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N-type Bi2Te2.7Se0.3 bulk thermoelectric materials with peak ZT values up to �1 were examined by

transmission electron microscopy and electron diffraction. Two nanostructural features were found:

(i) a structural modulation of �10 nm, which consisted of nanorods with crystalline and nearly

amorphous regions, having the rod axes normal to (0,1,5)-type planes, and wave vector normal to

(1,0,10)-type planes and (ii) non-stoichiometric ordered Bi-rich nanoparticles. The presence of the

structural modulation was not influenced by the ion milling energy or temperature in this study while

the non-stoichiometric ordered nanoparticles were only observed when ion milling at low

temperatures and low energy was used. It is proposed that both the structural modulation of �10 nm

and the presence of non-stoichiometric nanoparticles are responsible for the low lattice thermal

conductivity (�0.6 W/mK) of the Bi2Te2.7Se0.3 bulk thermoelectric materials studied. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4759285]

I. INTRODUCTION

Recent efforts have been focused on developing thermo-

electric materials for clean energy production and waste heat

recovery technology.1 Thermoelectric generators convert

temperature gradients directly into electrical energy without

use of moving parts,1 which makes them attractive for appli-

cations that transform low-grade heat into useful energy;

namely solar thermal power2 and automotive waste heat rec-

lamation.3 However, the efficiencies of these technologies

are limited by the performance of thermoelectric materials.

The ideal efficiency of a thermoelectric junction, g, can be

given by1

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ZT
p

� 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ZT
p

þ TC

TH

; (1)

where TC and TH are the temperatures of the cold and hot

junctions, respectively. ZT is the dimensionless figure of

merit, which is governed by the physical properties of ther-

moelectric materials as given by

ZT ¼ rS2T

j
; (2)

where r is the electrical conductivity, S is the Seebeck coeffi-

cient, T is the mean temperature, and j is the total thermal

conductivity (including both lattice and electronic thermal

conductivity). Thermoelectric materials based on Bi2Te3 and

the solid solutions of Bi2Se3 and Sb2Se3 are known to achieve

high ZT values near room temperature,4 where p-type

Bi2�xSbxTe3 and n-type Bi2Te2�xSex bulk materials can

achieve ZT values of �1.1 and �0.85,5,6 respectively. This is

because they have high electrical conductivities (�1000 S/

cm),7,8 low lattice thermal conductivities (�1.2 W/mK),9–11

and high Seebeck coefficients (�6200 lV/K).7,8 Introducing

nanostructures12 in thermoelectric materials has been shown

to reduce thermal conductivity and thus increase ZT because

nanostructures scatter phonons more effectively than elec-

trons as phonons have a long mean free path compared to

electrons. Markedly enhanced ZT values have been reported

in 6 nm superlattices of Bi2Te3/Sb2Te3,13 which have been

attributed to decreased lattice thermal conductivity. More

recently, nanostructured p-type Bi2�xSbxTe3 bulk alloys

have shown decreased lattice thermal conductivity and

enhanced ZT.14

Interestingly, Bi2Te3-based bulk materials9,10,15–20 and

superlattices9 are known to exhibit naturally nanoscale struc-

tural modulations, which could contribute to the low lattice

thermal conductivity (jlattice) of these materials. In particular,

the work of Peranio et al.9,10,15,21 has shown that the nano-

scale structural modulation has a wavelength of �10 nm and a

wave vector parallel to g{1,0,10}, which is related to a sinusoi-

dally varying strain domain structure with no detectable com-

positional difference.15 In this paper, we are interested in

understanding whether natural modulations are also present in

recently reported nanostructured n-type Bi2Te2.7Se0.3 bulk

materials.8

Here, we study recently reported n-type Bi2Te2.7Se0.3

samples (with ZT values up to �1) that were synthesized by

mechanical alloying and hot pressing,8 where as-pressed and

re-pressed samples show very low thermal conductivities

having jlattice about 0.6 W/mK. Some differences in the

transport properties between as-pressed and re-pressed

samples along and perpendicular to the hot-press direction

are noted (Fig. S1),33 which has been attributed to different

degrees of texture (having the a-b plane oriented

a)Authors to whom correspondence should be addressed. Electronic
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perpendicular to the press direction) and intrinsic anisotropy

