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Simulations of the optical absorption in bismuth nanowires resulting from an indirect interband L-T-point
transition are presented. The absorption dependence at room temperature on the band overlap, effective masses,
and wire diameter is explored. The polarization, wave number, and wire size dependence of the high intensity
absorption peak observed in bismuth nanowires at ⬃1000 cm⫺1 can be explained by our model. The polarization dependence of the optical absorption arises from a surface component of the optical coupling term
which enhances this indirect transition. Simulations of the absorption from a valence-band L-T-point transition
correctly predict the magnitude of the increase in the peak energy 共wave number兲 with decreasing wire
diameter. The wave numbers of the simulated and measured absorption peaks differ by ⬃400 cm⫺1 . Several
explanations for this discrepancy are proposed.
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I. INTRODUCTION

A better understanding of the electrical transport and the
optical absorption inside bismuth nanowires will help to utilize the unusual properties of these nanowire arrays for
optical1 and thermoelectric2 applications. One aspect of the
electronic structure of bismuth that makes bismuth nanowires especially promising for these applications is the low
effective mass of its electron carriers. Bismuth, in bulk form,
is a semimetal with a small band overlap 共38 meV at 5 K兲
and a very anisotropic electron effective-mass tensor 共varying from 0.001m 0 to 0.26m 0 at low temperatures, depending
on the crystalline direction兲.3 For a Bi nanowire with a small
enough wire diameter, d w , and hence significant quantum
confinement, the nanowire undergoes a transition from a
semimetal with a small band overlap to a semiconductor
with a small indirect band gap, thus allowing the unusual
properties of bismuth to be available as a semiconducting
material as well as a semimetal. This transition, as well as
other quantum effects, occurs in Bi nanowires at relatively
large wire diameters because of the small effective mass and
small band overlap of bulk bismuth. For example, in nanowires oriented along the 具 012典 crystalline direction 共such as
the wires on which the optical measurements of this study
were made4兲, this transition is predicted to occur5 at a diameter of 49 nm at 77 K and 13 nm at 293 K.
Bismuth nanowires have a strong absorption peak in the
midinfrared 共mid-IR兲 that is not present in bulk bismuth.
Figure 1 compares the optical reflection spectra of a thin film
of bismuth with that of free-standing bismuth nanowires. The
dominant feature in this energy range for the bismuth nanowires is at ⬃1000 cm⫺1 . This feature is not present in the
corresponding spectrum for a bismuth film. The absorption
spectra of bismuth nanowires can be separated into one large
and several small intensity peaks.
In bismuth nanowires, many mechanisms are expected to
contribute to the optical absorption within the same energy
range. For example, intersubband, direct interband, and indi0163-1829/2003/68共23兲/235417共10兲/$20.00

rect interband transitions all occur in the midinfrared energy
range. Separating the effects of the different absorption
mechanisms from each other is difficult, and therefore requires theoretical modeling of each mechanism. In previous
studies of the optical absorption of bismuth nanowires, the
contributions to the optical absorption from both intersubband and direct interband transitions were modeled, and the
results were compared to the measured absorption spectra.1
The theory for the absorption resulting from a direct interband transition in bismuth nanowires did not show agreement with the experimentally measured data. However, the
theory presented for optical absorption resulting from intersubband transitions did predict the observed energy at which
the optical-absorption peaks should occur, the polarization
dependence of the absorption, and the qualitative diameter
dependence of the absorption peak energy.1,6 The smaller

FIG. 1. Wave-number dependence of the reflection, R(  ), of a
polished piece of bulk bismuth and of free-standing nanowires. The
large feature near ⬃1000 cm⫺1 in the reflection spectra of the freestanding wires is not present in the reflection spectra of bulk bismuth. The broad features in the bulk bismuth reflection spectrum
are likely a result of a nonperfect polish or of a misalignment with
the optical stage.
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intensity absorption peaks were thus attributed to optical absorption resulting from intersubband transitions, but the intersubband theory did not completely explain the large peak
near 1000 cm⫺1 . The magnitude of the energy shift of this
peak with a change in wire diameter, as well as the overall
shape of the absorption spectra near this absorption peak,
were not explained by either of the previously published
models.1,6 In addition, the absorption peak at ⬃1000 cm⫺1
has a much larger intensity in the experimentally observed
spectra than the features identified with the intersubband
transitions in the previous work. The previously published
paper, therefore, concluded that intersubband transitions
could account for the weaker features, but that another absorption mechanism was needed to explain the strong sharp
peak in the absorption spectra of bismuth nanowires in the
mid-IR energy range.1 The present paper addresses the additional and important role of indirect transitions in the optical
properties of bismuth nanowires.
In this paper, we present a model for an indirect transition
that, in combination with the previously published model for
the intersubband transitions, can explain the observed absorption spectra. Section II explains qualitatively why this
indirect transition needs to be considered. Section III presents a detailed study and numerical simulations of the optical absorption of bismuth nanowires resulting from this indirect transition. In Sec. IV, the theoretical results are
compared to the measured spectra. Conclusions are given in
Sec. V.
II. A QUALITATIVE PICTURE OF THE INDIRECT
TRANSITION

