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ABSTRACT Nanostructured Bi; _,Sh, alloys constitute a convenient system to

study charge transport in a nanostructured narrow-gap semiconductor with M
promising thermoelectric properties. In this work, we developed the colloidal E 3

synthesis of monodisperse sub-10 nm Bi;_,Sh, alloy nanocrystals (NCs) with '_% i 31
controllable size and compositions. The surface chemistry of Bi, _,Sh, NCs was 32_, ) ]

tailored with inorganic ligands to improve the interparticle charge transport as = ‘ 1
well as to control the carrier concentration. Temperature-dependent (10—300 K) L =
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electrical measurements were performed on the Bi;_,Sb, NC based pellets to
investigate the effect of surface chemistry and grain size (~10—40 nm) on their
charge transport properties. The Hall effect measurements revealed that the temperature dependence of carrier mobility and concentration strongly
depended on the grain size and the surface chemistry, which was different from the reported bulk behavior. At low temperatures, electron mobility in
nanostructured Bi; _,Sh, was directly proportional to the average grain size, while the concentration of free carriers was inversely proportional to the grain
size. We propose a model explaining such behavior. Preliminary measurements of thermoelectric properties showed a ZT value comparable to those of bulk
Bi,_,Sh, alloys at 300 K, suggesting a potential of Bi;_,Sh, NCs for low-temperature thermoelectric applications.
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thermoelectrics

ismuth antimony alloys (Bi;_,Sb,, 0 <
Bx < 1) have attracted extensive atten-

tion due to their peculiar physical
properties™? and potential applications
as the best n-type thermoelectric material
at very low temperatures (20—200 K)3~°
Bi;_,Sb, was also one of the first materials
revealing the topological insulator behav-
ior.>” The band structure (Figure 1A) and
related electronic properties of Bi;_,Shy
alloys are strongly dependent on the con-
tent of antimony (x)."® For x < 0.07 and
x > 0.22, there is an overlap between the
valence band (T or H band) and the con-
duction band (L band), leading to the semi-
metallic (SM) behavior resembling that of
Bi and Sb. In the range 0.07 < x < 0.22,
Bi;_,Sb, alloys show semiconductor (SC)
properties with a maximum band gap of
~25-30 meV," high carrier mobility, small
effective mass (m.* can be as small as
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0.002m.° in bulk Bi,_,Sb, alloys?° where
mg? is the free electron mass), and highly
nonparabolic energy momentum dispersion
relation in the L valley."'® As a result, a large
Bohr radius (>30 nm"'°"'3) for electrons
was predicted for the Bi-rich Bi;_,Sby alloys,
which could induce strong quantum con-
finement in low-dimensional Bi;_,Sb, nano-
structures and contribute to the band
rearrangement in the predicted semimetal-
to-semiconductor transition'*'* and the dis-
appearance of the direct band gap phase'
(0.09 < x < 0.17 in bulk).

The material dimensionality and size have
a strong influence on the transport pro-
perties of Bi;_,Sb, alloys. Dresselhaus et al.
predicted that the thermoelectric figure of
merit (ZT = (S%0/k)T, where S is the Seebeck
coefficient, also known as thermopower, o
is the electrical conductivity, and « is the
thermal conductivity) can approach ~2.5 at
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Figure 1. (A) Schematic band diagram of bulk Bi;_,Sb,
alloys as a function of Sb content (x) near 0 K;*> (B) TEM
and (C) XRD pattern of 8.8 nm Bij g4Sbg 16 NCs. Inset in (B)
shows the HRTEM of Big g4Sbo 16 NCs. The vertical lines in (C)
show the corresponding positions and intensities of X-ray
reflections for bulk Bi and Sb. Inset in (C) shows the
magnified (012) reflection, demonstrating the shift of dif-
fraction for Bip g4Sbo.16 NCs compared to pure Bi and Sb.

77 K for Bi;_,Sb, nanowires with a diameter smaller
than 20 nm." Such unprecedentedly high ZT was
attributed to the increase in the density of states close
to the Fermi level of Bi;_,Sb, nanowires due to the
quantum confinement. So far, most experimental
charge transport studies have been performed on
polycrystalline Bi;_,Sb, alloys'>~'® with grain size in
the range of 100 nm to hundreds of micrometers and
on Bi;_,Sb, nanowires'®'® with >~40 nm diameter,
respectively. To the best of our knowledge, transport
and thermoelectric properties of Bi;_,Sb, alloys with
grain sizes below ~40 nm have not yet been studied
because of the lack of uniform, high-quality Bi;_,Sb,
nanostructures, especially Bi;_,Sby, NCs smaller than
20 nm. In view of their peculiar physical properties and
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promising thermoelectric performance, it is highly
desirable to develop a method for synthesizing sub-
10 nm Bi;_,Sb, NCs with good size distribution and
precise compositional control. However, it still remains
a challenge mainly due to the lack of appropriate
precursors. Until now, there have been only a few
attempts on the synthesis of Bi,_,Sb, nanoparticles
(NPs).2°~22 Previously synthesized Bi;_,Sb, NPs suf-
fered from poor morphological control with a broad
size distribution, which hampered the study of their
size-dependent physical properties. In addition, these
NPs were insoluble, which hindered their use in
solution-processed thin-film devices.

