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We present a study of electronic transport in 200 nm diameter bismuth nanowire arrays embedded
in an alumina matrix where the nanowires are oriented preferentially with the trigonal crystalline
axis parallel to the wire length. The study is based on measurements of the resistance and
thermopower over a wide range of temperatures (4-300 K) as well as of magnetoresistance for fields
of up to 9 T. The Fermi energies are obtained from the Landau level spectrum; results show that the
wires have the intrinsic electron and hole concentrations. At high temperatures, the mobilities are
temperature dependent and the electron mobility is several orders of magnitude larger than that of
holes. This nanowire mobility behavior, which is also observed in the bulk, is attributed to
carrier-phonon scattering. At low temperatures, the mobilities are temperature independent and
roughly the same for electrons and holes. An interpretation in terms of boundary roughness
scattering is proposed. © 2008 American Institute of Physics. [DOI: 10.1063/1.3041491]

I. INTRODUCTION

Thin films and one- dimensional materials, such as nano-
wires (NWs) and nanotubes,'” have attracted considerable
attention in theoretical and experimental studies. Hicks and
Dresselhaus’ showed that electronic property modifications
induced by quantum confinement in NWs can be used to
overcome the solid-state heat-electric (thermoelectric) effi-
ciency barriers imposed by the physics of bulk materials.
Bismuth (Bi) is a well known thermoelectric material in its
bulk form,* which, having a long Fermi wavelength (A
~50 nm), exhibits strong quantum confinement effects in
NWs, i.e., a semimetal-to-semiconductor transition. There-
fore, the investigation of low dimensional Bi has become a
very active field.>™" The Fermi surface and electronic band
structure of bulk bismuth are shown in Fig. 1.

Even though the interesting quantum confinement effects
in Bi NWs occur for diameters d ~ N\, the first physical limit
that is reached is related to the mean free path (mfp) of the
charge carriers. When the NW diameter or film thickness is
less than the mfp, charge carrier scattering at the nanostruc-
ture boundary becomes comparable to intrinsic scattering,
and the scattering time and mobility of the charge carriers
are, in general, reduced. Thus, the electrical resistivity of the
material in the nanostructure will increase from the bulk
value. This is the finite-size effect of the resistance. Ni-
kolaeva, Huber, Gitsu, and Konopko (NHGK) recently pre-
sented a study of electronic transport in individual Bi NWs
whose diameter was large relative to the Fermi wavelength.15
NHGK’s study15 was based on measurements of the resis-
tance and thermopower of intrinsic and Sn-doped Bi single-
crystal individual NWs grown using the Ulitovski method
for various wire diameters in the range 150-480 nm. These
measurements were carried out over a wide range of tem-
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peratures (4-300 K) and magnetic fields (0-14 T). It was
found that the thermopower of intrinsic Bi wires in this di-
ameter range is positive (type p) below about 150 K, display-
ing a peak at around 40 K. This is in sharp contrast with the
typical situation in bulk bismuth. With the exception of tem-
peratures below 10 K,m_18 the thermopower of bulk Bi is due
to the difference in broadening of the Fermi distribution be-
tween hot and cold regions of the sample or diffusion ther-
mopower with the electron mobility, x, much larger than the
hole mobility, v; that is, the diffusive thermopower of bulk
Bi is negative or type n."*% The scattering mechanism in
bulk Bi is charge-phonon scattering.24 NHGK’s
measurements'> were interpreted in terms of the model of the
diffusive thermopower model, and as a result we obtained
the diameter-dependent, temperature-dependent mobilities of
electrons and holes. As far as finite-size effects, NHGK (Ref.
15) found that the carrier mobilities are limited by a
temperature-independent term that is roughly the same for
the two carriers. Although individual Bi NWs are ideal sys-
tems for transport and thermopower studies, most of the bis-
muth electronic transport studies have been carried out in
nanowire arrays (NWAs), and therefore, we are motivated to
investigate finite-size effects on the thermopower of NWAs.

