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Quantum size effect (QSE) in Bi nanowire is theoretically predicted to decrease band overlap

energy resulting in semimetal-to-semiconductor transition. However, this effect has been rarely

demonstrated on transport properties because of carrier-surface scattering and charge carriers

induced from surface states of Bi. We report QSE on Shubnikov-de Haas (SdH) oscillations in a

single-crystalline Bi nanowire with a diameter of 100 nm. The variation of intrinsic properties

estimated using SdH oscillations indicates that the subband energy shift due to QSE. The enhanced

effective mass of the electrons is consistent with the theoretical prediction pertaining to strong

electron-hole coupling of Bi. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896543]

Low-dimensional nanostructures are considered to be

promising thermoelectric performance-enhancing materials

due to quantum size effects (QSE).1–17 In particular,

one-dimensional nanowires based on bismuth (Bi) have been

intensively investigated for the enhancement of thermoelec-

tric performance based on semimetal-to-semiconductor

(SMSC) transitions.3 This phenomenon originates from the

unusual physical properties of semimetal Bi such as long

Fermi wavelength (�70 nm) and small effective mass

(�0.001 me) of charge carriers.3–5 On the basis of carefully

calculated band-edge energies in Bi nanowires, previous

studies have reported that the subbands energy shift for the

L-point electron pockets due to QSE begins to occur for

diameters of approximately 400 nm,3 and the band gap open-

ing between the L- and T-point subbands (SMSC transition)

leads to an increase in the thermoelectric figure of merit

(ZT¼ S2rT/j, where S, r, T, and j are the Seebeck coeffi-

cient, electrical conductivity, temperature, and thermal

conductivity, respectively) as the diameter decreases.3,4

However, the reported thermoelectric properties of Bi nano-

wires, such as S and r, have not exceeded the values for bulk

Bi.6–9 The small S and r are attributable to a finite size effect

of the nanowire structure; meanwhile, a decrease in the

mean free path (MFP) of carriers is due to carrier-surface

scattering.9 Moreover, the subband energy shift leads to an

increase of the electron effective mass owing to strong cou-

pling between the valence and conduction band of electron

Fermi pockets of Bi.3,4,10 This increase of effective mass

causes the critical nanowire diameter, below which the

SMSC transition occurs, to decrease from 50 nm to 30 nm.3,4

To observe these effects experimentally, studies on the

carrier transport properties of Bi nanowires were performed

in array-type6,9,11–15 and individual5,17–20 nanowires. In these

previous studies, magneto-transport experiments, including

Shubnikov-de Haas (SdH),9,14,15,18,19 Ahronov-Bohm (AB)

oscillations,16 and universal conductance fluctuation

(UCF),17 could be useful tools to investigate the nanowire

structures. SdH oscillations, in particular, are a powerful

means for estimating the intrinsic properties of carriers near

the Fermi level such as carrier density, mobility, and quasi-

particle effective mass.14,15,18,19,21,22 However, previous

studies using SdH oscillations have failed to exhibit direct

signatures of the subbands energy shift originated from QSE.

First, a quantitative analysis for the array-type nanowire

samples was difficult owing to random orientation of the

nanowires with respect to the applied magnetic fields.

Second, in the studies for an individual Bi nanowire, the

diameter of the measured nanowires was not sufficient to

observe the subbands energy shift. The SdH oscillations

reported in 400 nm Bi nanowire showed that the periods of

SdH are significantly similar to the values of bulk Bi, which

reflects that the Bi nanowires have bulk-like properties above

the diameter of 400 nm as reported in the theoretical predic-

tion.18,19 Other SdH experiment performed with small diam-

eter Bi nanowire (<50 nm), the transport properties were

reported to be dominated by the surface state of Bi when the

nanowire diameter was reduced to 45 nm.16 Despite the fact

that the 45 nm nanowire diameter is close to the theoretically

predicted critical diameter (�30 nm) for the SMSC transi-

tion, the change in the intrinsic transport properties of Bi

nanowires has not been clearly demonstrated owing to

the metallic surface states.17 Therefore, the intermediate

diameter region (50< d< 200 nm) is preferred candidate for

clearly studying the variation of intrinsic properties due to

the subbands energy shift.

