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Morphologies, XRD patterns, SEM compositions and room-temperature thermoelectric

properties: The series of (015) oriented Big4Sb; Tes nanocolumns

Figure S1 show the top-view SEM images of a series of uniform and large-area BixSh,-
x 1 €3 hanostructures deposited at various substrate temperatures from 473 to 673 K under an
Ar ambient pressure of 0.09 torr for 3 h. From the magnified top-view and cross-sectional
SEM images as respectively shown in Figure S1(i) and S1(ii), all the morphologies present
column structures perpendicular to the substrate surface. The film thickness is 830, 500, 1300,
1100, and 1250 nm for 473, 523, 573, 623, and 673 K, respectively.

Figure S2(a) shows the XRD patterns recorded with a symmetrical 6-260 geometry. As
can be seen, all the diffracted peaks of the prepared nanocolumns can be indexed with bulk
Bip4Sh16Tes (JCPDS 65-3674). Additionally, a clear (015) preferential orientation is found
for all the specimens by quantitatively analyzing the integrated intensity of the reflections.
According to the SEM-EDX analyses displayed in Figure S2(b), the Bi content slightly
decreases with the temperature increase.

Figure S3 shows a series of electrical and thermoelectric properties measured at room
temperature. All the Big4Sb;gTes nanocolumns exhibit positive Hall coefficients, indicating
that the hole-type carriers dominate the transport properties. As can be found in Figure S3(a),
a higher carrier mobility is observed as the temperature increases, which may originate from
the improved film crystallinity. The electrical conductivity independently measured by a four-
probe technique (CMT SR2000N) is 38, 64, 69, 73, and 315 Scm™ (see Figure S3(b)) for
nanocolumns deposited at 473, 523, 573, 623, and 673 K, respectively. As shown in Fig. S1,
when the substrate temperature increases, the grains of the deposited film become larger and
the film structure also becomes denser with less defects. Such structural tendencies with
increasing temperature equal to the reduction of the boundary scattering for both electrons and
phonons, and are thus actually helpful for improving the electrical conductivity. The

corresponding 1-V curves shown in Figure S3(e) exhibit an excellent linear relationship over
3
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the entire voltage range applied, indicating the ohmic contacts. It is noted that the measured
electrical conductivity shows a great resemblance to the mobility against the deposition
temperature, suggesting that the electrical transport in these BiSbTe films is dominated by the
carrier mobility.

The positive Seebeck coefficients as displayed in Figure S3(c) and S3(f) confirm the p-
type semiconducting behaviors for all specimens. The small contribution from the electrical
leads (Cu wires) has been carefully subtracted for the present Seebeck coefficients. A strong
deposition-temperature dependence of the Seebeck coefficient is found where the value is 120,
149, 188, 204, and 213 pVK™ for 473, 523, 573, 623, and 673 K, respectively. In the present
series of (015) oriented nanocolumns, the specimen deposited at 673 K has the highest power
factor (~14.34 pWcem™K®) as shown in Figure S3(d), which probably originates from a
relatively higher Sb content as well as a better crystallinity. As concluded, the deposition
temperature not only dominates the nanostructures but also plays an important role in

influencing the composition and thus further affects the thermoelectric properties.
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Figure S1. (a)-(e) The top-view SEM images of the (015) oriented Big 4Sb16Tez nanocolumns
deposited at 473, 523, 573, 623, and 673 K, respectively. The magnified (i) top-view and (ii)

cross-sectional SEM images are shown along with (a)-(e).
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Figure S2. (a) X-ray diffraction patterns recorded from the (015) oriented BigsShigTes
nanocolumns deposited at 473, 523, 573, 623, and 673 K. (b) The SEM-EDX compositions as

a function of the deposition temperature.
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Figure S3. (a) The carrier concentration and mobility, (b) the electrical conductivity, (c) the
Seebeck coefficient, and (d) the power factor measured at room temperature as functions of
the deposition temperatures for obtaining (015) oriented nanocolumns. The corresponding I-V
curves and the plots of the Seebeck voltage versus the temperature difference created are

respectively shown in (e) and (f).
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Morphologies, XRD patterns, SEM compositions and room-temperature thermoelectric

properties: The series of (001) oriented BipsSb; sTes nanodiscs

Figure S4(a)-(e) show the top-view SEM images of a series of uniform and large-area
BixSh,.«xTes nanostructures deposited at 773, 823, and 873 K under an Ar ambient pressure of
0.15 torr for 3 h. In the present series, the disc-like orderly structures, lying on the substrates,
are clearly observed (see Figure S4(i)) and the continuity and regularity of the stacks of discs
is improved as the deposition temperature increases (see Figure S4(ii)). The film thickness are
690, 1300, and 1100 nm for 773, 823, and 873 K, respectively.

