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ABSTRACT
Silicon nanoparticles produced via a plasma-based technique have been sintered into bulk nanos-
tructured samples. These samples havemicron-sized crystalline domains and containwell-dispersed
oxide nanoinclusions. We have compared the thermoelectric performance of such structure to that
of a control sample produced by sintering ball-milled silicon powders. The control sample has lower
precipitate density and is composed of nanograins. Despite the stark difference in nanostructure,
both sampleshave comparable thermal conductivity, and the samplewithnanoinclusionshashigher
power factor and ZT. This result confirms that grain size engineering is not the only promising route
to achieving improved thermoelectric performance.

IMPACT STATEMENT
By controlling the feedstock powder processing technique, it is possible to obtain well-dispersed
nanoinclusions in sintered bulk samples. These are as effective at reducing thermal transport prop-
erties as grain boundaries.
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Introduction

The design and realization of materials for efficient ther-
moelectric energy conversion has attracted the attention
of several research groups. From a fundamental point of
view, it requires gaining an intimate understanding of the
transport of heat and charge carriers in potentially com-
plex materials. Reducing grain size is an effective way to
preferentially increase the phonon over the charge carrier
scattering rate, thus improving the thermoelectric figure
of merit ZT [1,2]. Sintering of fine powders has become
a common approach for the realization of bulk materi-
als with nanoscale grains [3–6]. Despite this progress,
recent reports have suggested that this tactic has limita-
tions. Grain boundaries have been shown to scatter low
frequency phonons less efficiently than high frequency
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ones [7], and low frequency phonons can carry a signifi-
cant amount of heat even at high temperatures [8]. There
are also unsolved issueswith respect of the processing sci-
ence of such materials. Bulk nanostructured silicon can
be obtained by sintering powders produced using a wide
range of techniques, such as ball milling [3,7] and plasma
[9–11], and the influence of processing parameters on the
transport properties of the resulting bulk samples is far
from being fully understood. This contribution focuses
on both of these issues. Silicon nanoparticles synthe-
sized using a low temperature plasma-based technique
[12,13] have been hot-pressed into bulk silicon samples.
The resulting sample has large grains (micron-sized) and
∼20 nm well dispersed silicon oxide precipitates. When
compared to a control sample with submicron grains,
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the sample with nanoinclusions has similar thermal con-
ductivity but higher power factor, leading to a markedly
higher thermoelectric figure of merit ZT.

Experimental

The nanoparticle synthesis technique utilized here is a
scaled-up version of the reactor discussed in other con-
tributions [12–14]. It is composed of a continuous flow
non-thermal plasma reactor, tube furnace, and roughing
pump, and is capable of producing powder at a rate of
the order of grams per hour. The plasma reactor is com-
posed of a 5 cm diameter quartz tube with a 5 cm wide
copper electrode wrapped on its outside. The electrode
is RF biased at 13.56MHz. For this study, the plasma
power is constant and equal to 160W. At the gas inlet,
850 sccm of a mixture of 1.37% silane in argon is flown at
a pressure of 3.5 torr. After the plasma synthesis step, the
particles are crystalline, have a hydrogen terminated sur-
face and are 5–10 nm in size [15]. Any attempt to sinter
the as-produced particles into bulk samples has resulted
into extremely brittle samples that shatter during han-
dling. We hypothesize that this is due to the hydrogen
surface termination of the particles and the consequent
hydrogen-induced embrittlement of the sintered sample.
For this reason, we have introduced an in-flight anneal-
ing step to thermally remove hydrogen from the particle
surface. This is achieved by flowing the particles through
a tube furnace with a heated length of 20 cm and kept at
1100°C. This in-flight post-processing step allows us to
reproducibly sinter the particles into bulk samples with
>99% relative density. Figure S1 in the supplementary
material shows TEM micrographs and particle size dis-
tribution of the silicon nanoparticles produced with this
approach. The average particle size is 50 nm with a stan-
dard deviation of 8 nm. They are significantly larger than
the 5–10 nm nanoparticles that are typically obtained
from non-thermal plasma reactors [12,13,15]. Particle
charging, which slows down agglomeration in the plasma
reactor [16], is absent once the particles leave the plasma
and enter the in-flight annealing step, with the same
annealing mechanism enhancing the agglomeration and
coalescence kinetics thus leading to rapid growth in size.
The particles are collected on a filter downstream of the
furnace, sealed in an inert argon atmosphere and trans-
ferred to a glove box where they are then mechanically
mixed with 2% red phosphorus [17].