In this work, we studied the SdH oscillations in an indi-

vidual single-crystalline Bi nanowire with a diameter of

100 nm in an effort to investigate changes of the intrinsic

properties of a Bi nanowire with diameters of a certain range

that cause the subbands energy shift without the surface

states effect. The intrinsic properties such as effective mass

and carrier density were estimated by analyzing the period

and amplitude of the SdH. In particular, the estimated effec-

tive mass was found to be significantly larger than the value
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predicted by theoretical studies considering QSE and

electron-hole coupling.3,4 We also discuss the correlation

between the increase in the effective mass and the Seebeck

coefficient with decreasing diameter to interpret the reported

small Seebeck coefficient of Bi nanowires.

We have investigated the intrinsic transport properties

of single-crystalline Bi nanowires grown using the on-film

formation of nanowires (OFF–ON) method.20,23 The growth

method and device fabrication process are described in

detail elsewhere.17–20 To summarize briefly, a 50-nm-thick

Bi film was deposited on a thermally oxidized Si (100) sub-

strate using a radio-frequency sputtering system at room

temperature, with a deposition pressure of 2� 10�3 Torr.

The Bi thin film was annealed to grow nanowires at 250 �C
for 5 h using a custom-made vacuum (10�7 Torr) furnace.

The single-crystalline Bi nanowires were spontaneously

grown on the Bi thin film to release a stress induced by ther-

mal expansion mismatch between the Bi thin film and

silicon oxide layer.20 The low-magnification transmission

electron microscopy (TEM) image shows a Bi nanowire

with a diameter of 100 nm, which was grown along the

[100] direction of a hexagonal cell with an oxide layer of

10 nm thickness (Fig. 1(a)). The rhombohedral structure of

Bi can be defined as a Cartesian coordinate system with

binary, bisectrix, and trigonal axes.13 As shown in Fig. 1(b),

the direction of [100] in a hexagonal cell coincides with the

binary axis in the reciprocal lattice, and is perpendicular to

the orientations of a single hole and one-electron Fermi sur-

face pockets, which are trigonal axis and 6.5� tilted from the

bisectrix axis, respectively.19,24 A high-resolution TEM was

used to analyze the crystalline structure of the Bi nanowire

(Fig. 1(c)). The TEM sample was prepared by slicing the

wire normal to the growth direction using a focused ion

beam (FIB). The separation of the lattice fringes of the Bi

nanowire (3.96 Å) are consistent with a lattice plane spacing

of the (003) plane with a lattice constant of 11.88 Å, which

is approximately equal to that of a bulk Bi crystal

(c¼ 11.862 Å; JCPDS card no. 85–1329).25 The correspond-

ing selected-area electron diffraction (SAED) pattern

obtained on the [100] zone axis confirmed that the Bi nano-

wire is a high-quality single-crystal with growth direction

along [100] (Fig. 1(d)).

To fabricate an individual nanowire device for the mag-

netoresistance (MR) measurements, the Bi nanowires were

dispersed by direct contact of as-grown nanowires substrate

on a thermally oxidized Si substrate. Four-terminal electro-

des were defined using electron-beam lithography and Cr

(5 nm)/Au (150 nm) metallization was performed using a DC

sputtering system. To obtain ohmic contact between the Bi

nanowire and the electrodes, an inductively coupled Ar

plasma etching technique was employed.17–20 All measure-

ments were performed using a commercial cryostat equipped

with a 9 T superconducting magnet (PPMS, Quantum

Design, USA) with variations in temperature and magnetic

field ranging from 1.8 to 12.4 K and 0 to 9 T, respectively.

Figure 1(e) shows the nanowire device used for the MR mea-

surement based on the 100-nm-diameter Bi nanowire and

two different magnetic field geometries: Transverse and

longitudinal. Since the Bi nanowire grew along the [100]

direction, the magnetic field can be aligned precisely

with the binary axis in the longitudinal geometry. In the

transverse geometry, however, we expect a larger uncer-

tainty in the alignment between the magnetic field and a spe-

cific crystallographic axis due to the orientation mismatch

induced during the nanowire dispersion process.

Figure 2 shows the MR of the device measured with

magnetic fields ranging from 0 to 9 T in two different geome-

tries: (a) transverse and (b) longitudinal. The transverse MR

monotonically increases up to 300% with increasing mag-

netic field at 1.8 K (Fig. 2(a)). The overall MR with respect

to magnetic field follows that of typical nonmagnetic metals,

where the MR is positive and proportional to the cyclotron

orbit xcs, (xc and s are the cyclotron frequency and relaxa-

tion time, respectively).26 The MR is roughly temperature-

independent from 1.8 to 12.4 K, indicating that the MFP

approaches the impurity-limited value.