The XRD patterns shown in Figure S5(a) can be correspondingly indexed with the
Bip4Sh16Tes (JCPDS 65-3674) in which a slight peak shift toward a lower angle is found,
mainly due to the higher Sb fraction of the present nanodiscs, compared with the above
nanocolumns, as will also be quantitatively realized in the following SEM-EDX measurement.
Moreover, an obvious (001) preferential orientation can also be found for all specimens from
the only presence of (00I) basal-planes. Figure S5(b) confirms that the nanodiscs deposited at
773, 823, and 873 K have a similar composition of Bi:Sh:Te = 10:30:60. Similar to previous
series, the positive Hall coefficients for these three specimens suggest that the hole-type
carrier should dominate the thermoelectric properties. From Figure S6(a), the nanodiscs
prepared at 873 K (7.7x10 cm™) display a higher carrier concentration than those prepared
at 773 K (2.9x10 cm™) and 823 K (1.5x10™*° cm™®). Furthermore, the nanodiscs deposited at
773, 823, and 873 K, respectively, exhibit a high electrical conductivity of 1050, 861, and
1441 Scm™ which approaches the value of the nanostructured bulk (1280 Scm™) ™ (see Figure
S6(b)). A contributory factor to the higher electrical conductivity observed from the specimen
deposited at 873 K is most likely due to its stronger (00I) orientation. Although the nanodiscs
show comparable high electrical conductivities, their values of Seebeck coefficient only reach

509% ~ 70% (97~130 pVK™) of the bulk (185 pVK™)! as shown in Figure S6(c). Compared



Electronic Supplementary Material (ESI) for Nanoscale
This journal is © The Royal Society of Chemistry 2013

with the case of nanocolumns, the Seebeck coefficients of the nanodiscs exhibit an inverse
tendency as the deposition temperature increases, probably due to the slight deficiency of Sb
as part of Sb is in the vapor form at such high deposition temperatures. As a result (Figure
S6(d)), the (001) oriented nanodiscs deposited at 773 K (17.75 pWem™K™) exhibit a higher

power factor than that prepared at 823 K (8.87 pWem™K™®) and 873 K (13.45 pWem™K™).

Figure S4. (a)-(c) The top-view SEM images of the (001) oriented BigsSbisTesz nanodiscs
deposited at 773, 823, and 873 K, respectively. The magnified (i) top-view and (ii) cross-

sectional SEM images are shown along with (a)-(c).
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Figure S5. (a) X-ray diffraction patterns recorded from the (001) oriented BigsShisTes
nanodiscs prepared at 773, 823, and 873 K. (b) The SEM-EDX compositions as a function of

the deposition temperature.
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Figure S6. (a) The carrier concentration and mobility, (b) the electrical conductivity, (c) the
Seebeck coefficient, and (d) the power factor measured at room temperature as functions of
the deposition temperatures for obtaining (001) oriented BigsSbisTes nanodiscs. The
corresponding 1-V curves and the plots of the Seebeck voltage versus the temperature

difference created are respectively shown in (e) and (f).
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Morphologies, XRD patterns, SEM compositions and room-temperature thermoelectric
properties: The series of (001) and (015) doubly oriented BiosSbisTes nanodiscs and

Biy7Sby 3Tes nanolayers

Figure S7 represents the disc- and layer-like structures respectively prepared at 723 K
(~0.11 torr) and 883 K (~0.4 torr). The XRD patterns shown in Figure S8(a) can be
correspondingly indexed with bulk Biy4SbisTes, where a distinct doubly preferential
orientation of (001) and (015) is clearly found after quantitatively analyzing the integrated
intensities of the diffracted peaks. Figure S8b reveals that the stoichiometric ratios of the
specimens obtained at 723 K and 883 K are Bi:Sbh:Te = 10:30:60 and Bi:Sh:Te = 13:27:60,
respectively. In comparison with the deposition map of the nanodiscs described previously as
well as the present series, the nanodiscs deposited at 723 K and 773 K show a similar
morphology and composition, but a very different preferential orientation, probably because
of the difference in ambient pressure. Similarly, Russo et al.? have demonstrated that Bi,Tes
films prepared by PLD process at 620 K with a higher deposition pressure of ~1.5 torr show a
double orientation of (00l) and (015), indicating the ambient pressure indeed plays an
important role for obtaining such a double preferential orientation. Additionally, the SZM
model® also addresses that a higher argon pressure can limit the mobility of adatoms and thus
permit some specific crystal structures.