We have also sintered silicon powder produced via
ball-milling to compare our samples to a more standard
structure [3]. Silicon ingot fragments and red phospho-
rus are sealed in a tungsten carbide vial with 3 tungsten
carbide balls of 10mmdiameter in a 50mLWCvial (Spex
industries) andmilled in the Spex for 24 h. It is important

to note that the particles produced with our synthesis
technique have significantly larger specific surface area
than the ones obtained via ball milling: 41.7m2/gram
versus 9m2/gram respectively.

Both powders are then sintered using the same pro-
cedure. They are loaded into a 12.7mm inner diameter
graphite dies with boron nitride dry lubricant, and sin-
tered in a hydraulic hot press at 1160°C and 120MPa
with a linear heating rate of ∼20°C/min and a hold
time of 30min. After sintering, the pressure is released
and the system is passively cooled to room temperature
over a period of a few hours. The consolidated pucks are
then cut and polished for characterization. X-ray Diffrac-
tion (XRD) is performed by a PANalytical EMPYREAN
diffractometer with a CuKα source. Transmission Elec-
tron Microscopy (TEM) is performed by a Tecnai T12
and Electron Energy Loss Spectroscopy (EELS) is per-
formed on a JEOL JEM-2100F with a Gatan Quantum
SE GIF operating with an accelerating voltage of 200 kV.
Thermoelectric characterization is performed at the Jet
Propulsion Laboratory using both commercial (for ther-
mal diffusivity) and specialized custom equipment (for
electrical conductivity, carrier concentration and See-
beck coefficient), as listed below. Thermal conductivity
is calculated using the thermal diffusivity measured via
Laser Flash Analysis (LFA). A commercial Netzsch LFA
404 is used for the measurement. To obtain the thermal
conductivity, we have used the temperature-dependent
heat capacity values measured in [18]. We have per-
formed independent differential scanning calorimetry
(DSC) measurements to confirm that the heat capaci-
ties of our samples are close to the values reported in
[18] (see Figure S2 in the supplementary information
file). Reports in the literature confirm that nanostruc-
turing does not lead to deviation in the heat capacity
compared to that of bulk silicon [19,20]. The density
is measured via Archimedes method and corrected for
thermal expansion [21]. Electrical conductivity and car-
rier concentration are measured by high temperature
Hall Effect using the 4 point probe Van der Pauwmethod
described in details in [22]. Seebeck coefficient is mea-
sured using the system andprocedure described in details
in [23]. All thermoelectric measurements (thermal diffu-
sivity, electrical conductivity, carrier concentration, See-
beck coefficient) are taken with the same heating rate
of 180K/hr to maintain consistent contributions from
carrier concentration effects such as dopant precipitation.

Results and discussion

Figure 1 shows SEM and TEM images for the sam-
ples after sintering. Figure 1(a,b) are respectively the
cross-section SEM and TEM of the sample obtained by
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Figure 1. (a) Cross-sectional SEM image for the samples obtained
by hot-pressing the plasma-produced particles. (b) TEM of sam-
ple obtained using the plasma-produced particles, after FIB-ing.
(c) and (d) show the same analysis but for the sample produced by
hot-pressing thepowder obtainedbyball-milling of silicon ingots.

