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3.1 Introduction

Interest in thermoelectric (TE) properties of tetradymite-type materials, that is, Bi,Se;,
Bi,Te;, and Sb,Te;, originated from the work of Goldsmid and coworkers on bulk forms
of the structure in the mid-1950s [1]. The excellent dimensionless thermoelectric figure of
merit ZT for both n-type and p-type tetradymite solid solutions has enabled this material
family to be one of the most successfully commercialized TE systems, especially for low-
temperature applications [2,3]. Motivated by the increasing demand for alternative green
energy, much research and development have been done in the past two decades toward
advancing efficient synthesis processes [4], device fabrication [5], and physical property
characterization [6]. These efforts have, in turn, significantly deepened the understanding
and improved the performance of TE materials. Indeed, the state-of-the-art p-type ZT has
reached ~1.8 at 320 K in the bulk nanocomposite form of this classic TE material system [7-9].
As proposed by Dresselhaus and colleagues in the early 1990s [10-12], materials with
lower-dimensional characteristics, such as 2D superlattices (SLs), 1D nanowires, and 0D
quantum dots, may possess significantly enhanced TE properties and have been inten-
sively studied to achieve (1) reduction in thermal conductivity (e.g., by all-scale hierarchi-
cal phonon scattering [13]) and (2) enhancement in power factor (via formation of band
resonant states [14], quantum confinement [15], modulation doping [16], energy filtering
[17], and other novel mechanisms [18]). A spectacular ZT ~ 2.4 at 300 K was claimed in 2001
for p-type Bi,Te;/Sb,Te; SLs [19]. Despite the fact that such impressive ZT values on SLs
have never been reproduced by intense efforts worldwide [20], the possibility of enhancing
TE performance by decoupling electronic and thermal transport processes with reduced
dimensionality has boosted the fabrication of tetradymite-type TE films and SLs.
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Recently, topologically nontrivial materials have attracted heightened attention around
the globe, owing to their potential of revealing new physical phenomena and prospects
for developing next-generation electronics. Ever since their discovery [21-24], tetradymite-
based 3D topological insulators (TIs) have stimulated worldwide interest in surface states
(SSs) arising from the strong spin-orbital coupling and time-reversal symmetry [25-27].
Immune to perturbations of weak electromagnetic fields and/or nonmagnetic impurities,
the relaxation times dominating surface transport can be much enhanced, resulting in
a nondissipative surface conduction. The (1) Dirac-like linear energy dispersion and (2)
spin-momentum locking are the two key features of these topologically protected SSs,
which have been confirmed by angle-resolved photoemission spectroscopy (ARPES) and
scanning tunneling microscopy (STM) experiments. Transport-wise, weak antilocaliza-
tion (WAL) effect and Shubnikov-de Haas oscillations in the TE tensors (resistivity and
thermopower under applied magnetic fields) have been effectively used to characterize
the SSs of tetradymite-type TIs [28-33].

Despite the success in observing all these transport hallmarks in laboratories, practical appli-
cations utilizing SSs still seem rather remote and hindered by the presence of predominant
bulk carriers (~10” cm=3, due to intrinsic antisite defects and/or vacancies in near-equilibrium
grown tetradymite-type structures). However, remarkable progress is being made in thin
films prepared under far-from-equilibrium conditions, whose large surface/volume ratio
naturally favors the manifestation of surface conduction. More importantly, it is possible
to identify deposition protocols that depress the undesired background carrier density by
fine tuning constituent stoichiometry, film thickness, and annealing temperature, that is, the
material control parameters that are not easily accessible during the growth of bulk crystals.

In the following sections of this chapter, we will describe in more details the tetrady-
mite-type material structure, which present recent developments regarding the deposi-
tion of tetradymite-type thin films and SLs, and summarize their transport properties.
Such studies may shed more light on prospects of further enhancing the performance of
tetradymite-type thin-film TEs.

3.2 Tetradymite Structure

Combining pnictogen (AY = Bi, Sb) and chalcogen (BV! =Te, Se, S) atoms in the 2:3 ratio results in
the formation of a trigonal A,VB,"! crystal with the space group R3m (D34, No. 166). As shown
in Figure 3.1a, A,VB;" has a layered structure with a [B¥(1)-A"-B"!(2)-A"-BV(1)] type of quintu-
ple layers (QLs, ~1 nm thick, within which the bonding is of ionic-covalent nature) connected
by a weak van der Waals (vdW) interaction between neighboring quintuple layers, often
referred to as the tetradymite lattice. The unit cell is the conventional hexagonal cell, which
can be adopted for all the 25 trigonal space groups (No. 143-167 [34]). The cations occupy the
Wyckoff 6¢ sites AV (0, 0, z, ~ 04), while the anions are located at 6¢ sites B(1) (0, 0, zg ~ 0.2) and
3a sites BVI(2) (0, 0, 0). There are, however, seven space groups in the trigonal crystal system
(No. 146, 148, 155, 160, 161, 166, and 167) that possess a thombohedral lattice, whose unit cells
can be reduced from the hexagonal cell (Figure 3.1b, a volume 3 supercell containing three lat-
tice points) to a primitive rhombohedral cell (Figure 3.1c). The lattice parameters (@, b, ¢, o, B, y),
coordinates (x, y, z), directions [uvw], and planes (hikl) in the hexagonal (ay; = by # ¢y, 04y = Py =
90°, vy = 120° using the three-index symbols) and the thombohedral (a; = by = ¢y, ag = Br = Yr)
representations can be converted back and forth via the following relations:
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FIGURE 3.1

(a) Tetradymite-type crystal structure with [---BVi(1)-AY-BV!(2)-AY-BV!(1):--] quintuple layers that are separated
by van der Waals gaps, along with its (b) conventional hexagonal cell, (c) primitive rhombohedral cell, and
(d) the first Brillouin zone for 3D bulk and selected 2D surfaces.
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Specifically, in the Cartesian coordinate system constructed by the binary (x), bisectrix (y),
and trigonal (z) axes, the rhombohedral primitive unit vectors a, (in terms of %, 7, Z) and
the reciprocal lattice vectors b; (in the space of k,, k k., where a;--b; =2n 5;) are given in

the following equation:
a:(ﬂﬂc (-4, 08 ( _a
1 2/2\/§/3 s 2 \/— 3 7 \/’
2n 1 a 1 a 2n 2 a
b=—|1,—,—|, b= 1,—= b;=—|0,—=,—|. :
-0 [J@J (ﬁJ )

When expressed in fractions of b, I" (0, 0, 0), L (4, 0, 0), F (%5, %, 0), and Z (%, %, %) are the
four time-reversal invariant momentum high-symmetry points in the 3D first Brillouin
zone (BZ) for the bulk tetradymite-type structure. As illustrated in Figure 3.1d, two impor-
tant low-index 2D BZ, on the hexagonal (111); [(001),] and the rectangular (112)g [(010);]
surfaces, are constructed via projection from the 3D BZ.