in the transport properties.23 The Bi2Te3 crystal structure

consists of five-layer-units of Te-Bi-Te-Bi-Te stacked along

the c axis, which form pseudo-NaCl lamellae having a thick-

ness of �1 nm, as shown in Fig. 1. The lamellae are held to-

gether with covalent bonds and van der Waals bonds along

the c axis (Fig. 1), which are responsible for anisotropy in

transport properties.23 In this report, we study the as-pressed

and repressed samples using TEM along orientations both

perpendicular and parallel to the press direction to examine

if there are any differences in the nanoscale features. As

recent work of Medlin et al.24 has suggested that the pres-

ence of structural modulation might be influenced by the

conditions of ion milling, we compare TEM samples pre-

pared using the low energy and low temperature (LELT) ion

milling procedure of Medlin et al.24 and samples prepared

by the conventional high energy room temperature (HERT)

methods used in previous work.9,10

II. RESULTS AND DISCUSSION

A. Nanorods

Representative bright-field and dark-field images of re-

pressed Bi2Te2.7Se0.3 are shown in Fig. 2 and representative

as-pressed and re-pressed images are compared in Fig. S2,

all of which reveal a nanoscale structural modulation with a

period of �10 nm consisting of light and dark fringes of

�5 nm (Fig. 1(b)) and a wave vector parallel to the (0,�1;10)

plane normal similar to those reported previously.9,10,15–18

The nanoscale structural modulation was found present in

one direction shown in Figs. 2(a)–2(c), and in multiple

directions shown in Fig. 2(d) and Figs. 2(a) and 2(b). These

fringes were oriented normal to the (0,1,5)-type planes, and

in cases where (0,1,5)-type reflections were not in the dif-

fraction patterns, stereographic projections were used to

locate them in three dimensional space and project them

onto perspective zone axes (Fig. S3). There are three

(0,1,5)-type planes in the structure of Bi2Te3 with space

group of R�3m defined in a hexagonal unit cell (a¼ 4.495 Å

and c¼ 30.440 Å), which are nearly orthogonal. Therefore,

the nanoscale structural modulation forms a nearly cubic

three-dimensional lattice (Fig. S4), which supports previous

work.10

The structural modulation was observed in all grains in

both as-pressed and re-pressed samples (typical grains were

larger than 1 lm). It should be mentioned that unlike previ-

ous work,9,10,18,24 the presence of the structural modulation

was not influenced by the ion milling conditions used in the

TEM preparation because samples prepared by LELT and

HERT ion milling were found to exhibit the structural modu-

lation. In addition, the structural modulation was found in

as-pressed Bi2Te2.7Se0.3 that was prepared by crushing the

bulk material in a mortar and pestle, which confirms that the

structural modulation is not an artifact of ion milling. More-

over, similar structural modulation was noted in single crys-

tal Bi2Te2.99 TEM samples that were prepared by scraping

the bulk material with a razor blade (Fig. S5). It should be

noted that the structural modulation observed is markedly

different from dislocations found in these samples, few dislo-

cations were visible, and there were only visible when the

structural modulation was out of contrast.

Using electron diffraction data collected from low sym-

metry zone axes (LSZAs) and high resolution TEM

(HRTEM), we propose that the structural modulation results

from an assembly of �5 nm thick nanorods with alternating

high and low crystallinity, and the nanorods have rod axes

normal to the (0,1,5)-type planes. Electron diffraction pat-

terns from LSZAs revealed additional information compared

to the diffraction patterns from the high symmetry zone axes

(HSZAs) shown in previous work9,10 and in Fig. 2. One rep-

resentative pattern in Fig. 3 shows (i) diffuse streaks high-

lighted in Fig. 3(b), (ii) diffuse ring highlighted in Fig. 3(d),

and (iii) reflections forbidden in the zone axis in Fig. 3(e).

