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Thermoelectric power of bismuth nanowires

J. Heremans and C. M. Thrush
General Motors Research and Development Center, Physics and Physical Chemistry Department, Warren, Michigan 48090-9055
(Received 30 November 1998; revised manuscript received 26 January 1999

We report here measurements of the thermoelectric power and longitudinal magneto-Seebeck coefficient of
200 nm diameter single-crystal bismuth nanowires. Nanowires of pure Bi andype-doped Bi(with Te at
about 5< 10'¥cm™2) were measured. The wires are imbedded in porous anodic alumina. The data are taken on
arrays of wires connected in parallel, at temperatures from 8 to 300 K, and, between 10 and 80 K, in magnetic
fields from O to 5 Tesla. It has been theoretically calculated that bismuth nanowires should have a strongly
increased thermoelectric figure of merit over bulk Bi, when the diameter is decreased below about 10 nm. The
nanowires in this study were selected because they are easier to prepare and handle. The temperature-
dependent thermopower data are consistent with the partial electron and hole thermopower values calculated
using the carrier Fermi energies obtained from Shubnikov—de Haas oscillations on the same samples.
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INTRODUCTION the other. Six-nine pure Bi is introduced into this host mate-
rial by a vapor-phase technigifedescribed elsewhere. A
Theoretical calculatiortspredict that nanowires of the sample of Bin-type doped with Te was also prepared from a
semimetal bismuth should have an enhanced thermoelectrivelt that contained approximately>3L0’cm™2 atoms of
figure of merit. According to those calculations, an array ofTe, though the density of the Te donors incorporated into the
nanowires oriented along the trigonal direction with diam-nanowires will be shown to be an order of magnitude larger.
eters on the order of 7 nm could have figure of mexit{ A cross-sectional scanning electron micrograph of a repre-
~2 at 300 K, which would be large enough to make a sentative sample is shown in Ref. 15. The Bi wires are single
thermoelectric cooler with an efficiency approaching that ofcrystals, with their long axis oriented in thi@, 0.949, 0.315
a vapor-compression unit. The thermoelectric power, thermadirection in the rhombohedrgk,y,4 system, where the di-
conductivity and electrical conductivity of bulk single- rections arex=binary, y=bisectrix, andz=trigonal, as in
crystal Bi were reported, in the 80 to 300 K range, by Gallo,previous**>**work. The sample orientation is about 18.4°
Chandrasekhar, and Sutfegnd extended to low and ul- from the bisectrix axis,e=71.6° from the trigonal axis.
tralow temperatures in Refs. 3—7. A review of these properAlong this direction, the electrical conductivity, thermal
ties is given in Ref. 8. The magneto-Seebeck coefficientsonductivity x and thermoelectric power can be expressed
have been measured in longitudihahd transvers8 mag-  as function of the same quantities along the bisectridex
netic fields. The low-field thermomagnetic coefficiéhts 2) and trigonal(index 3 directions and angle between the
have been used to determtAghe temperature dependence wire axis and the trigonal direction as
of the nonparabolic band structure up to 300 K. More re-
cently, attention has focused on the galvanomagnetic proper- o(@)=0,+ (03— 0,)C0Z( ), (1)
ties of single-crystal nanowire arrays of Bi, with wire diam-
eters first in the submicron rangeand then in the 28—110

nm (Refs. 14 and 1Brange. In particular, a semimetal-to- k(@)= Kot (k3= k2)COS (), )
semiconductor transition was obserVeds the wire diam-

eter is decreased from 100 to 60 nm, and electron localiza- _ ky (a3~ a;)co8(o) 3

tion effects become visibléin wires of diameters below 50 a(e)=azt K3 1+ (ky/ka3—1)coS(@) )

nm. The purpose of this paper is to present the first experi-
mental data on thermoelectric power and longitudinal therSince the host material is amorphous, the Bi wires conduct
momagnetic coefficients of an array of single-crystal Bimost of the heat. The lattice thermal conductivity dominates
nanowires with a diameter of 200 nm. The nanowire array ighe electronic contribution in bulk Bi, and,/x;~1.67 at
imbedded in porous amorphous alumina. T>50K.? In nanowires, if the scattering of phonons on the
wire walls is partially diffuse, the phonon mean-free path is
partially limited by the wire diameter, and the /5 ratio
will be bounded by the ratio of the sound velocitiesf the