The best known tetradymite-type structures are Bi,Se; [35], Bi,Te; [36], and Sb,Te; [37],
along with ternary Bi,Te,Se [38], Bi,Se,Te [39], and Bi,Te, ;S,, (where Te and S species mix
on the anion 6c sites) [40] and their solid solutions—for example, (Bi,s3Sb, 4,)(Sey1.1€; g0)
[41]. Other binary combinations, that is, Bi,S; [42], Sb,Se; [43], and Sb,S; [44], result in ortho-
rhombic structures with the space group Pnma (D35, No. 62). Note that elemental Bi [45]
and Sb [46] crystals also have the rhombohedral R3m (D3;, No. 166) lattice, which may be
used as a buffer layer during the growth of tetradymite-type thin films. Pure Te [47] and
Se [48] crystallize in a trigonal P3,21 (D3, No. 152) structure (often a convenient choice for
capping layers in order to protect as-grown thin films for ex situ Characterizations), while
crystalline S usually takes the Sg form [49] with orthorhombic Fddd (D34, No.70) symme-
try. A summary of the crystallographic information for these tetradymite-related struc-
tures is tabulated in Table 3.1.

All three binary tetradymite-type compounds are semiconductors with small band
gaps of ~0.30 eV (Bi,Se;), 0.13 eV (Bi,Te;), and 0.28 eV (Sb,Te;), respectively. Bulk crys-
tals grown from stoichiometric melts under near-equilibrium conditions (via Bridgman,
Czochralski, and/or floating zone type of methods) all possess rather high background
charge carrier densities. Due to the presence of selenium vacancies (Vs., a double-
electron donor), the electrical conduction of pristine Bi,Se; is dominated by electrons
(n-type), with a room temperature electron density ~10* cm=. Owing to the native anti-
site defects (Bit. or Sbr., a single-hole acceptor), pure Bi,Te; and Sb,Te; bulk crystals are
usually p-type with room temperature hole densities of ~10¥ and ~10%* cm=3, respec-
tively. While Bi,Se; (Bi,Te;) may be tuned into a p-type (n-type) conductor through dop-
ing and/or intentional off-stoichiometric growth, there are no reports on preparing an
n-type Sb,Te;. Furthermore, molecular beam epitaxy (MBE)-grown Bi,Te; thin films (as
shown in the following) are dominantly n-type, while Bi,Se; and Sb,Te; films are still
n-type and p-type, respectively. This is argued as a result of the fact that the optimized
growth temperature for Bi,Te; is usually much lower than the melting temperature,
which favors interstitial Bi atoms or Te vacancies more than the formation of antisite
defects, driving the system n-type.

Tetradymite-type compounds have a strong anisotropy in their transport proper-
ties inherited from the anisotropy in the crystal structures, see Figure 3.1a. The in-plane

w\n
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TABLE 3.1

Crystallographic Information? for Tetradymite-Related Materials

Materials SG ICSD  Reference ay(A) ¢y (A) Element Xy Yu Zy
Bi,Se; 166 165226 [35] 41355  28.6150 Bi 0.0000  0.0000  0.4006

Se, 0.0000  0.0000 0.2109
Se, 0.0000  0.0000  0.0000

Bi, Te; 166 184631 [36] 4.3896  30.5019 Bi 0.0000  0.0000  0.4004
Te, 0.0000  0.0000 0.2094
Te, 0.0000  0.0000  0.0000
Sb,Te, 166 192780 [37] 42706  30.4758 Sb 0.0000  0.0000  0.3986

Te, 0.0000 0.0000 0.2122
Te, 0.0000  0.0000  0.0000

Bi,Te,Se 166 43512 [38] 42800  29.8600 Bi 0.0000  0.0000  0.3960
Te 0.0000  0.0000 0.2120
Se 0.0000  0.0000  0.0000
Bi,Se,Te 166 54838 [39] 41830  29.1370 Bi 0.0000  0.0000  0.3981
Se 0.0000  0.0000 0.2116
Te 0.0000  0.0000  0.0000
Bi 166 64703 [45] 45460 11.8620 Bi 0.0000  0.0000 0.2339
Sb 166 64695 [46] 43084  11.2740 Sb 0.0000  0.0000  0.2335
Te 152 65692 [47] 4.4560 5.9210 Te 0.2636  0.0000  0.3333
Se 152 40018 [48] 4.3680 4.9580 Se 0.2254  0.0000 0.3333

2 Space group, inorganic crystal structure database collection code, hexagonal lattice constants and
atomic occupation.

electronic properties are superior while the in-plane lattice thermal conductivity is also
much higher than that across the plane. For instance, in the Bi,Te;—Sb,Te; system, the
anisotropic ratio of electrical conductivity and lattice thermal conductivity is in the range
of 2.8-6.3 and 2.0-71, respectively [2,50]. Typical in-plane transport properties of bulk
tetradymite-type single crystals [51-53] have been summarized in Table 3.2. As we will
see, when grown in thin-film form, the film orientation and microstructures also remark-
ably affect the transport properties.

When it comes to TE applications, it is the solid solutions of these end compounds that
are of practical interest. The formation of solid solutions introduces short-range disorder
into the structure, which strongly scatters heat-conducting phonons and significantly
reduces the lattice thermal conductivity. As a result, the best performing p-type tetrady-
mite TE is based on a composition near Bi,sSb; sTe;, while the n-type counterpart is close
to Bi,Te,g55€,5. Progress has been made to further reduce the thermal conductivity by
fabricating nanostructured composites. Nanostructures introduced by ball milling and
melt spinning have demonstrated a ZT ~1.4 (at 373 K) [7] and ~1.5 (at 390 K) [8] in p-type
BiSbTe nanocomposites. A recent modification of the melt spinning technique (followed by
spark plasma sintering) has exploited excessive Te to introduce additional phonon scatter-
ing at the grain boundary, which further reduces the thermal conductivity and results in
a ZT ~1.8 (at 320 K) in p-type Bi, ;Sb; 5Te; [9]. It is of prime interest to adopt and/or redesign
these successful recipes for p-type structures and apply them to n-type forms of tetrady-
mite-type materials to improve their performance.
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TABLE 3.2

Transport Properties of Bulk Bi,Se; [51], Bi,Te; [52], and
Sb,Te; [53] in the Basal Plane at 300 K

Properties Bi,Se, Bi,Te, Sb,Te,
E, ~0.30 0.13 0.28
Type n(n) p(n) p(p)
Ny 2.13 1.12 8.92
B 809 351 330
2.76 0.63 4.72
-59 245 79
PF 9.61 37.82 29.46
K 3.10 2.01 4.95
zZT 0.09 0.56 0.18

The electronic band gap, Eg (eV); carrier type for bulk (film); carrier
density, ny (10" cm=3); Hall mobility, py (cm? V-1 s71); electrical
conductivity, 6 (10° S m™!); Seebeck coefficient, « (pV K-1!); power
factor, PF = o% (10* W m K=2); thermal conductivity,
k (W m™ K); figure of merit, ZT = acT/x.