sintering the plasma-produced nanoparticles. The SEM
image is acquired from a fracture surface, and the TEM
analysis is performed after focused ion beam (FIB) pro-
cessing. The presence of inclusions, which we highlight
with red arrows, is clear in both Figure 1(a,b). Grains
are not clearly distinguishable in Figure 1(a). The lack
of background contrast in Figure 1(b) suggests that the
sample in the field of view is oriented along the same
crystallographic direction. Figure 1(c,d) show the same
analysis on the sample obtained by sintering the pow-
der produced via ball-milling. The density of inclusions
is much lower than in Figure 1(a), and grain boundaries
(see red box) are clearly distinguishable. The TEM image
in Figure 1(d) shows strong contrast, suggesting that the
sample is composed of small domains. The XRD spectra
for the two samples, not shown for brevity, are consistent
with polycrystalline diamond silicon. Williamson-Hall
analysis is performed by fitting the first seven diffraction
peaks with a two-peaks pseudo-voigt profile to account
for the kα1 and kα2 contributions. The analysis suggests
that the sample with nanoinclusions has ∼3 μm crys-
tal domain sizes, while the sample with nanograins has
∼200 nm crystal domain sizes. This result is consistent
with the results in Figure 1. We attribute the large grain
size for the sample produced using the plasma-produced
nanoparticles to themuch larger surface area of this pow-
der. The reduced activation energy for diffusion at the
nanoparticle surface has been proposed as the mecha-
nism justifiying the enhanced sintering kinetics of small
particles [24,25].

We have performed electron energy loss spectroscopy
(EELS) spectrum imaging on the sample shown in
Figure 1(a,b) to better characterize the nanoinclusions.

From the acquired spectrum images the counts from the
oxygen and silicon K-edge were extracted, producing the
images shown in Figure 2(a,b). This analysis indicates
that the inclusions are oxygen rich. Their composition,
small size and spatial uniformity in the silicon matrix
are consistent with oxide precipitates. Such structures
are actually well known in silicon processing science,
with early reports suggesting that oxide contamination
can lead to the formation of small inclusions in sili-
con [26–28]. The presence of oxygen contamination in
our sample is likely the result of the high-temperature
in-flight treatment, which removes the hydrogen termi-
nation from the nanoparticle surface. The resulting ‘bare’
surface is extremely sensitive to oxidation. Although the
particles are kept nominally air-free during processing,
the presence of even trace amounts of oxidizing species,
which is unavoidable even in a glove-box with few ppm
levels of oxygen and water, is expected to lead to par-
tial oxidation of the particles surface. In Figure 2(c)
we show the histogram of the distances between the
oxide nanoinclusions. This was obtained by measuring
the nearest neighbor distance between the particles from
cross-sectional SEM images such as the one shown in
Figure 1(a). Care was taken not to double-count particle
pairs. Amodified Saltykov algorithmwas used to convert
the raw distance distribution to the three-dimensional
distribution [29]. This procedure assumes that the spatial
arrangement is isotropic, which based on our observa-
tion is a safe assumption.We find that the average spacing
between the particles is ∼160 nm. Given a size of 20 nm,
this implies a nanoinclusion density and volume fraction
of 2× 1014 cm−3 and 0.1% respectively.

From these measurements, it is clear that different
powder preparation techniques lead to very different
structures after hot-pressing. We should stress that we
produced our best effort at doping the samples with
similar amount of phosphorous. The room temperature
carrier concentrations as measured via Hall Effect are
4.9× 1020 cm−3 and 4.5× 1020 cm−3 for the ‘nanoin-
clusions’ and the ‘nanograins’ samples respectively. The
transport properties are shown in Figure 3.

Despite the clear difference in nanostructure, the two
samples have practically identical thermal conductivity
(Figure 3(a)), with a minimum value of ∼12W/mK at
1000K. The lattice thermal conductivities for the two
samples are close (inset of Figure 3(a)), reaching a mini-
mum value of ∼9W/mK at 1200K. The electronic con-
tribution was calculated using the Wiedermann-Franz
law using a Lorenz factor equal to 2.2× 10−8 J2 K−2 C−2

[3]. The room temperature electrical resistivities are
4.25 μ�m and 5 μ�m for the ‘nanoinclusions’ and the
‘nanograins’ samples respectively, and the room tem-
perature Seebeck coefficients are 60 μV/K and 78 μV/K
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Figure 2. EELS-filtered TEM micrographs of the nanoinclusions. (a) Corresponds to the oxygen signal, while (b) to the silicon signal. (c)
Distribution of distances between nearest neighbor inclusions.