Another motivation to study NWA is as follows. Bi NWs
are anisotropic. The anisotropy of the bulk physical proper-
ties of crystals has been discussed by Nye.25 In the case of
bulk Bi there are two electron mobilities w; and u; and two
hole mobilities v; and v;. Because of the crystalline orienta-
tion of the Ulitovski individual Bi NWs, their transport prop-
erties are dominated by w; and v;, the mobilities in the basal
plane. In contrast, the thermopower of the NWs in the NWAs
that we present in this work, whose crystalline orientation
with respect to the wire length is roughly perpendicular to
that of the individual Bi NWs, is dominated by wu; and v

© 2008 American Institute of Physics
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FIG. 1. (Top) The Brillouin zone for Bi, showing symmetry lines, which are
indexed in the hexagonal system, and planes. The three Fermi surface elec-
tron pockets (LA, LB, and LC) and the T-hole pocket are also represented.
The orientation of the trigonal wires is also indicated. (Bottom) Schematic
energy band diagram of bismuth showing the Fermi level and the energies of
the band edges of the electron and hole pockets. The energies are repre-
sented as a function of the longitudinal wavevector.

that are the mobilities across the basal plane. Therefore, the
present study allows us to cover a fundamentally different set
of mobilities than those studied by NHGK."

Heremans and Thrush® studied the thermopower of 200
nm Bi NWAs. In that investigation the undoped samples
show a type p behavior at low temperatures, which the au-
thors interpreted in terms of phonon drag, in sharp contrast to
the interpretation of the thermopower of individual NWs by
NHGK." The present article also seeks to clarify this issue.

It is expected that for NWs where d>M\p, as in the
present study, quantum confinement size effects are small.
For very small diameter wires confinement causes the ener-
gies associated with transverse motion to be quantized, and
the lowest energy level is increased, which results in an in-
crease in the overlap energy between electron and hole bands
Ey, 38 meV. For 200 nm wires, one expects AE,
~1-2 meV with AEO<E0.10 Our magnetoresistance mea-
surements include the observation of Shubnikov-de Haas
(SdH) oscillations, the analysis of which presents the addi-
tional benefit of allowing us to rule out unintentional doping
that can occur during the manufacture of the NWs.

J. Appl. Phys. 104, 123704 (2008)

A theoretical study of the finite-size effect in wires,
based on the work by Fuchs®® and Sondheimer?’ on thin
films, was presented by Dingle.28 He found that the effect
depends on d, mfp, and the specularity & of scattering pro-
cesses at the wire surface. This theory provides a basis for
interpretation of NW size effects in a wide range of cases
from bismuth NWs to copper NWs.?? However, this time-
honored approach to finite-size effects does not consider the
mechanisms for boundary-carrier scattering. In this ap-
proach, mfp and & are adjustable parameters. More recent
theoretical studies of boundary-induced scattering in thin
films by Calecki and co-workers™** indicate that the bound-
ary surface roughness at the nanoscale and the quantum-
mechanical properties of the charge carriers are important.
Roughness is sensed differently by quasiparticles according
to their de Broglie wavelength and therefore the size effect is
a quantum-mechanical phenomenon. The theoretical work
makes specific predictions about the dependence of the mo-
bility on carrier mass according to the roughness of the sur-
face. Specifically, under very general conditions, the mobili-
ties are independent of carrier mass. The trigonal Bi NWs in
the present investigation are very promising for exploring
this property because, for this orientation, the ratio of the
hole longitudinal mass to electron longitudinal mass is 35.
The issue of mass dependences has not been studied in other
NWs or films and our results may suggest strategies for
minimizing finite-size effects in nanostructures.

The paper is been organized as follows: In Sec. II, we
briefly describe the sample fabrication and characterization
processes. In Sec. III we present the procedure for the elec-
tronic transport and thermopower measurements as well as
the experimental results of electronic transport including
those results obtained using the SAH method. In Sec. IV we
present the result of our thermopower measurements as well
as a model of diffusion thermopower, which is based on a
model of mobilities in NWs. Section V presents a discussion
of the experimental results in terms of boundary scattering
theories. Section VI concludes and summarizes the paper.

Il. SAMPLE PREPARATION AND STRUCTURAL
CHARACTERIZATION

Bi NW arrays are fabricated by the template injection
technique as described in detail elsewhere.” The alumina
templates used in this work are sold commercially for micro-
filtration under the trade name Anopore (Whatman, Clifton,
NJ) and are made by the anodization of aluminum; they have
a 200 nm channel diameter. The template consists of an alu-
mina plate that is about 55 wm thick, which supports an
array of parallel, largely noninterconnected, cylindrical chan-
nels running perpendicular to the plate surface. Careful ex-
amination shows that the mesoscopic morphology of the
template is complex. The channel structure is slightly asym-
metric, with the channels tapering toward the plate surface
that was originally in contact with the aluminum metal. The
channel ends are also irregular on this side, over a distance of
about 2 um from the surface. The channels are funnel
shaped with channel diameters, on opposite sides of the an-
odic plate of 235*=30 nm and 31040 nm, after removal
of the 2 wm thick surface layer. Figure 2(a) shows a scan-
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FIG. 2. (Color online) (a) SEM top view of the 200 nm porous anodic
aluminum Anopore template. The electron energy is 4 keV. The alumina
appears as light areas; the dark areas are nanochannels. (b) SEM cross
section of a 200 nm (nominal) wire array. The wires appear as the light
areas; the dark areas are the insulating matrix. The very light area at the top,
which spans the width of the image, is the top of the array and consists of
bulk Bi; this layer constitutes the cap. The electron energy is 2 keV and the
magnification is 5000.