3.3 Thin-Film Growth

Various methods have been reported to prepare tetradymite-type thin films and SLs with
tunable TE properties, such as coevaporation (CE) [54-58], electrochemical deposition
[59-62], flash evaporation (FE) [63-66], metal organic chemical vapor deposition (MOCVD)
[19,67-77], MBE [78-84], nanoalloying (NA) [85-88], pulsed laser deposition (PLD) [89-95],
and sputtering [50,96-106]. Generally, CE, FE, MBE, NA, PLD, and sputtering can be classi-
fied as physical vapor deposition (PVD) processes. Although they differ in particulars (e.g.,
how the atomic/molecular plume/fluxes are generated and delivered onto the substrate),
these PVD techniques have much in common; the desired compounds form on a heated
substrate by supplying flux of molecules or atoms with an appropriate ratio. Therefore,
strategies applicable to tetradymite-type film growth in MBE are also suitable for other
PVD techniques, while the appropriate deposition parameters may vary case by case. In
MOCVD processes, however, besides the substrate temperature and flux rate, other factors
such as the selection of precursors, substrate position, and working pressure are also cru-
cial for the growth and quality control of tetradymite-type films. As for electrochemical
deposition, postgrowth annealing at elevated temperatures is often mandatory to improve
crystallinity and the orientation of films [60].

The crystallographic building block of the A,YB,;!thin film is the ~1 nm thick BVl-
terminated QL (Figure 3.1a). This also implies that c-oriented growth of tetradymite-
type film is energetically favored due to the weak vdW interaction between adjacent
layers. Benefiting from this feature, the fabricated tetradymite-type films are mostly
c-oriented regardless of the choice of substrates or deposition techniques. A selection of
commonly used single crystal substrates are listed in Table 3.3. In fact, the vdW epitax-
ial nature of tetradymite-type films is so tolerant that tetradymite-type structures can
even be grown on amorphous glass substrates with good quality. Such an intermediate
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TABLE 3.3

In-Plane Lattice Mismatch between Tetradymite-Type Films (a4,,,) and a
Selection of Substrates (a4 ,qat), Defined as & = (@4, /Aupsirate — 1) % 100%

Substrate A ppotrate (A) SBisses (%) SpiyTes (%) SsbyTes (%)
AlO, (0001) 4.7602 -13.1 -7.8 -10.3
BaF, (111) 43815 -5.6 -0.2 25
Bi (0001) 4.5460 -9.0 -34 -6.1
CdTe (111) 4.5840 9.8 -42 -6.8
GaAs (111) 3.9966 +3.5 +9.8 +6.9
Si (111) 3.8400 +7.7 +14.3 +11.2
SrTiO; (111) 5.5202 -25.1 -205 -226

tetradymite-type thin film has been recently engineered as a buffer layer for producing
II-VI films with unprecedented crystallinity [107]. As demonstrated by da Silva et al,,
c-oriented polycrystalline Bi,Te, films were successfully grown on glass substrates using
the CE method [55]. The coevaporated Bi,Te; at 130°C was polycrystalline (Figure 3.2b)
with an x-ray diffraction pattern similar to that of powder Bi,Te; (Figure 3.2a), while
the film grown at 260°C started to show strong c-orientation (Figure 3.2c). Evident from
the cross-sectional scanning electron microscopy images, the grain boundary of Bi,Te;
films grown at 130°C was rather unclear (even with observable pin holes, Figure 3.2d).
Increasing the substrate temperature to 260°C significantly promoted the crystal growth
and resulted in a large grain size up to ~500 nm (Figure 3.2e). As shown in Figure 3.2f,
reduced Te flux led to degraded growth of the Bi,Te; film, advocating for a Te-rich
growth condition in order to effectively compensate the reevaporation of Te from the
substrate surface at high temperatures. To achieve high crystallinity and thus improve
electronic properties in tetradymite-type films, relatively high-substrate temperature
and Te flux were preferred, in agreement with observations using other growth tech-
niques [58,76,82,83].

Regardless of the differences of deposition techniques, recent studies on tetradymite-
type thin-film TEs have focused on (1) good crystallinity, (2) controllable carrier density,
(3) favorable microstructures, (4) stable and functional SLs, and (5) new phenomena for
enhanced TE performances. Among these techniques, MOCVD was first selected to grow
tetradymite-type SLs with reported extremely high-ZT values in 2001 [19]. However, it was
only quite recently that the researchers managed to utilize MBE techniques to reproduce
excellent Bi,Te;/Sb,Te; SLs with demonstrated good crystallinity [81,108]. Indeed, boosted
by the TI research, the MBE technique has produced tetradymite-type films with the best
crystallinity, close to that of the best bulk single crystals ever reported. These high-quality
films possess strictly c-axis orientation, ultrahigh purity in composition, and a noticeably
suppressed density of point defects and twin domains [109-114]. The improved film qual-
ity is believed to originate from the layer-by-layer growth of films in MBE, which relies on
the precise control of growth parameters, such as the ultrahigh vacuum (UHV), flat sub-
strates with extremely clean surfaces, and optimal growth temperature, along with very
stable and uniform flux of raw elements.

Due to its unique ability to control an epitaxial growth mode, producing high-quality
films using MBE has gained popularity over recent years, despite its expensive nature in
terms of construction, operation, and maintenance. As schematically shown in Figure 3.3,
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MBE is a thin-film deposition process that takes place in an UHV chamber maintained by
a staged continuous pumping system, using a combination of ionic pump, turbomolecu-
lar pump, and scroll pump. The chief reason of intentionally choosing only dry pumps
is to eliminate contaminations from any oil vapors. A cryoshield is often implemented
to further improve the vacuum, via the added power of adsorbing atom/molecules on
surfaces cooled by flowing liquid nitrogen. Pressure in the growth chamber is read
using hot-filament ionization gauges and thermocouple gauges. Potential leaks are moni-
tored by a residue gas analyzer. Resistive baking heaters are installed for regular cham-
ber cleaning. A load/lock entry chamber, separated by a gate valve from the deposition
chamber, is designed for fast sample entry and retrieval using a holder/fork mechanism.
Chambers with additional functionalities can also be integrated. These include prepara-
tion/treatment chambers and characterization chambers. In the most state-of-the-art MBE
systems, many advanced characterization probes (e.g., ARPES and STM) are nowadays
integrated together with the main MBE chamber, enabling direct in situ characterization
of films. These recent advances in instrumentation have significantly promoted the study

of tetradymite-type thin films.
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FIGURE 3.2

X-ray diffraction patterns of (a) reference-powdered Bi,Te; and coevaporated Bi,Te; film deposited on a glass

substrate at (b) 130°C (at% Te = 60%) and (c) 260°C (at% Te = 60%).

(Continued)
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FIGURE 3.2 (Continued)

Scanning electron microscopy images showing the top and cross section of the coevaporated Bi,Te; films
deposited at (d) 130°C (at% Te = 60%), () 260°C (at% Te = 60%), and (f) 260°C (at% Te = 54%), respectively. In (e)
and (f), the dashed lines at the cross section views highlight grain boundaries. (Reprinted with permission from
da Silva, LW., Kaviany, M., and Uher, C., Thermoelectric performance of films in the bismuth-tellurium and
antimony-tellurium systems, |. Appl. Phys., 97, 114903. Copyright 2005, American Institute of Physics.)