In this work, we report the first colloidal synthesis of
uniform sub-10 nm compositionally homogeneous
Bi; _,Sb, alloy NCs, where the composition and particle
size can be tuned by adjusting the reaction parameters.
We demonstrate that the surface chemistry of Bi; _,Sb,
NCs can be tailored by exchange of organic ligands
with metal-free chalcogenides (5*~, e, Te*")® or
metal chalcogenide complexes (MCC) ligands®**
(K4SnTey, etc.). These approaches offer the possibility
of tuning the electrical properties of the NCs by
introducing doping®®? from ligands and reducing
interparticle distance.”®73° More importantly, these
sub-10 nm Bi; _,Sb, NCs could constitute a good model
system for the charge transport studies in Bi;_,Sb,
alloys with tunable grain sizes; they also represent an
example of a nanostructured semiconductor with very
narrow band gap. Temperature-dependent conductiv-
ity and Hall effect measurements revealed that the
charge transport behavior of the Bi;_,Sb, NC pellets is
dominated by interfacial carrier scattering, which is
different from that of bulk Bi;_,Sb,, while carrier con-
centration is directly related to the interface-to-volume
ratio. The effect of surface chemistry on charge trans-
port properties of the Bi;_,Sb, NC based pellets was
also investigated. Finally, thermoelectric properties
of the Bi;_,Sb, NC based pellets were measured,
and a ZT of ~0.23 was obtained at 300 K without
systematic optimizations, which is comparable to
those for Bi;_,Sb, single crystals and polycrystalline
Bi;_,Sb, alloys.

RESULTS AND DISCUSSIONS

Colloidal Synthesis of Bi,_,Sh, NCs. Bi,_,Sb, NCs were
synthesized by the injection of bismuth(lll)tris[bis-
(trimethylsilyl)amide] (Bi[N(SiMes),]3) and tris(dimethyl-
amido) antimony(lll) (Sb(NMe,)s) into hot oleylamine
(OLA) in the presence of a strong reducing agent,
lithium triethylborohydride (LiEtsBH, also known as
superhydride). The choice of Bi[N(SiMe3),]; was based
on the previous success in the synthesis of Bi NCs.2'>>
Sb(NMe,)s is a widely used precursor for organometallic
vapor phase epitaxial (OMVPE) growth of 1lI-V com-
pounds.**3* The addition of LiEt;BH was imperative for
the formation of homogeneous Bi;_,Sb, alloy NCs in
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view of the large discrepancy in the reactivity of the two
precursors in oleylamine. In the absence of LiEt;BH, the
synthesis resulted in the formation of pure Bi, regard-
less of the ratio between Bi[N(SiMe3),]s and Sb(NMe;)s3
and other reaction parameters. Similar to the case in
a recently reported InSb NC synthesis,>> we propose
that LiEt3BH rapidly reduced the trivalent Bi[N(SiMe3),]s
and Sb(NMe,); to the highly reactive Bi® and Sb®
intermediates, which subsequently underwent the
nucleation and growth processes and finally formed
the homogeneous alloys. The addition of Li[N(SiMes),]
was essential to achieve a narrow size distribution and
perfectly spherical NCs, since the N(SiMes), group may
coordinate the surface metal atoms during the growth
of NCs3'3¢

Figure 1B shows a typical transmission electron
microscopy (TEM) image of the Bi;_,Sby (Bigg4Sbo 16,
confirmed by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) analysis) NCs with an
average size of 8.8 nm. The NCs have uniform, nearly
spherical shapes. The size distribution of the NCs was
~10% without size-selective steps, which is a signifi-
cant improvement compared to all previous reports on
the Bi;_,Sb, synthesis.?°"?? The high-resolution TEM
(HRTEM) image (Figure 1B, inset) reveals high crystal-
linity of the NCs, and the d-spacing of the lattice fringes
(0.32—0.33 nm) is in accordance with the lattice
parameter of the Bi-rich Bi;_,Sb, alloy.>' The powder
X-ray diffraction (XRD) pattern of Bi;_,Sb, NCs in
Figure 1C shows reflections shifted to higher 26 angles
from those of pure bulk Bi with a rhombohedral crystal
structure (R3m), as a result of the replacement of
Bi atoms by the smaller Sb atoms. It is noteworthy that
no secondary peaks were detected, indicating the
formation of homogeneous Bi,_,Sb, alloys. In general,
it is known to be difficult to prepare homogeneous
Bi;_,Sby alloys by solid-state synthesis because of the
strong tendency for phase segregation.>” The size of
NCs calculated from the width of diffraction peaks by
Scherrer's equation was in accordance with that esti-
mated in the TEM images, suggesting the size unifor-
mity and high crystallinity of the NCs.

The average size of Bi;_,Sb, NCs can be tuned by
adjusting the reaction time and temperature. As the
reaction time increased from 15 s to 2 min, the average
size slightly increased from <9 nm to 11 nm, as shown
in Figure STA—C. We found that the Sb content was
almost independent of the reaction time (Table S1). On
the other hand, higher injection temperature led to
a significant increase in the particle size. Bi; _,Sb, NCs
with sizes ranging from ~7 to ~16 nm were obtained
by elevating the injection temperature from 60 °C to
90 °C, as shown in Figure S2A—C. The narrowing in the
diffraction peaks also indicated the increase in particle
size with higher injection temperatures, as shown in
Figure S2D. The Sb content was also maintained in
the range from 0.15 to 0.17, regardless of the reaction
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Figure 2. (A) XRD patterns of Bi,_,Sb, NCs with different Bi-
to-Sb ratios. (B) Magnified (012) region showing progressive
shift with increasing Sb content from pure Bi to pure Sb NCs.
The vertical lines show the corresponding positions and
intensities of X-ray reflections for bulk Bi (red) and Sb (blue).