The qualitative wire diameter and polarization dependences, as well as the energy 共wave number兲 of the absorption peak at ⬃1000 cm⫺1 , strongly suggest that this absorption is from intersubband transitions. However, the
absorption resulting from indirect intersubband transitions
can, in principle, also explain a large absorption peak at
⬃1000 cm⫺1 . Often indirect transitions are weaker than direct transitions, since a phonon is required for conservation
of momentum. However, since the Debye temperature of
bismuth7 is only 86.5–112 K, many phonons are available at
room temperature to contribute to an indirect transition in a
phonon absorption process.
In bulk bismuth, carrier pockets are located at both the L
and the T points. Near the Fermi level, the L point has both
valence and conduction bands which are a mirror image of
each other and are separated by a small energy gap of 36
meV at room temperature.8 The L-point bands are highly
nonparabolic and are approximated by the Lax two-band
model.10 The effective-mass tensor at the band edge at the L
point has very small effective-mass components and is
highly anisotropic 共varying from about 0.006m 0 to 1.4m 0 at
room temperature, depending on the crystalline direction8兲.
The highest T-point valence band is parabolic with the hole
carrier pocket having, in general, a larger effective mass than
the L-point carriers, varying from about 0.059m 0 to 0.634m 0
at 1.7 K depending on the crystalline direction,3 see Fig. 2.
Since bulk bismuth is a semimetal, the Fermi energy

FIG. 2. 共a兲 Brillouin zone of bismuth showing the T-point hole
pocket and the three L-point electron pockets, labeled ‘‘A’’ and ‘‘B’’
共doubly degenerate in our wires兲. 共b兲 The dispersion relations of the
L-point and T-point bands shown schematically. From the literature,
the L-point band gap is 36 meV 共Ref. 8兲, the L-point electron Fermi
energy is 56 meV 共Ref. 9兲, and the T-point hole Fermi energy is 42
meV at room temperature 共Ref. 9兲.

crosses the T-point valence band, creating many unoccupied
electronic states 共holes兲. The L-point valence band, however,
is 90 meV below the Fermi energy and is therefore mostly
filled at room temperature. Since the two types of valence
bands track each other approximately 共have similar shifts in
energy with varying momentum兲, as in the case of intersubband transitions, and since the initial L-point valence band is
fully occupied while the final T-point valence band is partially unoccupied, we expect a strong indirect L-T-point absorption over a narrow wave-number range, provided that
momentum is conserved, as discussed below.
Both the L- and T-point valence bands exhibit significant
quantum confinement for the bismuth nanowire diameters
used in this study. Since the L-point carriers have, in general,
a smaller effective mass than the T-point carriers, the subbands at the L point are separated by a larger energy difference than those at the T point. In other words, with decreasing wire diameter, both the L- and T-point valence bands
move down in energy, but the L-point valence bands move
down at a faster rate than the T-point valence bands. The
energy of the indirect transition from the L- to the T-point
valence bands is therefore expected to increase with decreasing wire diameter, but not as rapidly as for a direct interband
or an intersubband transition. Experimental measurements
show6 that when the wire diameter is decreased from 80 to
35 nm, the wave number of the absorption peak increases by
65 cm⫺1 . The theory of intersubband transitions in bismuth
nanowires predicts an increase in the wave number of the
absorption peak measured in wave numbers by ⬃900 cm⫺1
at room temperature for a wire diameter change from 80 to
35 nm. However, since the energy 共wave-number兲 shift of
the absorption peak from an indirect L-T-point valence-band
transition is determined mainly by the difference between the
two effective masses, and not so much by the values of the
effective masses themselves, this shift with wire diameter
is much less for the indirect L-T transition than for the direct
L-point transition, and the L-T transition energy fits much
better with the experimental measurements on the wire
diameter dependence of the peak energy. As the wire diameter decreases from 70 to 35 nm, the simulations for the
indirect transition predict a modest increase in the absorption
peak energy 共measured in wave numbers兲 by only
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⬃100 cm⫺1 , close to the experimentally observed shift, as
discussed below.
The optical absorption at ⬃1000 cm⫺1 has a very strong
polarization dependence.6 When light is polarized perpendicular to the wire axis, the absorption versus wave number
has a strong sharp feature at ⬃1000 cm⫺1 . As the polarization angle is rotated away from the normal to the wire axis,
the intensity of this feature decreases, and eventually, for
light polarized parallel to the wire axis, this absorption peak
disappears.6 This polarization trend agrees with the selection
rules for intersubband absorption and is one reason why the
strong absorption peak at ⬃1000 cm⫺1 was initially attributed to an intersubband absorption.6 However, the polarization dependence can also be explained by an indirect transition enhanced by surface effects.11 One explanation for why
an indirect transition would be enhanced by surface effects is
that proposed by Miller et al. They predicted an enhancement of indirect transitions at the interface between two materials having a dielectric constant mismatch due to a surface
contribution to the optical matrix element given by the following argument.11
The optical transition matrix element M e is composed of
two terms,
M e ⫽ 具 ⌿ final兩 A"“⫹“"A 兩 ⌿ initial典 .