For the longitudinal geometry, the measured MR exhib-

its a non-monotonic behavior as the magnetic field increases,

FIG. 1. (a) A low-magnification TEM image of a 100-nm-diameter Bi nano-

wire grown along the [100] direction. (b) Schematic of the three-electron

and single-hole Fermi surface pockets of Bi. (c) A high-resolution TEM

image obtained in the sliced Bi nanowire normal to the growth direction

using a FIB. (d) An electron diffraction (ED) pattern of the sliced Bi nano-

wire with the [100] zone axis. (e) A scanning electron microscope (SEM)

image of the four-terminal device with a 100 nm Bi nanowire.
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as shown in Fig. 2(b). This behavior can be explained by a

quasi-classical effect involving the surface wall scattering

that occurs when the magnetic field is smaller than the

Chambers magnetic field, Hc¼U0kF/pd, where U0¼ hc/e (h
is Planck’s constant) and kF and d are the Fermi wave vector

and wire diameter, respectively.14,15 The orbit diameter of

the Landau level is the same as the nanowire diameter at

H¼Hc. When H<Hc, the large Landau level orbit diameter

causes an increase in MR due to surface scattering.

Conversely, the MR decreases in the case of H>Hc owing

to the reduction of surface scattering, and ballistic transport

of carriers in the direction of magnetic fields parallel with

the transport direction in the longitudinal geometry. For the

100-nm-diameter Bi nanowire, Hc was found to be �2 T,

which is less than the observed crossover field of �3 T but is

in good agreement with the diameter dependency of Hc

when taking into account the 10-nm-thick oxide layer.14,15,19

Therefore, we expect that SdH oscillations can be observed

when a magnetic field larger than Hc is applied in the longi-

tudinal configuration.

Figure 3 shows the SdH oscillations of the 100-nm-di-

ameter Bi nanowire in the transverse (a) and longitudinal

(b) geometries, which was obtained by subtracting the MR

data at 12.4 K, i.e., MR(T) – MR(T¼ 12.4 K). The SdH

oscillations have a periodicity related to the Fermi surface

pocket in the inverse magnetic fields, where the period is

given by27

D
1

H

� �
¼ 2p

�hcA
; (1)

where A is the cross sectional area of the Fermi surface

pocket perpendicular to the magnetic field. When there are

several Fermi surface pockets in the Brillouin zone, as for

Bi, each period is overlapped in SdH oscillations. In the

transverse geometry, the two different oscillations were

found to be 0.144 (60.02) and 0.148 (60.006) T�1 of the

period. Note that although the error range of 0.144 period is

significantly large compared to the difference between

the two periods, it is possible to distinguish them by their

different amplitudes. For example, because the mobility of

electrons is larger than that of holes in Bi, the period which

has larger amplitude (0.144 T�1), must originate from elec-

tron pockets.27 The large error size of the electron period is

due to the moment of the Fermi level, which leads to a

reduction in the period for high magnetic fields.27,28 Owing

to the symmetry of electron pockets in the transverse config-

uration, as shown in the inset of Fig. 3(a), the periods for the

hole and electron pockets are estimated to be D(1/H)T,e1

�D(1/H)T,e2�D(1/H)T,e3� 0.144 T�1 and D(1/H)T,h

� 0.148 T�1. The period of electron (hole) pockets is slightly

larger (smaller) than the minimum (maximum) period of

0.135 T�1 (0.16 T�1)27,29 because the alignment of the mag-

netic field to a specific crystallographic orientation is diffi-

cult to achieve for the nanowire structure. Conversely, the

FIG. 2. MR of the 100-nm-diameter Bi nanowire in (a) the transverse geom-

etry at T¼ 1.8, 3, 5, 7, 10, and 12.4 K and (b) the longitudinal geometry at

T¼ 1.8 K. The insets of (a) and (b) show the orientation of the applied mag-

netic fields with nanowire direction for the transverse and longitudinal

geometries.