TABLE1. ICP-OES Analysis of Bi, _,Sb, NCs with Various Sb
Contents

Bi-to-Sh ratio Sh content (x)
Bi[N(SiMes),]5 0.00
5:1 0.1
41 0.16
31 0.19
21 0.25
11 0.42
Sh(NMe,); 1.00

temperatures. Such a small change in Sb content could
be attributed to the balanced reactivities of Bi[N-
(SiMes),lz and Sb(NMe,)s in the presence of LiEtsBH,
which allowed a fine control of the average particle size
with maintained Sb contents by varying the reaction
time and injection temperature.

More importantly, we could synthesize uniform
Bi; _,Sb, NCs with various Sb contents by simply adjust-
ing the ratio between Bi[N(SiMes),]; and Sb(NMe,)3
(Bi-to-Sb ratio) in the precursor solution (Figure S3). Sb
contents were readily tuned from x ~ 0 (pure Bi) tox ~ 1
(pure Sb). As shown in the XRD patterns in Figure 2, the
diffraction peaks progressively shifted to higher 26
angles with increasing Sb content (i.e., decreasing Bi-
to-Sb ratio). The Sb content determined by ICP-OES
analysis (Table 1) was slightly lower compared to the Sb
ratio in the precursor solution. The lower Sb content
reflected slightly lower reactivity of Sb(NMe,)s in oley-
lamine compared to that of Bi[N(SiMe3),]5, as discussed
above. On the basis of the XRD patterns, the lattice
constants a and ¢ of various Bi;_,Sb, NCs were calcu-
lated using the hexagonal cell structure.3® As expected,
pure Bi and Sb NCs exhibited similar lattice parameters
with the bulk counterparts. The decrease in a and c was
linear with increasing Sb content, in agreement with
Vegard's law,*® as shown in Figure S3E and F.

The synthesis could also be readily scaled up to the
subgram scale without notable changes in the unifor-
mity and homogeneity of the Bi;_,Sb, NCs (Figure S4).
The XRD pattern showed distinct features of a Bi; _,Sb,
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Figure 3. (A) DSC curves for Bi, Big 95Sbg o5, and Big g3Sbg 17
NCs obtained by a large-scale synthesis. The data are shifted
vertically for clarity. The arrows indicate the melting points
for corresponding bulk Bi and Bi;_,Sb, alloys. (B) DSC
heating and cooling curves for Big g3Sbg.17 NCs.

alloy, and the Sb content was confirmed as x ~ 0.17
by ICP-OES analysis. In the large batch synthesis, ~0.7—
0.8 g of Bi; _,Sb, NCs was obtained with a chemical yield
of >80%. The large-scale synthesis of uniform, homo-
geneous Bi,_,Sb, alloy NCs facilitated the experimental
studies on their charge transport and thermoelectric
properties, as discussed in the following sections.

To further confirm the homogeneity of the synthe-
sized Bi,_,Sb, NCs, we carried out differential scanning
calorimetry (DSC) studies for three representative sam-
ples (Bi, Bip.95Sbo 05, Big.g3Sbo.17). Figure 3A shows that
all three thermograms exhibit only one endothermic
peak corresponding to the melting behavior without
any other features, indicating the high homogeneity of
the synthesized alloy NCs. The shift in the melting point
(estimated by the onset of endothermic peak) toward
higher temperatures with increasing Sb content was
attributed to the higher melting point of Sb (~671 °C)
compared to Bi (~273 °C), in line with previous reports
on bulk*® or nanostructured? Bi,_,Sb, alloys. In addi-
tion, no peaks were observed in the high-temperature
range (400—600 °C) of the DSC curves for NCs (e.g.,
Bio.g3Sbg.17 NCs, Figure S5), indicating the absence of
impurites with high Sb contents. Generally, phase
segregation is a well-known problem that occurs in
bulk Bi;_,Sb, alloys.?” It originates from the large
discrepancy between the liquidus and solidus lines
in the Bi—Sb binary phase diagram.?” As an example,
for polycrystalline Bi; _,Sb, prepared by ball milling, a
second endothermic peak was observed at higher
temperatures in the thermograms due to the coex-
istence of alloys with richer Sb contents.*® Similar
phase segregation was observed in our Bi;_,Sb, NC
samples during cooling from the melt (e.g., Bipg3Sbg.17
NCs, reverse scan in Figure 3B), indicated by the
presence of several peaks with higher melting points
than the main phase. Moreover, all of the Bi,_,Sb, NCs
(~9 nm) showed suppression of the melting point by
about 20 °C compared to those of the corresponding
bulk alloys (indicated by arrows in Figure 3A), which
is in agreement with previous reports on the size-
dependent melting point of Bi NPs.*'
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Figure 4. (A and B) Photographs of the transfer of Bi;_,Sb,
NCs from hexane to DMSO upon the exchange of original
OLA ligands with Te?™ and SnTe,*", respectively. (C) FTIR
of Bi;_,Sb, NCs with OLA, after N,H, treatment, and with
inorganic ligands. (D) {-Potential distribution of Bi;_,Sby
NCs capped with Te?~ and SnTe,*", respectively, in DMSO.

Surface Chemistry of Bi;_,Sh, NCs. We also explored the
surface chemistry of the Bi;_,Sb, NCs. The long-chain
organic capping ligands used for NC synthesis repre-
sent a major bottleneck for charge transport in NC
assemblies.?*?%2° Previous reports have demonstrated
the use of small inorganic molecules, including N,H,,*®
molecular metal chalcogenide complexes,?*** and
metal-free chalcogenides,?® to remove or replace the
long-chain organic ligands for colloidal NCs and facil-
itate electronic?’3° and thermal transport*? in layers of
close-packed NCs. In addition, the inorganic ligands
can induce remote doping to the NCs' core, providing
the opportunity for the fine control of electrical proper-
ties for NC-based electronic devices.?® For this purpose,
N,H,4 treatment was carried out on the Bi;_,Sb, NCs
to remove the residual OLA ligands. Moreover, we
checked the feasibility of the phase transfer of OLA-
capped Bi;_,Sb, NCs from a nonpolar solvent (hexane)
into a polar solvent containing inorganic ligands (K,S
orNa,X (X=S, Se, or Te) or MCC (K4SnTey, (N;Hs5)4SNn,Se,
(N3Hs)4Sn,Seq, etc)). As a solvent for inorganically
capped NCs, we used aprotic dimethylsulfoxide (DMSO)
with a moderate polarity (¢ &~ 47). This solvent worked
better than protic polar solvents such as N,H,4, formamide
(FA), or N-methyl formamide (NMF), presumably because
of the presence of trace amounts of residual super-
hydride in the Bi;_,Sb, NCs solutions.

