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Infrared absorption in bismuth nanowires resulting from quantum confinement
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Results are reported for experimentally measured and theoretically predicted optical absorption in bismuth
nanowires. Five absorption peaks are seen in the experimental spectral range. The energies of these five peaks
agree well with the predicted values for intersubband transitions, thereby validating our model of quantum
confinement in bismuth nanowires. We also compare the measured absorption in free-standing wires to the
absorption of wires inside an alumina template obtained from an analysis of transmission and reflection
measurements using a reverse effective-medium theory. Close agreement between the energies of the largest
absorption peak is found by the two methods. The weaker absorption peaks were not observed in the spectrum
of wires embedded in alumina.

DOI: 10.1103/PhysRevB.65.195417 PACS number~s!: 78.67.Lt, 81.07.Vb
u
in
a

n

en
m

a
re
ba
te

7

ly
e
ie
tu
w

ec
an

n
c
ib
d
m

ub
bi
h

ng

se
e

cu-

iz-

mi-
c-

wire
cts
om
uth

h of
As

ires
bu-
ea-
an

Bi
of

ents
ion

II
to

m-
od
ding
t a
er-
as a
re

d in

ler
ion
I. INTRODUCTION AND METHODOLOGY

Because of the special band structure of bismuth, bism
nanowires are an especially interesting system for study
quantum confinement. Bismuth is a semimetal with a sm
band overlap~38 meV at 0 K! and a very anisotropic electro
effective mass tensor~varying from 0.001m0 to 0.26m0, de-
pending on the crystalline direction!.1 For a Bi nanowire of
small enough diameter for significant quantum confinem
to occur, the nanowire undergoes a transition from a se
metal with a small band overlap to a semiconductor with
small direct band gap. This transition, as well as other qu
tum effects, occur in Bi nanowires at relatively large wi
diameters because of the small effective mass and small
overlap of bulk bismuth. For example, in nanowires orien
along the~012! crystalline direction~such as our wires2!, this
transition is predicted to occur at a diameter of 49 nm at
K.3

In addition to the thermoelectric applications previous
proposed for Bi nanowires,4 Bi nanowires also hold promis
for optical applications because of their unusual propert
For example, quantum wells, quantum dots, and quan
wires usually have to be doped in order to populate the lo
est subband and to allow for optical excitation of the el
trons to higher subbands. However, since the direct b
gaps for our wires are smaller than 3kBT at room tempera-
ture, the lower subbands are partially filled with electro
even in undoped samples, and intersubband transitions
be observed. In addition, one-dimensional systems exh
singularities in the joint density of states, allowing subban
in Bi nanowires to be readily observable even at room te
perature. More importantly, the selection rules for inters
band transitions in arrays of quantum wires, such as our
muth nanowires, allow optical absorption to occur for lig
incident perpendicular to the sample~in-plane absorption!.
In-plane optical absorption greatly simplifies device testi
improves the ease of measurements, and may make
nanowires useful for optical applications. For all of the
reasons and many others, Bi nanowires provide an inter
0163-1829/2002/65~19!/195417~9!/$20.00 65 1954
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ing system for studying quantum confinement and in parti
lar intersubband transitions.

The Bi nanowires used in this study are fabricated util
ing the pores of an anodic alumina template,5,6 which serves
as a host material. Since alumina is a wide-band-gap se
conductor, individual wires which are fixed in place are ele
trically isolated from each other. The direct (L-point! inter-
band transition energy increases with decreasing nano
diameter, and for Bi nanowires, quantum confinement effe
are significant for diameters less than about 50 nm. At ro
temperature, for example, the direct bandgap of bulk bism
~theL point! is 36 meV (290 cm21), while for 40-nm wires,
we calculate the direct band gap to be 123 meV (990 cm21).
In the frequency range of our experiments, the wavelengt
light is more than 50 times greater than the wire diameter.
a result, both the alumina host material and the Bi nanow
contribute to the measured optical properties. The contri
tion of the nanowires can be separated from that of the m
sured nanowire/dielectric composite by making use of
effective-medium theory~EMT! formalism.7–10 Here we use
an EMT in reverse to obtain the dielectric function of the
nanowires inside the alumina when the dielectric function
the composite material is known.11

In this paper we present both experimental measurem
and results of model calculations of the optical absorpt
from quantum confinement in bismuth nanowires. Section
explains how effective medium theory is used in reverse
deconvolve the dielectric function of bismuth nanowires e
bedded in alumina. In Sec III, the results from this meth
are compared to absorption measurements of free-stan
bismuth nanowires. In Sec. IV of the paper, we presen
theoretical model to simulate the absorption from both int
band and intersubband transitions in bismuth nanowires
function of the wave number. The results of this model a
then compared to the results of the absorption observe
the free-standing wires. Conclusions are given in Sec. V.