First, the diffuse streaks can be understood by considering

the fact that crystalline nanorods in real space produce disks

of diffuse contrast in reciprocal space,25 and the intersection

of the these disks with the Ewald sphere yields the diffuse

streaks in Figs. 3(b) and 3(c). There are two nearly perpen-

dicular sets of streaks noted in Fig. 3, which are normal to

the (0,1,5) and (�1;0,5) planes. Even though (0,1,5) and

(�1;0,5) do not appear in the zone axis, Fig. S6 shows that

there are relatively small angles between these planes and

FIG. 1. (a) A model of the Bi2Te3 structure projected

in the [1,0,0] direction, which was created using the

VESTA software.22 The gray atoms represent Bi and the

blue atoms represent Te. The Bi2Te3 structure consists

of five covalently bonded five layer lamellae with Te-

Bi-Te-Bi-Te stacking with van der Waals bonding in

between the lamellae. Bi2Te3 has space group of R�3m,

which is defined typically in a hexagonal unit cell with

lattice parameters a¼ 4.495 Å and c¼ 30.440 Å. (b) A

schematic of the nanostructure found in Bi2Te3. The

crystalline material (light gray area) is �5 nm wide

and is oriented normal to the (0,1,5) planes. There is

an approximately 31� angle between (0,1,5) and

(0,0,3) in the Bi2Te3 structure. In the R-3 m structure,

the (0,1,5) plane is equivalent to the (�1;0,5) and

(1,�1;5) planes.

093518-2 Carlton et al. J. Appl. Phys. 112, 093518 (2012)
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the zone axis. Therefore, the structural modulation consists

of nanorods of �5 nm with axes that are crystallographically

aligned normal to the (0,1,5) and (�1;0,5) planes. Second, the

diffuse ring in the diffraction pattern can be explained by the

presence of nanorods with low crystallinity in the structural

modulation as the structural modulation, along the (1,�1;5)

plane normal, is closely parallel to the zone axis (Figure S6).

Amorphous materials and/or materials with low crystallinity

can produce diffuse rings in electron diffraction patterns

(EDPs) because they have poorly defined atomic positions

leading to a distribution of interatomic spacings that cause a

diffuse ring.25 Third, the presence of off-zone axis diffrac-

tion spots [Fig. 3(e)] is due to the very small reciprocal

dimension along the c*-axis associated with the very large

lattice parameter along the c-axis of the Bi2Te3 crystal struc-

ture, which allows the reciprocal lattice rods that are forbid-

den by the zone axis to penetrate the Ewald sphere and

therefore appear in the electron diffraction pattern.

Previous TEM studies of Bi2Te3 based materials do not

report diffuse streaks or diffuse rings in their EDPs.9,10,16,19,20

One possible explanation for the difference is that the diffrac-

tion patterns with diffuse features in this study were obtained

FIG. 2. Diffraction contrast images of nanoscale

structural modulations in re-pressed Bi2Te2.7Se0.3

that were taken with the beam perpendicular to

the direction of pressing. (a) is in bright field,

and (b)–(d) are in dark field, and the (0,1,5) plane

normal is indicated. LELT ion milling was used

for (b) and (c) while HERT ion milling was used

for (a) and (d).

FIG. 3. The [20,35;1] EDP. (a) The indexed diffraction pattern, (b) the detail of the streaks in the EDP and (c) a scheme of how nanorods become disks of dif-

fuse contrast in reciprocal space. The nanorod orientation is overlaid on (a) and the lines extending from the rods indicate the direction of streaking. (d)

Detailed view of the central ring in EDP and (e) details on the closely spaced spots that appear in the EDP even though they are forbidden by the zone axis.
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from LSZAs such as [20, �35;1], which can have (i) lower den-

sities of diffraction spots and (ii) lower intensity diffraction

spots compared to HSZAs such as [1,0,0] and [5,�5;1] reported

previously9,10,16 to allow the observation of diffuse features

that would otherwise be washed out in the HSZAs.