ning electron microscope (SEM) image of the template and
Fig. 2(b) shows a SEM image of a cross section of the NW
array sample. An x-ray diffraction (XRD) spectrum of a Bi-
NWA is shown in Fig. 3. The XRD spectra peaks were very
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FIG. 3. XRD spectra of a Bi NWA with a diameter of 200 nm (top) and of
bulk Bi powder (bottom). The inset shows the geometry employed for the
scans.
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FIG. 4. Resistance of the 200 nm (nominal) wire array and the resistivity of
a sample polycrystalline Bi material. The inset shows a schematic of the
arrangement of electrodes used for the transport measurements. The resis-
tance that results from our model is shown with dashed lines; this resistance
has arbitrary units as it is set to match the resistance of the NW at low
temperatures.

narrow, which indicated a long-range periodicity of the struc-
ture along the wire length. The positions of the observed
peaks corresponded within the experimental resolution (0.2°)
to those for the bulk, indicating that the rhombohedral crystal
structure of bulk Bi is preserved in the NWs. The appearance
of only a few peaks of the rhombohedral structure suggested
that individual wires are composed of highly oriented crys-
talline grains. The prominence of the (003), (006), and (009)
peaks relative to the (102) peak indicated that the crystal
grains are oriented with the trigonal axis along the wire
length, since the scattering geometry employed probes only
at interplanar distances along the wire’s length. We estimate
that any changes in the lattice parameters (Aa/a) would be
<1.7X1073. By comparison, the Bi NWAs by NHGK (Ref.
15) were oriented along a crystal direction perpendicular to
the (202) lattice plane, i.e., the wire axis lies along a trigonal-
bisectrix plane and close to the bisectrix.

lll. ELECTRONIC TRANSPORT RESULTS

Measurements of the zero-field resistance and of the
magnetoresistance of the samples were made in a cryostat
operating in a temperature range of 1.8—-300 K. Transport
measurements on the samples are essentially two-point mea-
surements, and the measured resistance contains a contribu-
tion from the resistance at the boundary between the contact
material and the Bi NW caused by the contact resistance of
the individual NWs that depends on the contact area and
also, effectively, on the number of wires that are contacted.
In the electronic transport studies we used two different ap-
proaches for minimizing the impact of contacts on the mea-
surements (thermopower will be discussed separately). In
one approach, the NWs are capped with a layer of Bi; a SEM
image of the boundary between the NWs and the bulk is
shown in Fig. 4. The contact resistance is small. A study of
the temperature-dependent resistance and magnetoresistance
of the capped samples shows that we achieve a residual (low-
temperature) contact resistance of 10™ () or less. This is
consistent with the single-NW results, taking into account
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FIG. 5. (Color online) LMR and TMR of the 200 nm (nominal) Bi wire
array as a function of magnetic field at low temperatures (2 K). The vertical
arrow indicates the 17 hole feature.

that the array consists of ~10% wires in parallel where the
resistance of the wires is estimated to be 2 k() based on the
bulk resistivity of Bi and the geometric parameters of the
individual NWs. The other approach is to make contact using
silver epoxy; these samples are termed “uncapped.” This
sample configuration is shown in the inset of Fig. 4. The
measured resistance of the sample was around 100 (), which
indicates that only a small number of NWs (~20) are con-
tacted. The low probability of contact with silver epoxy is
very well known.* Because of this feature, capped samples
are much preferred over uncapped samples for determination
of Bi NW resistance. Figure 4 shows the temperature-
dependent resistance, R(T), of the 200 nm sample with caps.

