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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.
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I. INTRODUCTION AND METHODOLOGY ing system for studying quantum confinement and in particu-
lar intersubband transitions.

Because of the special band structure of bismuth, bismuth The Bi nanowires used in this study are fabricated utiliz-
nanowires are an especially interesting system for studyin§'d the pores of an anodic alumlna.templ?':lf‘e/yhlch serves
quantum confinement. Bismuth is a semimetal with a smalf®S @ host material. Since alumina is a wide-band-gap semi-
band overlai38 meV at 0 K and a very anisotropic electron conductor, individual wires which are fixed in place are elec-

effective mass tensdwarying from 0.00in, to 0.26n,, de- trically isolated from each other. The diredt-point) inter-
pending on the crystalline directiinh.For ; Bi nénov(\)/,ire of band transition energy increases with decreasing nanowire

small enough diameter for significant quantum confinemengiameter’ and for Bi nanowires, quantum confinement effects
9 9 q are significant for diameters less than about 50 nm. At room

to occur, the nanowire undergoes a transition from a seMigy .y oratre, for example, the direct bandgap of bulk bismuth

metal With a small band c.)verlap.t_o a semiconductor with theL point) is 36 meV (290 crml), while for 40-nm wires,
small direct band gap. Thls transition, as We_|| as other quange calculate the direct band gap to be 123 meV (990 Ym
tum effects, occur in Bi nanowires at relatively large wire |, the frequency range of our experiments, the wavelength of
diameters because of the small effective mass and small baight is more than 50 times greater than the wire diameter. As
overlap of bulk bismuth. For example, in nanowires orientedy result, both the alumina host material and the Bi nanowires
along the(012) crystalline directior{such as our wirés, this  contribute to the measured optical properties. The contribu-
transition is predicted to occur at a diameter of 49 nm at 7%ion of the nanowires can be separated from that of the mea-
K3 sured nanowire/dielectric composite by making use of an
In addition to the thermoelectric applications previously effective-medium theoryEMT) formalism’~1° Here we use
proposed for Bi nanowire5Bi nanowires also hold promise an EMT in reverse to obtain the dielectric function of the Bi
for optical applications because of their unusual propertieshanowires inside the alumina when the dielectric function of
For example, quantum wells, quantum dots, and quanturthe composite material is know.
wires usually have to be doped in order to populate the low- In this paper we present both experimental measurements
est subband and to allow for optical excitation of the elec-and results of model calculations of the optical absorption
trons to higher subbands. However, since the direct banffom gquantum confinement in bismuth nanowires. Section Il
gaps for our wires are smaller thakg¥ at room tempera- explains how effgctlve 'medlum theory is used in reverse to
ture, the lower subbands are partially filled with electronsdeconvolve the dielectric function of bismuth nanowires em-

even in undoped samples, and intersubband transitions cdypdded in alumina. In Se_c Ill, the results from this metho?‘
be observed. In addition, one-dimensional systems exhib@'® compared to absorption measurements of free-standing

singularities in the joint density of states, allowing subband |smuth Nanowires. I_n Sec. IV of the paper, we present a
in Bi nanowires to be readily observable even at room temtheoretical model to simulate the absorption from both inter-

perature. More importantly, the selection rules for intersup2@nd and intersubband transitions in bismuth nanowires as a
band transitions in arrays of quantum wires, such as our pigunction of the wave number. The results of _th|s model are
muth nanowires, allow optical absorption to occur for light then compare_d to t.he results Of. the absor_ptloq observed in
incident perpendicular to the samplia-plane absorption the free-standing wires. Conclusions are given in Sec. V.
In-plane optical absorption greatly simplifies device testing,
improves the ease of measurements, and may make Bi
nanowires useful for optical applications. For all of these Unfortunately since the wire diameter is much smaller
reasons and many others, Bi nanowires provide an interesthan the wavelength of light used in this study, the absorption

Il. REVERSE EFFECTIVE-MEDIUM THEORY
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of the alumina cannot simply be subtracted out from the
absorption of the bismuth-alumina composite. Obtaining the
dielectric function at wavelengths much longer than the fea-
ture size of the sample requires extracting the relevant infor-

bismuth w

mation from measurements on a composite sample, which in glass slide thin bismuth film
our case includes bismuth nanowires embedded in an alu- ; :
transmitted light

mina template.
Many prior sftu_dms ha"‘? deve]oped an effectlve-medl_um FIG. 1. A schematic diagram of a free-standing bismuth nano-

theory for predicting the dielectric function of a composite, .. array mounted on a glass slide.

material when the dielectric function of both the constituent

materials are knowh:*~**When a sample is composed of dielectric function of the bismuth nanowires. From Egj,

more than one material, with the size of the constituentshe dielectric function of the nanowires is described by the

smaller than the wavelength\] of the optical fields, an equation

effective-medium theory treats this inhomogeneous material

as a single material with a single dielectric function. In the ~ Kecomposite™ Kénost™ f €composite™ TK €nost

present study we utilize the Maxwell-GarnettMG) €guest™ €host™ €composite™ €nost™ TK €nostt T €composite

EMT,**1* which is valid for nanoparticles smaller than _ . .

inside a dielectric material. We choose the MG EMT, since it2nd this reverse EMT was used in Ref. 11 to obtain the

agrees with an exact calculation done for the case of Cy”ng!electrlc function of bismuth nanowires as a function of

drical pores in alumin& The MG EMT relates the dielectric diameter.