The presence of regions with low crystallinity was fur-

ther supported by HRTEM of the crystal shown in Fig. 3

along the same zone axis, where no visible lattice fringes

were observed in Fig. 4(a). Preliminary TEM simulation per-

formed using the SIMULATEM software26 revealed that the

slightly out-of-plane (0,0,3) lattice fringes should appear for

this zone axis [Fig. 4(b)], where a spherical aberration of

0.5 mm, the nominal spherical aberration of the JOEL 2010 F

used in this work, was used and the simulation was per-

formed at Scherzer defocus. It is interesting to note that con-

tinuous lattice fringes of (�1;0,5) were observed when the

same crystal was tilted to a nearby zone axis, as shown in

Fig. 4(b). White boxes in Fig. 4(b) indicate the regions,

where the contrast on the (�1;0,5) lattice fringes is lost. Fou-

rier filtered HRTEM (FFHRTEM) imaging on the g( �1;0,5) lat-

tice vector further supports the presence of nanorods of low

crystallinity normal to the (�1;0,5) planes. Our interpretation

of the HRTEM images in Fig. 4, which was aided by our

understanding of electron diffraction data, is different from

previous HRTEM studies of Bi2Te2.7Se0.3 materials,16,18

where terminating and wavy lattice planes in the FFHTREM

FIG. 4. (a) HRTEM imaging from the same crystal and zone axis as Fig. 3

shows that the region appears nearly amorphous. (c) HRTEM simulation of

the [20,35;1] zone axis using the SIMULATEM software.26 (b) HRTEM of a

nearby zone axis in the same crystal, where the lattice fringes are clearly

resolved. The arrow in (b) indicates an area where the contrast from the

(�1;0,5) lattice fringes disappears, indicating low crystallinity. (d) Fourier fil-

tering of the (�1;0,5) planes, which highlights the crystallographic disorder in

these planes.

FIG. 5. (a) and (d) are zone-axis-aligned, low-magnification HRTEM images with inset FFTs of re-pressed Bi2Te2.7Se0.3 that was prepared via LELT ion mill-

ing and clearly show the nanoscale structural modulation. (b) and (e) show increased magnifications of (a) and (d) respectively. (c) and (f) present FFHRTEM

of (b) and (e) using g(0,1,5) and g(1,0,10) respectively. Alternating regions of high and low crystallinity are clearly seen in (c) and (f). Comparison of (c) and (f)

with (a) and (d) demonstrates that the alternating light/dark contrast of the low magnification images is associated with the alternating high and low crystallin-

ity of the Fourier filtered images.
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was used as evidence of dislocations,18 phase disorder in the

basal planes,16 or a sinusoidal displacement field.9,10,15,19,21

In order to confirm that the bright and dark oscillations

in the diffraction contrast images were correlated with nano-

rods of high and low crystallinity, series of HRTEM images

at different magnifications were made from the same areas

(Fig. 5). This allowed direct comparison of the nanoscale

structural modulation and atomic-scale structural features

and clearly shows that the bright regions in the HRTEM

images are directly associated with low crystallinity.