II. REVERSE EFFECTIVE-MEDIUM THEORY

Unfortunately since the wire diameter is much smal
than the wavelength of light used in this study, the absorpt
©2002 The American Physical Society17-1
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BLACK, LIN, CRONIN, RABIN, AND DRESSELHAUS PHYSICAL REVIEW B65 195417
of the alumina cannot simply be subtracted out from
absorption of the bismuth-alumina composite. Obtaining
dielectric function at wavelengths much longer than the f
ture size of the sample requires extracting the relevant in
mation from measurements on a composite sample, whic
our case includes bismuth nanowires embedded in an
mina template.

Many prior studies have developed an effective-medi
theory for predicting the dielectric function of a compos
material when the dielectric function of both the constitue
materials are known.9,12–14 When a sample is composed
more than one material, with the size of the constitue
smaller than the wavelength (l) of the optical fields, an
effective-medium theory treats this inhomogeneous mate
as a single material with a single dielectric function. In t
present study we utilize the Maxwell-Garnett~MG!
EMT,13,14 which is valid for nanoparticles smaller thanl
inside a dielectric material. We choose the MG EMT, sinc
agrees with an exact calculation done for the case of cy
drical pores in alumina.10 The MG EMT relates the dielectric
function of the composite material to that of the guest~bis-
muth or air! and host~alumina! material by

ecomposite2ehost

ecomposite1K* ehost
5 f

eguest2ehost

eguest1K* ehost
, ~1!

where K is the screening parameter andf is the volume
fraction of the guest material in the composite mater
For infinitesimally small nanowires,K51 and the solution
equals that given in Ref. 10. Several research gro
have used EMT to identify the dielectric function of a com
posite materials,ecomposite, using ehost and eguest of the
constituents.7,8,15–22In this study, we use a reverse EMT
deduce the dielectric function of the guest material when
dielectric functions of the composite and of the host mate
are found by experimental measurements.

The dielectric function of the bismuth/alumina composi
and the air/alumina composites are found by one of t
methods described below. One method uses Kramers-Kr
relations to obtain the dielectric function of the compos
material from the measured reflection as a function of wa
number. The second method uses the solution of Maxwe
equations for a thin slab to simulate the reflection and tra
mission. For each data point, by adjusting the complex
electric constant of the thin slab, the mean-square error
tween the measured and calculated reflection
transmission values is minimized. The Kramers-Kron
method is accurate when the transmission is small, while
Maxwell method is accurate when both the transmission
the reflection are both large enough to be measured. For m
of our samples, the transmission is small but measurable
either method can be used, although neither method is
fect. In the present study the two methods were compa
and found to yield similar results for the real and imagina
components of the dielectric function for bismuth-filled al
mina templates.

Once the dielectric function of the bismuth/alumin
composite is obtained, EMT is used in reverse to find
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dielectric function of the bismuth nanowires. From Eq.~1!,
the dielectric function of the nanowires is described by
equation

eguest5ehost

Kecomposite2Kehost1 f ecomposite1 f Kehost

2ecomposite1ehost1 f Kehost1 f ecomposite
, ~2!

and this reverse EMT was used in Ref. 11 to obtain
dielectric function of bismuth nanowires as a function
diameter.