Knudsen effusion cells are used to produce carefully controlled atomic/molecular
fluxes. These cells, with crucibles loaded with high-purity source materials, are usually
integrated through ports at the bottom side of the chamber. Additional miniature electron
beam guns can be incorporated for doping by high-melting-point elements. Gas/plasma-
type sources may also be installed if desired. In the case of Bi,Se; (Bi,Te;), a Bi-containing
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FIGURE 3.3
A schematic of a molecular beam epitaxy system.

cell and a Se- (Te-) containing cell are engaged at the same time. Heated Te often comes
out of the effusion cell as a clustered molecule instead of individual atoms [115]. An addi-
tional heating filament near the opening may help to crack these Te clusters before they
escape the effusion cell. Such a specially designed two-stage thermal cracker cell is pre-
ferred to achieve a stable and uniform Te flux. Considering that bismuth expands upon
solidification, extreme care should be taken when programming the thermal cycling of
Bi-cells. Sudden cooling of molten bismuth, which may break the crucible and damage
the effusion cell, should be avoided at all times. Instead of using single-elemental fluxes
of Sb and Te, Sb,Te; seems to grow better by directly evaporating Sb,Te; compound, with
a properly tuned Te compensating flux to maintain the tetradymite phase. Viewports and
charge-coupled device (CCD)-based cameras are used for visual examination. Computer-
controlled cell shutters are installed near the opening of the cells to realize an on-/off-type
of automated manipulation during film deposition. Quartz crystal monitors are helpful in
monitoring the flux rate in situ.

Since the mean free paths of these atoms/molecules are very long under UHYV, they
essentially travel as a beam toward the substrate. The substrates (atomically smooth single
crystal pieces) are mounted upside down, facing toward the incoming fluxes. Upon arrival
at the cleaned/treated surface of the substrate, different species of atoms/molecules may
react and crystallize. The temperature of the substrate is adjusted accordingly to promote
(prohibit) the desired (unwanted) chemical reactions and reevaporation. The substrate
may also be placed in a constant rotation mode during the deposition, which improves the
uniformity of the film. Postgrowth annealing is sometimes needed in order to further alter
the surface morphology and the crystallinity of the as-grown film. A carefully designed
combination of sample-shutter/mask movement during the growth can be used to pre-
pare SLs, wedged samples with thickness gradients, etc. All the features mentioned earlier
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FIGURE 3.4

(a) Reflection high-energy electron diffraction intensity oscillation and (b) in-plane lattice parameter evolution
of BiSbTe; film grown on a sapphire (0001) substrate as a function of deposition time. AFM image (3 x 3 pm? in
area) of BiSbTe; films deposited at substrate temperatures of (c) 485 K, (d) 500 K, and (e) 515 K. Inset in (d) shows
an enlarged image of Figure 3.4d. The dashed triangles mark the opposite orientation of twin domains in the
molecular beam epitaxy grown BiSbTe; films. The dashed circles in (e) highlight the twin defects in the boundary
area among the oppositely oriented domains. (Reprinted from J. Cryst. Growth, 410, Liu, W., Endicott, L., Stoica,
V.A,, Chi, H,, Clarke, R., and Uher, C., High-quality ultra-flat BiSbTe; films grown by MBE, 23-29. Copyright
2015, with permission from Elsevier.)

coupled with an unprecedented control of the flux rate make the MBE synthesis uniquely
suitable for the epitaxial thin-film growth.

The epitaxial nature of the growing film can be conveniently monitored by surface sen-
sitive probes such as reflection high-energy electron diffraction (RHEED). An optional
differential pumping system may be used to achieve the high vacuum required for ener-
gizing the RHEED electron gun. The diffraction pattern can be monitored through the
CCD camera situated behind the fluorescent RHEED screen. Depending on the operation
voltage of the RHEED gun, users should be aware of and protected from the hazards
of potential x-ray generation. Figure 3.4a shows the temporal evolution of the RHEED
intensity profile recorded for the growth of a typical BiSbTe; ternary thin film on a sap-
phire (0001) substrate [83]. After completing the initial QL, the RHEED intensity starts
to develop an oscillating pattern with a well-defined period. Each full cycle indicates
the completion of an individual QL. This is a manifestation of the QL-by-QL vdW epi-
taxial growth mode. Before deposition, the in-plane lattice parameter a deduced from
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the RHEED pattern is the value of the bare sapphire (0001) substrate. When exposed to
the atomic/molecular fluxes, a starts to decrease and quickly settles at the bulk value
of the tetradymite-type structure (Figure 3.4b). Owing to the weak vdW bonding between
the adjacent B! atomic layers, strains originating from the lattice mismatch can thus be
fully relaxed within the first QL. This implies that the requirement of lattice matching, an
often difficult to satisfy criterion for high-quality epitaxial growth (e.g., in a cubic crystal
system such as GaAs), is somewhat relaxed in the growth of tetradymite-type structures
with vdW layers. Note, however, despite the perfectly c-oriented growth, one can still
have stacks or twin domains in the basal plane that are misoriented by 60°, which are
observed even in high-quality MBE films [78,83,110,116]. For example, using atomic force
microscopy, Liu et al. have observed 60° rotated domains in as-grown BiSbTe; MBE thin
films at various substrate temperatures (see Figure 3.4c through e). These twin domains
may be suppressed by optimizing growth parameters to achieve a stable film growth
[110,111]. Up till now, the effect of twin domains on TE transport still remains unclear due
to limited reports.

Apart from the general features mentioned earlier of preferred orientation and misori-
ented domains, a tetradymite-type film also possesses fine microstructures at nanoscale
that are important to transport processes, such as nanoprecipitates, structure modulation,
dislocations, and twin grains [80,81,85,86,94,99-101,108]. Peranio et al. [85] prepared Bi,Te,
and Sb,Te; films on SiO, substrates by a NA method utilizing a MBE chamber, where Te
and Bi/Sb were first deposited in the sequence of —Te-Bi/Sb—Te-Bi/Sb—Te— at room tem-
perature and the as-deposited films were subsequently annealed at 250°C for 2 h. The
obtained Sb,Te; film possessed a strong c-orientation, while the Bi, Te; film showed no clear
epitaxial growth relation between the substrate and the film. As indicated in Figure 3.5a
through e, the cross section high-resolution transmission electron microscopy (HRTEM)
analysis on Sb,Te; showed rich nanoscale structures, such as nanograins with size of
350-650 nm and clear fringe structures due to structure modulation with a wavelength
of 5-12 nm. A selected area electron diffraction (1) analysis showed that the two strongly
c-oriented grains enclosed an angle of 18° inclining at an angle of up to 37° away from
the film growth direction. Figure 3.5f through j shows the HRTEM analysis of Bi,Te; in
cross section. The Bi-rich boundary phase, the structure modulation with a wavelength
of ~10 nm, and the dislocations and polycrystalline-like SAED ring pattern are evident in
the studied area. In addition, the grains in this area were found to be separated by large-
angle grain boundaries, and the c-axis of the grains deviated by an angle of 39° from the
growth direction. The microstructure of tetradymite-type films was found to be strongly
related to the growth conditions and compositions. First, structure modulation and twin
grains are generally reported [80,94]. Second, a cation-rich boundary phase was found in
coevaporated and annealed Bi,Te; film at room temperature but was not observed in the
Bi,Te, film prepared by traditional MBE [80] or in coevaporated and annealed Sb,Te; film
at room temperature [85]. Other interesting results of basal-plane/nonbasal-plane twin
boundary and Te-rich precipitates were observed in PLD-deposited (Bi, Sb)Te; films [94]
and electric current-stressed Bi,(Se, Te), films [101].