Upon gentle shaking or stirring (from <1 min to
several hours, depending on the ligand), we observed a
complete phase transfer of NCs from nonpolar to polar
solvent containing inorganic ligands (Figure 4A and B).
After purification, the inorganically capped Bi;_,Sby
NCs could be redispersed in various polar solvents such
as DMSO, NMF, FA, and NyH,4. The complete removal
of original organic ligands was confirmed by Fourier
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transform infrared (FTIR) analysis, as shown in
Figure 4C, where the strong bands for C—H stretching
in OLA almost disappeared. The absorption bands
for Te? -capped Bi;_,Sb, NCs can be attributed to the
presence of DMSO solvent. On the other hand, the
SnTeﬁ’—capped Bi;_,Sby NCs dispersed in a more
volatile N,H, solvent exhibited a featureless FTIR spec-
trum. The inorganically capped Bi;_,Sb, NCs showed
excellent long-term colloidal stability, which was
achieved by binding the negatively charged anions on
the NC surface, as indicated by a negative {-potential
(~—35 and —24 mV for Te’ - and SnTe,* -capped
Bi; _,Sb, NCs, respectively, Figure 4D). In addition, neg-
ligible changes were observed in the morphology
and crystalline features of Bi;_,Sb, NCs after ligand
exchange (Figure S6). Among the inorganic ligand
capped Bi;_,Sb, NCs, the Te’ -capped NCs are of
particular interest in view of the fact that Te is consid-
ered an effective n-type dopant* for Bi;_,Sb, alloys,
and the Te?” ligand could induce remote doping to the
Bi; _,Sby NCs.

Charge Transport Properties of Bi,_,Sh, NC Based Pellets.
To study the charge transport behavior of Bi;_,Sb, NC
assemblies, we prepared square- or disk-shaped pellets
(inset in Figure 5A) by pressing Bi;_,Sb, NC powder at
room temperature. The powdery form of Bi; _,Sb, NCs
was prepared following the procedure described in
the Experimental Section. The Bi,_,Sb, NCs maintained
their initial sizes (<10 nm) in the powdery form, as
shown in the TEM image (Figure S7). Bi;_,Sb, NCs
with an Sb content of x ~ 0.17 were used, which was
within the range of the Sb contents for the maxi-
mum band gap and optimal thermoelectric perfor-
mance as reported for bulk Bi;_,Sb,’> and Bi;_,Sb,
nanowires.'*

To investigate the effect of surface chemistry (i.e,
surfactants and ligands) on the charge transport
through strongly electronically coupled Bi; _,Sb, nano-
grains, original organic surfactants were removed
using N,H, treatment or ligand exchange with Te?~
prior to pellet formation. After pressing, a small grain
growth (~10 to ~15 nm for NC powder without N,H,
treatment) was detected by XRD using Scherrer's
equation. We attributed it to minor NC sintering under
pressure. The grain growth of NC-based pellets could
be further controlled by thermal annealing under
an inert atmosphere and monitored by the widths
of XRD peaks (Figure S8). After annealing at 250 °C
for ~30 min, the calculated average grain size in
Big.g3Sbg17 NC based pellets increased from ~15 to
~35 nm (OLA-capped) and from ~18 nm to ~40 nm
(NyH,-treated). It should be noted that the grain size
still remained below 50 nm, and no peaks for second-
ary phase or other impurities were detected after
annealing. In the following discussion, we will mainly
focus on five types of pellets: as-pressed OLA-capped
NCs (I); as-pressed N,H,-treated NCs (ll); OLA-capped
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Figure 5. Temperature dependence of electrical conductiv-
ity (A), carrier mobility (B), and carrier concentration (C) of
various Big g3Sbg 17 NC based pellets, pellet | (as-pressed,
OLA, black square), pellet Il (as-pressed, N,H,, red circle),
pellet 1ll (250 °C annealed, OLA, green upward triangle),
pellet IV (250 °C annealed, N,H,, blue downward triangle),
and pelletV (as-pressed,Tez’, dark yellow diamond). Insetin
(A): Photograph of a disk-shaped Big g3Sby 17 NC based pellet
(N,H,4-treated, annealed at 250 °C for 30 min, diameter 6 mm,
thickness 1 mm).

NCs annealed at 250 °C for 30 min (lll); N,H,-treated
NCs annealed at 250 °C for 30 min (IV); and as-pressed
Te? -capped NCs (V). The comparative study of this
series of pellets allowed us to reveal the effects of grain
size and surface ligands on electronic transport in
nanocrystalline Bi;_,Sb, alloys.