The magnetoresistance MR=[R(B)-R(0)]/R(0) for the
capped sample exhibits artifices related to current jetting in
the presence of a magnetic field. The appendix of Ref. 10
discusses this phenomenon. Therefore, we employ the un-
capped configuration to study the magnetoresistance. The
longitudinal magnetoresistance (LMR) is measured with the
magnetic field parallel to the wire length, while for the trans-
verse magnetoresistance (TMR) the field is perpendicular to
the wire length. Figure 6 shows the LMR and TMR at 1.8 K
for fields up to 9 T. Both the LMR and TMR increase with
magnetic fields. For higher magnetic fields, the LMR satu-
rates and becomes smaller than the TMR. In comparison,
capped samples show a broad maximum in approximately
the same magnetic field. These features can be interpreted in
terms of Chambers’ effect.**” At field values below a cross-
over field B, carrier scattering at the wire boundary domi-
nates, and the resistance is high. As the field increases and
the cyclotron diameter d, is less than the wire diameter (d,
<d), boundary scattering becomes ineffective and the resis-
tance decreases. According to the theory, the resistance of the
NW decreases, approaching a limiting value of R
=L/[o(T)A], where A=(7/4)d? is the cross-sectional area of
the NW and o(T) is the conductivity of bulk Bi. The mag-
netoresistance is therefore negative. However, if the NW ma-
terial has a nonzero, (bulk) positive LMR, the resulting LMR
shows a mixed behavior with a maximum occurring, very
roughly, for a magnetic field B,. In practice, any misalign-
ment results in a shift of the LMR maximum to higher fields.

Figure 5 shows that the LMR is decorated with SdH
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FIG. 6. (Top) Derivatives of the LMR and TMR of the 200 nm (nominal) Bi
NWA at various temperatures (as indicated) as a function of 1/B. The ver-
tical lines indicate the Landau levels. The dashed vertical lines indicate the
peaks of a sequence with a period of 0.31 T~!. Peaks are holes unless
explicitly indicated to be electrons. S stands for surface. For the LMR hole
LSs, n~ represents a doublet of n~ and (n—2)* except for the 1~ that is a
singlet; for example, the 2~ is accompanied by the 0*. (Bottom) 1/B index
of the peaks shown with vertical lines.

oscillations. The presence of SdH oscillation resonances is
more apparent in a plot of the derivative of the LMR versus
1/B. Figure 6 shows dLMR/dB and dTMR/dB for B
>(.7 T at various temperatures. SAH oscillations are caused
by the quantization of closed orbits also called Landau states.
As the magnetic field is increased, the energy of the Landau
states (LS), i.e., Landau levels, increases, and when one of
their values becomes equal to the Fermi energy, this level
starts being depopulated. The relaxation time for electron
scattering is temporarily increased at this field value, giving
rise to a dip in the magnetoresistance. The LMR data show a
number of minima and short-period oscillations. The SdH
minima corresponding to holes in a bulk Bi single crystal
were studied by Smith et al.*® and by Brown.”’ The accepted
value for the SdH period for hole carrier doublets in bulk Bi
P, (bulk) is 0.157 T~'. Recently, Bompadre et al.*® studied
the spin splitting of the peaks in this sequence. The period of
the peaks that we observe is Pj, (NWs)=0.12%£0.01 T~
Accordingly, the peaks that we observe can be indexed in
terms of quantum number and spin, as shown by Smith e
al.*® For example, the peak at 0.42 T~! is the 37, 1* pair.
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According to this correspondence, the strong feature at
0.125 T-!is associated with the 1-, which is a singlet at the
hole quantum limit (there are no hole LS eigenstates at
higher magnetic fields). This feature can be observed in the
LMR shown in Fig. 5 directly, where it is indicated with a
vertical arrow.

At high temperatures and low magnetic fields the hole
SdH oscillations continue as a sequence of peaks with a pe-
riod of approximately 0.31+0.02 T~'. This sequence is
more clearly observed for 7=10 K. A plausible origin for a
SdH period of 0.3 T~! may be that our NWs have a distri-
bution of angles relative to the Anapore surface normal and
therefore with respect to the magnetic field. If the degree of
misalignment is as high as 20°, electron SdH oscillations,
which have a reported period®” of 0.30 T~', should be ob-
servable. This is consistent with the degree of misalignment
of the NWs as shown in Fig. 2. The misalignment is prob-
ably compounded by the difficulty in exactly aligning our
small samples in the applied magnetic field. Assuming that
there is a distribution of orientations, we can correct our
estimate of the confinement-induced decrease in the SdH
hole period. The angular variation of the hole periods in the
binary plane has been measured,” and for a distribution of
angles between 20° and —20° around the trigonal direction,
the average hole period is 0.152 T~!. Therefore, since the
observed holes’ SdH period is 0.122 T~!, the value for the
shift of period of the LMR, AP, is —0.03 with a deviation
of £0.01 T~! from the expected value for bulk Bi.