HRTEM images along the [1,0,0] and [ �10;10,1] zone axes

are shown in Figs. 5(a)–5(f), respectively, where 2 sets of

structural modulation are visible. Boxed regions in Fig. 5(a)

and 5(d) are imaged at a higher magnification in Figs. 5(b)

and 5(e), respectively. FFHRTEM imaging on the g(0,1,5)-

type lattice vectors (Fig. 5(c)) revealed nanorods of low crys-

tallinity in the (0,1,5)-type planes, analogous to the findings

of (Bi0.25Te0.75)2Te3 by Jacquot et al.,19 while FFHRTEM

imaging of the g(1,0,10)-type lattice vectors (Fig. 5(f)) shows

similar disorder, indicating that the natural nanostructure

also distorts non-(0,1,5)-type planes. It should be noted that

the light and dark regions have comparable chemical compo-

sitions as revealed from energy dispersive spectroscopy in

the TEM (Fig. S7), therefore the observed modulation con-

trast is not induced by large differences in the chemical

composition.

We show that all grains of as-pressed and re-pressed

Bi2Te2.7Se0.3 samples exhibit a nanoscale structural modula-

tion, which consists of alternating nanorods of �5 nm with

high and low crystallinity with rod axes normal to the

(0,1,5)-type planes when viewed both along the press direc-

tion and perpendicular to the press direction. Our findings,

combined with previous work,9,10,16–20 indicate that the

nanoscale structural modulation found in Bi2�xSbxTe3�ySey

materials might be a general feature that is responsible for

their low lattice thermal conductivity by effectively scatter-

ing phonons (schematically illustrated in Fig. S8). Further

studies are needed to understand the physical origin of the

structural modulation and how processing may influence the

structural modulation, which may lead to the development of

strategies to significantly improve ZT by tuning the struc-

tural modulation.

B. Ordered off-stoichiometric Bi-rich nanoparticles

Bright-field TEM imaging of the as-pressed [Figs. 6(a)

and 6(b)] and re-pressed samples [Figs. 6(c) and 6(d)]

revealed the presence of nanoparticles of 10–100 nm in the

matrix of large grains when prepared via LELT ion milling,

where the as-pressed sample appeared to have more nanopar-

ticles than the re-pressed sample. Detailed analysis of ten

TEM images for each sample showed that the as-pressed sam-

ples contained smaller nanoparticles of �25 nm than the re-

pressed samples of �34 nm, as shown in Figs. 6(c) and 6(f),

respectively. In addition, the percentage of the projected area

of the TEM images occupied by nanoparticles was analyzed,

giving values of 4.3% and 2.5% in the as-pressed and re-

pressed samples, respectively (Fig. S9). As the nanoparticles

FIG. 6. Bright-field TEM of LELT ion-milled Bi2Te2.7Se0.3 samples. Each image shows one grain containing several nanoparticles (dark spots). (a) and (b)

The as-pressed sample shows a high number density of nanoparticles, whereas the (c) and (d) re-pressed sample contains a low number density of nanopar-

ticles. All images are perpendicular to the press direction. (e) The histogram of nanoparticle diameters reveals that the re-pressed sample contained larger par-

ticles than the as-pressed sample, on average.

093518-5 Carlton et al. J. Appl. Phys. 112, 093518 (2012)

Downloaded 05 Jun 2013 to 18.51.3.76. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



appear to have a disk shape, which is evident from observed

circle and oval particles in the TEM images (Fig. 6), we can

set the area fraction as the upper limit for the volume fraction

of these particles because the TEM sample cross-section

thickness (<�200 nm) is equal to or greater than the nanopar-

ticle thickness.

HRTEM imaging in conjunction with EDS analysis was

used to show that these nanoparticles are off-stoichiometric

relative to the nominal composition of Bi2Te2.7Se0.3 or

“Bi2Te3.” The EDS results showed that most nanoparticles

were found to be Bi-rich (Table S1), where the concentration

of Se was too low to quantify. Typical HRTEM images of

nanoparticles show interplanar spacings greater than 1 nm. A

HRTEM image collected from the as-pressed sample shows

the lattice fringes of a nanoparticle near the [1,0,0] zone axis,

which reveals an interplanar spacing of 1.4 nm (Fig. 7) larger

than that the largest spacing of 1.0 nm expected for the

Bi2Te3 structure with space group R�3m[Fig. 7(b)]. The dif-

ference in the lattice fringes shown in Figs. 7(a) and 7(b) can

be explained by the infinite adaptability27,28 of the Bi2Te3

structure, which can be thought as a modulated Bi-Te (NaCl)