Although the superior ZT in Bi,Te,;/Sb,Te; SLs was reported some 15 years ago, repro-
ducing such Bi,Te;/Sb,Te; SL structure was a difficult challenge that has not yet fully suc-
ceeded regardless of using NA methods or MOCVD [79,99,100,108]. A cosputtering-assisted
NA technique was used to grow p-type Sb,Te;/(Bi, Sb),Te; and n-type Bi,Te;/(Bi, Sb),Te,
soft SLs [99,100]. The film structure closest to Bi,Te;/Sb,Te; SLs was recently reported by
Hansen et al. [81] utilizing the MBE technique. These authors established that it was pos-
sible to deposit Bi,Te;/Sb,Te; SLs on BaF, (111) substrate at a critical temperature, where
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FIGURE 3.5

Transmission electron microscopy cross-sectional results obtained on the annealed (a—e) Sb,Te; and (f) Bi,Te,
thin film deposited on a SiO, substrate. In images (a—d, f-i), the growth direction points toward the top of the
images. (a) Overview of bright-field image. (b) Magnified bright-field image. (c) High-magnification bright-field
image of grain boundaries. (d) Selected area electron diffraction (SAED) pattern of the encircled area in (b). (e)
Normalized radial intensity profile obtained from the diffraction pattern. (f) Overview of bright-field image.
(g) High-magnification bright-field image and (h) corresponding dark-field image of a grain. (i) SAED pattern
obtained on the encircled area in (f). (j) Normalized radial intensity profile obtained from the diffraction pat-
tern. (Reprinted from J. Alloy. Compd., 521, Peranio, N., Winkler, M., Bessas, D. et al., Room-temperature MBE
deposition, thermoelectric properties, and advanced structural characterization of binary Bi,Te; and Sb,Te; thin
films, 163-173. Copyright 2012, with permission from Elsevier.)
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the thermal energy is sufficient for the formation of SLs from evaporated elements but not
high enough to trigger global interdiffusion. The optimized substrate temperature was
found to be 350°C. As shown in Figure 3.6, apart from the ordered 1 nm Bi,Te;/5 nm Sb,Te;,
the high-angle annular dark-field (HAADF) scanning transmission electron microscopy
(STEM) analysis also identified a strongly bowed SL structure. The subsequent annealing
treatments both ex situ and in situ in the transmission electron microscopy confirmed the
strong fading of SL structures above 200°C. Thus, till now, SLs with ideal stacking struc-
ture do not seem to be experimentally accessible.

While 10 years ago, the growth of thin films of Bi,Se;, Bi,Te;, and Sb,Te; was a specialized
and rarely pursued research activity, the unprecedented boom in the study of TIs and the
fact that the tetradymite-type thin-film structures are perhaps the best realization of the
topological medium have resulted in widespread use of MBE growth of such thin films.
As a tetradymite-type TI, Bi,Se; stands out due to its large electronic gap. Additionally, its
single surface Dirac cone is well defined in the band gap, far away from any interference
with bulk states. These competitive advantages have drawn a tremendous attention to

(b)

== 20 nm

(d) (€ f)

FIGURE 3.6

High-angle annular dark-field (HA ADF) scanning transmission electron microscopy (STEM) micrographs (the
same scales) for ex situ heating experiments. (a) As-deposited state where strongly bowed superlattice (SL) struc-
tures are frequently observed. (b) Sample heated for 1 h at 250°C. The absence of strongly bowed SL structures is
evident. (c) Further heat treatment for 1 h at 300°C led to a strong fading of the SL structure. Most of the sample
showed no SL structure at all. HAADF STEM micrographs (the same scales) for in situ heating experiments at
(d) 215°C, (e) 300°C, and (f) 360°C, respectively. Arrows mark positions with strongly bowed SL in as-deposited
state. (Reprinted with permission from Hansen, A.-L., Dankwort, T., Winkler, M. et al., Synthesis and thermal
instability of high-quality Bi,Te;/Sb,Te; superlattice thin film thermoelectric, Chem. Mater., 26, 6518. Copyright
2014 American Chemical Society.)
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the growth of Bi,Se; thin films and the topological research has much contributed to the
improved quality of such films. To integrate TI/TE with the prevailing Si-based technol-
ogy, the growth on Si-based substrates was clearly highly desirable, and the readily avail-
able and inexpensive Si wafer was one of the first substrates quickly tested for the growth
by various groups of researchers [117-119]. An uninitiated reader might find it interesting
to learn how one goes about establishing a set of optimized MBE parameters through trial
and error.

In order to grow Bi,Se; thin films on Si (111) substrates, earlier attempts required pre-
depositing a monolayer (ML) of Bi (to form a f- V3 x+/3 Bi surface) and/or an amorphous
layer of Bi,Se; at the interface [117,118]. Such intermediate layers were intended to recover
the smooth Si (111) 1 x 1 surface from the somewhat rough 7 x 7 surface and improve the
film crystallinity. More recently, Bansal et al. demonstrated that these interfacial layers
can be dispensed of after all [119]. It turned out that the substrate temperature was the
key parameter of producing high-quality Bi,Se; films. To obtain an optimal surface layer
that minimizes the formation of defects and secondary phases in the first place, the sub-
strate was treated with an ex situ ultraviolet ozone-cleaning procedure and then heated
briefly up to ~900°C in the UHV chamber. The undesired Si (111) 7 x 7 surface (Figure 3.7a)

(M)

FIGURE 3.7

Reflection high-energy electron diffraction patterns of Bi,Se; on Si (111) under different growth temperatures. (a)
Reconstructed Si (111) 7 x 7 surface after cleaning treatment. (b) Short-term (2.5 min) and (c) long-term (10 min)
low-temperature growth at 110°C. Short-term (~2.5 min) high-temperature growth at (d) 190°C, (e) 250°C, and (f)
350°C, respectively. Two-temperature growth including an initial 2-3 quintuple layer deposition at 110°C and
higher temperature growth at (g) 190°C, (h) 230°C, and (i) 300°C, respectively. (Reprinted from Thin Solid Films,
520, Bansal, N., Kim, Y.S., Edrey, E. et al., Epitaxial growth of topological insulator Bi,Se; film on Si(111) with
atomically sharp interface, 224-229. Copyright 2011, with permission from Elsevier.)
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was unreconstructed upon exposure to Se flux. A ML of Se was formed at ~100°C, while
lower (higher) substrate temperature resulted in amorphous Se accumulation (SiSe, lay-
ers). The Se ML passivated the Si surface as well as provided a base for the stacking of the
Se-terminated QL of Bi,Se;. Attempts of single-step growth at a fixed temperature were
not satisfactory. The growth at 110°C resulted in weak streaky patterns (Figure 3.7b) sug-
gesting that the temperature was too low to promote crystallization, while further growth
at this temperature led to the formation of polycrystalline ring patterns (Figure 3.7c).
Sharper streaks were obtained (Figure 3.7d) when directly grown at a higher temperature
(190°C). However, the associated ringlike patterns indicated a rather disordered crystallo-
graphic orientation within the film. Further increasing the substrate temperature resulted
in the formation of islands/clusters at 250°C (Figure 3.7e) or even secondary phases at
350°C (Figure 3.7f). However, when combining a low-temperature (110°C) growth of the
initial 2-3 QLs (to prevent reaction with silicon substrate) and a high-temperature (230°C)
growth for subsequent layers of the film (to improve crystallinity), a significantly higher
quality was achieved, as demonstrated in the very sharp streaky pattern in Figure 3.7h.
As illustrated in Figure 3.7g and i, there was an optimized temperature window for the
high-temperature stage of the growth, as too low (high) temperature led to the formation
of undesired twin structure (secondary phases).