Figure 3. Summary of the transport properties of the samples under investigation. (a) Full and lattice thermal conductivity. (b) Electrical
resistivity. (c) Charge carrier mobility. (d) Carrier concentration. (e) Seebeck coefficient. (f ) Figure of merit ZT.

respectively. This difference is justified by higher car-
rier concentration of the ‘nanoinclusions’ sample. The
main difference between the two samples is in the tem-
perature dependence of the electrical resistivity. For
both samples, it first increases at higher temperature
because of increased electron–phonon scattering, and
then decreases because of the increased solubility of
phosphorous in the lattice [17]. While similar behavior

has been observed in other bulk silicon samples [3,30],
the resistivity does not increase with temperature as
much for the ‘nanoinclusions’ samples compared to the
‘nanograins’ sample. The difference between the two
curves is significant at temperatures higher than 800K
(Figure 3(b)). While the mobilities are practically iden-
tical (Figure 3(c)), the carrier concentration depen-
dence (Figure 3(d)) is quite different between the two
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samples. For the ‘nanograins’ sample, there is first a
decrease in carrier concentration starting at 800K, which
is attributed to dopant precipitation effects in heavily
doped silicon [3,31], followed by an increase at 1000K
due to increased solubility of phosphorous in silicon
[17]. For the ‘nanoinclusions’ sample, the dopant precip-
itation effect is practically absent, and the carrier con-
centration starts increasing at 800K. Two mechanisms
may contribute to this difference in behavior. First, the
‘nanograins’ sample has a much larger density of grain
boundaries compared to the ‘nanoinclusions’ sample, and
phosphorous is well-known to segregate at boundaries
in polycrystalline silicon samples [32,33]. Second, the
oxide nanoinclusions may act as a phosphorous reser-
voir. This is to be expected given the known capability
of phosphorous-rich silica to act as a dopant source to
silicon [34]. It is also important to notice that despite
the larger increase in carrier concentration with temper-
ature for the ‘nanoinclusions’ sample, the Seebeck coef-
ficients remain close for the two samples (Figure 3(e)).
This leads to an overall improvement in power factor
for the ‘nanoinclusions’ sample. Similar improvements in
power factor for samples with inclusions and precipitates
have been reported for more complex chemistries. Bulk
nanostructured PbSe with CdSe nanoinclusions shows
an improved power factor because of the effect of the
inclusions on the valence band structure [35,36].Metallic
inclusions in chalcogenides also lead to an improvement
in the power factor, this time induced by energy filtering
of the charge carriers [37,38]. Similar effects may be at
play in our ‘nanoinclusions’ sample. Overall, this results
in a thermoelectric figure ofmerit of 0.45 at 1300K for the
‘nanoinclusions’ sample, considerably higher than the 0.3
at the same temperature for the ‘nanograins’ sample.

The formation of oxide inclusion in silicon has been
observed previously for samples obtained by sintering
of nanoparticles with a native oxide layer [30,39]. For
these studies, the oxygen content is as high as ∼25%
by mass, and the grain size is small (∼100 nm). There-
fore both nanoinclusion and grain boundaries contribute
to the reduction in thermal conductivity, making it dif-
ficult to separate their roles. On the other hand, our
samples have been processed by avoiding air exposure
as much as possible. The oxygen content is sufficiently
low that it is difficult to quantify reliably via SEM-EDS.
While determination of the oxygen content is challenging
(extensive EELS characterization is prohibitive consid-
ering that it requires advanced sample preparation via
FIB), the grain size is in our samples is large (microns).
Grain boundaries are not expected to contribute signifi-
cantly to the reduction in thermal transport. This study
therefore provides amore direct comparison between the
role of grain boundaries and nanoinclusions on transport

properties.We should also stress that high ZT values have
beenmeasured onmultiple samples processed identically
to the one discussed earlier in the manuscript, as shown
in Figure S3 in the supplementary material.

Conclusions

We have compared the thermal and charge transport
properties of two samples with starkly different nanoscale
structures: a sample with relatively small crystalline
domains and a sample with much larger crystals but
with well-dispersed nanoinclusions. Our results suggest
that nanoinclusions can be effective at scattering heat
carriers (phonons), confirming that improved strategies
for the reduction of heat conductivity in bulk materi-
als are within reach, for instance by combining the use
of nanograins and nanoinclusions within one sample.
Most importantly, the device with nanoinclusions shows
a higher power factor. Further improvements in ZT may
be attainable by optimizing the doping level for the struc-
ture with nanoinclusions.