structure27,28 that can accommodate different stoichiometries

by either (i) inserting Bi2 bilayers into the pseudo-NaCl

blocks28 or (ii) changing the number of layers in the pseudo-

NaCl blocks through the addition or subtraction of -Bi-Te

bilayers.27 The larger lattice fringe spacing of the nanopar-

ticle in Fig. 7 can be explained by introducing an extra

bilayer of Bi into the unit cell of Bi2Te3, where the normal

Te-Bi-Te-Bi-Te stacking and the Bi2Te3 composition are

changed to the Te-Bi-Te-Bi-Te-Bi-Bi stacking and Bi4Te3

FIG. 7. (a) HRTEM of re-pressed Bi2Te2.7Se0.3 prepared by LELT ion milling. The FFT of (a) in right inset was indexed to the Bi2Te3 structure in the zone

axis of [1,0,0]. The HRTEM was taken in the grain marked (i) and (c) is a magnified image of the boxed region in (a). (b) HRTEM of a nanoparticle in as-

pressed Bi2Te2.7Se0.3 that was ion milled at LELT. The nanoparticle is on bottom half of the image, and the FFT of the nanoparticle indicates a lattice spacing

of 1.4 nm. (d) Magnified HRTEM from the nanoparticle in (b). (e) A scheme of the Bi2Te3 structure, which consists of five-layer covalently bonded Te-Bi-Te-

Bi-Te stacks with van der Waals bonds between the outer Te layers. (f) A scheme of the Bi4Te3 structure, which consists of a Bi2 layer and a Bi2Te3 layer com-

bining to make the repeating Bi4Te3 lamella.
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composition, respectively. This hypothesis is supported by

the fact that the HRTEM image in Fig. 7(b) is similar to that

of bulk Bi4Te3 reported previously by Ciobanu et al.28 All of

the nanoparticles studied by HRTEM in this work were Bi-

rich and had interplanar spacings along the c-axis that were

greater than 1.0 nm, but they were not necessarily Bi4Te3.

The presence of these nonstoichiometric nanoparticles might

be a result of the synthesis route used. As the samples used

in this study were synthesized by the mechanical alloying of

elemental powders followed by hot-pressing,8 it is very

likely that these nonstoichiometric nanoparticles can result

from inhomogeneous mixing of the elements. This hypothe-

sis is further supported as the reduction in nanoparticle den-

sity upon repressing.

Ordered Bi-rich off-stoichiometric nanoparticles are

reported, for the first time, in Bi2Te2.7Se0.3-based thermoelec-

tric materials. As nanograins,29,30 nanoparticles,14,20 and

nanovoids20,31 in Bi2Te3-based materials have been correlated

with reductions in jlattice, it is proposed that these nanopar-

ticles could have a significant effect in lowering the jlattice of

Bi2Te2.7Se0.3 showing jlattice �2� lower than single crystal

samples.8–10 This hypothesis is supported by recent theoretical

work that has shown that even low volume percentages (1%-

5%) of nanoparticles with diameters between 10 and 100 nm

can lead to substantial reduction (�2-4�) in jlattice for

SiGe.32 The control and optimization of the nonstoichiometric

nanoparticles could provide an effective way to lower the

thermal conductivity of Bi2�xSbxTe3�ySey materials.

We found that these nonstoichiometric nanoparticles

(Fig. 6) were not present in the samples prepared by HERT

ion milling. It is likely that the nanoparticles were preferen-

tially milled away at HERT conditions, leaving voids in the

material. The hypothesis is supported by the observation of

voids in samples milled by with HERT settings (Fig. S10).