III. EXPERIMENTAL RESULTS

Porous anodic aluminum oxide templates are fabrica
by anodizing aluminum sheets in an oxalic acid solutio5

During this process, cylindrical pores 7–200 nm in diame
are self-assembled into a hexagonal array. The pore diam
and the distance between the pores can be controlled sys
atically by varying the anodization voltage and the elect
lyte used.23,24 The thickness of the alumina template dete
mines the wire length, and can be controlled by the anod
tion time. The thickness of samples used in this study
40–60 mm. The pores in the alumina templates are fill
with Bi using a pressure injection technique.5

The optical reflectionR(v) and transmissionT(v) were
measured as a function of frequency at room tempera
using a Nicolet Magna-IR 860 spectrometer and the Nic-P
IR Microscope. The microscope Fourier transform infrar
spectrometer allows transmission and reflection meas
ments through a microscope stage and therefore ena
measurements of 1–2-mm samples. Reflection data w
taken in the infrared region from 600,1/l,4000 cm21 at
293 K using a gold film as a comparison standard. The re
lution was 2 cm21.

In order to test the validity of the reverse EMT method f
obtaining the dielectric function of bismuth nanowires, w
measured the absorption of free-standing bismuth nanow
without an alumina template. First, the alumina template w
etched off using a selective etch leaving only bismuth
hind. Using the microscope FTIR, the reflection and tra
mission were measured from a sample, containing the f
standing Bi nanowires, a bismuth oxide coating over
nanowires, and a thin Bi film holding the nanowires togeth
A schematic diagram of the sample is shown in Fig. 1. A th
piece of bismuth with nanowires protruding like blades
grass is balanced on the edge of a glass slide, while ligh
transmitted through the sample in the direction of the wi
so that the electric field of the incident light is always pe
pendicular to the wire axis. Since the transmission is prop
tional toe2Kd, whereK is the absorption coefficient andd is

FIG. 1. A schematic diagram of a free-standing bismuth na
wire array mounted on a glass slide.
7-2
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INFRARED ABSORPTION IN BISMUTH NANOWIRES . . . PHYSICAL REVIEW B 65 195417
the sample thickness, the negative log of the transmissio
proportional to the absorption coefficient. Since the thickn
of the template is poorly determined, the absolute magnit
of the absorption coefficient cannot be obtained quant
tively. The absorption coefficient~times the sample thick
ness!, as a function of the wave number, obtained by tak
the negative log of the transmission intensity of the fre
standing bismuth nanowires, is shown in Fig. 2~a!. For com-
parison, Fig. 2 also shows the absorption coefficient fr
;40-nm Bi nanowires inside an alumina template curve~b!,
obtained by using the reverse EMT analysis.11 The wires
used for the free-standing nanowire measurements had
ameter of 60 nm before the alumina template surrounding
wires was etched away. Since a;7-nm oxide grows on the
free-standing wires after the alumina is selectively etch
away,25 the inner bismuth portion of the free-standing wir
is expected to have a diameter of around 45 nm. The

FIG. 2. The frequency dependence of the absorption coeffic
found by taking the negative log of the transmission of fre
standing bismuth nanowires~a!, as well as the absorption on a th
piece of bismuth~points! and the fit to this absorption~line curve!
~c!. The inset compares the absorption of the free-standing w
~a!, with the absorption coefficient@ Im(e11 i e2)1/2# of bismuth
nanowires inside an alumina template~b! as obtained by revers
EMT. The main absorption peaks of the two samples occur at a
the same photon energy.

FIG. 3. ~A! The transmission as a function of wave number
free-standing bismuth nanowires.~B! The energy derivative of the
transmission as a function of wavenumber.
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nanowire arrays are therefore of comparable wire diamet
Figure 2 also includes the absorption of a thin film of b
muth~c!, and the curve used to provide the background sp
tra in fitting the absorption spectra in Fig. 4. Since the thic
ness of the thin bismuth film holding the bismuth nanowir
is not known, the thickness is used as a fitting paramete
find the best background spectra for the measured data.
transmission~A! and the energy derivative of the transmi
sion ~B! are shown in Fig. 3. As can be seen from Fig. 3,
the features in the transmission curve are at wavenum
less than 1500 cm21. Figure 4 shows the measured abso
tion of the free-standing wires after the thin bismuth fil
absorption is subtracted out. Figure 4 also shows a fit o
sum of Gaussian peaks to the absorption in the free-stan
nanowires. The absorption of the bismuth oxide is not c
sidered, since bismuth oxide was found to have very li
optical absorption in the energy range of our measureme