Figure 6, top, also shows the derivative of the TMR for
B>0.7 T at 1.8 K with a number of short-period oscillations
that are indicated with vertical lines. There are two main
sequences for B~'<0.22 T~! and for B~'>0.53 T~!, which
are characterized by periods P, (NW,1)=0.025 T~ and
P;,  (NW,2)=0.048 T, respectively; the former sequence
is very noisy. The 0.13 T~!' long period observed in the
range 0.22—0.53 T~! is the beating of the two short periods.
The TMR SdH for hole carriers in a bulk Bi single crystal
have been studied.’****" The accepted value for the SdH
period for hole carriers in bulk Bi, P, is 0.046 T-!. The
hole SdH period for B near the perpendicular to the trigonal
axis (C3) is not a sensitive function of angle (because spin
splitting increases for orientations away from the binary-
bisectrix plane) as in the LMR case. The sequence with a
period of 0.025 T~! could be interpreted in terms of an elec-
tron contribution in NWs in the array that are aligned so that
the binary axis is parallel to the magnetic field. This signal
was observed by Smith et al.*® Alternatively, the 0.025 T~!
can be interpreted also in terms of surface states. '

The hole SdH periods differ from the accepted value for
bulk Bi, as follows. From Fig. 6 the hole Fermi surface can
be interpreted in terms of the ellipsoidal model. The hole
number density for an ellipsoidal Fermi surface is given by
the equation10

p= (8/3771/2)q’o_3/2(Ph,uPh,l2)_m’ (1)

where ®y=hc/e. As previously noted, for bulk single-crystal
Bi, P,;=0.157 T~! (BIIC3) and P, =0.045 T~' (BLC3).
Therefore, one finds p=3.0 X 10'7/cm?. For our NWs, where
P;,;=0.122 T-' (BIIC3) and P, =0.048 T~' (BLC3), we

J. Appl. Phys. 104, 123704 (2008)
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FIG. 7. Thermopowers of the Bi NWAs and single-crystal Bi samples ori-
ented with C3 parallel to the temperature gradient as a function of tempera-
ture. The data corresponding to single NWAs and stacks formed with three
NWAEs in series are indicated. The data for individual Bi NWs are adapted
from Ref. 15. The thermopower of single-crystal Bi NWs with C3 L AT was
adapted from Ref. 20. The inset shows the setup employed for our ther-
mopower measurements, which is of the anvil type. AV indicates the volt-
meter that is used to measure the thermoelectric voltage generated by the
temperature difference between T} and T.qq.

find that p=3.15£0.3X 10'7/cm3. Therefore, within the
margin of error, p is not modified by quantum confinement.
In our previous study10 of Landau levels in NWAs, p was
found to decrease slightly, by 13%, consistently with quan-
tum confinement. Also, in Ref. 13, it was observed that the
hole Fermi surface ellipsoid was less anisotropic in NWs.
Here we observe the same trend.

In this section we have shown that the samples have well
developed SdH oscillations, which are only observed in bulk
Bi samples of high quality. Qualitatively, such a case indi-
cates that the samples have very high intrinsic mobility, since
Landau states can be understood as circular orbits, whenever
carriers avoid collision with the walls.*’

IV. THERMOPOWER RESULTS AND MODEL

A discussion of the relevance and shortcomings of ther-
mopower as an experimental probe is found in Ref. 41. The
inset in Fig. 7 illustrates the experimental setup. This device
was mounted in a closed cycle refrigerator with a tempera-
ture range from 4 K to room temperature. NWA samples,
which were a fraction of a millimeter thick and with a sur-
face area ~1 mm?, were contacted through the anvil pieces
using In foil or silver paint as an interface material. The
heater allowed us to create a temperature difference between
the two electrodes and therefore between the two ends of the
wires. Figure 7 presents our data for the thermopower « as
well as data from other sources. a=AV/AT, where AV is the
electric potential generated across the NW in response to
temperature difference AT=T,,—T.,q between the NW
ends. During experimental runs we simultaneously measure
a and R as a function of temperature in the range 4-300 K
for B=0 and for B=0.4 T. The measurements in a magnetic
field allow us to verify the resistance of the samples. As a



123704-6 Huber et al.

check, the thermopower of a single crystal of high purity Bi
(ATIIC3) was measured with the same method. The results
are also shown in Fig. 7; our measurements agree with pre-
vious determinations of the thermopower of bulk Bi in this
orientation.” There are two important features common to
all the 200 nm NWA samples that we have measured. First, «
is positive at low temperatures. It changes sign from negative
to positive between 100 and 200 K, and it exhibits a peak at
around 50 K. Second, we found that the thermopower at
room temperature was close to that of bulk Bi for the crys-
talline orientation of the NWs. Our measurements are not
unlike the measurements of 200 nm Bi NWAs by Heremans
and Thrush,® where the thermopower of 200 nm pure Bi
NWAs was found to be negative for 7>40 K and positive
for T<40 K, and a small positive peak (31 uV/K) was
observed at intermediate temperatures at around 20 K. How-
ever, in our measurements, the positive maximum is more
pronounced. In this regard the thermopower of 200 nm
samples is similar to that for individual Bi NWs.'?