3.4 Transport Properties

Galvanomagnetic and thermal measurements on tetradymite-type thin films are typi-
cally performed using dedicated ex situ experimental setups, where the control of
temperature, electromagnetic fields, and thermal gradient and laser signals are read-
ily implemented. These systems include the versatile characterization platforms such
as the Magnetic Property Measurement System and Physical Property Measurement
System from Quantum Design. However, caution should be used in designing experi-
mental protocols so that contamination and oxidation of films are eliminated or at least
minimized. Owing to their clear advantages, for example, in overcoming contamina-
tion or oxidation, in situ transport instrumentations in UHV-compatible cryostats are
currently being actively pursued [110,120]. Due to the vdW epitaxial nature, the most
commonly characterized electronic properties are the in-plane (Lc) electrical resistivity
(pxy) and Hall resistivity (p,,) or Hall coefficient (Ry = p,,/B), which can be measured
using the van der Pauw method or a Hall bar geometry. The former case requires a
perfect square sample with contacts placed on the four corners. In the latter case, the
electric current is fed through the outmost longitudinal contacts on a rectangular pro-
file sample, and the resistivity voltage is probed via the inner longitudinal leads, while
the Hall voltage is monitored using the transverse leads under external magnetic field.
A low frequency ac current is recommended to minimize the Peltier heating effects.
With a longitudinal temperature gradient established via heater/sink situated at either
end of the Hall bar device, the in-plane Seebeck coefficient (&) can be obtained by prob-
ing the longitudinal voltage difference under steady-state conditions. As for measure-
ments across the plane (] |c), the electronic properties usually require photolithography
procedures to provide the necessary length/cross section ratio. While in principle one
might be able to measure the in-plane thermal conductivity by the steady-state method,
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stringent criteria between film and the substrate have to be satisfied first. This makes
the steady-state method practically irrelevant for the thermal conductivity measure-
ment of thin films, unless, in the rare cases, the film can be suspended or when the
film is very thick and its thermal conductivity is significantly higher than that of the
substrate. The across-plane thermal conductivity can be measured by the newly devel-
oped time-domain thermoreflectance method [121,122] and the transient 3o method
[123-126]. A modification of the 3w technique, together with 2D conduction modeling,
might be adopted for the estimation of in-plane thermal conductivity. More detailed
reviews on the transport measurement techniques were recently provided by Wang
et al. [78] and Volklein et al. [127].

The strategies utilized so far to enhance the TE properties of tetradymite-type films have
concentrated on (1) enhancing the carrier mobility via fabricating films with preferred
orientation, (2) optimizing the carrier density via engineering the defect formation, and
(3) reducing the lattice thermal conductivity via strengthening the phonon scattering. We
herein focus on the recent progress in tuning the TE transport properties of tetradymite-
type films. Specifically, the discussion of in-plane electronic properties and across-plane
thermal conductivity will be emphasized.

Using the two-step MBE growth method, Bansal et al. [31] have prepared a series
of single crystalline Bi,Se; MBE thin films on sapphire (0001) substrates, with thick-
nesses ranging from 2 to 256 QLs. The superior quality of these Bi,Se; thin films has
allowed the authors to study the thickness-independent surface transport channels. The
temperature-dependent sheet resistances R are shown in Figure 3.8a. Overall, these
Bi,Se; MBE thin films all exhibit typical metallic temperature dependence—a positive
temperature coefficient of resistivity at high temperature due to electron—phonon inter-
action, which flattens out at the lowest temperature. Upon increasing the thickness, R
drops rather rapidly by adding the first several QLs and then essentially saturates at and
above 8 QLs. The thickness dependence is more clearly visualized in Figure 3.8b, where
the conductance G,, at T = 1.5 K is collected for all the thicknesses. These stoichiometric
films possess a nonlinear magnetic field dependence of the Hall resistance, a signa-
ture of multiband conduction. Through a two-band model, the analysis identified the
existence of two surface channels: a channel composed of topological SSs with carrier
concentration ~3.0 x 10 cm2 (constant down to 2 QL) and another one of the surface
accumulation nature with a somewhat lower carrier density ~8.0 x 10'? cm=2 (constant
only down to ~8 QL).

Furthermore, as shown in Figure 3.8c, the magnetoresistance develops a WAL-type of
cusp at low magnetic fields, which can be readily analyzed using the Hikami, Larkin, and
Nagaoka (HLN) quantum interference model [128],

e’ o1 h
AG(B) = _Ah[W(ZLeLZB +2)_ln(4eL2B ﬂ G4)

where y is the digamma function, e is the elementary charge, / (= 1/2n) is the Planck con-
stant, and L is the phase coherence length.

Theoretically, the fitting parameter A is predicted to be 1/2n for each 2D conduction
channel (i.e., 2nA is the effective number of conduction channels). Typical values for A lie
between two limiting scenarios in a thin film: (1) 1/n if the top and bottom surfaces are
completely decoupled from each other by an insulating bulk and (2) 1/2n in the case where
the two surfaces are coupled by the bulk or the bulk of the film dominates the conduction.
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FIGURE 3.8

Transport properties of pure Bi,Se; films with different thickness. (a) Temperature-dependent sheet resistance
Ry at various film thickness. (b) Conductance at 1.5 K as a function of thickness. (c) The weak antilocalization
effect at 1.5 K for selected thicknesses. (d) The fitting parameter A in the Hikami, Larkin, and Nagaoka quan-
tum interference model indicating effective number of conduction channels. (Reprinted with permission from
Bansal, N., Kim, Y.S,, Brahlek, M., Edrey, E., and Oh, S., Phys. Rev. Lett., 109, 116804, 2012. Copyright 2012 by the
American Physical Society.)

The observed values of the fitting parameter A are shown in Figure 3.8b and, indeed,
reside between the two limits. Nevertheless, the thickness independence of A, above 3QLs,
is in agreement with the aforementioned behavior of surface conduction.

By carefully examining the WAL effects using the HLN model in Bi,Se; thin films with
different Cu doping and various thicknesses, see Figure 3.9a, Brahlek et al. have recently
established a narrow composition window where completely decoupled surface conduc-
tion (with A = 1/n) is realized [129]. It appears that localized bulk states can be achieved
in Bi,Se; thin films upon fine tuning the Cu doping level (Figure 3.9b). With such Cu con-
tent, the nonlinearity of the field-dependent Hall resistance is greatly suppressed. The
optimized Bi,Se; thin films start to show decoupled SSs as the film thickness exceeds an
intersurface coupling length (Figure 3.9¢). This observation provides an important experi-
mental route of decoupling SSs in tetradymite-type thin films via chemical doping and
thickness control.
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FIGURE 3.9

Weak antilocalization (WAL) effect in Cu-doped Bi,Se; thin films. (a) Typical Hikami, Larkin, and Nagaoka fit-
ting of the WAL-type cusp in conductance at low magnetic fields. Fitting parameter A, the effective number of
2D channels, as a function of (b) composition (x¢,) for fixed thickness (20 QLs) and (c) thickness for fixed com-
position (x¢, = 2.5%—-4.0%). (Reprinted with permission from Brahlek, M., Koirala, N., Salehi, M., Bansal, N., and
Oh, S., Phys. Rev. Lett., 113, 026801, 2014. Copyright 2014 by the American Physical Society.)