The free-standing Bi nanowires absorb strongly
;1050 cm21 @curve ~a! in Fig. 2#, in excellent agreemen
with the peak absorption energy of Bi wires in the alumi
template obtained by the reverse EMT approach@curve~b! in
the inset to Fig. 2#. However, the absorption peak is muc
sharper, absorbing only from 1000 to 1100 cm21, for the Bi
nanowires embedded in the alumina template, than the p
for the free-standing wires which extends from about 950
1150 cm21. The difference in the absorption peak width
may have several explanations. The difference might indic
limitations of the reverse effective-medium theory, since
accuracy of the reverse effective-medium theory depends
the magnitude of the imaginary part of the dielectric functi
of the host material. By comparing the transmission spe
of the filled and unfilled alumina templates as shown in F
5, we know that the absorption in alumina is large for wa
numbers less than 1000 cm21. We thus expect a decrease
the accuracy of the absorption obtained by reverse effec
medium theory for wave numbers less than 1000 cm21. The
difference in absorption peak widths is, however, more lik
a result of a widening of the wire diameterdistribution and
inhomogeneity along the length of each wire and among

nt
-

s

ut

f

FIG. 4. Fit of Gaussian peaks to the absorption spectrum in
free-standing Bi nanowire sample. Five broad peaks are observ
616, 667, 798, 986, and 1090 cm21. The absorption from the thin
bismuth sample is used as the baseline, and the absorption due
five peaks is shown as the ‘‘total fit’’ to the data points.
7-3
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BLACK, LIN, CRONIN, RABIN, AND DRESSELHAUS PHYSICAL REVIEW B65 195417
various wires during Bi oxide growth after the removal
the alumina template.

In addition to the large absorption peak at;1050 cm21,
smaller absorption peaks are observed at;616, ;667,
;798, and;986 cm21 in the free-standing Bi nanowires
These peaks were not seen for the nanowires embedde
alumina. This may indicate a decrease in the accuracy
sensitivity of the reverse effective-medium theory in this f
quency range, and shows that the reverse EMT method
determining the dielectric function of nanowires smaller th
the wavelength of light has limitations that need to be furt
explored. Even though the experiment, using alumina
nanowire template samples and the reverse EMT, allow
to determine the optical properties of aligned and nono
dized bismuth nanowires, the alumina template masks
smaller peaks observed in the free-standing wire experim
We therefore choose to use the data obtained from f
standing wires when comparing experimental and simula
absorption curves.

IV. THEORETICAL MODELING AND NUMERICAL
SOLUTIONS

Model calculations are presented in order to underst
the intersubband and interband transitions in bismuth nan
ires, and hence to gain insight into the mechanism resp
sible for the absorption peaks observed in the experime
data. Intersubband transitions are suspected to be the c
of the observed optical absorption in bismuth nanowires
several reasons.11 The polarization dependence of the optic
absorption is consistent with absorption from intersubba
transitions. The absorption is observed when the electric fi
of the incident light is perpendicular to the wires, but is n
observed when the electric field is parallel to the wires.
addition, the energy of the peak absorption was found
increase with decreasing wire diameter, as expected for
interband and intersubband transitions. Also, the ene
range where absorption peaks are observed is the en
range in which absorption from intersubband and interb
transitions are expected. Finally, the shape and peak widt
the measured absorption curve is as predicted for the s

FIG. 5. Transmission data vs wavenumber for~a! free-standing
Bi nanowires,~b! an unfilled alumina template, and~c! a Bi-filled
alumina template.
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of the absorption spectrum from intersubband transitions
which the bands track each other.11

A photon can excite an electron to an unfilled highe
energy state if the energy of the photon exactly equals
energy difference between the final and initial states an
momentum is conserved. The photon absorption from
process can be measured by the energy-dependent op
absorption spectrum. When stimulated emission as wel
absorption is accounted for, the optical absorption coeffici
for the Bi nanowire quasi-one-dimensional system, as a fu
tion of photon energy,\v, is given by26

aabs,1D~v!5~pe2/e0chvm* 2!(
n,m

~2/2p!

3E dkzu^nupum&u2@ f ~En!2 f ~Em!#

3d~En2Em2\v!, ~3!

wherea is the optical absorption coefficient,v is the fre-
quency of the incident light,̂nupum& is the momentum ma-
trix element for coupling between thenth andmth states,z is
wire axis direction,h is the index of refraction,m* is the
effective mass of the carriers,c is the speed of light,En and
Em are the energy of statesn andm, respectively, andf (En)
and f (Em) are the Fermi-Dirac distribution functions fo
statesn and m, respectively. The imaginary part of the d
electric function,e2, can be related to the optical-absorptio
coefficient by

e2~v!5chaabs~v!/v. ~4!