Temperature-Dependent Electrical Conductivity. The tem-
perature dependence of electrical conductivities (o)
of the Bipg3Sbg.17 NC based pellets was measured at
temperatures from 300 to 10 K (Figure 5A). At room
temperature, all samples exhibited o in the range 10°—
10° S/m. For reference, the reported values of bulk Bi;_,Sby
alloys are in the range 2 x 10° to 5 x 10° §/m*>1%*
The room-temperature (300 K) o generally increased with
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the average grain size in the NC samples (Figure S9). Such
an increase of o can be attributed to the lower density of
grain boundaries as well as the elimination of voids during
grain growth. However, below ~140—160 K, the as-
pressed and annealed pellets showed almost the same
o (Iand Il IT and IV, respectively), despite the significant
difference in their average grain sizes. This unexpected
feature will be discussed in the following section.

As temperature decreased from 300 K to ~140—
160 K, all samples showed a monotonic decrease in g,
which is similar to the reported behavior of semicon-
ducting Bi;_,Sb,'® and Bi** nanowires. On the contrary,
it has been reported that semimetallic Bi nanowires
(>50 nm in diameter) exhibit a non-monotonic tem-
perature dependence of resistance.*>'** Below
~140—160 K, a temperature-independent conductiv-
ity was observed in all the samples, which appears to
result from a compensation effect where the mobility
increase at low temperature is accompanied by a
decrease of the free carrier concentration. Interest-
ingly, all as-pressed samples (I, I, and V) with small
grains showed weaker temperature dependence com-
pared to the annealed pellets. This can be explained by
the dominance of carrier scattering at the interfaces
between the NCs, which is expected to be nearly
temperature independent compared to other scatter-
ing mechanisms. Further details will be discussed in
the following section.

Surface chemistry of NCs also imposed a strong
influence on o of the pellets. The samples treated by
N,H, showed higher electrical conductivities (Figure 5A
and Figure S9), probably due to the effective removal of
insulating organic residues from the surface of Bi,_,Sb,
NCs. More interestingly, the Te* -capped Big 535bg 17 NC
based pellets (pellet V) showed a significantly higher o
(1.03 x 10° S/m) compared to the as-pressed pellets
(pellet I and Il) and even to the annealed pellet (pellet
1l), despite their relatively small grain size of ~15 nm.
This high o of pellet V suggests efficient doping from
Te?” ligands.*

Temperature-Dependent Hall Measurements. Electrical
conductivity is determined by the product of the
concentration (n) and mobility («) of charge carriers:
o = enu for unipolar transport. Both these parameters
can show complex dependence of temperature and
chemical factors. To obtain further insight into the
charge transport in Bigg3Sbg 17 NC based pellets, tem-
perature-dependent  and n were obtained via the Hall
measurements. The sign of the Hall coefficient (Ry) was
negative throughout the whole temperature range
for all pellets, indicating the n-type conductivity in
Bio.g3Sbo.17 NCs with electrons as the majority carriers.
The u of the pellets was in the range 102—10% cm?/(V - s)
at 300 K and gradually increased at low temperatures
(Figure 5B). For comparison, reported room-temperature
mobility for bulk Bi;_,Sb, alloys is ~10* cm?/(V-5).** On
the other hand, the n for the NC based pellets (Figure 5C)
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TABLE 2. Carrier Mobility (#) and Average Grain Size (d) in
Various Big g3Sbo 17 NC Based Pellets at 300 K

pellet description 1 (cm?/(V-s)) grain size, d (nm)
| as-pressed, OLA 82 15
Il as-pressed, NoH, 118 18
1] 250 °C annealed, OLA 418 33
v 250 °C annealed, N;H, 470 38
v as-pressed, Te?~ 112 15

was higher compared to that of bulk Bi;_,Sb, alloys
probably due to the doping effect arising from defects
and dangling bonds at the grain boundaries.

Mobility data can be grouped in two families: all as-
pressed NC pellets showed u ~ 100 + 20 cm?/(V+s)
at 300 K for the NCs capped with OLA (1), NoH, (Il),
and Te?~ (V) ligands. The samples annealed at 250 °C
showed at room-temperature u ~ 445 & 25 cm?/(V-s),
again for the NCs capped with OLA (Ill) and N,H, (IV)
(Table 2). The mobility improvement upon annealing
can be explained by the reduced number of grain
boundaries which are well-known scattering sources
of charge carriers. On the other hand, a moderate
increase in both the u and the grain size was observed
after N,H, treatment due to the removal of organic
residue (from 82 to 118 cm?/(V - s) for as-pressed pellets
(1 and 1) and from 418 to 470 cm?/(V-s) for 250 °C
annealed pellets (lll and IV)).

Experimental data suggest that u values in the
Bio.g3Sbo.17 NC based pellets are primarily governed
by the average grain size (d) rather than by surface
chemistry (Table 2). As shown in Figure S10, u was
roughly proportional to the average grain size (d),
especially at low temperatures. In general, insensitivity
of carrier mobility to interfacial chemistry is very
uncommon in nanocrystalline materials. For example,
carrier mobility in semiconductor NCs changes by
many orders of magnitude when hydrocarbon ligands
such as OLA are replaced by N,H,?® and/or other small
ligands.?32%27:3046 Simjlarly, very strong dependence
of conductivity on surface ligands was observed for
arrays of metallic (Au) NCs.*” In the case of Big3Sbg.17,
we observed a negative temperature coefficient for
mobility (du/dT < 0), characteristic of band-like trans-
port. In combination with high overall mobility, which
is probably higher than that in any previously reported
NC-derived material, this suggests that the carrier mean
free path (for bulk Bi, ~100 nm at 300 K and 400 um at
4 K*) can exceed the size of individual grains, making
mobility less sensitive to surface chemistry.

