced back to (i) the open-
ing of a sizeable band gap with 1 QL and (ii) the unique
indented shape of the 1 QL valence band, which we propose
is intrinsically advantageous for achieving a large PF. This
particular band shape, distinct from the parabolic dispersion
found in most semiconductors, shares similarities with
Rashba/Dresselhaus-type bands but without spin-splitting
such as the model used in Ref. 23. Useful applications will
likely require stacking these ultrathin films for achieving
high PF. Perhaps, an alternative route towards high effi-
ciency/performance thermoelectric applications involves
understanding, finding, and designing bulk materials with
similar band shapes.

Appl. Phys. Lett. 102, 093103 (2013)
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