The resistance and thermopower effects that we observe
are interpreted together, on an equal footing, in terms of size
effects within the framework derived from the Boltzmann
equation. In this framework, the resistance and thermopower
are functions of the carrier’s densities and mobilities. To this
formal framework, we incorporate our knowledge of the car-
rier’s densities and a simple model of the NW carrier’s mo-
bilities, which takes into account the restriction to the mfp by
the boundaries.

The phenomenological theory of low-field galvanomet-
ric effects in Bi in terms of carrier density and mobilities is
derived from the Boltzmann equation42 with Ohm’s law
holding for the resistivity tensor. This tensor must be invari-
ant under the point symmetry operations of the crystal. This
condition restricts the number of nonzero elements in the
resistivity tensor to 6, and the number of independent and
large components of the mobility tensor for electrons and
holes to 3 and 2, respectively. u;, u,, and u; are electron
mobilities, and v; and »; are the hole mobilities. The resis-
tance, as well as the thermopower, of a macroscopic long
cylinder of Bi obeys the Thomson—Voigt relation as pre-
sented by Gallo et al®® For instance, R=R | sin®> B
+R, cos® B. Here B is the angle between the cylinder axis
and the trigonal direction, and | and || denote cylinder ori-
entations perpendicular and parallel to the trigonal axis. Be-
cause the NWs are oriented preferentially along the C3 axis,
our case is simple and corresponds approximately to the par-
allel one. From Ref. 42, the partial conductivities of elec-
trons o,(=1/p,) and holes o,(=1/p,) are

o, =enps 2)

and

o) =epus, (3)

where n and p are the electron and hole carrier densities,
respectively. Here p=1/(o,+03). In the diffusive case, we
find that the thermopower, a scalar, is an average of the par-
tial thermopowers of electrons and holes, weighted accord-
ing to the partial electric conductivities
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a= (aeo-e + aho-h)/(o-e + O-h)» (4)

where «, and «;, are the partial thermopowers of the elec-
trons and holes, and @, <0 and «;,>0. The sign of the partial
thermopower is related unambiguously to the sign of the
charge of the carriers, and consequently the thermopower is
instrumental in establishing the type of conductivity (type n
or type p).

The values of the partial thermopowers can be calculated
from the electron and hole band parameters. We have shown
that confinement introduced only small modifications in
these parameters from the bulk values, and we will use the
band parameters from bulk Bi. Askerov obtained the partial
electron and hole thermopowers for a degenerate semicon-
ductor in the Boltzmann approximation for isotropic para-
bolic bands.*”® These are given by

kxm*T (E% +2E}) 4
=7\ 30 (r+1)E€(EL+E€)_(EL+2Ee)’
F\*~g F g F
B kéan)[(rH)}
ah_( 3e EL | )

where r is the exponent of the temperature dependence of the
phonon part of the resistance. E§= 15.3 meV is the
L-electron-hole gap. Further, E%=27 meV and Efé
=11 meV are the electron and hole Fermi energies. The par-
tial thermopower expressions apply in the nondegenerate
case, where kg7 is much less than the Fermi energies.

Heremans and Hansen®® derived a different expression
for a, for the case of the NWs, where scattering on the wall
dominates.

(k%ﬂTZT) (E-+2E%)
a,=— .
¢ 3¢ )Ef(E;+Ej)

(6)

Taking the values appropriate for bulk Bi, r:%, and using
Eq. (5), we find «@,=-0.81+0.1 TuV/K> and a,
=339+03 T uV/K% According to Eq. (6), a,=
—-1.48+0.1 T wV/K?. The errors are related to the uncer-
tainty regarding the Fermi energies.