共1兲

The first term, 具 ⌿ final兩 A"“ 兩 ⌿ initial典 , is used to calculate the
optical matrix element in bulk solids. The second term,
具 ⌿ final兩 “"A 兩 ⌿ initial典 , results from the spacial derivative of
the vector potential, and in a homogeneous material 共for one
commonly used gauge of A) this term is zero. In contrast, the
wavelength of light is much larger than the wire diameter.
For the gauge of A that gives a zero “"A value for a bulk
material, a nonzero value results at the interface between two
materials with different dielectric constants, for example at
the bismuth/alumina interface in our nanowires.11,12 Furthermore, since the dielectric function does not instantaneously
change at the interface, but instead changes throughout a
distance d pd , and since the wire diameter is small, this
change could occur throughout most of the wire radius.
In the case of a large surface interface area, as in bismuth
nanowires, the surface matrix element term cannot be ignored. Miller et al. found experimentally that the surface
contribution to the matrix element enhances the indirect transition in their gold samples.11 In another study, Enders and
Schuchardt observed an increase in the amplitude of the dielectric function of bismuth with the addition of antimony.13
They attributed the increase in the dielectric function to an
enhanced indirect transition in bismuth resulting from the
short-range scattering potential of the Sb dopant sites. In
bismuth nanowires, since bismuth has a significant index of
refraction 关 n⫽2.6 at 1000 cm⫺1 共Ref. 3兲兴, both bismuth/
alumina (n⫽1.7) and bismuth/air (n⫽1) have significant
dielectric constant mismatches, and therefore the surface
contribution to the matrix element is significant.
If the strong optical absorption at ⬃1000 cm⫺1 is a result
of the surface enhancement of the optical matrix element,
this absorption should have a large polarization dependence.
When the light is polarized such that the electric field crosses

FIG. 3. The wave-number dependence of the imaginary part of
the index of refraction, K(  ), of 200 nm and of the absorption
coefficient, ␣ (  ), of ⬃45-nm-diam bismuth nanowires fabricated
inside an alumina template but with this template then removed.
The absorption peak of the 200- and ⬃45-nm wire diameter
samples are at 965 and 1090 cm⫺1 , respectively. The imaginary
part of the index of refraction of the 200-nm-diam wires was obtained by Kramers-Kronig relations and measurements of the optical reflectivity of the sample. The absorption of the ⬃45-nm-diam
wire was obtained from the negative log of the transmission of the
sample. The absorption values are not corrected for surface roughness or sample thickness, and so the y-axis scales for the two graphs
are different and arbitrary.

an interface perpendicular to the wire axis, the surface term
is nonzero. However, when the electric field of the incident
light is parallel to the wire axis, the surface term should be
zero since the electric field does not cross a bismuth/air 共or
alumina兲 boundary.
This argument has additional credibility since the reflection of a roughed-up bulk bismuth sample also has a feature
at around ⬃1000 cm⫺1 . In addition, the thin film of bismuth
that was used to provide a background spectrum in a previously published paper1 also shows a shallow feature in the
transmission at ⬃1000 cm⫺1 , but it is broader and weaker.
The feature in the thin-film bulk bismuth sample likely results from some small surface roughness inherent in the thinfilm fabrication. Furthermore, even though 200-nm-diam bismuth wires are too large to show significant quantum
confinement, they still show an absorption peak at
965 cm⫺1 . The 200-nm-diam wires and their absorption
peak at 965 cm⫺1 are, therefore, characteristic of crystalline
bulk 共not quantum confined兲 bismuth with a large surface
area. Figure 3 shows the wave-number dependence of the
absorption coefficient, ␣ (  ), obtained by the KramersKronig relations of the reflectivity of 200-nm-diam, freestanding, bismuth wires. For comparison, the figure also
shows the imaginary part of the index of refraction, K, of
⬃45-nm-diam wires, obtained by taking the negative log of
their measured transmission. The 200-nm-diam wires have
an absorption peak at a wave number of about 125 cm⫺1 less
than the ⬃45-nm wire diameter sample. Since rough bulk
samples, thin films, and 200-nm-diam wires all show an absorption peak around ⬃1000 cm⫺1 , this strong absorption
peak likely results from the indirect L- to T-point transition
and not from intersubband transitions, in agreement with the
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argument discussed above regarding the diameter dependence of the strong, sharp, absorption peak.
III. THEORY AND NUMERICAL SOLUTIONS OF THE
OPTICAL ABSORPTION FROM AN L-T-POINT INDIRECT
ELECTRONIC TRANSITION

Model calculations are presented in order to understand
the indirect L-T transition in bismuth nanowires, and hence
to gain insight into the mechanism responsible for the absorption peak共s兲 observed in the experimental data. For this
work, a phonon-assisted process is assumed, although one
possibility is that the indirect transition is assisted by a surface defect at the bismuth-oxide interface. Since a surface
defect is localized in real space, it is distributed in momentum space, and therefore a phonon might not be required if
the surface state couples the initial and final states.
A photon can excite an electron to an unfilled higherenergy state if the energy of the photon exactly equals the
energy difference between the final and the initial states 共plus
or minus the energy of a phonon in an indirect process兲 and
if momentum is conserved. The photon absorption from this
process can be measured by energy-dependent opticalabsorption spectra. In order to conserve momentum in an
indirect transition, a phonon with momentum equal to the
momentum difference between the final and initial states
must be absorbed 共or emitted兲. The optical-absorption coefficient ␣ L-T resulting from an indirect electronic excitation
from the L-point valence band to the T-point valence band in
a Bi nanowire as a function of photon energy, ប  , is given
by

␣ L-T 共  兲 ⬀

兺 兺n 兺m

p⫽1,2,3

冕 冕
dk n

dk m N ph共 E 兲 ⫻M e 共 n,m 兲 2

⫻ 兵 f 关 E n 共 k n 兲兴 ⫺ f 关 E m 共 k m 兲兴 其
⫻ ␦ „E m 共 k m 兲 ⫺E n 共 k n 兲 ⫾E phonon⫺ប  …
⫻ ␦ 共 k m ⫺k n ⫾k phonon兲 ,