Acknowledgements

This work was primarily supported by the National Science
Foundation via grant number 1351386 (CAREER). Electron
microscopy shown in Figure 1 was performed on a Tecnai
T12 in the Central Facility for Advanced Microscopy and
Microanalysis at UC Riverside. Part of this work was per-
formed at the California Institute of Technology/Jet Propulsion
Laboratory under contract with the NASA Science Missions
Directorate, under the Radioisotope Power Systems Program’s
Thermoelectric Technology Development Project. The EELS
data in Figure 2(a,b) was acquired at the Center for Electron
Microscopy and Microanalysis, at the University of Southern
California.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was primarily supported by the National Science
Foundation via [grant number 1351386] (CAREER); Division
of Civil, Mechanical and Manufacturing Innovation.

ORCID

L. Mangolini http://orcid.org/0000-0002-0057-2450

References

[1] Dresselhaus MS, Chen G, Tang MY, et al. New directions
for low-dimensional thermoelectricmaterials. AdvMater.
2007;19(8):1043–1053. doi:10.1002/adma.200600527.
PubMed PMID: ISI:000246432800002; English.

http://orcid.org/0000-0002-0057-2450
https://doi.org/10.1002/adma.200600527


424 D. COLEMAN ET AL.

[2] Dresselhaus M, Dresselhaus G, Sun X, et al. Low-
dimensional thermoelectric materials. Phys Solid State.
1999;41(5):679–682. doi:10.1134/1.1130849.

[3] Bux SK, Blair RG, Gogna PK, et al. Nanostructured bulk
silicon as an effective thermoelectric material. Adv Funct
Mater. 2009;19(15):2445–2452. doi:10.1002/adfm.200900
250. PubMed PMID: ISI:000269021500012; English.

[4] Zebarjadi M, Joshi G, Zhu GH, et al. Power factor
enhancement by modulation doping in bulk nanocom-
posites. Nano Lett. 2011;11(6):2225–2230. doi:10.1021/
nl201206d. PubMed PMID: WOS:000291322600006;
English.

[5] Joshi G, Lee H, Lan YC, et al. Enhanced thermoelec-
tric figure-of-merit in nanostructured p-type silicon ger-
manium bulk alloys. Nano Lett. 2008;8(12):4670–4674.
doi:10.1021/nl8026795. PubMed PMID: ISI:000261630
700100; English.

[6] Poudel B, Hao Q, Ma Y, et al. High-thermoelectric
performance of nanostructured bismuth antimony tel-
luride bulk alloys. Science. 2008;320(5876):634–638.
doi:10.1126/science.1156446. PubMed PMID: WOS:000
255454300037; English.

[7] Wang Z, Alaniz JE, Jang W, et al. Thermal conductiv-
ity of nanocrystalline silicon: importance of grain size
and frequency-dependent mean free paths. Nano Lett.
2011;11(6):2206–2213. doi:10.1021/nl1045395

[8] Yang L,MinnichAJ. Thermal transport in nanocrystalline
Si and SiGe by ab initio basedMonte Carlo simulation. Sci
Rep. 2017;7:44254. doi:10.1038/srep44254.

[9] Petermann N, Stein N, Schierning G, et al. Plasma
synthesis of nanostructures for improved thermoelec-
tric properties. J Phys D Appl Phys. 2011;44(17):174034.
doi:174034/10.1088/0022-3727/44/17/174034. PubMed
PMID: ISI:000289512700034; English.

[10] Schwesig D, Schierning G, Theissmann R, et al. From
nanoparticles to nanocrystalline bulk: percolation effects
in field assisted sintering of silicon nanoparticles. Nan-
otechnology. 2011;22(13):135601. doi:135601/10.1088/
0957-4484/22/13/135601. PubMed PMID: ISI:000287578
800008; English.

[11] Miura A, Zhou S, Nozaki T, et al. Crystalline–amorphous
silicon nanocomposites with reduced thermal con-
ductivity for bulk thermoelectrics. ACS Appl Mater
Interfaces. 2015;7(24):13484–13489. doi:10.1021/acsami.
5b02537.

[12] Lopez T, Mangolini L. On the nucleation and crystal-
lization of nanoparticles in continuous-flow nonthermal
plasma reactors. J Vac Sci Technol B. 2014;32(6):061802.
doi:10.1116/1.4899206.