Figure S9(a) shows positive Hall coefficients, indicating that the hole-type carriers
dominate the thermoelectric properties. The carrier concentration of the nanolayers
(~2.4x10%° cm™®) is one order of magnitude higher than that of the nanodiscs prepared at 723
K (~2.3x10* cm™), but the mobility is ~35% lower than that of the nanodiscs (177 cm?V*s™).
Thus, the electrical conductivity of nanolayers (2713 Scm™) is more than four times higher
than that of the nanodiscs (651 Scm™), as seen in Figure S9(b). The linear I-V curves over the

entire range of the applied voltages suggest the ohmic contacts. The resistances of the

10
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nanodiscs and nanolayers deposited at 723 K and 883 K are 177 Q and 114 Q, respectively.
The positive Seebeck coefficients also suggest the p-type semiconducting behavior which is
consistent with the Hall results. Besides, the BigsSbysTes nanodiscs (195 pVK™) show a
higher Seebeck coefficient compared with the Big7SbysTes nanolayers (97 pVK™), as can be
seen in Figure S9(c). This result indicates that the Seebeck coefficient for the doubly oriented
cases decreases with the increase in deposition temperature. Such tendency is similar to the
(001) oriented series probably due to the dissipation of Sb at higher temperatures. It is worth
noting that both doubly oriented nanodiscs (24.82 pWem™K™) and nanolayers (25.58 pWem’
'K?), respectively, deposited at 723 K and 883 K show higher power factors than specimens

with single orientation of either (015) or (001).

(b) 883 K

Figure S7. (a) and (b) The top-view SEM images of the (00l) and (015) doubly oriented
BipsSbysTes nanodiscs and Big;Sby3Tes nanolayers deposited at 723 K and 883 K,
respectively. The magnified (i) top-view and (ii) cross-sectional SEM images are shown along

with (a) and (b).

11
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Figure S8. (a) X-ray diffraction patterns recorded from the (00I) and (015) doubly oriented

BipsShy 5Tes nanodiscs and Big7Sby 3Tes nanolayers. (b) EDX compositions as a function of

the deposition temperatures.
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XPS and TEM-EDX spectra of the most outstanding specimens selected from these three

series of Bi,Sh,.,Tes nanostructures

By carefully examining the above results, we can conclude that higher electrical
conductivity will simultaneously lead to a higher power factor for the present oriented BixSh,-
x €3 nanostructures and thus a potentially higher performance of the thermoelectric devices
might be expected by applying these featured Bi,Sbh,xTes nanostructures. To understand the
fundamentals of the high electrical conductivity observed in the present numerous Bi,Sh,.xTes
nanostructures, we specially selected the three most outstanding specimens for further
analyses. For alloyed BixSb,«Tes, the composition is one of the most important factors that
effectively affects the thermoelectric properties. Therefore, although SEM-EDX has been
performed to clarify the composition from a large area, we also analyzed the composition
from a very local region of pieces cut from the oriented films by TEM-EDX. Figure S10(a)-(c)
shows the cross-sectional TEM images of the selected BixSh,.«Tes nanostructures with a (015),
(00I), and a double (00I) and (015) orientation. The corresponding TEM-EDX spectra shown
in Figure S10(d)-(f) reveal that the composition is BigsSbigTes, BigsSbisTes, and
Bio.7Shy 3Tes, respectively.