The rest of this section deals with the interpretation of
resistance and thermopower size effects in terms of a simple
model of mobilities. In this model, the carrier mobility has a
mixed behavior; at high temperatures, the mobility increases
for decreasing temperatures similar to the bulk, and at inter-
mediate temperatures the mobility saturates, becoming a
constant at low temperatures. The total carrier mobility in
NWs by various scattering processes can be described as
follows:

pyY = (s + ) (7)
AV 2 G ) ®)

where iV and 1} are the NWs’ electron and hole mobili-
ties, respectively. The electron and hole mobilities of bulk Bi
have been determined.”*** At 77 K, #3=39 m?> V~!'s7! and
v3=0.56 m2 V' s, In bulk Bi, mobilities increase for de-
creasing temperature as 7' achieving, at 4 K, values of
13=6800 m? V™! s™hand v;=350 m? V~!' s7!. u, and v, ac-
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FIG. 8. Temperature-dependent electron u; and hole v; mobilities in the
model based on Egs. (2)=(8). w,=3.5 m>V~'s7! and »,=1.5 m?> V-'s7L.
As indicated, solid lines correspond to 200 nm NW and dashed line to bulk
Bi.

count for the boundary scattering of electrons and holes, re-
spectively. In this way, surface effects can be discussed with-
out specific reference to, but including, specular boundary
scattering that is parametrized by the specularity coefficient.
This simple model of mobilities, implicit in Egs. (2)—(8), was
found to be useful in the interpretation of individual Bi NW
data by NHGK."

The resistance and thermopower data for 200 nm wires
in Figs. 4 and 7 are fitted by w,=3.5 m?>V~!'s7! and ,
=1.5 m? V7! s7!. Figure 8 shows the temperature-dependent
mobilities according to this model. At high temperatures, the
bulk contribution to x and v becomes dominant, u> v, and
the thermopower is negative and roughly equal to that of
bulk Bi (as observed). At room temperature, the resistance of
the NWs is roughly equal to that calculated from the bulk Bi
resistivity; this is also consistent with our data. Since the
results of our model for Bi NWs indicate that the total mo-
bility of holes approaches that of electrons at low tempera-
tures (T<<80 K), the peak of the thermopower, at around 40
K, is associated with the interplay between bulk and surface
contributions to the mobility. We note that the model repro-
duces the anomalous inflection point near 50 K in the tem-
perature dependence of the resistance.

V. DISCUSSION IN TERMS OF BOUNDARY
SCATTERING THEORIES

Although our thermopower measurement results are
roughly consistent with those by Heremans and Thrush,® our
interpretation with a diffusion thermopower model is a sharp
departure from their interpretation in terms of phonon drag.
Considering experimental errors and the simplicity of our
model, our interpretation is strengthened by the simultaneous
fit to the thermopower data and the essential features of the
resistance. It indicates that mobility limitations posed by
hole-boundary scattering are much less severe than those due
to electron-hole scattering. For temperatures below the ther-
mopower maximum, since the carrier density is temperature
independent, a=(a,up+a,v,)/(up+v,) and the ther-
mopower is linear with temperature, as observed.

Finite size effects appear when d<mfp. Heremans et
al* presented the expression for the electron and hole mfp.
This expression can be written as
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mfp, = (h/e) X &?, )

Nr
where Np=27/k}. k7, the Fermi momentum of electrons for
this NW, is [2m,y(E$)]"?/ . y(E;)=E2(1+E;/E§) corrects
the electron Fermi energy to take into account nonparabolic-
ity effects. The corresponding expression for the hole mfp is

mfpy, = (hle) X =, (10)
Nk
where Ni=h(2ME})™"? and M, is the longitudinal hole
mass.

The quasiparticle, longitudinal and cyclotron, masses of
the NWs are the same ones that would be obtained for a bulk
single crystal with the same orientation. We know this be-
cause the Fermi surface parameters were measured for our
NWs and found to be the same as for the bulk (see Sec. III).
The subject of Bi carrier masses has been discussed
c:xte:nsive:ly.36’42 For the samples in the present work, the hole
longitudinal mass M, is 0.69 and the electron longitudinal
mass m; is 0.02. The cyclotron electron m,. and hole M,
masses are 0.065 and 0.067, respectively, that is, approxi-
mately the same. The masses are normalized with respect to
the value of the free electron mass. We find A7=31 nm and
)xfé: 14 nm. As indicated in Sec. IV, in bulk Bi, at 4 K,
values of w3;=6800 m> V~!s™! and ;=350 m?>V~!'s!
were achieved. Using expressions (9) and (10), one finds that
the low-temperature mfps of electrons and holes in bulk Bi
are 1.3 mm and 100 wum, respectively.45 For the 240 nm
individual Bi NWs in Ref. 15, with a hole mobility of
50 m?> V~'s7!, we find mfp,=3 wm. For the 200 nm Bi
NWs here, we find mfp,=0.4 um and mfp,=0.5 um.
Clearly, for both holes and electrons mfp>d, which appears
at first glance to be an unphysical result. This may be ex-
plained by specular boundary scattering, that is, € >0, within
the Fuchs—Sondheimer approach and for carrier mfp much
smaller than that of the carrier in the bulk. In this case, an
increase in € has the effect of increasing the conductivity and
mobilities, and consequently [see Egs. (9) and (10)], the mfp.
Still, considering the diverse models of size effects that have
been proposed, this interpretation in terms of & is prelimi-
nary, at best, because it does not consider the mechanism for
scattering.