FIG. 3. SdH oscillations of the 100-nm-diameter Bi nanowire as a function

of inverse magnetic field 1/H, displayed as (a) MR(T) – MR(T¼ 12.4 K) in

the transverse geometry and (b) MR (T¼ 1.8 K) in the longitudinal geome-

try. The indicators, n and (n), represent the origin of each SdH peak, electron

and hole, respectively. The insets show schematics of the Fermi surface

pockets along the orientation of magnetic field.
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longitudinal magnetic field can easily be aligned with the bi-

nary axis using the long axis of the nanowire. In the longitu-

dinal geometry, there are three different cross sections (Ah,

Ae1, and Ae2¼Ae3) of Fermi surface pockets, as illustrated in

the inset of Fig. 3(b). However, two different periods for the

SdH oscillations have been extracted, since the cross sections

of e2 and e3 pockets are too small to contribute to SdH oscil-

lations in the 100-nm-diameter nanowire. The period of the

smallest pocket along the binary axis is larger than 0.8 T�1,

which is over 1/Hc¼ 0.5 T�1.27 Therefore, the periods of the

e1 and h pockets are found to be D(1/H)L,e1� 0.159

(60.006) T�1 and D(1/H)L,h� 0.075 (60.001) T�1, respec-

tively, which are in good agreement with that of a 400-nm-

diameter Bi nanowire (0.16 and 0.074 T�1)19 and a Bi thin

film (0.17 and 0.08 T�1).27 This indicates accurate alignment

of the longitudinal magnetic fields with the long axis of the

Bi nanowire grown along the binary axis. Table I represents

the magnetic field of the SdH minima and its origin. We esti-

mate the carrier concentrations using the period of the SdH

oscillations, which is given by18,30

n ¼ 1

3p2

2e

�h

� �3=2
1

D 1=Hð Þ?D 1=Hð Þ?D 1=Hð Þk

 !�1=2

; (2)

where D(1/H)? and D(1/H)k are the periods of the SdH oscil-

lation for magnetic fields perpendicular and parallel to the

major axis of the Fermi pocket, respectively. For the parallel

magnetic fields of the electron pocket, the cross sectional

area, Ak is too small to obtain D(1/H)k.
27 As a result, the con-

centration of electrons can be expected to be smaller than the

estimated value 2.81� 1017 cm�3, which is calculated using

D(1/H)T,e and D(1/H)L,e. In the case of holes, D(1/H)? and

D(1/H)k are considered to be D(1/H)L,h and D(1/H)T,h,

respectively. The concentration of holes was found to be

1.96� 1017 cm�3. The estimated concentrations of electrons

and holes are small compared to the carrier concentration of

bulk Bi, n¼ p¼ 3.7� 1017 cm�3.26

Furthermore, using the temperature dependence of the

SdH oscillation amplitude, we are able to extract the cyclo-

tron effective mass of carriers, mc
*.13 The amplitudes, AMP

(T) of the SdH oscillations are plotted as the ratio of that at

two different temperatures and fitted by21,22

AMP H; T1ð Þ
AMP H; T2ð Þ ¼

T1sinh
2p2kBT2m�c

�heH

� �

T2sinh
2p2kBT1m�c

�heH

� � ; (3)

using m*c as a fitting parameter. Figure 4 shows the fitted

results for the ratio of the amplitudes, AMP(1.8 K)/

AMP(10 K) and AMP(3 K)/AMP(10 K) using electron SdH

oscillations in the transverse geometry. To compare the esti-

mated cyclotron effective mass of the Bi nanowire, we calcu-

lated the cyclotron effective mass of bulk Bi using the

effective mass tensor3

m�c ¼
det Me

l̂Me l̂

� �1=2

: (4)

Here, Me is the electron effective mass tensor and l̂ is the

unit vector along the nanowire direction. The cyclotron

effective mass of the electron calculated using Eq. (4) in the

binary axis of bulk Bi is 0.0118 m0.13 However, the calcu-

lated value is an approximation of three electron Fermi pock-

ets in the binary axis. Since the cyclotron effective masses of

the three pockets can vary depending on the direction of the

magnetic fields, we should take into account the effective

mass tensors of the three different pockets. In the nanowire

grown along the binary axis, the effective mass of the e1

pocket is 0.0012 m0, 0.2959 m0, and 0.0023 m0 in the direc-

tion of the binary-, bisectrix-, and trigonal axis, respec-

tively.3 The effective masses of e2 and e3 are the same:

0.1975 m0, 0.0016 m0, and 0.0023 m0 in the each direction.3

The cyclotron effective masses calculated using Eq. (4) are

0.0179 m0 for the e1 pocket and 0.0178 m0 for the e2 and e3

pockets. By comparing these values to the estimated cyclo-

tron effective mass (0.0624 m0) using the amplitude of the

SdH oscillations, we found that the effective mass for elec-

trons in the 100-nm-diameter Bi nanowire is three times

larger than that of bulk Bi.