Subjected to a thermal gradient at low temperatures, the charge carrier system in a single
crystal may be dragged by out-of-equilibrium phonons, leading to significantly enhanced
values of the thermopower, the phenomenon known as the phonon-drag effect. Using
Bi,Te; as an example, Wang et al. have recently assessed the influence of phonons from the
substrates on charge carriers in thin films [130]. As shown in Figure 3.10b, the phonon ther-
mal conductivity of a crystal develops a dielectric peak at low temperatures. The conduc-
tivity peak position is related to the Debye temperature of the corresponding substrate/
crystal—165, 282, and 980 K for Bi,Te;, BaF,, and AlO,, respectively. It appears that the
phonons governing the lattice thermal conductivity are the same as those dominating
the phonon-drag thermopower. The peak of the phonon drag (in Figure 3.10a) appears at
virtually the same temperature as the peak in the phonon thermal conductivity. As shown
in Figure 3.10c, reducing the thickness of the sapphire substrate enhances the grain bound-
ary scattering at the lowest temperatures, which effectively increases the peak tempera-
ture of the phonon conductivity (solid lines). This subtle increase also seems to push the
phonon-drag peak position to slightly higher temperatures. Figure 3.10d suggests that the
influence from substrate phonons diminishes quickly upon increasing the film thickness,
and eventually, the bulk value should be restored. These experimental features demon-
strate the researchers’ capability to tune the position and magnitude of the phonon-drag
peak over a large temperature range by simply depositing tetradymite-type thin films on
substrates with different Debye temperatures.

Recently, Zhang et al. have grown a series of Bi,Te;-Sb,Te; solid solution ultrathin
films with 5 QL thickness [131]. As shown in Figure 3.11a, with high Sb content, these
(Bi,_,Sb,),Te; films exhibit somewhat nonmetallic sheet resistance profile. Upon increasing
the Sb content x, an n-to-p transition occurs in between x = 0.90 and 0.95, according to the
Hall coefficient measurement (Figure 3.11b). As shown in Figure 3.11c, due to the bipolar
excitation across the bulk band gap, the Seebeck coefficient changes sign near ambient
temperature, even for relatively low Sb substitution x = 0.70-0.80. In particular, for x = 0.90,
over the whole temperature range, the Hall coefficient (negative) and the Seebeck coef-
ficient (positive) take different signs, a signature of multiband conduction. Considering
that these films are extremely thin, SSs might, indeed, be playing a role in the transport.
The possibility and feasibility of developing TE devices utilizing TI concepts have been
discussed [132-134].
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(a) Temperature-dependent thermopower for Bi,Te, single crystal, 9 nm Bi,Te; films on BaF, (111), and sapphire
(0001) substrates. (b) The lattice thermal conductivity of Bi,Te; single crystal, bare BaF, and sapphire substrates.
(c) Thermopower of two 9 nm films grown on sapphire substrates with different thicknesses. The lattice ther-
mal conductivities (right axis) of two substrates are also shown. (d) Normalized thermopower (to the value at
200 K) for Bi,Te; single crystal and films with different thickness on sapphire substrate. (Reprinted with permis-
sion from Wang, G., Endicott, L., Chi, H., Lost’ak, P, and Uher, C., Phys. Rev. Lett., 111, 046803, 2013. Copyright
2013 by the American Physical Society.)

The anisotropic nature of tetradymite-type structure dictates that c-oriented films have
superior TE performance [135,136]. The room temperature electronic transport proper-
ties of binary Bi,Te; and Sb,Te; films grown using various techniques are summarized
in Table 3.4. Bi,Te; and Sb,Te; films with stronger (00/) orientation indeed possess a much
larger carrier mobility. The carrier mobility of the (015)-oriented Bi,Te; and Sb,Te; films
are only about 20 cm? V-1 571, which is at least twice smaller than that of (00/)-orientated
films [103,104]. For the Bi,Te; with high electron density of 6.5-12 x 10¥ cm?, it is evi-
dent that the (00/)-orientated Bi,Te; films possess much higher Seebeck coefficient than
the (015)-oriented films, which is likely due to the anisotropy in the Seebeck coefficient
[56,103]. Thus, the (00/)-oriented Bi,Te; and Sb,Te; films possess an excellent power factor
of 4.0 and 3.1 mW m™ K2 due to their preferred orientation [56,104]. A similar trend has
also been observed in Bi,Se; or ternary tetradymite-type films [66,75,82,85]. As compared
to the bulk single crystal counterparts, the carrier mobility obtained in films is still low,
especially for the n-type Bi,Te; films, and the carrier density is not at an optimal value.
Therefore, the improvement in the film orientation and the optimization of carrier density
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FIGURE 3.11
The (a) sheet resistance, (b) Hall coefficient, and (c) Seebeck coefficient of 5 quintuple layer (Bi,_Sb,),Te; films.
(Reprinted with permission from Zhang, J., Feng, X, Xu, Y. et al., Phys. Rev. B, 91, 075431, 2015. Copyright 2015
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are still needed to achieve a further improved power factor in tetradymite-type films. In
order to strengthen phonon scattering and reduce lattice thermal conductivity, reducing
grain size and increasing boundary density are two widely accepted experimental routes
[8,13,137]. In tetradymite-type films, decreasing the grain size and forming SL structures
are considered to be the most effective approach to reduce the lattice thermal conductiv-
ity, while the effect from structure modulation and film thickness is also included in the
discussion of grain size effect.
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TABLE 3.4
Room Temperature In-Plane Electronic Transport Properties of Binary Bi,Te; and
Sb,Te; Films
Methods Reference  Materials  Orientation n 1 c o PF
Nanoalloying [85] Bi,Te, (0o +(1011) 27 62 27 -182 09
Bi,Te,  (00)+(1011) 27 79 34 -153 08
Sb,Te,  (00)+(1011) 2.8 430 193 125 30
Sb,Te, (00l + (1011) 2.6 408 17 130 29
Sputtering [103] Bi,Te; (015) 12 22 43 =122 0.6
(001 10 52 8.4 -200 34
Sputtering [104] Sb,Te, (015) 9.1 19 2.8 175 09
(001 42 100 6.7 214 31
Thermal [54] Bi,Te, (001 + (015) 31 107 53 -208 23
evaporation Sb,Te,  (001) 14 348 78 160 2.0
Thermal [56] Bi,Te; (001) + (110) 6.5 74 7.7 =228 4.0
evaporation Sb,Te, (001) 34 176 96 171 28

Carrier density, n (10" ¢cm3); mobility, p (cm? V-1 s™); electrical conductivity, o (10* S m™);
Seebeck coefficient, a (pV K™); power factor, PF = o?c (10° W m1K2).