The samples consist of a porous amorphous alumina hostominant acoustic phonon mode. The average,db ; over
material prepared by anodic oxidation of aluminum, com-longitudinal and transverse modes is about 1.3 using the
mercially available as Whatman Anodisc. This is an aluminasound velocity values of Eckstein, Lawson, and Renetker,
plate, about 5Q:sm thick, which contains hexagonal-like ar- and 1.3<k,/x3=<1.7. Usingk,/k3=1.67, bisectrix value of
rays of holes, 206 25 nm in diameter, about 400 nm apart. the transport coefficient dominates the value along the wire
The holes are straight and connect one face of the sample threction by a ratio of 90% to 10% for the conductivities and
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FIG. 1. The resistance of an array of 200 nm diameter pure Bi FIG. 2. (a) Magnetic-field dependence of the oscillating part of -
nanowires as a function of temperatuleft ordinaté and the resis- the magnetoresistance of the array of Ag paint-mounted pure Bi

tivity of bulk Bi (right ordinate along the bisectrix directiofRef. = nanowires used for thermopower measurements, after the back-
3). ground magnetoresistance, similar to that in Ref. 14, was subtracted

using a third order polynomial fith) Fourier transform of the os-
88% to 12% for the thermopower. Therefore, it is conveniengillatory part of the magnetoresistance. The magnetic field is paral-
to compare the following data on nanowires to those on bulke! to the wire axis.

Bi along the bisectrix axis.

The data reported were measured on two samples prés 0-23(} and the data are noisier. As in previous Wik
pared from pure Bi, one mounted with Ag-filed epoxy ON &rays of wires, it is impossible to estimate the number of

(sample 1 and one mounted with Wood's met@ample 2. wires connected in parallel between the top Au plate and the
Sample 3 was prepared from Te-doped Bi, and mounted likBN Substrate, and thus, the resistance of an individual
sample 1. The experiments are two-probe measurementaanowire cannot be determined. We note the similarity of the

which raises concerns about the contact resistances. The uégnperature dependence curve to that in Ref. 13, and con-
of two different mounting procedures gives an indication ofclude that the contact resistance between the Wood's metal

the influence of the contact resistance, which will be dis-2f the Ag paint and the Bi wires does not dominate the
cussed separately for each transport property. The bottofflative resistance data reported. The ar%agnetor_emstance
face of the Bi-impregnated alumina plate was mounted on §UTVeS are similar to those reported previoushn semime-

hexagonal pyrolytic BN substrate with either Wood's metalt@llic wires, but for this study we used a much smaller scan-
or Ag epoxy. A roughly 2.5 2.5mn? gold plate was sol- NiNd step in magnetic field, in order to evidence the quantum
dered to its top surface with Wood's metal. A thin-foil oscillations at 4.2 K. At fields at which the cyclotron radius

chromeliconstantan thermocouple was mounted differerfS Smaller than the wire diameter, these are Shubnikov—de
tially between the top Au plate and the BN substrate. Two12as(SdH) oscillations,”shown in Fig. 2a) for sample 1. A
thin Au wires were soldered to the Au plate, one for current-CUrier transform of this oscillating part of the magnetore-
and one for voltage leads, and similarly two Au wires madeS!Stance Is s?own in Fig.(B), and shows two periods, at 4.2
contact to the bottom side of the alumina plate. The thermo2nd at 9.3 T~ The SdH frequency is given, as a function of
electric power of the Au wires is on the order ¢fL xV/K, e cyclotron massn. at the band edge by

and, because this quantity is much smaller than the ther- 1 m.- y(Eg)

mopower values for Bi and contains a large phonon-drag _ M MEF )
contribution, which may be sample dependent, it will be ig- A(i) hq
nored in the data reported later. A very small 1Q0strain B

gage was varnished onto the Au plate as a heater. The BN ) .
substrate with this construction was attached to a liquid H&Vhere the functiony(Eg) includes the effect of band
cryostat and data are taken in a magnetic field af 6 T at nonparabohcnyl, which is important for ele%trqns at the
temperatures below 75 K, and in zero field up to room temdpoint of the Brillouin zone. For electrons,(Eg) is defined
perature. It is a limitation of the cryostat design that theby
superconducting magnet cannot be energized to full field