Combining Eqs.~3! and~4!, we obtain an expression for th
imaginary part of the dielectric function:

e2,1D~v!5~pe2/e0v2m* 2!(
n,m

~2/2p!E dkzu^nupum&u2

3@ f ~En!2 f ~Em!#3d~En2Em2\v!. ~5!

Many commonly used approximations are not valid f
calculations on bismuth nanowires. For example, since
band gap of the bismuth nanowires is less than 3kBT at room
temperature, the complete Fermi-Dirac distribution must
used. In addition, since theL-point bands are strongly
coupled, a simple parabolic band model is insufficient, a
the Lax two-band model for nonparabolic coupled ban
must be used to describe the dispersion relations.27 Further-
more, since theL-point electronic bands are extremely anis
tropic and have strong nonparabolic effects, the calcula
of the wave functions of the quantum states~as well as the
coupling between these states and the joint density of sta!
requires a numerical calculation.

Some assumptions were made in the model presented
that in future studies should be further explored. For e
ample, interband to intersubband coupling is not conside
Also, electron-electron interaction, including the depolariz
7-4
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INFRARED ABSORPTION IN BISMUTH NANOWIRES . . . PHYSICAL REVIEW B 65 195417
tion effect is not considered in this study. Since the elect
pockets are localized ink space, thek dependence of the
momentum matrix elements is not considered. Finally, o
the dominant crystalline direction~012! is considered for the
orientation of the Bi nanowires.

For interband transitions, transitions between thenth va-
lence subband to thenth conduction subband are allowe
The couplingu^vupuc&u between the valence subbandv and
conduction subbandc, band states can be approximated
the relation

1

m*
5

1

m
1

2

m2

u^vupuc&u2

Eg
, ~6!

where m is the free-electron mass. In the Lax two-ba
model, the effective mass varies with the band gap by
relation

1

m*
5

1

m
1

2

m2

u^vupuc&u2

Eg
2

12\2k2^vupuc&u4

Eg
3m2

. ~7!

At the band edge (k50), the momentum matrix element fo
the different subband states is the same. In other words
the band gap increases, the mass increases, andu^vupuc&u
remains constant.

The simulation results of the first ten interband transitio
are shown in Fig. 6 for both 45- and 41.5-nm-diameter wir
Included in Fig. 6 are dashed lines~arrows! indicating the
frequencies for the absorption peaks that are experimen
observed, as shown in Fig. 4. The absorption peak va
observed in the;45-nm-diameter free-standing wires are i
cluded in the figure for comparison. Thecalculatedabsorp-
tion peak energies of interband absorption in bismuth na
wires do not agree well with the energies of theexperimen-
tally measured absorption peaks in the;45-nm-diameter
free-standing wires in two ways. While the diameter of t

FIG. 6. The calculated optical absorption at 293 K result
from a direct interband transition for 41.5- and 45-nm Bi nanowi
oriented along thê 012& crystalline direction. The energies an
relative intensities of the experimental absorption peaks are sh
by the dashed lines.
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simulated wires is varied for the range of experimenta
possible wire diameters, thecalculated absorption spectra
remains significantly different from that of themeasuredab-
sorption spectra. In addition, since the conduction and
lence bands do not track each other, the joint density of st
for these transitions may be expected to be smaller than
the intersubband transitions, where the subbands do t
each other approximately. For both these reasons, we do
believe that the measured absorption spectra are from in
band transitions. Intersubband transitions are therefore c
sidered.

The selection criteria for intersubband transitions in m
systems can be summed up by a few selection rules. H
ever, since bismuth has a very anisotropic band structure
because of the bismuth nanowire’s radial symmetry, the
lection rules are more complicated than for quantum we
quantum dots, square nanowires, or even circular wires m
from a material with an isotropic band structure. Therefore
numerical method is used to solve for the oscillator streng
of the inter-subband transitions. Even though the coupl
between lower-order states is strong, the lower-energy li
of our measurement setup prevents us from observing th
transitions. The energy between the first and second subb
edges is only 140 cm21, while the lowest energy measure
by our experimental setup is 600 cm21. Therefore, only
higher-order transitions with significant coupling are expe
mentally observed, and for this reason the model calculati
include absorption from higher order states.