Similar to 4, n was also found to be considerably
influenced by the grain size (Figure 5C and Table S3).
Pellets Il and IV, with grain sizes of ~35—40 nm,
showed a significantly lower n in comparison with
pellets I and IlI, with grain sizes of 15—20 nm. The
~3-fold decrease in n can be attributed to the reduc-
tion of the number of grain boundaries and thereby
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the number of defects. Pellet V with Te*~ showed the
highest n probably due to the existence of Te dopants,
as well as a similar mobility to pellet Il, indicating the
efficient charge transport between NCs through the
short Te*~ ligands.

Compared to bulk polycrystalline Bi;_,Sb, alloys,
one distinguished feature of Bi;_,Sb, NC based pellets
with grain sizes from ~10 to ~40 nm is the weaker
temperature dependence of both ¢ and n. In detail, the
change of u from 300 to 10 K was within 2—3-fold for all
samples, while those for bulk alloys were reported to
be as large as 2—3 orders of magnitude.** In particular,
the as-pressed samples showed a much weaker tem-
perature dependence of u than annealed samples
(Figure 5B), which might contribute to the very weak
temperature dependence of . This could be explained
if we take into account the process of carrier scattering,
which can be qualitatively described by the empirical
Matthiessen's rule, eq 1.*8

1 1 1 1

= 1
o~ oD | lipoma@ g

U R Pooung(d) ~ ﬂod )

o = enu = e(Nint(T) + No(M)tpoung(d) (3)

Assuming each scattering mechanism is indepen-
dent, the total scattering can be expressed as the sum
of the contributions from different electron scattering
processes: upyik is the mobility determined solely by
the scattering on acoustic phonons (dominant scatter-
ing process in bulk), upoung is the scattering at the
interfaces and grain boundaries, u;my, is the scattering
by impurities, etc. eq 1.'? Unlike the strong tempera-
ture dependence of the carrier scattering by acoustic
phonons, the scattering at interfaces and impurities is
mostly temperature independent.'? Considering the
small grain size (<40 nm) and thereby abundant grain
boundaries in the NC-based pellets compared to
bulk polycrystalline Bi,_,Sb, alloys, we suggest that
weak temperature dependence of x4 below 140—160 K
results from the reduced occupancy of acoustic pho-
nons, leading to larger upy, such that temperature-
independent Uimp and Upound Prevail in fir. A similar
weak temperature dependence of 4 was observed in
65 nm Bi, _,Sb, nanowire arrays embedded in anodic
alumina templates." Since the electron mean free
path is much longer than d, u in the NC-based
samples could be approximately proportional to d
(eq 2, where uo is a constant), which is reasonable
especially at low temperatures (Figure S10). Similarly,
n of the NC-based pellets also showed a weak
temperature dependence, especially at low tem-
perature (Figure 5C).

One of the most striking and counterintuitive
trends observed in conductivity of our Bi;_,Sh, NC
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based pellets is the convergence of o for annealed and
as-pressed samples below ~140—160 K (Figure 5A).
Samples | and Il have the same initial surface chem-
istry, but the average grain size in sample Il is sig-
nificantly larger than in sample I, as well as mobility.
The same applies to the pair of samples Il and IV. The
fact that both sample pairs show exactly the same
conductivity below ~140—160 K suggests that mobil-
ity and free carrier concentration are inversely related
to each other. Such behavior could be explained if we
assume that all donors situate at the interfacial grain
boundaries. In that case, the concentration of ionized
dopants (np) is proportional to the total area of all grain
boundaries per unit volume, which is inversely propor-
tional to the grain size (np ~ d ). The free carrier
concentration n in the sample can be expressed as
eq 4, where ny is the intrinsic carrier concentration,
both n® and np° are constants, AEg is the transport
band gap, AEp is the activation energy for the donor
level, and k is the Boltzmann constant.

n = Nint +Np
0
~ n® exp(—AEy /kT) +”% exp(—AEp/KT)  (4)

The biexponential fits of n vs T~ for samples I—IV
revealed AE; =85 & 5 meV, while AEp was very small,
less than 1 meV (Figure S11 and Table S4). The
obtained AE, value is somewhat larger than the bulk
band gap, which could be a result of multiple factors,
including quantum confinement and a Coulomb
charging energy for nanograins.*® In this case, we
can neglect ny,, below 140 K and obtain n ~ np%/d.
By using this expression and eq 3, we obtain the
conductivity independent of the grain size (eq 5) if
grain chemistry does not change upon annealing. On
the contrary, the contribution from the intrinsic carriers
introduces the dependence in grain size at tempera-
tures above ~140—160 K, and thus the annealed
samples showed higher o than the as-pressed ones.

0
o=enur~e n% u°d ~ enp®u® (5)
Bi; _,Sb, NCbased pellets with an average grain size
~10—40 nm show reasonable electrical conductivities
and carrier mobilities compared to the bulk alloys.
Furthermore, tuning grain sizes and surface chemistry
(e.g., via surfactant removal or doping) could indepen-
dently control mobility and carrier concentration of
Bi;_,Sb,-based nanostructured materials, suggesting
opportunities for thermoelectric applications.
Preliminary Evaluation of Thermoelectric Performance.
Semiconducting Bi;_,Sb, alloys are considered as the
state-of-the-art n-type thermoelectric material for use
at very low temperatures (20—200 K). A theoretical
study by Dresselhaus et al.'* predicted anomalously
high thermoelectric efficiency in Bi;_,Sb, nanowires
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TABLE 3. Thermoelectric Properties of Various Big g3Sbg 17
NC Based Pellets at Room Temperature (300 K)

pellet description o(10°S/m)  S(uV/K)  «(W/(mK) IT

| as-pressed, OLA 0.68 +£004 —424+2 137018 0.03
Il as-pressed, NoH, 087 005 —63+3 1664022 0.06
Il 250 °C annealed, OLA  0.93 005 —78 4 130=£0.17 0.3
IV 250 °C annealed, N)H; 111 £ 006 —105+6 1.63 £021 023