4

e
: : e
when the sample insert is above 75 K. y(ES)=Eg| 1+ = (5)
9
RESULTS AND DISCUSSION while its derivative with respect to energy is
Figure 1 shows the electrical resistance of an array 200 Ee
nm pure Bi nanowires mounted with Wood’s metal. The data y' (E&)=|1+2 _F) i (6)
on sample 1 are similar, though the room temperature value Eq
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TABLE |. Experimental SdH periods, associated carrier Fermi energies and densities, and calculated partial and total thermopower slopes
for the three Bi nanowire sampléSample 1 is pure Bi, mounted with Ag paint, sample 2 is pure Bi mounted with Wood’s metal, and sample
3 is Bi:Te at about X 10'cm™3). Also shown are literature values for the same quantities in bulk Bi, and the corresponding thermopower
along the[0, 0.949, 0.31baxis.

Bulk

Property Units Bi Sample 1 Sample 2 Sample 3
SdH period (Tesla'}) 9.25 na
El (Holes (meV) 10.8%4 7.8 na
P (cm™3) 2.7x 10" 1.7x 10" na
SdH period (Tesla'}) 14.6
EL® (Light electrong (meV) 27.212 97
SdH period (Tesla'} 4.2 4.0 19.5
EF® (Heavy electrons (meV) 27.414 36 35 84
N (cm™3) 2.7x 10" 5.5x 10V 5.0x 107 5x 10'8
aplT (uV/IK?) —1.6412 -1.2 —0.51+0.04
anlT (wVIK?) 2.231%2 3.2 na
Calculateda/T (uV/IK?) -0.66 —-0.09 —0.51+0.04
Experimentala/T (uV/IK?) -0.10 -0.5t0-0.3

whereE, is the direct energy gafi3.2 meV for bulk Bj at  a slow cool down of the sample at discrete temperatures
the L points of the Brillouin zone. The value &, is ex-  stabilized with a temperature controller. This process was
pected to increase somewhat in the nanowires due to the shigpeated during a warm-up cycle up to 150 K. The repeat-
of the L-point band edges with size quantization, but thatability of the data can be inferred from the difference be-
effect is on the order of a few meV in wires with 200 nm tween the two sets of points, and is on the order gf\ZK.
diameter, and will be neglected for this first approximation.The influence of a thermal contact resistance is expected to
For the holes, at th& point of the Brillouin zone,y(ER) be an overestimation of the thermal gradient as measured by
= EE ) the thermocouple over what is truly applied to the nanowires;
The magnetic field, which is oriented along the wire axisthis therefore results in an underestimation of the Seebeck
[0, 0.949, 0.31} lifts the degeneracy of the three electron
pockets at thé. points of the Brillouirt® zone. There are the . , . | ;

following carrier pockets in the Fermi surfacg) one hole X Bi nanowires
. h_ . o RN warmup 200 nm diameter ~_|
pocket(h), with a cyclotron mass ofn;=0.138n,; (2) one + * Sample 1 (Ag-paint)

+ Sample 2 (Wood's)
A Doped BicTe sample |

light-electron (Le) pocket with a cyclotron mass dfnte

=0.0021In,; (3) two degenerate heavy-electrfiie) pock-

ets with a cyclotron mass cuﬁcHez 0.00372n,, wheremg is 10
the free-electron mass. From E¢$) and(5) and the experi-

mental values of the SdH periods, we can thus calculate the
electron and hole Fermi energies. The attribution of the SdH
periods to the different pockets is made in Table | for the <
samples studied. Two periods, attributed to the heavy elec- §
trons and the holes, are resolved for sample 1, as is very =
visible in Fig. 2. Only one period is resolved for sample 2, °
because the quantum oscillations were weaker and more dif-

ficult to extract from the background, but that period is in

-30

03pViKE < |

good agreement with the heavy-electron period in sample 1. \‘ N ) TTTn e
In the Te-doped sample, the observed SdH periods are attrib- w0l r OBuVIK |
uted to the light and heavy electrons. The electron and hole '

densities can be estimated from the Fermi energies, and are | BukBi e i
also reported. Sample 1 is slightiytype, presumably due to orop — T -
some uncontrolled impurities. The electron density in the 50 . | ! | AN
doped sample 3 is %10®¥cm 3, an order of magnitude 0 100 K 200 300

higher than the Te concentration in the melt. This is presum-
ably due to the fact that the vapor pressure of Te is 2 orders giG. 3. The temperature dependence of the thermoelectric

of magnitude largéf than that of Bi at the same tempera- power of the two pure Bi nanowire arrays and the one Te-doped Bi
ture. nanowire array compared to that of bulk Bi along the bisectrix axis