共2兲

where  is the frequency of the incident light, p is 1, 2, or 3
corresponding to the three L-point hole pockets, n and m are
the L-point and T-point subband indices, respectively, k n and
k m are the wave vectors of the L- and T-point valence-band
states in the direction of the wire axis, N ph is the phonon
population described by the Planck distribution function,
M e (n,m) is the momentum matrix element coupling strength
between the initial, n, and final, m, subbands, f (E n ) and
f (E m ) are the Fermi-Dirac distribution functions for the
states n and m, respectively, and E n and E m are the corresponding energies of states n and m. In Eq. 共2兲, the momentum of the incident photon is ignored, since it is much less
than the momentum of the phonon, and the electron-phonon
coupling strength is, for simplicity, assumed to be constant.
In our calculations, the acoustic phonons are modeled using the Debye model so that the velocity of sound c s is taken
as a constant of 2.54⫻103 m/s. 3 The simulation results are
found to be insensitive to the velocity of sound. Since the
L-point bands are strongly coupled, the Lax two-band model

for nonparabolic coupled bands is used to describe the dispersion relations.14 Since the L-point electronic bands are
extremely anisotropic and show strong nonparabolic effects,
the calculation of the wave functions is done numerically.
The Fermi energy as well as the energy levels and wave
functions for the first 50 subbands are found by a modified
version of a previously published model of the electronic
structure,5 the modified version taking into account the nonparabolic dispersion relations of the subbands in calculating
the Fermi energy. The model takes as variables the wire crystallographic orientation along the wire axis, the wire diameter, and the temperature. For all calculations in this work,
unless otherwise stated, the wires are assumed to be undoped, so that the Fermi energy is set to ensure charge neutrality.
The matrix element M e (n,m) is calculated by assuming a
penetration depth d pd of the surface component of the matrix
element in Eq. 共1兲 and by calculating the integral
M e 共 n,m 兲 ⫽

冕 冉
n exp

⫺

冊

共 R 0 ⫺r 兲
 m drd  ,
d pd

共3兲

where R 0 is the radius of the nanowire, and the integral is
taken over the cross-sectional area of the wire, drd  , and  n
and  m are the wave functions of states n and m, respectively. Various matrix elements were tried, including coupling of the initial and final states through an intermediate
surface state. All methods gave very similar results. Hence,
the simplest version is presented here.
The penetration depth of the surface matrix element, d pd ,
is varied to better fit the experimental data. When the penetration depth is large compared to the wire diameters, Eq.
共3兲 reduces to a spatial overlap of the wave functions. Unlike
the case of intersubband transitions,1 when the spacial overlap is used as the matrix element, one initial T-point subband
state usually couples strongly to only one 共or at most three兲
L-point subband state共s兲. In addition, because of the differences in the effective-mass tensors at the T and L points, the
lower-order T-point subbands couple more strongly to an
L-point subband than higher-order T-point subbands do. In
other words, the first T-point subband will couple strongly
with only the first L-point subband, while the tenth T-point
subband will couple most strongly with the tenth L-point
subband, and the coupling between the first states will be
stronger than between the tenth states.
As the penetration depth d pd of the surface component of
the matrix element decreases, each T-point subband state
couples to more L-point subbands. In addition, for smaller
penetration depths, higher-order states couple more strongly
than lower-order states since their wave functions are on average closer to the boundary of the wire. Both these trends
lead to a broader absorption peak. In addition, as the decay
length is decreased, the smaller wire diameter wires absorb
more strongly than the larger diameter wires, since they have
a larger surface area to volume ratio. The smaller the diameter of the wires, the less volume an individual wire occupies, however for a given sample size, the smaller the wire
the more wires are simultaneously measured, and so the volume measured is roughly independent of the wire diameter.
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FIG. 4. The calculated absorption spectra, plotted in terms of ⑀ 2 ,
resulting from electronic transitions from pocket A at the L point to
the T point, assuming a phonon absorption process. The matrix
elements M e (n,m) are scaled by Eq. 共4兲 with s set to 1, 0.5, 0.25,
and 0.1 for graphs a, b, c, and d, respectively. The curves b, c, and
d are offset with respect to the dotted lines and are multiplied by 75,
10, and 3, respectively.

Hence, an increase in the surface area to volume ratio increases the absorption intensity.
Even for the limiting case of d pdⰇd w , where d w is the
wire diameter, the experimental spectra have a narrower absorption peak than the simulated spectra. This discrepancy
could indicate that the higher-order subbands are not well
defined in the wires, for example because of limits in the
infinite barrier approximation or because of surface roughness on the wires. The discrepancy could also result from
limitations of the two-band model assumed in this calculation. Instead of fitting d pd to the linewidth of the spectrum,
d pd is fit to the ratio of the intensities of the experimentally
observed absorption peak for 35-nm and 60– 80-nm-diam
wires.6 Using this method, d pd is found to be 15 nm.
In order to determine the dependence of the peak width on
the number of subbands that were included in the simulation,
the matrix element was multiplied by a decaying exponential
function with a dependence on the subband numbers of the
initial, n, and the final, m, states,
M e 共 n,m 兲 →M e 共 n,m 兲 exp共 ⫺sn 兲 exp共 ⫺sm 兲 ,