with diameter <~40 nm at low temperatures. Further-
more, the controlled formation of grain boundaries
may induce the carrier filtering effect®® and therefore
enhance the Seebeck coefficient by efficiently filtering
the lower energy electrons. However, to the best of our
knowledge, due to the difficulty in obtaining high-
quality Bi;_,Sb, nanostructures, there were only a few
experimental reports on the thermoelectric perfor-
mance of Bi;_,Sb, nanowires and thin films.'%'3>"
We conducted the characterization of the thermo-
electric properties on our four Bi,_,Sb, samples (I, 11, 11,
and IV) with various grain sizes at room temperature
(300 K) (Table 3). All samples exhibited negative See-
beck coefficient, S, in agreement with the negative
Hall coefficient (Ry), which indicates n-type transport.
The highest absolute value of S was achieved for the
sample IV (S ~ —105 uV/K), which was slightly higher
than the average of those for the bulk Bi,_,Sh, alloys
(—80—90 uV/K).*>'" =19 The high S might be attributed
to the carrier filtering effect arising from the scattering
at the potential barriers at the interfaces, as discussed
in ref 19. Thermal conductivities (k) of Biyg3Sbg 7 NC
based pellets were measured by the steady-state
technique under high vacuum. « of these pellets was
found to be in the range 1.3—1.6 W/(m K), which is
substantially reduced compared to the reported values
of bulk Bi;_,Sh, alloys (4—6 W/(m K?)).>'® The reduc-
tion in « can be attributed to the scattering of low-
frequency phonons at the interfaces in the pressed
NCs, as depicted in other nanostructured systems.>>>3

EXPERIMENTAL SECTION

Synthesis of Bi;_,Sh, NCs. All syntheses and purifications of
Bi;_,Sby, NCs were based on conventional air-free techniques
using a Schlenk line and a nitrogen-filled glovebox. In a typical
synthesis of ~9 nm Bigg4Sbo16 NCs, oleylamine (10 mL) was
loaded into a three-necked flask and dried under vacuum at
100 °C for 1 h. In a glovebox, a precursor solution containing
bismuth tris[bis(trimethylsilyl)amide] (Bi[N(SiMe3),]3, 0.2 mmol),
tris(dimethylamido)antimony(lll) (Sb(NMe,)3, 0.05 mmol), and
lithium bis(trimethylsilyl)lamide (Li[N(SiMes),], 1.25 mmol) was
prepared in 2 mL of anhydrous toluene. Then 1.25 mL of 1.0 M
LiEtsBH in THF was injected into the reaction flask at 70 °C under
N,. After ~15 s, the precursor solution in toluene was swiftly
injected, resulting in the instant nucleation of Bi;_,Sb, NCs, as
indicated by the black color of the solution. After 15 s, the
reaction mixture was rapidly cooled to room temperature. The
crude solution was diluted by anhydrous toluene (v/v = 1:1) for
the following washing process and centrifuged to separate the
insoluble part from the stable colloidal solution. The NCs were
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The room-temperature ZT for various Bigg3Sbg17 NC
based pellets was calculated using o, S, and «. The
highest ZT (~0.23) was achieved in pellet IV, which was
comparable to single-crystal Bi;_,Sb, and polycrystal-
line Bi;_,Sb, (~0.30). Considering the potential carrier
filtering effect due to the carrier scattering at the
nanostructured interfaces as well as the small grain
size, the Bi;_,Sb, NC based pellets are expected to
exhibit promising thermoelectric performances at low-
er temperatures. Furthermore, better control of com-
position, doping, and grain sizes may enhance the
thermoelectric performance, and this is our ongoing
next step.

CONCLUSIONS

In conclusion, we report the first colloidal synthesis
of monodisperse, sub-10 nm Bi;_,Sb, NCs. The reduc-
tive reaction pathway, used in this work, enabled good
control over both the size and composition of NCs,
despite the apparent difference in chemical reactivity
of starting molecular Bi and Sb precursors. We expect
that such an approach can be of general utility for the
synthesis of alloy nanomaterials. The developed syn-
thesis allowed us to explore the transport properties of
Bi;_,Sb, nanostructures with grain sizes in the range
~10 to ~40 nm for the first time. We also demon-
strated the feasibility of tuning surface chemistry on the
NCs with inorganic ligands, which can influence their
transport properties by introducing doping effects. The
Bi;_,Sb, NC based pellets showed reasonably high
electrical conductivity and carrier mobility, which are
highly dependent on the grain size and surface chem-
istry. Unlike the bulk Bi;_,Sby alloys, the scattering at
the grain boundaries dominated the carrier scattering
process in the NC-based pellets, which led to a relatively
weak temperature dependence of electron mobility. A
room-temperature ZT of ~0.23, comparable to that of
bulk alloy, was obtained in the Bipg3Sbg 17 NC based
pellets without systematic optimizations.

isolated by adding acetonitrile (30—50% in volume of NC
solution) and redissolved in common nonpolar solvents such
as toluene or hexane.

To control the size and Sb content of Bi; _,Sb, NCs, we tuned
reaction parameters such as injection temperature, reaction
time, and the ratio between Bi[N(SiMe3),]5 and Sb(NMe,)s. The
ratio between the amount of Li[N(SiMe3),] (in moles) and the
combined amount of Bi and Sb precursors (in moles) was kept
at ~5 for all the experiments. The ratio between LiEt;BH and
the combined amount of Bi and Sb precursors was also kept at
around 5.