As most of previous TEM investigations of Bi2Te3-based

materials have used HERT ion milling,9,10,18 it is possible

that nonstoichiometric nanoparticles are a common feature

in Bi2Te3-based materials but they are not observed because

they could have been removed during TEM sample prepara-

tion. This highlights the importance of establishing a stand-

ard TEM sample preparation technique for future TEM

investigation of Bi2Te3-based materials that is delicate

enough to minimize artifacts.

III. CONCLUSIONS

Our TEM studies of high-ZT Bi2Te2.7Se0.3 bulk samples

show the presence of (i) nanoscale structural modulation

having alternating nanorods with high and low crystallinity

extending throughout all grains, which have rod axes normal

to the (0,1,5)-type planes and (ii) ordered nonstoichiometric

Bi-rich nanoparticles. It is proposed that the presence of

nanorods with low crystallinity is a general feature of

Bi2Te3-based materials because similar structural modula-

tion has been reported by previous studies in a wide variety

of sample compositions and sample geometries, including

thin films,9 single crystals [Fig. S5(b)] in this study and bulk

polycrystals (Fig. 2) in this study and previous work.9,10,16 It

is proposed that both nanorods with low crystallinity and

ordered non-stoichiometric nanoparticles contribute to pho-

non scattering and largely responsible for the low jlattice of

the samples studied. Further investigations into control of

these nanostructures could potentially be very fruitful for the

continued enhancement of ZT and the efficiency of thermo-

electric power generation.

IV. EXPERIMENTAL METHODS AND MATERIALS

As-pressed and re-pressed thermoelectric samples were

prepared by mechanical alloying and hot-pressing and char-

acterized by techniques identical to those outlined in Yan

et al.8 X-ray diffraction data of these samples are presented

in Fig. S11. TEM samples were mechanically polished and

thinned by a successive series of diamond lapping films until

both sides were flaw free and the sample thickness was

below 100 lm. The polished samples were then ion milled

under 4 eV at room temperature using a Fischione 1010 or a

Gatan PIPS, and these samples were referred to as HERT.

To investigate the effect of ion beam damage, some samples

were milled at low temperature and accelerating voltage fol-

lowing the procedure outlined by Medlin et al.24 using only

the Fischione 1010. The LELT ion milling in this work was

done using a Fischione 1010 ion mill at �100 �C and

involved three steps, (1) milling at 10�, 4.5 KeV, and 5 mA

until perforation, (2) milling at 8�, 3.0 KeV, and 5 mA to

enlarge the hole, and (3) milling at 6�, 1 KeV, and 3 mA to

polish the sample and remove any remaining damage.

The TEM analysis was performed on a JEOL 2010F

TEM equipped with a Schottky emission gun. Bright field

diffraction contrast images were collected by centering the

smallest objective aperture (20 lm) on the transmitted beam.

Dark field diffraction contrast images were created by using

the beam tilt controls to align a diffracted beam with the

optic axis, and then centering the smallest objective aperture

on it. The diffraction contrast TEM was performed in the

many beam condition at the zone axes. Zone axes were

located by tilting the sample along Kikuchi lines produced

by convergent beam electron diffraction. Processing of the

TEM images was performed using Gatan Digital Micrograph

software. For the FFHRTEM, an FFT was made from the

HRTEM image. The FFT spots associated with a single

g(h,k,l) and the non-periodic information associated with g0

were then selected and all other periodic data were removed

and an inverse FFT was performed. Non-periodic informa-

tion from near the g(0,0,0) spot was included to improve the

view-ability of the FFHRTEM image. The conventional

EDS data were collected and quantified with the INCA soft-

ware. The M-series was used for Bi quantification and

L-series was used for Te and Se. The aberration corrected

STEM EDS mapping was conducted at the Oak Ridge

National Laboratory’s High Temperature Materials Labora-

tory on a JEOL 2200F equipped with a pre-objective aberra-

tion corrector manufactured by CEOS.
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