共4兲

where s is a fitting coefficient. The curves a, b, c, and d in
Fig. 4 show the calculated imaginary part of the dielectric
function, ⑀ 2 , with s chosen to be equal to 1, 0.5, 0.25, and
0.1, respectively. The absorption spectra show contributions
to the absorption resulting from electrons only in pocket A,
see Fig. 2共a兲, and are only for the phonon absorption process
共simulations of the phonon emission process would result in
similarly shaped absorption spectra at an energy 160 cm⫺1
higher兲, as discussed below. The larger the value of s, the
more the lower-order subbands dominate the absorption
spectra. When the lower-order subbands dominate the absorption spectra, the absorption peak is narrower and occurs
at a lower energy 关 1174 cm⫺1 for s⫽1 共a兲 versus
1380 cm⫺1 for s⫽0.1 共d兲 and 1540 cm⫺1 for s⫽0 共not
shown兲兴 than when higher-order subbands also contribute

significantly to the absorption spectra. In this paper, for all
the spectra that are presented, except those in Fig. 4, the
approximation s⫽0 was taken in order to minimize the number of fitting parameters and simplify the data analysis.
Therefore, the lower-order subbands are not favored in the
present calculation.
Unlike the case of intersubband transitions,1 even with s
⫽0, the higher-order subband states do not contribute significantly to the absorption coefficient for the indirect transition process described here. For example, in a 35-nm-diam
wire, the 20th T-point valence band is more than 60 meV
below the Fermi energy. Since an empty state near the T
point is required for the indirect absorption, and since the
higher-level subbands are mostly filled, only the first 20 subbands at the T point are considered in the calculation. Since
higher-level subbands at the L point couple only weakly to
the first 20 subbands at the T point, only the first 20 subbands
at the L point are considered. In addition, surface conditions
and possibly limitations to the two-band model will likely
limit the number of well-defined subbands. The contribution
to the optical absorption from electronic transitions between
the first 15 T-point and the first 15 L-point subbands of
pocket A in 35-nm-diam bismuth wires at 293 K is shown in
Fig. 5共a兲. Only those transitions with significant coupling
strength are shown. The figure shows that after the first nine
subband transitions, the intensities of the absorption peaks
sharply decrease.
Figure 5共b兲 shows the energy difference of the band edges
as a function of subband number in wave numbers for pocket
A. Since the L-point and T-point masses are different, the
energy difference between the L- and T-point band edges
also varies as the subband number is varied. Each transition,
therefore, has a slightly different absorption peak wave number, thereby contributing to the linewidth of the peak. Since
the L-point effective mass increases with energy due to nonparabolic effects, the effective masses 共in the confined direction兲 of the L-point subbands also increase with increasing
subband index. When the effective mass 共in the confined
directions兲 of the L point equals the effective mass of the T
point, the two bands decrease in energy at the same rate as
the subband number is increased. Therefore, at this point,
many transitions have the same energy difference between
them, thus resulting in a large contribution to the absorption
peak. From Fig. 5共b兲 we see that for states 8 –20, the energy
difference between the subbands is fairly constant, and thus
the absorption peaks from these subbands all contribute to
the observed optical absorption at nearly the same energy.
The transitions from subbands where the effective masses of
the L and T points are different contribute to the linewidth of
the absorption spectra.
The contributions to the absorption spectra associated
with the indirect transition from the three L-point pockets
共one A pocket and two B pockets兲 to the T-point hole pocket
are shown in Fig. 6. For 具 012典 aligned Bi wires 共such as our
wires兲, two of the three electron pockets are degenerate. The
two degenerate pockets are labeled ‘‘pocket B’’ in Fig. 6, and
the third nondegenerate electron pocket is labeled ‘‘pocket
A.’’ For each pocket, the absorption spectrum has two distinctive absorption peaks, one 共at higher energy兲 for the
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FIG. 5. 共a兲 The simulated optical absorption from transitions from the first 15 T-point subbands to their corresponding L-point subbands
for one pocket of an undoped, 35-nm-diam bismuth nanowire at 293 K. As the T-point subband index is increased, the absorption intensity
decreases, since the higher subbands at the T point have fewer empty states to which an electron from the L point can be excited. The wave
number of the absorption peak increases rapidly with increasing subband number until about the tenth state, at which point it levels off and
eventually slowly decreases. 共b兲 The energy difference between the band edges of the L- and T-point valence bands, the Fermi energy, and
the energy of the T-point band edge as a function of the state or subband number.

emission of a phonon and one 共at lower energy兲 for the absorption of a phonon. The peaks for each process are shown
separately as well as the total contribution to the absorption
from both processes. Pocket A has a larger intensity absorption peak than pocket B, since the effective-mass components in the confined directions of this pocket are better
matched to those at the T point. The more closely the
effective-mass components in the confined directions of the
initial and final states are matched, the greater the number of
subbands that contribute to the absorption at the same energy, and hence the absorption peak is enhanced.
Since the electronic band parameters at room temperature
are not accurately known, we considered the sensitivity of
our model to variations of the band parameters. First we

FIG. 6. The calculated absorption spectra from the nondegenerate hole pocket A and the doubly degenerate hole pocket B at the L
point, see Fig. 2, to the T-point valence band of a 45-nm-diam
具 012典 aligned bismuth nanowire at room temperature. The absorption is plotted in terms of the wave-number dependence of the dielectric function  2 (  ). Each pocket has two absorption peaks, one
when a phonon is emitted 共at higher  ) and one when a phonon is
absorbed 共at lower  ). The total absorption 共solid arrows兲 as well as
the absorption assuming just phonon emission or just phonon absorption 共dotted line arrows兲 are shown.