Note that for accurate comparison, the concentration

and effective mass estimated from a large diameter nanowire

with bulk characteristics are needed. Although the bulk prop-

erties of Bi nanowires with a diameter of 400 nm were

confirmed by SdH oscillation, the preferred crystallographic

orientation for a large diameter nanowire was found to be

different to that for Bi nanowires with a diameter of

100 nm.18,19 Therefore, the reported values for bulk Bi with

TABLE I. SdH oscillation minima of the Bi nanowire, in 1/H (T�1), and the

origin of SdH in the transverse and longitudinal geometries.

Transverse Longitudinal

1/H (T�1) Origin (n) 1/H (T�1) Origin (n)

0.179 e1(1), e2(1), e3(1) 0.129 e1(1)

0.307 e1(2), e2(2), e3(2) 0.292 e1(2)

0.466 e1(3), e2(3), e3(3) 0.447 e1(3)

0.118 h(1) 0.155 h(1)

0.261 h(2) 0.229 h(2)

0.413 h(3) 0.305 h(3)

FIG. 4. SdH oscillation amplitudes at 1.8 K (red points), displayed as ratios

to the same measurement at 10 K. The solid line is the fitted amplitude ratio

obtained using Eq. (3). The evaluated cyclotron effective mass from the fit-

ted line is m*c¼ (0.0624 6 4.2� 10�5) m0. The upper (m*c¼ 0.0630 m0) and

lower (m*c¼ 0.0618 m0) solid lines show the precision of the fitting.
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various crystallographic geometries and under varying mag-

netic fields were used instead.

The Lax two-band model used in previous theoretical

studies showed that the subband energy shifting for L-point

electron pockets leads to an increase of electron effective

mass owing to strong coupling between the conduction and

valence bands, where the effective mass is given by the fol-

lowing relationship:4,10

1

m�
¼ 1

m0

þ 2

m0
2

jhvjpjcij2

Eg
� 12�h2k2jhvjpjcij4

Eg
3m0

2
: (5)

In this equation, jhvjpjcij and Eg are, respectively, coupling

strength and energy gap between the valence v and conduc-

tion band c. At the band edge (k¼ 0), electron effective mass

increases with the band gap at constant coupling strength.10

From Eq. (5) and the calculated band edge energy, the cyclo-

tron effective mass was calculated as two times larger (0.04

m0) than for bulk Bi, which is smaller than the estimated

cyclotron effective mass using SdH. An increase of the effec-

tive mass not only decreases the critical diameter of the

SMSC transition but also affects the Seebeck coefficient.

The two-band model3,4 can be used to determine the

Seebeck coefficient and electrical conductivity in semimetal

thermoelectric materials such as Bi. The total Seebeck coef-

ficient (Stotal) is determined by the partial conductivity (rn)

and partial Seebeck coefficient (Sn) of the electron and hole

bands as Stotal¼ (reSeþ rhSh)/(reþrh) for Bi, where n is e
or h for the electron or hole bands, respectively. Stotal is

highly sensitive to rn owing to the opposite signs of Se and

Sh. Since the value of Stotal for typical Bi is a negative value,

the contribution of Se decreases with the weighting factor re,

resulting in an overall reduction of Stotal. Therefore, our

observations which show that a decrease in the concentration

and an increase in the effective mass of electrons for the Bi

nanowire with d¼ 100 nm can explain the decrease in the

Seebeck coefficient for Bi nanowires.6–9 Furthermore, in the

small diameter Bi nanowire, the finite size effect such as

carrier-surface scattering also causes the decrease of the

Seebeck coefficient.9

In summary, quantum size effect on the SdH oscillations

in an individual single-crystalline Bi nanowire with a diame-

ter of 100 nm grown using the OFF–ON method were inves-

tigated. From the measured periods of SdH oscillations in

the transverse and longitudinal geometries, we found that the

intrinsic electron and hole concentrations at the Fermi level

are less than those of bulk Bi. This finding can be attributed

to quantum confinement induced subbands energy shift.

From the amplitudes of the SdH oscillations, we also

observed that the effective mass of electrons is three times

larger in the Bi nanowire than that of bulk Bi. Our findings

are the first to demonstrate the changes in intrinsic properties

due to subbands energy shift originated from QSE and

electron-hole coupling in Bi nanowire, and offer an explana-

tion for the smaller Seebeck coefficients observed in Bi

nanowires compared to those in bulk Bi.
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