A more complete version of a previously published mod
of the electronic structure3 is used to find the energy level
and wave functions for the first 50 subbands, using a cer
wire crystallographic orientation along the wire axis, and u
ing, as variables, the wire diameter and the temperature
this model, the change in the nonparabolicity with wire d
ameter is taken into account. Using the energy levels
wave functions calculated with this model, the oscillat
strengths between each of the 50 states to every othe
states are calculated. The oscillator strengthsFnm are found
in terms of the integral

Fnm5@2/~m* \vn,m!#u^nupx,yum&u2

}u^nupx,yum&u2/vn,m

}U E cn~Ex]/]x1Ey]/]y!cmdAU2Yvn,m , ~8!

wherecn andcm are the wave functions for thenth andmth
states, andEx andEy are the electric-field components of th
incident light perpendicular toz, the wire axis, and\vn,m is
the energy between statesn andm. We assume that the inci
dent light is a TEM~transverse electromagnetic wave! and
hence, the integration is carried out over the cross sectio
areaA of the wire.

Figure 7 shows the oscillator strengths for transitio
from the first (n50) state to the 50 lowest states (m
50 –49). In doing the calculations, the polarization of t
incident light is varied by 5.6° increments to cover the who
360° range. Since unpolarized light is used in our expe
ments, the polarization that gives the largest oscilla
strength for each transition is shown in Fig. 7. The coupl

s

n
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BLACK, LIN, CRONIN, RABIN, AND DRESSELHAUS PHYSICAL REVIEW B65 195417
between the first 50 states, or 2500 transitions, is calcul
for the threeL-point carrier pockets.

Higher-order states have more nodes in their wave fu
tions, and hence the overlap integral with the first state
general decreases with increasingn. However, this decreas
is not at all monotonic, since some transitions do not all
for first-order coupling because of selection rules. Since
muth is anisotropic, and since the circular wire only h
one index number, the higher order states sometimes h
only a few nodes and hence have a relatively large coup
to lower order states. Then532 state is an example of
high-n state that is slowly varying with few nodes and the
fore has significant coupling to then50 state. The two-
dimensional wave functions of then5 0, 1, 2, 3, 14, 15, 31,
and 32 states in a circular bismuth nanowire are shown
Fig. 7.

The frequency dependence ofe2(v) resulting from inter-
subband transitions from statesn50 –29 to statesn50 –49
for 41.5-nm-diameter,̂012& oriented, bismuth nanowires a
293 K is calculated by the equation

e2}~1/v!(
p

(
n50

29

(
m50

49 E d@En~k!1Em~k!2\v#

3Fnm@ f ~En~k!2 f ~Em~k!#dkz , ~9!

where the sum overp is over the three electron carrier poc
ets, as shown in the inset of Fig. 8, and the sums overn and
m are for the initial and final statesn and m. The integral
includes a delta function where the energy of the incid
light is equal to the energy difference between the initial a
final states (n andm). The integral also includes the oscilla
tor strengthFnm , as discussed above. The integral is carr
out over momentumkz in the direction of the wire axis. Fo
all calculations in this work, the wires are assumed to
undoped, so the Fermi energy is set so that the nanowire
charge neutral. Since bismuth has bothL- point andT-point
valence bands, and only anL-point conduction band near th
Fermi energy, the Fermi energy in undoped samples is m

FIG. 7. The coupling term from then50 state to them50 to 49
states for carrier pocketA ~see the inset of Fig. 8!. The wave func-
tions of some states are shown (n50, 1, 2, 3, 13, 14, 30, and 32!.
States that are radially antisymmetric have a larger coupling to
symmetric lowest-energym50 state. Also, the figure shows tha
even higher-order states can have a significant coupling to thm
50 state.
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closer to theL-point conduction band than to theL-point
valence band. For example, in 41.5-nm-diameter wires
room temperature, the Fermi energy lies 48 meV above
lowest L-point conduction band minimum~between the
fourth and the fifth subbands! and since the band gap for th
first interband transition is 97 meV (782 cm21), the Fermi
energy is 145 meV above the topL-point valence subband
Because of this location of the Fermi energy, the inters
band absorption from the conduction band will domina
over the intersubband absorption from the valence band