consider variation of the band overlap and then variation of
the effective-mass components. Figure 7 shows the calculated absorption spectra with varying values of the bulk bismuth band overlap energy of the L and T points used in the
simulations. Curve II is for the measured band overlap of 98
meV (790 cm⫺1 ) for bulk bismuth,9 and curves I and III are
for a band overlap of 98⫹74 meV (1387 cm⫺1 ) and 98
⫺74 meV (194 cm⫺1 ), respectively. Values of the band
overlap were chosen so that the change in the absorption
spectra was significant, and so that the lower band overlap
energy of 24 meV resulted in an absorption peak near the
energy of the observed absorption peak, as discussed below.
An increase 共decrease兲 in the band overlap energy results in
an upshifted 共downshifted兲 absorption peak energy by the
same amount.
The energy of the absorption peak is not only sensitive to
the energy overlap of the L- and T-point bands, but is also

FIG. 7. The simulated absorption spectra including all three
pockets of the indirect L-T-point transition in 30-nm-diam bismuth
nanowires at room temperature shown for three values of the band
overlap energies for bulk bismuth, at 300 K. Curves I, II, and III are
for L-T band overlap energies of 172 共1387兲, 98 共790兲, and 24 共194兲
meV (cm⫺1 ), respectively. The reported band overlap energy in
bismuth at room temperature is 98 meV (790 cm⫺1 ) 共Ref. 9兲.
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FIG. 8. 共a兲 The measured optical transmission
as a function of wave number of free-standing
bismuth nanowires for the wave-number range of
650–4000 cm⫺1 . 共b兲 The simulated optical transmission as a function of wave number resulting
from an indirect L-T transition in bismuth
nanowires with a diameter of 45 nm for the
wave-number range of 650–4000 cm⫺1 . Note
that the minimum transmission in the experimental spectra is at ⬃1100 cm⫺1 , and in the simulated spectra is at ⬃1500 cm⫺1 . The differences
in the magnitude of the transmission likely result
from the fact that only optical absorption from an
indirect transition is simulated in 共b兲, while in the
experimental measurements, 共a兲, many absorption
and scattering mechanisms are likely to be
present.

sensitive to the ratio of the effective masses of the L- and
T-point pockets. When the T-point hole mass is decreased,
the energy at which the L-point mass equals the T-point mass
also decreases. Therefore, when the T-point mass decreases,
the energy of the absorption peak downshifts. The simulations show that a decrease in the T-point hole effective mass
by 10% results in a downshift of the absorption spectra by
⬃75 cm⫺1 . Likewise, when the hole mass at the L point
decreases, the energy at which the L-point mass equals the
T-point mass increases, and the absorption peak occurs at a
higher photon energy. A decrease in the L-point hole mass by
10% results in an upshift of the absorption spectra by
⬃90 cm⫺1 . When both the electron (T-point兲 and hole
(L-point兲 masses are increased, the effects cancel out and the
absorption peak wave number remains relatively constant.
IV. COMPARISON BETWEEN MODEL CALCULATIONS
AND EXPERIMENTAL RESULTS

The Bi nanowires used in this study are fabricated utilizing porous anodic alumina templates,15,16 which serve as a
host material for the nanowires. Since alumina is a wideband-gap semiconductor, individual wires, which are fixed in
place and spatially separated, are electrically isolated from
each other. Porous anodic aluminum oxide templates are fabricated by anodizing aluminum sheets in an oxalic acid electrolyte. During this process, cylindrical pores 7–200 nm in
diameter are self-assembled into a hexagonal array. The pore
diameter and the distance between the pores can be controlled systematically by varying the anodization voltage and
the electrolyte used.17,18 The thickness of the alumina template determines the wire length, which can thus be controlled by the anodization time. The thicknesses of samples
used in this study are 40–60  m. The pores in the alumina
templates are filled with Bi using a pressure-injection
technique.15 The wires used for the free-standing nanowire
measurements had a wire diameter of 60 nm before the alumina template surrounding the wires was etched away using
a phosphoric acid–chromium trioxide etch. Since an ⬃7-nm
oxide grows on the free-standing wires after the alumina is
selectively etched away,19 the inner bismuth portion of the

free-standing wires is expected to have a diameter of around
45 nm and therefore is predicted to exhibit a semimetalsemiconductor transition at around 100 K. In this study, the
alumina has been etched away and the wires are electrically
isolated by a thin (⬃7 nm) bismuth oxide that forms during
the etch.19 In order to determine the contribution of the bismuth oxide on the absorption spectra, a bismuth film was
evaporated onto a potassium bromide 共KBr兲 window, annealed in an oxygen environment until the bismuth film was
completely oxidized, and then its optical transmission was
measured. The transmission of the bismuth oxide film did not
have any features in the energy range of our experiment. The
measured absorption of the bismuth wires etched from the
alumina template is therefore assumed to result solely from
the absorption of bismuth, and not from bismuth oxide. For
this study, wires etched from the alumina template were chosen over the wires within the alumina template because the
line shape of the absorption is important for this study. When
the wires are inside the template, a reverse effective medium
theory is used to obtain the dielectric function of the wires,
but this process is indirect and might not deduce an accurate
line shape of the absorption in the wires. By etching the
wires from the alumina, sample inhomogeneities are added,
but the true absorption line shape can be directly measured
via transmission or reflection measurements.
The optical reflection R(  ) and transmission T(  ) were
measured as a function of wavelength at room temperature
using a Nicolet Magna-IR 860 spectrometer and a Nic-Plan
IR Microscope. The microscope FTIR allows transmission
and reflection measurements through a microscope stage and
therefore enables measurements of samples smaller than
1 mm2 . Reflection and transmission data were taken in the
infrared region from 600⬍  ⬍4000 cm⫺1 at 293 K using a
gold film as a comparison standard. The resolution was
2 cm⫺1 .
Figure 8共a兲 shows the measured and Fig. 8共b兲 the simulated optical transmission of bismuth nanowires as a function
of the wave number. The simulated absorption includes the
absorption from all three L-point carrier pockets and is for a
45-nm-diam wire. The measured absorption is from an
⬃45-nm-diam, undoped, wire. The transmission profiles for
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FIG. 9. 共a兲 The simulated wave-number dependence of  2 (  ) resulting from an indirect L-T
transition in bismuth nanowires with a diameter
of 70 and 35 nm for the wave-number range of
600–4000 cm⫺1 . The absorption peak in 共a兲
moves from 1420 for the 70-nm wires to
1520 cm⫺1 for the 35-nm wires. This shift of
⬃100 cm⫺1 is to be compared with the experimentally observed shift of 65 cm⫺1 . 共b兲 The calculated energy difference measured in wave numbers between the first, second, third, and fourth
subbands at the L-point valence band to the first,
second, third, and fourth subbands at the T-point
valence band.