Figure 3 shows the temperature dependence of the thefdashed ling The tangent through the low-temperature data on the
moelectric powekTEP), a, of the three samples, along with Te-doped sample has a slope-00.5 wV/K 2, while the data on the
that of pure Bi. For sample 2, the data were first taken duringure Bi sample follow a line with a-0.10 uV/K? slope.
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coefficient. The porous alumina host is amorphous, and its an w2 kg kgT
thermal conductivity is much lower than that of the Bi wires. T=t3 qE )
The thermal conductance of the Bi nanowires dominates that F

of the array. One expects that the thermal contact resistance

of the sample mounted with Wood's metal, which solderstne tactor 3 in the denominator of Eg®) and (9) is valid

very well to Bi and was extensively used to contact bulkfor yyk Bj, where acoustic phonon scattering dominates, but
samples;” is much lower than that of the sample mountedaisq for the nanowires, in which scattering on the wall domi-
with Ag-polymer composites. One observes that sample @ates. |n both cases the mean-free path is independent of
gives the lowest absolute value of thermopower at high teMgmperature or Fermi energy. Calculated values for these
perature, contrary to what is expected if thermal contact reg i thermopowers, using the vaIueEﬂ} andEe from the
sistances were dominant. As the curves obtained with very ., period, are give’n in Table I, along with t?]e values for
different contact technologies give results that differ by onlypure Bi frorﬁ Ref. 12. Using Eq(.%), the slope of the total

8 uVIK, we estimate that this is th? order of the experilT‘er"'[hermopower of these wires can also be estimated, and is
tal uncertainty, due to contact resistances anq to sample_-t jiven in Table I, along with the calculated TEP of pure Bi
sampl_e variations, for mstance in chemical purity and carriel using Eqs.(5), (6), and(7)] along the same direction. The
den_s_|t|es. In the pure Bi samples, the low-temperature TEP i greement is probably fortuitous, but indicates that the ther-
posmve_and peaks at 1Q K. Phonon-drag effects are know al contact resistance is not a major obstacle to these mea-
to d(_)_mlnate _the TEP in tha.t range, and. are eXtremel}éurements. From Table | it is evident that the partial electron
sensitivé to size effects, even in samples with diameters o 2

. . ~and hole thermopowers are quite large in the pure Bi
sgvergl mm. Above 25 K, the TEP is dgmmated _by Carrlersamples, while the total thermopower is the difference be-
diffusion effects, and is roughly proportional @ with an

) . tween the two, Eq(7), and is thus extremely sensitive to
_ 2
exper;mentzl slhope O/ T = ?.tOMV/Kd fordthe pulre Bl small deviations of carrier densities from those in bulk Bi.
samples. The thermopower of the Te-doped sample starts @}5 oxnjains the fact that the thermopower measured in

a small positive value of aboutV/K at 5 K, which may be  ypase nure Bi wires is only about half that of bulk Bi. The
due to the small thermopower in the gold voltage wires use‘i{hermopower of the Te-doped Bi sample is equal to that of
Betw?enh 10 an? 40 K, the thi‘”g‘op"wf]f of the Te—dope he electron pockets onlyneglecting again the difference
sample has a slope 6f0.50 uV/K®, much more negative ponyeen the light and heavy electrons, which, in this case,

Ejhan that %f th% pulre Bi slamplfe,hin slpite offthhe thh—eIectror‘ban be justified down to low temperatures because the Fermi
ensity. The a SO ute value of the slope of the t ermOpO.W‘.aénergy is much larger than the energy splitting between the
of the doped Bi sample decreases as the temperature is IPre and Le pockels so thata/T = a, /T as given by Eq(8).

creased: the curve has a tangent through the origin with &6 ca1cylated value of this slope is again given in Table I,

slope at—0.3 uV/K? between 40 and 70 K. The few points and again the aareement is rather astonishinaly good. given
taken between 250 and 300 K during sample cool down in; gal g I IShingly good, giv

: : the large number of assumptions used. In real applications,
dicate that the thermopower is saturated near room temperg;iarial with some optimah-type (Te is a monovalent
ture, as is the case for bulk Bi. We gathered data with