[13] Mangolini L, Thimsen E, Kortshagen U. High-yield
plasma synthesis of luminescent silicon nanocrystals.
Nano Lett. 2005;5(4):655–659.

[14] Yasar-InceogluO,Mangolini L. Characterization of Si–Ge
alloy nanocrystals produced in a non-thermal plasma
reactor. Mater Lett. 2013;101(0):76–79. doi:10.1016/j.
matlet.2013.03.080.

[15] Yasar-Inceoglu O, Lopez T, Farshihagro E, et al. Sili-
con nanocrystal production through non-thermal plasma
synthesis: a comparative study between silicon tetrachlo-
ride and silane precursors. Nanotechnology. 2012;23(25):
255604.

[16] Kortshagen U, Bhandarkar U. Modeling of particu-
late coagulation in low pressure plasmas. Phys Rev E.
1999;60(1):887–898.

[17] Olesinski RW, Kanani N, Abbaschian GJ. The P−Si
(Phosphorus-Silicon) system. Bull Alloy Phase Diagr.
1985;6(2):130–133. doi:10.1007/bf02869224.

[18] Shanks HR, Maycock PD, Sidles PH, et al. Thermal
conductivity of silicon from 300 to 1400 K. Phys Rev.
1963;130(5):1743–1748.

[19] Claudio T, Schierning G, Theissmann R, et al. Effects
of impurities on the lattice dynamics of nanocrys-
talline silicon for thermoelectric application. J Mater Sci.
2013;48(7):2836–2845. doi:10.1007/s10853-012-6827-y.

[20] Claudio T, Stein N, Stroppa DG, et al. Nanocrystalline sil-
icon: lattice dynamics and enhanced thermoelectric prop-
erties. Phys ChemChemPhys. 2014;16(47):25701–25709.
doi:10.1039/C3CP53749H.

[21] Swenson CA. Recommended values for the thermal
expansivity of silicon from 0 to 1000 K. J Phys Chem Ref
Data. 1983;12(2):179–182. doi:10.1063/1.555681.

[22] Borup KA, Toberer ES, Zoltan LD, et al. Measure-
ment of the electrical resistivity and Hall coefficient at
high temperatures. Rev Sci Instrum. 2012;83(12):123902.
doi:10.1063/1.4770124.

[23] Wood C, Zoltan D, Stapfer G. Measurement of See-
beck coefficient using a light pulse. Rev Sci Instrum.
1985;56(5):719–722. doi:10.1063/1.1138213.

[24] MöllerHJ,WelschG. Sintering of ultrafine silicon powder.
J AmCeram Soc. 1985;68(6):320–325. doi:10.1111/j.1151
-2916.1985.tb15233.x.

[25] GreskovichC, Rosolowski JH. Sintering of covalent solids.
J Am Ceram Soc. 1976;59(7-8):336–343. doi:10.1111/j.
1151-2916.1976.tb10979.x.

[26] Kaiser W. Electrical and optical properties of heat-treated
silicon. Phys Rev. 1957;105(6):1751–1756.

[27] Kissinger G, Kot D, Dabrowski J, et al. Analysis of the
nucleation kinetics of oxide precipitates in Czochral-
ski Silicon. ECS Trans. 2008;16(6):97–108. doi:10.1149/1.
2980296.

[28] Borghesi A, Pivac B, Sassella A, et al. Oxygen precip-
itation in silicon. J Appl Phys. 1995;77(9):4169–4244.
doi:10.1063/1.359479.

[29] Lewis HD,Walters KL, Allan Johnson K. Particle size dis-
tribution by area analysis: modifications and extensions of
the Saltykov method. Metallography. 1973;6(2):93–101.
doi:10.1016/0026-0800(73)90001-3.

[30] SchierningG, TheissmannR, SteinN, et al. Role of oxygen
on microstructure and thermoelectric properties of sili-
con nanocomposites. J Appl Phys. 2011;110(11):113515.
doi:10.1063/1.3658021.

[31] Vining CB. A model for the high-temperature transport
properties of heavily doped n-type silicon-germanium
alloys. J Appl Phys. 1991;69(1):331–341. doi:10.1063/1.
347717.