the measured and simulated curves are very similar. As the
light frequency is increased, the experimental /simulated
transmission drops sharply and reaches a local minimum at
around 1100 cm⫺1 /1500 cm⫺1 共0.136 eV/0.186 eV兲. The
transmission then slightly increases, and finally steadily decays for the rest of the measured wave-number range. At
4000 cm⫺1 , the transmission is less than 10% of the transmission at 650 cm⫺1 . The measured transmission drops
slightly faster and has slightly sharper features than the simulated curve. The differences in the magnitude of the transmission likely result from the fact that only optical absorption from an indirect transition is simulated in 共b兲, while in
the experimental measurements, 共a兲, likely many absorption
and scattering mechanisms are present. Furthermore, the
magnitude of the experimentally measured transmission is
affected by factors which are not measured, such as sample
thickness and porosity. For example, the experimental transmission spectra of a different location on the same sample
give a slightly different spectra, with a maximum transmission of ⬃0.08 instead of ⬃0.10, as presented in Fig. 8共a兲.
Although the simulated and measured spectra are similar,
the local minimum in the transmission, which corresponds to
a peak in the optical absorption, occurs at a higher photon
energy in the simulated spectra than in the experimentally
measured spectra. The transmission minimum in the simulated spectra occurs at ⬃1520 cm⫺1 and in the measured
spectra at ⬃1100 cm⫺1 . This difference may result from approximations used in this calculation, inaccurate values of
either the L- or T-point effective masses, inaccurate values of
the band overlap energy of bulk bismuth at room temperature, or from a combination of these factors. If the L-point
effective-mass tensor is taken to be larger or the T-point hole
mass tensor smaller than the literature values, the wave number of the simulated absorption peak will decrease. The wave
number of the simulated absorption peak will also decrease if
the band overlap used in the simulations is decreased, see
Fig. 7. Another possible explanation for the discrepancy is
that the Lax two-band model may not completely hold for
the energies contributing to the absorption spectra 共up to 0.25
eV below the L-point midgap兲, because of possible contributions from bands outside of the two-band model for the
L-point valence band.
In addition, the discrepancy between the energy of the
simulated and measured absorption peaks may result in part

from taking s⫽0 in Eq. 共4兲. As shown in Fig. 4, when the
lower-order subbands dominate the absorption spectra, the
energy of the absorption peak decreases, yielding better
agreement with experiment. When the lower-order subbands
dominate the absorption spectra, not only does the energy of
the absorption peak decrease, but the spectral width decreases as well, as shown in Fig. 4. Both the decrease in
energy and the smaller spectral width of the absorption peak
are in better agreement with experimental results when a
nonzero value of s is used. The spectral width of the simulated absorption spectra results from contributions to the optical absorption from phonon emission and phonon absorption processes, the two types of L-point carrier pockets (A
and B), wires with varying diameters, and contributions
from different subbands. All four of these contributions increase the spectral broadening. Only considering the spectral
peak broadening resulting from different subbands, a lower
bound of the s value in Eq. 共4兲 can be estimated to be 0.35.
The dependence of the absorption spectra on s is discussed
further in Ref. 20.
Small features in the experimental spectra are not reproduced in the simulated spectra, e.g., the weak absorption
features near 750–800 cm⫺1 and at ⬃600 cm⫺1 共more
clearly shown in Ref. 1兲. These features are therefore attributed to an absorption mechanism other than an indirect L-T
transition, such as intersubband transitions, and they are not
discussed further in this paper.
Figure 9共a兲 shows the simulated absorption spectra resulting from an indirect L-T transition in bismuth nanowires
with wire diameters of 70 and 35 nm. The wave number of
the simulated absorption peak shifts from 1420 to
1520 cm⫺1 , because of the increased quantum confinement
in the smaller diameter nanowires. The magnitude and sign
of the shift (100 cm⫺1 ) in the simulation agree well with the
experimentally measured shift (65 cm⫺1 ) when the wire diameter is varied from 35 nm to 60– 80 nm.6 The wave number of the peak in the absorption spectra is approximated by
smoothing the simulated absorption spectrum. Figure 9共b兲
shows the calculated energy measured in wave numbers of
the first, second, third, and fourth T-point subband edges to
the first, second, third, and fourth L-point valence subband
edges, respectively. The wave number of these transitions
increases with decreasing wire diameter until a wire diameter
of around 20 nm, at which point the wave numbers decrease.

235417-8

PHYSICAL REVIEW B 68, 235417 共2003兲

OPTICAL ABSORPTION FROM AN INDIRECT . . .