The resulting frequency-dependent absorption curve
shown in Fig. 8. In^012&-aligned Bi wires ~such as our
wires!, two of the three electron pockets are degenerate.
two degenerate pockets are labeled ‘‘pocketB’’ in Fig. 8 and
the third electron pocket is labeled ‘‘pocket A.’’ On the on
hand, the optical absorption should be dominated by poc
A, since this pocket has the largest effective mass in
unconfined direction and therefore has the largest joint d
sity of states. On the other hand, pocketB is doubly degen-
erate. Therefore, both types of pockets contribute sign
cantly to the intersubband absorption spectra. PocketA has
the smaller effective mass in the confined directions, a
therefore has a larger energy separation between subba
PocketA, hence, has larger absorption peaks separated
larger energy intervals compared to those of pocketB.

For perfectly parabolic and symmetric bands, the ene
for an electron to make ann→m transition over a fixed
number of states is independent of the initial state. For
ample, the energy for a transition between the first and th
states is the same as the energy for a transition from the t
to the fifth states. Even though Bi nanowires are very ani

e

FIG. 8. The calculated optical absorption at 293 K resulti
from intersubband transitions for 41.5-nm Bi nanowires orien
along the ^012& crystalline direction. The separate contributio
from the two types of electron carrier pocketsA andB, as well as
the total optical absorption, are presented. The energies and rel
intensities of the experimental absorption peaks are shown by
dashed lines. In the inset, the Brillouin zone of bismuth is sho
and the^012& crystalline direction is indicated by the arrow from
the G point.
7-6
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tropic and non-parabolic, we see from Fig. 8 that the 15
transitions modeled for each pocket tend to have ener
similar to other transitions in that pocket, so that the co
plete absorption spectra includes only a few absorp
peaks, each broader than the spectra resulting from a s
transition. For example, the peak at around 800 cm21 is a
sum of the absorptions from transitions from states 3, 5
and 10 to states 21, 26, 32, and 37, respectively. Similarly
absorption peak around 1100 cm21 is a sum of the absorp
tions from transitions between states 5 and 7 with states
and 42, respectively. This effect is more obvious for pockeA
than for pocketB, since pocketA has a larger energy differ
ence between states. In addition to the transitions hav
similar energies, many transitions are not allowed by sy
metry, or are only weakly allowed. These two effects co
bine to result in only 6–10 expected large absorption pe
in the frequency range between 600 and 2000 cm21.

Another interesting effect is that the nonparabolic ban
cause the minimum-energy difference between two subba
to be slightly away from the band edges, as shown in Fig
Therefore, for one intersubband transition, there can be
energies with singularities in the joint density of states, o
at the subband separation at the band edge, and the oth
the minimum energy separation between the subbands a
from the band edge~see Fig. 9!. The two singularities in the
joint density of states cause two peaks to occur in the abs
tion spectra for each intersubband transition. The two as
metric peaks have their tails facing each other, and there
one has a positive dispersion and the other has a neg
dispersion. Depending on the position of the Fermi le
relative to the subband edges, either the low-energy peak
high-energy peak, or both absorption peaks will be observ
The simulated absorption spectrum of an isolated transi
as shown in the inset of Fig. 9 exhibits this double absorpt
peak effect, but when the absorption from all transitions
considered as in Fig. 8, this effect is washed out. The dou
absorption peak resulting from the nonparabolic bands

FIG. 9. Two subbands~arbitrarily labeledEn and Em) and the
energy difference between them (Em2En) shown as a function of
momentum along the wire axis. The corresponding joint density
states~JDOS! is shown in the inset. The nonparabolic effects cau
the minimum-energy difference between two subbands to be a
from the subband edges. Thus the joint density of states, as sh
in the inset, has two singularities: a higher-energy singularity res
ing from transitions at the subband edge, and a lower-energy si
larity resulting from transitions at the location of the minimum e
ergy difference between the subbands.
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bismuth may not be observed in wires with significant ele
tron population, since the many-body depolarization eff
can modify the line shape resulting from nonparabo
bands.28