[32] Rose JH, Gronsky R. Scanning transmission electron
microscope microanalytical study of phosphorus segre-
gation at grain boundaries in thin-film silicon. Appl Phys
Lett. 1982;41(10):993–995. doi:10.1063/1.93368.

[33] Mandurah MM, Saraswat KC, Helms CR, et al. Dopant
segregation in polycrystalline silicon. J Appl Phys.
1980;51(11):5755–5763. doi:10.1063/1.327582.

https://doi.org/10.1134/1.1130849
https://doi.org/10.1002/adfm.200900250
https://doi.org/10.1002/adfm.200900250
https://doi.org/10.1021/nl201206d
https://doi.org/10.1021/nl201206d
https://doi.org/10.1021/nl8026795
https://doi.org/10.1126/science.1156446
https://doi.org/10.1021/nl1045395
https://doi.org/10.1038/srep44254
https://doi.org/174034/10.1088/0022-3727/44/17/174034
https://doi.org/135601/10.1088/0957-4484/22/13/135601
https://doi.org/135601/10.1088/0957-4484/22/13/135601
https://doi.org/10.1021/acsami.5b02537
https://doi.org/10.1021/acsami.5b02537
https://doi.org/10.1116/1.4899206
https://doi.org/10.1016/j.matlet.2013.03.080
https://doi.org/10.1016/j.matlet.2013.03.080
https://doi.org/10.1007/bf02869224
https://doi.org/10.1007/s10853-012-6827-y
https://doi.org/10.1039/C3CP53749H
https://doi.org/10.1063/1.555681
https://doi.org/10.1063/1.4770124
https://doi.org/10.1063/1.1138213
https://doi.org/10.1111/j.1151-2916.1985.tb15233.x
https://doi.org/10.1111/j.1151-2916.1985.tb15233.x
https://doi.org/10.1111/j.1151-2916.1976.tb10979.x
https://doi.org/10.1111/j.1151-2916.1976.tb10979.x
https://doi.org/10.1149/1.2980296
https://doi.org/10.1149/1.2980296
https://doi.org/10.1063/1.359479
https://doi.org/10.1016/0026-0800(73)90001-3
https://doi.org/10.1063/1.3658021
https://doi.org/10.1063/1.347717
https://doi.org/10.1063/1.347717
https://doi.org/10.1063/1.93368
https://doi.org/10.1063/1.327582


MATER. RES. LETT. 425

[34] Hartiti B, Slaoui A, Muller JC, et al. Phosphorus dif-
fusion into silicon from a spin-on source using rapid
thermal processing. J Appl Phys. 1992;71(11):5474–5478.
doi:10.1063/1.350519.

[35] Zhao L-D, Hao S, Lo S-H, et al. High thermoelectric per-
formance via hierarchical compositionally alloyed nanos-
tructures. J Am Chem Soc. 2013;135(19):7364–7370.
doi:10.1021/ja403134b.

[36] Tan G, Zhao L-D, Shi F, et al. High thermoelectric per-
formance of p-Type SnTe via a synergistic band engi-
neering and nanostructuring approach. J Am Chem Soc.
2014;136(19):7006–7017. doi:10.1021/ja500860m.

[37] Martin J, Wang L, Chen L, et al. Enhanced seebeck
coefficient through energy-barrier scattering in PbTe
nanocomposites. Phys Rev B. 2009;79(11):
115311.

[38] Ko D-K, Kang Y, Murray CB. Enhanced thermopower via
carrier energy filtering in solution-processable Pt–Sb2Te3
nanocomposites. Nano Lett. 2011;11(7):2841–2844.
doi:10.1021/nl2012246.

[39] Petermann N, Stötzel J, Stein N, et al. Thermoelectrics
from silicon nanoparticles: the influence of native oxide.
Eur Phys J B. 2015;88(6):163. doi:10.1140/epjb/e2015-
50594-7.

https://doi.org/10.1063/1.350519
https://doi.org/10.1021/ja403134b
https://doi.org/10.1021/ja500860m
https://doi.org/10.1021/nl2012246
https://doi.org/10.1140/epjb/e2015-50594-7
https://doi.org/10.1140/epjb/e2015-50594-7

	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