Synthesis of Inorganic Ligands. MCC ligands (K;SnTey, (N2Hs),Sn,Ses,
(N2H5)4Sn,Se) were synthesized as described in refs 24, 54, and
55. Chalcogenide ligands (Na,S, Na,Se, Na,Te) were synthesized
according to ref 56. Additional details are provided in the
Supporting Information.

Exchange of Organic Ligands on Bi; _,Sh, NCs with MCC and Metal-Free
Ligands. All ligand exchange procedures were carried out in a
nitrogen-filled glovebox using anhydrous solvents. In a typical
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ligand exchange using K;SnTey, 1.5 mL of Bi;_,Sb, NC solution
in hexane (~2 mg/mL) was mixed with 2 mL of K4;SnTe, in DMSO
(~5 mg/mL) and stirred or vigorously shaken for several
minutes. Thereafter, Bi;_,Sb, NCs completely transferred to
the bottom phase (DMSO) and formed a dark brown solution.
The DMSO phase was separated out, followed by a triple wash
with hexane to remove any residual organic ligands. The
Bi; _,Sb, NCs were precipitated out with 1—2 mL of acetonitrile.
The precipitates can redisperse in polar solvents such as DMSO,
hydrazine (N,H,), formamide, and N-methylformamide at a
concentration of at least 5 mg/mL.

Ligand exchange with metal-free ligands (5*~, Se*~, Te*")
was carried out in a similar way, except saturated ligand solution
in DMSO was adopted as the polar phase.

Surfactant Removal by N,H, Treatment and Preparation of Bi; _,Sh, NC
Pellets. Bi;_,Sb, NCs in toluene were precipitated by the addi-
tion of acetonitrile (v/v = 1:3). The powdery form of Bi; _,Sb, NCs
was retrieved by centrifugation, and the powder was washed
several times with acetonitrile and ethanol. For a complete
removal of organic surfactants in the Bi; _,Sb, NC powder, N,H,
treatment was carried out under an inert atmosphere. In detail,
Bi; _xSb, NC powder (~1.0 g) was dispersed in a N,H; solu-
tion (10 mL, 1.0 M in acetonitrile) and sonicated or stirred
for 10—15 min. NC powder was separated by decanting the
supernatant and treated by N,H, solution another two times.
Afterward, the Bi;_,Sb, NC powder was washed by ethanol
to remove N,H, and retrieved by centrifugation. Finally, the
powder was dried under vacuum overnight to remove residual
solvents.

To prepare Bi;_,Sb, NC based pellets, dried Bi;_,Sb, NC
powder with or without surfactant removal (i.e., NyH, treatment)
was pressed in a stainless steel die into square (6 mm side,
thickness ~1—2 mm) or round disk (6 or 13 mm in diameter,
thickness ~1—2 mm)-shaped pellets under ~15 MPa for 30 min
at room temperature. For the Te®> -capped Bi;_,Sb, NC based
pellet, NCs in DMSO were precipitated out by the addition
of acetonitrile and dried under vacuum. The dried powder of
Te? -capped Bi;_,Sb, NCs was then pressed into a pellet. The
heat treatment on the NC-based pellets was performed in an
oven in a nitrogen-filled glovebox.

Characterization Techniques. TEM images were obtained using
a 300 kV FEI Tecnai F30 microscope. Wide angle powder X-ray
diffraction patterns were measured using a Bruker D8 diffrac-
tometer with a Cu Ka X-ray source operating at 40 kV and
40 mA. The average grain size in Bi; _,Sb, NC based pellets was
estimated by Scherrer's equation. The instrumental broadening
was deconvoluted from the Scherrer broadening with the
method described in ref 57. Inductively coupled plasma optical
emission spectroscopy analysis was carried out on an Agilent
700 Series to determine Sb content in Bi;,_,Sb, NCs. Fourier
transform infrared spectra were acquired with a Nicole Nexus-
670 FTIR spectrometer. Samples for FTIR measurements were
prepared by drop casting NC dispersions on a KBr substrate for
the solution sample or pressing a pellet with KBr powder for the
powdery form sample, respectively. Differential scanning calo-
rimetry data were obtained using a Shimadzu TGA-50 thermal
analyzer at a heating rate of 5 °C/min under a nitrogen flow.
Zeta-potential data were collected using a Zetasizer Nano-ZS
(Malvern Instruments, UK).

Charge Transport and Thermoelectric Properties of Bi, _,Sh, NC Based
Pellets. All the charge transport measurements were carried out
under an inert atmosphere. Temperature-dependent electrical
conductivity and Hall measurements of Bi;_,Sb, NC based
pellets were conducted in a physical property measurement
system (PPMS, Quantum Design) under a helium atmosphere
in the temperature range 10—300 K. The electrical conductivity
and Hall coefficient were measured using a van der Pauw
configuration, where four isolated gold wires were glued
(by conductive silver paste) at the corners of the pellets. For
Hall measurement, a magnetic field of 1.0 T together with
a direct current of 0.1 A was applied. Under this magnetic
field, the magnetoresistance (MR = (R — R,)/R, where R and R,
are the resistance with and without applied magnetic field,
respectively) was within 3%. The measurements were con-
trolled by a Keithley multimeter (Keithley 2400) through a

Labview interface. Seebeck coefficients (S, also known as
the thermopower) of pellets on perpendicular and horizontal
directions were measured at 300 K by a homemade setup
and commercial Seebeck effect measurement system (MMR
Technologies, Inc.), respectively. S values measured in both
directions were within the range of +5%, revealing the isotropic
properties originated from the randomly oriented grains. Thermal
conductivity measurements were carried out using a homemade
setup for steady-state thermal conductivity measurements under
high vacuum, as described in the Supporting Information.
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