Included in Fig. 8 are dashed lines~arrows! indicating the
frequencies for the absorption peaks that are experimen
observed, as shown in Fig. 4. The absorption peak va
observed in the;45-nm-diameter free-standing wires are i
cluded on the figure for comparison. Thecalculatedabsorp-
tion peak energies of the 41.5-nm-diameter wires agree w
with the energies of theexperimentallymeasured absorption
peaks in the;45-nm-diameter free-standing wires. Th
agreement between the experimental and model resul
quite good, considering that the room-temperature bism
band parameter data used for the calculations are not a
rately determined,29 that the wire diameters are only know
to 65 nm ~as discussed above in connection with the ox
coating!, and that the Fermi energy is not independen
known. However, the ratio of the absorption peak intensit
do not agree well with theory. From Fig. 4 we see that
experimental 1089-cm21 absorption peak is significantly
larger than the peaks at;616, ;667, and;798 cm21. In
the simulations, the 1089-cm21 peak is relatively small,
since the absorption peak intensities decrease with increa
wave number, because of the decreasing coupling, as sh
in Fig. 7. The difference in the peak intensities betwe
theory and experimental results could well be explained
other absorption mechanisms contributing to the absorp
at around 1100 cm21. One such possible absorption mech
nism is the indirect transition between the holes in t
T-point valence band and theL-point valence band. For sem
metallic bismuth nanowires, the hole concentration at
T-point is large enough and theT- andL-point valence bands
track each other well enough so that this indirect transit
could give significant absorption at room temperature.
addition, preliminary simulations of the absorption spec
for a 40-nm wire show that indirect interband absorption h
an energy threshold around 1100 cm21 with continued ab-
sorption for higher energies, and the preliminary simulat
results also show a very narrow absorption peak for the
direct absorption process around 1200 cm21. Furthermore,
the sharp absorption peak from the indirectL-T point tran-
sition shifts to higher energies with decreasing wire diame
at a rate about equal to the observed shift of the 1000-cm21

peak with wire diameter. The simulated absorption pea
resulting from intersubband transitions increase in energ
a faster rate with decreasing wire diameter than the rate
perimentally observed for the 1000-cm21 peak.11

It is also possible that effects not included in the o
present model, such as the surface roughness of the w
wire to wire coupling, many-electron effects, and limits
the infinite barrier approximation, could give rise to the d
ferences between the measured and predicted absor
spectra. Temperature dependent absorption measurem
and further simulation of the indirect transition, both
which we are now pursuing in depth, are needed to estab
the absorption mechanism definitively.
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The modeled intersubband absorption results for^012&
bismuth nanowires with diameters of 35, 40, 42.5, and 45
at 293 K, are shown in Fig. 10. As the wire diameter
decreased, more absorption peaks appear with decreasin
tensity. From this figure, we also observe an increase in
energy of the peak positions as the wire diameter is
creased. The sensitivity of the absorption peaks to the w
diameter should enable optical measurements to accura
determine the wire diameters when the band parameters
well known.

V. CONCLUSIONS

In this paper, intersubband and interband absorptions
bismuth nanowires are modeled and compared to experim
tal results. Five absorption peaks were observed experim

FIG. 10. Simulated energy dependence of the intersubband
sorption at 293 K for 45-, 42.5-, 40-, and 35-nm-diameter wires.
the wire diameter decreases, the number of absorption peak
creases and the absorption peak intensities decrease.
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tally, and the energies of these five peaks agree well with
simulated intersubband absorption curve for 41.5-nm wi
We therefore conclude that the absorption peaks are f
intersubband transitions resulting from quantum confinem
in the bismuth nanowires, and that our model for the qu
tum confinement of conduction electrons and valence-b
holes in bismuth nanowires is valid. We compare the abso
tion spectra of bismuth nanowires inside an alumina temp
obtained by a reverse EMT to that of free-standing bism
nanowires with a bismuth oxide coating. The good agr
ment in the absorption peak energy at;1050 cm21 between
these two methods validates the use of the reverse EMT
proach for measuring large absorption peaks at wavelen
larger than the feature size of the sample. The broader p
width in the free-standing wires is attributed to a larger
fective wire diameter distribution resulting from oxide fo
mation.
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