FIG. 10. 共a兲 The measured wave-number dependence of the reflection of 共i兲 nondoped, 共ii兲 lightly n-type doped, 共iii兲 medium n-type
doped, and 共iv兲 heavily n-type doped bismuth nanowires. The inset shows the calculated wave-number-dependent K, the imaginary part of
the index of refraction of the 共iii兲 medium and 共i兲 undoped samples. 共b兲 The simulated wave-number dependence of  2 (  ) resulting from an
indirect L-T transition in 40-nm-diam bismuth nanowires with 共i兲 no doping, 共ii兲 low n-type doping, 共iii兲 medium n-type doping, and 共iv兲
heavy n-type doping. In the experimental spectra, the reflection is decreased with the addition of n-type dopants, resulting from a decrease
in the absorption. The simulated spectra also show a decrease in the absorption, reflected in the decrease in  2 (  ), with increasing n-type
dopant concentration.

For wires smaller than 20 nm, the effective mass at the L
point is larger than the effective mass at the T point, and so
the wave number of the T-L-point transition decreases with
decreasing wire diameter.
In order to further test the identification of the absorption
mechanism near 1000 cm⫺1 , the change in the simulated
absorption with doping level is compared to previously measured Te-doped samples. The measured reflection as a function of wave number 共for the same bismuth nanowire in alumina sample that was reported in Ref. 21兲 is shown in Fig.
10共a兲. These nanowire arrays have varying levels of n-type
tellurium dopant concentrations. Normally for intrinsic materials, the absorption either stays constant or increases when
dopants are added. In bismuth nanowires, however, the reflection decreases as the doping is increased. This corresponds to a decrease in the absorption, as seen in the relation
R⫽

共 1⫺n 兲 2 ⫹K 2
共 1⫹n 兲 2 ⫹K 2

,

共5兲

where R is the reflection of an infinitely thick sample, n is the
sample’s index of refraction, and K is the imaginary part of
the index of refraction. Figure 10共b兲 shows the simulated
imaginary part of the dielectric function,  2 (  ) 共where  2
⫽2nK), of bismuth nanowires with varying doping concentrations. The simulated results also show a decrease in absorption as the doping concentration increases. We can explain this decreased absorption by the predicted increased
filling of the T-point valence band as the doping concentration increases, and hence the decrease in the number of final
states to which electrons can be excited, see Fig. 5共b兲.
The energy of the absorption peak is slightly sensitive to
the Fermi energy at room temperature. Since the peaks due
to various subbands are separated by much less than the thermal energy, increasing the Fermi energy decreases the hole
population in not just one, but in many of the T-point subbands. When the number of holes in a T-point subband is
decreased, fewer electrons can be excited from the L-point to

that T-point subband, and hence the absorption intensity resulting from this subband is decreased. From Fig. 5共b兲, we
see that as the Fermi energy is increased, the T-point subbands contributing to the higher wave-number absorption are
below the Fermi energy and those contributing to the lower
wave-number absorption remain above the Fermi energy.
Therefore, when the Fermi energy is slightly increased, the
highest energy of the absorption peak downshifts slightly.
When the Fermi energy is increased further, so that all the
T-point hole subbands are completely submerged below the
Fermi energy, no available states for the transition exist, and
this absorption mechanism is quenched.
The downshift in the absorption peak energy with an increasing concentration of n-type dopants, as explained
above, is not significant in the simulated spectra, since the
energy shift is smaller than the spectral width of the simulated absorption peak.
Using Kramers-Kronig relations and a reverse effective
medium theory,1 the imaginary part of the index of refraction, K, as a function of wave number for the undoped and
moderately doped nanowires is calculated from the reflection
spectra. Since the transmission of the moderately doped
sample is significant, this method only gives an approximate
measure of the absorption spectra for this sample. The calculated results are shown in the inset of Fig. 10共a兲. Compared to the undoped sample, the doped sample has a decreased absorption intensity, as reflected in the decrease in K,
as well as a slight (⬃40 cm⫺1 ) decrease in the wave number
of the peak in the absorption spectrum. This trend is qualitatively expected for absorption resulting from an indirect interband transition as described above, although it is not significant enough to observe in the simulated spectra at room
temperature.
Although the shape of the absorption spectra and the polarization, wire diameter, and doping dependences are all explained by absorption resulting from the L-T-point indirect
transition, the temperature dependence of this absorption
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peak is not well explained. In bismuth, the absorption from
many mechanisms 共e.g., free carriers, intersubband, indirect
interband, and direct interband transitions兲 is expected to
change drastically with temperature. This results from the
large temperature dependence of the effective mass, L-point
band gap, T-point to L-point band overlap, and the freecarrier concentration.8,9,22 However, preliminary results show
only slight changes in the optical absorption when the temperature is varied between 400 K and 150 K. The small
observed temperature dependence of the optical absorption is
not explained by either intersubband absorption or indirect
optical-absorption processes. The temperature dependence of
the absorption spectra is further discussed in Ref. 20. In addition, Ref. 20 also discusses spectral broadening and the
expected intensity of an absorption peak resulting from a
phonon exchange mechanism, as expected for an indirect
transition in bismuth nanowires.
V. CONCLUSIONS

This paper presents a numerical simulation of the optical
absorption resulting from an electron excitation between the
L- and T-point valence bands. Experimentally measured
transmission spectra are compared to the simulated transmission spectra, and good agreement is obtained, as shown in
Fig. 8. The similarity between these spectra strongly indicates that the measured absorption is dominated by this in-
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