Surface oxidation is always a serious problem for metallic self-assembled nanostructures
because of their high surface-to-volume ratio, which will cause severe deterioration in the
electrical conductivity and consequently inhibit thermoelectric ZTs in practical applications.
The XPS results of Big4Sbh1eTes, BigsShysTes, and Big7Sbi 3 Tes nanostructures, which were
respectively deposited at 673, 773, and 883 K, are shown in Figure S11. All the recorded
spectra were corrected by external Pt signals to prevent the charge effect. No significant
changes were found in the profiles of the Bi, Sb, and Te bands between these three alloyed
specimens. The Bi 4f;, and 4fs, bands which locate at 157.2 and 162.6 eV (see Figure

S11(a)) are rather symmetrical, while non-linear backgrounds are considered and have no

13
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high-binding-energy shoulders to combine with, indicating the absence of oxidized states
typically located at 158.5 and 163.9 eV, respectively”. Regardless of the overlapping of the Sb
3ds;; and O 1s which locates at 528.5 eV and 529 eV, respectively, the symmetrical profile
and the binding energy of 537.9 eV for the Sbh 3ds;, peak undoubtedly proves the metallic
state of Sb as presented in Figure S11(b). The most affected components are the Te atoms
since, no matter the uncapped Bi,Te; nanoparticles® or the capped Bi-Sb-Te nanocrystals®, Te
atoms are found to exhibit faster oxidation than Bi and Sb atoms. The Te 3ds/, and 3ds;, which
were respectively located at 572.5 and 583.1 eV° clearly indicate the absence of Te oxides
with a binding energy of 575.6 and 586.2 eV/* (see Figure S11(c)).

Based on the above XPS evidence, we concluded that the BixSh,.xTes nanostructures
prepared by PLD at various substrate temperatures are situated in the alloyed state without the
existence of traceable surface oxidation. It is worth emphasizing that the extremely clean
surfaces and interfaces are actually the most important essentials because they are the
threshold to exploring and developing distinct thermoelectric phenomena in self-assembled
nanostructures. In this work, in addition to the oriented high-density twin structures, the
absence of surface oxides in the prepared BixSh,.xTes nanostructures concretely plays a
crucial role in achieving the very low electrical resistivity and thus, as will be discussed in the

article, enhances the ZTs.

14
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Spectrum 2

Spectrum 2

Spectrum 1

ull Scale 1853 cts Cursor: 0.000 keV|

Figure S10. The cross-sectional TEM images of one cut pieces of (a) Bips4SbigTes
nanocolumns, (b) BipsSbisTes nanodiscs, and (c) Big7Sb; 3Tes nanolayers prepared at 673,

773, and 883 K, respectively. The corresponding TEM-EDX spectra are shown in (d)-(f).
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Systematically TEM investigations of the most outstanding specimens selected from these

three series of BiySb,.,Te; nanostructures

High resolution transmission electron microscope (HRTEM) observations were
performed to investigate the oriented and twined nanocrystals. Figure S12(a) represents the
large-area cross-sectional TEM image of the Bip7Sb;3Tes nanolayers with a double
orientation of (001) and (015) deposited at 883 K in which the dash lines mark the interfaces
found in the layers. Figure S12(b)-(d) respectively show the HRTEM images and the
corresponding fast Fourier-transform (FFT) electron diffraction (ED) patterns of one selected
single domain. The presence of the (0015), (015), and (0110) planes indicates a common
zone axis of [100] for these regions. Additionally, since all these regions have a (0015)
orientation which is normal to the substrate, we can conclude that (b), (c), and (d) regions
exhibit the same in-plane and out-of-plane orientations; in other words, they should belong to
one single crystal. However, a closer look at <015> and <015> in Figure S12(b) and S12(d)
reveals a mirror symmetrical relationship, obviously indicating the existence of single or
multiple basal-plane twin structures parallel to the substrate somewhere in between the (b)
and (d) regions. In fact, from their corresponding FFT ED patterns in Figure S12(b) and
S12(d), such mirror symmetry can also be clearly found. As expected, from the FFT ED
pattern in Figure S12(c) composing spots of mirror structures, it is seen undoubtedly that twin
structures formed horizontally in region (c). In region (e), the monotone (105 ) lattice fringes
as well as the corresponding FFT ED pattern (zone axis= [5&_51]) indicates that the present
region is a single crystal with a different orientation compared with regions (b) to (d). In
region (f), the presence of horizontal (0015) and perpendicular (110) lattice fringes indicates
the same out-of-plane orientation but a different in-plane orientation compared with other

regions.