The weak dependence of the boundary mobility on qua-
siparticle mass that we observe can be interpreted in terms of
Fishman and Calecki***! theory of boundary roughness scat-
tering and Bergmann’s diffraction theory.32 Fishman and
Calecki®®! assumed that N>, where ( is the correlation
length describing the surface roughness. Bismuth NWs fall
in the metallic case since the number of subbands open for
conduction, N, is much greater than one. N~ (3n/m)'3d
=15 for 200 nm NWs. In the metallic case, for a single
pocket with parabolic dispersion, Fishman and Calecki®”!
found that the conductivity for a given n, and therefore the
mobility, is independent of both the cyclotron mass (the cy-
clotron mass is hidden in N and the Fermi wavevector of a
channel kp) and the longitudinal mass of the carriers.
Bergmann32 found that the limiting mfp is W?/\ where W is
the film width and A is the Fermi wavelength. We believe
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that the N\ should be calculated from the longitudinal mass,
and not the cyclotron mass, because it is this mass that is
involved in wavelike propagation forward into the film.
Therefore, it is simple to show using the relation between
mobility and mfp [Egs. (9) and (10)] that in our framework,
Bergmann’s™ result is that the mobility is independent of
longitudinal mass, same as by Fishman and Calecki. !

Our detailed analysis of our experimental results for the
dependence of the mobility on the longitudinal masses is as
follows. In our case, the case of trigonal Bi NWs, the three
electron pockets in the Fermi surface are equivalent and the
ratio of the hole longitudinal mass to electron longitudinal
mass is 35. The ratio w,/ v, of the electron and hole mobili-
ties in the experiment, which are wu,=3.5 m?> V~!'s™! and
1,=1.5 m?> V-!'s7!, is only 2.3 (in comparison, in bulk Bi
3/ v3~30). Therefore, we find that the mobilities depend
very weakly on longitudinal mass in qualitative agreement
with both the theory of Fishman and Calecki®®*! and that of
Bergmann.32 However, neither of these theories of boundary
scattering can account for the observations quantitatively
since in these theories the mobilities are completely indepen-
dent of mass, and therefore of the Fermi wavelength, which
is contrary to the experiments because we observe a small
deviation, (u,—v,). A possible explanation is that the in-
equality N> { is not satisfied; in other words, the spectrum
of roughness is not flat. Regarding an estimate of the extent
of the roughness in our NWs, we have examined cross sec-
tions of NWAs in SEM images of the type shown in Fig. 2.
We do observe various irregularities that qualify as rough-
ness within the experimental resolution that is 30 nm. More-
over, Fishman and Calecki®®?! pointed out that, in some ex-
periments where a significant surface roughness scattering is
observed in the conductivity, topographic examination of the
surface reveals it to be rough only at the atomic scale.

A computer model study of the charge carrier mobility in
Si NWs with rough surfaces has been presented; it was found
that the mobilities are weakly dependent on the carrier
type.46 Our results may suggest strategies, based on the
Fermi surface properties of the conductors, for minimizing
finite-size effects in the electrical resistance of submicron
metal interconnects of semiconductor devices. Our results
are also relevant in the field of solid-state heat-to-electric
energy conversion since finite-size effects promote, indi-
rectly, thermopower size effects.

Our model, in particular, Egs. (7) and (8), assumes the
validity of Matthiessen’s rule and this validity has been ques-
tioned for surface roughness scattering.47 However, Egs. (7)
and (8) are simply an artifice to model mathematically the
switching between the low-temperature and the high-
temperature regimes.

VI. SUMMARY AND CONCLUSIONS

We present an experimental study of size effects on elec-
tronic transport in Bi NWs. Resistance, magnetoresistance,
and thermopower of bismuth NWs were measured. Numeri-
cal simulations of the resistance and diffusive thermopower,
taking into account both bulk and surface boundary scatter-
ing processes, allow us to extract the electron and hole
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charge carrier mobilities from our data. The temperature-
independent term that limits the carrier mobility is obtained
and the issue of the mass dependence of boundary scattering
is addressed experimentally. The weak dependence of the
boundary mobility on quasiparticle mass that we observe is
interpreted in terms of Fishman and Calecki’s™! theory of
boundary roughness scattering and Bergmann’s32 diffraction
theory.
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