_ ' Yonor% and p-type (Sn is a monovalent acceptdr doping

. _ Nfevel would be used, since it is shown here that the compen-
step(2 to 5 K) during warm up, until the sample lost elec- sation effect Eq(7) is then avoided

triqal contact near 1.30 K. Below that temperature, the data Figure 4 shows the longitudinal magneto-Seebeck coeffi-
points o?taln?‘d d#”ng cool down and during warm up fall sjon"of pure Bi sample 2, as a function of magnetic field at
on top of each other. . L ftemperatures: ranging from 10 to 150 K. The data were taken
h The th_ebrm_opowefr (;: the pl_Jrle E' NANOWIres 1s tfhe”surzn Oduring the same warm-up cycle as the data shown in Fig. 3.
the _contrl ut|ons. of the partlg t ermopowers ot a t reeat very high values of the magnetic field, this coefficient is
carrier types, weighted by their partial electrical conductivi-g, o teq to saturafeLike the zero-field thermopower, the
ties. Above 5(.) K thgrmal smearing ma.\kes.heavy and IIghEaturation values are a combination of the electron and hole
electrons undistinguishable. From E®) in this paper and mobilities and partial thermopowers, and a;,. Unfortu-

Egs.(3) and(4) of Ref. 12, assuming that the mobility tensor ately, the magnetic fields available to us were insufficient to
components sr_:ale as the inverse mass tensor components, ﬂ%ﬁurate the longitudinal magneto-Seebeck coefficient at
diffusion TEP is higher temperatures, and thé fif the intermediate-field lon-
gitudinal magneto-Seebeck coefficient is not very satisfac-
o R ay, tory even in bulk Bi where the mobility values are well
7 =(0.75-0.008 - +(0.25+0.008 —, (7)  known. The low-temperature data in Fig. 4 do show satura-
tion, but in that temperature range phonon-drag effects domi-

. . , nate. For those reasons, no further analysis of the data was
where the uncertainty in the coefficients reflects the d'ﬁerenéttempted.

values of the ratiok,/x3, and a. and ay, are the partial Figure 5 shows the longitudinal magneto-Seebeck coeffi-
_thermopowers for electrons gmd holes, expressed bYHY.  cient of the doped Bi sample. Following the E¢®). and (3)
in Ref. 12 as(note thata; = a;go; in Ref. 12: of Ref. 9, the thermopower is not expected to vary with the
longitudinal field when one type of charge carriers dominates
@ 72 kg ksTy' (ES) unless the Fermi energy changes. Experimentally, the rela-

N i . (8)  tive magneto-Seebeck effect observed on the doped sample
T 3 g yEp is much smaller than in the pure Bi nanowires. The small



PRB 59 THERMOELECTRIC POWER OF BISMUTH NANOWIRES 12 583

50 r LA L L B L I e ] 5 [FTTTTT IBIi n'arllmlui;esl rrrrrTTTTTTT i
L - diameter 200 hm _
i 80 Temperature (K) | Te-doped Temperature (K) i
20 N o 10.8 .
L ] :\\\\\iﬁ;

- 4 sl
30— ~ L i
Z 20 2 F ]
= - 3 | 40.7 |
3 o - i
- 5 |- . -
10 H w
\_“’_’__6&_,.-
20 -
I 70.9 7
Bi nanowires ] B ]
diameter 200 nm | B l | | | 7

_25 1111 111 11 1 11 1 | L1 1 1
_10 Lt 11 | 11 1 1 I | - ] Lt 1 1 | | I -1 0 1 2 B (T) 3 4 5
0 1 2 3 4 5
B (M)

FIG. 5. Magnetic-field dependence of the longitudinal magneto-
FIG. 4. Magnetic-field dependence of the longitudinal magneto_Seebeck coefficient of the Te-doped sample 3, for various values of
Seebeck coefficient of pure Bi sample 2, for various values of temiemperature.

perature. the magnetoresistance of the nanowires. The small ther-

N o mopower observed in the pure Bi samples is due to the com-
positive thermopower valug@bout+1 uV/K) visible at 10 pensation between the negative contribution of electrons and
K is probably again due to the gold voltage probes. the positive contribution of holes. Much larger values of

thermopower are expected in optimally dopedype and

-type samples.
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