It is well accepted that the transport properties of tetradymite-type films are dominated
by native point defects such as antisite defects and vacancies, due to their low forma-
tion energy. The carrier density of tetradymite-type films grown under out-of-equilibrium
conditions may vary in the range of 10!8-10* cm=3 depending on the material and growth
parameters. Varying the ratio of BY!/AY species during the deposition or adding a postan-
nealing process can modify the carrier density of tetradymite-type films. In single crys-
tals, increasing the BY!/AY ratio increases the electron density of Bi,Te; and decreases the
hole density of Sb,Te; due to the increasing amount of Te [2]. However, this is not the case
in the thin films [73,75,76]. For example, the electron density of Bi,Te; film decreases by one
order of magnitude when the Te/Bi ratio increases from 3 to 9 [76], while the hole density
of Sb,Te; film increases by 25% when Te/Sb ratio increases from 5 to 7 [73]. These results
suggest further efforts are still needed to clarify the different effects of the BV!/AV ratio
in bulk crystals and thin films. Postannealing is commonly used to promote the crystal-
linity and to tune the carrier density of as-deposited films [85]. Postannealing at elevated
temperatures, commonly not higher than 300°C, tends to decrease the electron density
of n-type films of Bi,Te; [82,85] and Bi,(Te, Se); [66]. Annealing in a Te-rich environment
follows the same trend [106]. In contrast, annealing in p-type films is mostly reported to
increase the hole density, as observed in (Bi, Sb),Te, [82,85] films and Sb,Te;/(Bi, Sb),Te; SLs
[99]. This is usually explained by the Te reevaporation and the creation of (Bi, Sb);, antisite
defects, which generate hole carriers in films.

The thermal conductivity data of selected tetradymite-type films are collected in
Table 3.5. Upon decreasing the grain size or film thickness of tetradymite-type films, the
across-plane thermal conductivity can be largely reduced. As reported by Chiritescu et al.
[138] and Takashiri et al. [139], the across-plane thermal conductivity of the c-oriented
Bi,Te; film with thickness of 30-150 nm was in the range of 0.55-0.75 W m K, sig-
nificantly lower than that of bulk single crystalline Bi,Te;. A similar reduction was also
observed in 50 nm thick BiSbTe, films [138]. In contrast, (Bi,_,Sb,),Te; films, with x = 0.20,
0.25, and 0.35 and a grain size of several hundred nanometer, possessed a rather high k
value of ~1.0 W m~! K, close to that of their bulk counterparts (0.70-0.88 W m~! K1) [2,94].



Downloaded by [Brookhaven National Laboratory] at 14:55 01 December 2016

Growth and Transport Properties of Tetradymite Thin Films

TABLE 3.5

The Film Thickness t (nm), Grain Size or Superlattice Period A (nm), and Room
Temperature Thermal Conductivity k (W m™ K™) or Lattice Thermal Conductivity

Kk, (WmTK?)
Method Reference Materials t A K Or K.
MOCVD [19] Bi,Te,/Sb,Te; SL 400-700 5 x,022 Across-plane
400-700 6 x.,025 Across-plane
MBE [80] Bi,Te, 1000 —  x,1.87,%,148 In-plane
Bi,Te,/Sb,Te, SL 1000 10  x,1.25,%,1.01 In-plane
CE [138] Bi,Te, 30-100 —  x,055-0.75 Across-plane
BiSbTe, 50 — k036 Across-plane
FE [139] Bi,Te, 200 150 x,0.6 Across-plane
NA [100] Bi,Te,/(BiyoSby),Te; 1500 50 k., 0.53 Across-plane
1500 50 ¥, 079 Across-plane
NA [99] Sb,Te,;/ (Biy,Sbys),Te; 1500 50 k045 Across-plane
PLD [94] Bi, ,Sb; ;Te, 490 — %110 Across-plane
Biy5Sb; 5 Te, 690 — k097 Across-plane
Bi,,Sb, ;Te; 1250 —  x,1.00 Across-plane
MBE [108] Bi,Te,/Sb,Te, SL 996 6 x,0.60;x,028  Across-plane
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The thermal conductivity of SLs was obviously lower than that of the nanostructured
films, as observed in Bi,Te;/Sb,Te; SLs with SL period of 4—6 nm and low lattice thermal
conductivity of 0.22-0.25 W m~ K [140]. Winkler et al. succeeded in fabricating the 1 nm
Bi,Te;/5nm Sb,Te; SL film with good crystallinity utilizing a modified MBE process [108],
which, probably for the first time, came very close to reproducing the superb ZT val-
ues of the Bi,Te;/Sb,Te; SL structure [19]. The lattice thermal conductivity of this Bi,Te,/
Sb,Te; SL film was estimated to be 0.28 W m™ K™ assuming a Lorenz number L = 2.45
x 108 V2 K2 and conductivity anisotropy ratio of 1.12. This was very close to the previ-
ously reported value of 0.25 W m™ K™ [19]. p-Type Sb,Te;/(Bi, ,Sb, s),Te; and n-type Bi,Te,/
(BiyoSby.),Te; soft SL structured films prepared by the NA technique were also examined
by Winkler et al. [99,100]. Their thermal conductivity was ~0.5 W m~! K, which was simi-
lar to the values reported in nanostructured films. Therefore, in order to improve TE per-
formance, the tetradymite-type films should combine SL structure (effectively reduced
lattice thermal conductivity) with excellent crystallinity (good electronic performance).
In addition to the reports in across-plane thermal conductivity, there were also several
reports on the in-plane thermal conductivity of tetradymite-type films by Peranio et al.
[80] and Tan et al. [57], which considered Bi,Te;, Bi,Te;/Sb,Te; SL and Sb,Te; films. These
results showed that the in-plane thermal conductivity was largely reduced compared to
the bulk materials, as a result of the additional phonon scattering from reduced grain
size.

In spite of this progress, several issues still remain unclear. First, in contrast to the very
high Seebeck coefficient a ~ 200-270 pV K™ and mobility p ~ 600 cm? V- s in MOCVD-
grown SLs, the MBE-grown SLs possess a much smaller value of a ~ 120 pV K and
p ~ 60 cm? V- 571 [19,108]. Likely, the carrier density in the SL was not optimized, or there
was a significant effect from minority carriers at room temperature. Alternatively, this
might be caused by the compensation effect in the electronic transport from n-type Bi,Te;
component layer and p-type Sb,Te; layer. Second, the interdiffusion of component layers
in SLs during deposition is still controversial [81,141]. Third, the reported anisotropy of
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SL structures remains as a surprise in that the across-plane electrical conductivity is very
close to, or even larger than, the in-plane values [19,108]. Therefore, systematic investiga-
tions of carrier density optimization, controllable growth of SLs and their thermal stabil-
ity, and TE property characterization in both the in-plane and across-plane orientations, as
well as full-scale microstructure characterization, are still needed. These issues are crucial
for future Peltier cooling applications of tetradymite-type films.

3.5 Conclusion

Tetradymite-type thin films and SLs are gaining considerable research interest worldwide
as promising TEs. We have summarized their material structure and fabrication tech-
niques, along with their transport properties. While lacking behind the bulk TE develop-
ment, tetradymite-type thin-film TEs hold promise through improving the film quality
and developing reliable ways of reducing their thermal conductivity. No doubt, the most
recent enthusiasm in tetradymite-based TI thin-film structures will be an added impetus
for further study and development of tetradymite-type thin films and SLs.
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