17
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In the case of BiysShy s Tesnanodiscs, similarly, different regions within one domain and
across neighboring domains separated by dash lines were selected for HRTEM analyses.
From the lattice fringes as well as the vertically dense FFT ED spots shown in Figure S13(b)-
(d), numerous twins parallel to the basal planes are evidently found in the whole grain. Again,
we can only locate twins in the (001) oriented grains as observed in Figure S12. The slightly
elongated diffraction spots suggest the presence of a small misorientation deviating from the
perfect alignment between the nanocrystallines in the resulting nanodiscs. The clear interface
along two neighboring grains as shown in Figure S13(e) and S13(f) obviously indicates a
nonbasal-plane twin boundary. The lattice planes smoothly move from right-side to left-side
grain, indicating that the twin boundary has a rather high coherent degree. In region (f), the
mismatches between lattice planes across these two domains as indexed evidence a defective
twin boundary. We believe that such nonbasal-plane twin boundaries formed between
neighboring grains having similar orientations can provide large-area pathways for electron
transport and lead to a high electrical conductivity as will be discussed below. In addition, a
clear pair of the basal-plane twin boundary was found in Figure S13(g) to form a twin band
having a band width of ~3 nm, which is comparable to the lattice constant ¢ of the hexagonal
BixSh,«Tes. The TEM image (Figure S13(a)) showing densely appeared twin bands parallel
to the (001) oriented grains around (g) region evidently proves the twins across whole grains
to reach the twin boundaries.

As the deposition temperature is lowered to 673 K, the morphology of the Big4SbisTes
nanostructures is transferred to uniform nanocolumns with pyramidal caps (see Figure 1(a)
and 1(d)). The HRTEM images and their corresponding FFT ED patterns shown in Figure
S14(b)-(f) reveal a series of parallel lattice fringes, clearly indicating a typical single crystal
with the absence of twin structures. However, from the upper side of the HRTEM image as
well as the dense regular FFT ED spots in Figure S14(e), twin structures once again appear in

the (001) oriented grain as observed in Figure S12 and S13. The parallel lattice fringes as well

18
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as the spotty FFT ED patterns shown in Figure S14(f) reveal a different orientation compared
with regions (b)-(e). In contrast to the cases of 883 K and 773 K, the present Big4ShisTes
nanocolumns display a smaller column size in width and a relatively low density of twinned

structures, which might be the reason for its low electrical conductivity.
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Figure S12. (a) Cross-sectional TEM image of the Big;Sby3Tes nanolayers deposited on
SiO,/Si substrates at 883 K showing film thickness of ~480 nm and obvious interfaces as
indexed by dash lines. (b)-(f) The selected regions for HRTEM imaging and the
corresponding FFT ED patterns. The zone axis and a few main reciprocal lattice points are

indexed.
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Figure S13. (a) Cross-sectional TEM image of the BigsSbysTes nanodiscs deposited on
SiO,/Si substrates at 773 K showing a uniform film thickness of ~690 nm and obvious
interfaces as indexed by dash lines. (b)-(d) The selected regions for HRTEM imaging and the
corresponding FFT ED patterns. The zone axis and a few main reciprocal lattice points are
indexed. The HRTEM images of (e)-(f) twin boundaries between neighboring grains and (g)

the basal-plane twin band.
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Figure S14. (a) Cross-sectional TEM image of the Big4Sh;sTes nanocolumns deposited on
SiO,/Si substrates at 673 K showing a uniform film thickness of ~1250 nm and obvious
interfaces as indexed by dash lines. (b)-(f) The selected regions for HRTEM imaging and the
corresponding FFT ED patterns. The zone axis and a few main reciprocal lattice points are

indexed.
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Microstrain and nanograin size analyses of the most outstanding specimens selected from

these three series of Bi,Sh,.,Te; nanostructures

The Williamson-Hall method is expressed by”*®

Bcos(6) = % +4gsin() (1)
s

where f is the full width at half maximum (FWHM) of the selected diffraction peak at 26, K is
the Scherrer factor (~0.9), 1 (~0.15406 nm) is the wavelength of the CuK, radiation, Dy is the
nanograin size, and ¢ is the microstrain. The € and Dy can be respectively obtained from the
slope and intercept of the linear fitting in the plot of S cos(€) versus 4sin(6).

Figure S6a shows the Williamson-Hall plot derived from the (006), (015), (1010), and
(0015) reflections of the BixSh,.xTez nanoassemblies. The nanograin size and the microstrain
obtained are shown in Figure S6b. As shown in Figure S6b, the nanograin size increases with

the deposition temperature and the microstrain obtained for these nanoassemblies is smaller

than 0.2 %.
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Figure S15. (a) The Williamson-Hall plot for the BixSh,.xTes nanoassemblies. (b) Microstrain

(closed square) and the nanograin size (open square) as a function of the deposition

temperature.
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