function of the composite material to that of the gu@ss-

muth or aiy and host(aluming material by

2

IIl. EXPERIMENTAL RESULTS

Porous anodic aluminum oxide templates are fabricated
by anodizing aluminum sheets in an oxalic acid solufion.
= , During this process, cylindrical pores 7—200 nm in diameter

€composite” K €nost  Eguestt K €nost are self-assembled into a hexagonal array. The pore diameter

and the distance between the pores can be controlled system-

where K is the screening parameter amfds the volume atically by varying the anodization voltage and the electro-
fraction of the guest material in the composite materiallyte used?>?* The thickness of the alumina template deter-
For infinitesimally small nanowire=1 and the solution mines the wire length, and can be controlled by the anodiza-
equals that given in Ref. 10. Several research groupson time. The thickness of samples used in this study are
have used EMT to identify the dielectric function of a com- 40—60 um. The pores in the alumina templates are filled
posite materials,ecomposie USING €nost @Nd €quest Of the  with Bi using a pressure injection technicqe.
constituents:#1%-22|n this study, we use a reverse EMT to  The optical reflectiorR(w) and transmissiof (w) were
deduce the dielectric function of the guest material when theneasured as a function of frequency at room temperature
dielectric functions of the composite and of the host materialising a Nicolet Magna-IR 860 spectrometer and the Nic-Plan
are found by experimental measurements. IR Microscope. The microscope Fourier transform infrared

The dielectric function of the bismuth/alumina compositesspectrometer allows transmission and reflection measure-
and the air/alumina composites are found by one of twanents through a microscope stage and therefore enables
methods described below. One method uses Kramers-Kronigeasurements of 1-2-mm samples. Reflection data were
relations to obtain the dielectric function of the compositetaken in the infrared region from 6680L/A <4000 cm ! at
material from the measured reflection as a function of wave293 K using a gold film as a comparison standard. The reso-
number. The second method uses the solution of Maxwell'sution was 2 cm .
equations for a thin slab to simulate the reflection and trans- In order to test the validity of the reverse EMT method for
mission. For each data point, by adjusting the complex diobtaining the dielectric function of bismuth nanowires, we
electric constant of the thin slab, the mean-square error beneasured the absorption of free-standing bismuth nanowires
tween the measured and calculated reflection anavithout an alumina template. First, the alumina template was
transmission values is minimized. The Kramers-Kronigetched off using a selective etch leaving only bismuth be-
method is accurate when the transmission is small, while thaiind. Using the microscope FTIR, the reflection and trans-
Maxwell method is accurate when both the transmission anehission were measured from a sample, containing the free-
the reflection are both large enough to be measured. For mostanding Bi nanowires, a bismuth oxide coating over the
of our samples, the transmission is small but measurable, stanowires, and a thin Bi film holding the nanowires together.
either method can be used, although neither method is peA schematic diagram of the sample is shown in Fig. 1. A thin
fect. In the present study the two methods were comparegiece of bismuth with nanowires protruding like blades of
and found to yield similar results for the real and imaginarygrass is balanced on the edge of a glass slide, while light is
components of the dielectric function for bismuth-filled alu- transmitted through the sample in the direction of the wires
mina templates. so that the electric field of the incident light is always per-

Once the dielectric function of the bismuth/alumina pendicular to the wire axis. Since the transmission is propor-
composite is obtained, EMT is used in reverse to find theional toe K¢, whereK is the absorption coefficient antis

€composite” €host €guest €host (1)
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FIG. 2. The frequency dependence of the absorption coefficient £G4, Fit of Gaussian peaks to the absorption spectrum in the
found by taking the negative log of the transmission of free-free-standing Bi nanowire sample. Five broad peaks are observed at
standing bismuth nanowirés), as well as the absorption on a thin 616, 667, 798, 986, and 1090 ¢t The absorption from the thin
piece of bismuthpoints and the fit to this absorptiofiine curve  pismuyth sample is used as the baseline, and the absorption due to all
(c). The inset compares the absorption of the free-standing wiregye peaks is shown as the “total fit” to the data points.

(a), with the absorption coefficientim(e;+ie,)*?] of bismuth
nanowires inside an alumina templat® as obtained by reverse
EMT. The main absorption peaks of the two samples occur at abo

L'[ianowire arrays are therefore of comparable wire diameters.
the same photon energy.

igure 2 also includes the absorption of a thin film of bis-
muth(c), and the curve used to provide the background spec-

. . _ . train fitting the absorption spectra in Fig. 4. Since the thick-
the sample thickness, the negative log of the transmission iSess of the thin bismuth film holding the bismuth nanowires

proportional to the absorption coefficient. Since the thicknes§5 not known, the thickness is used as a fitting parameter to
of the template is poorly determined, the absolute magnitudg,§ the pest background spectra for the measured data. The
of the absorption coefficient cannot be obtained quantita{ransmissior{A) and the energy derivative of the transmis-
tively. The abso_rption coefficientimes the sa_mple thickj sion (B) are shown in Fig. 3. As can be seen from Fig. 3, all
nes$, as a function of the wave number, obtained by takingie features in the transmission curve are at wavenumbers
the negative log of the transmission intensity of the fréeqgqq than 1500 ciit. Figure 4 shows the measured absorp-
standing bismuth nanowires, is shown in Figa2 For com-  yion of the free-standing wires after the thin bismuth film
parison, Fig. 2 also shows the absorption coefficient fromypqqption is subtracted out. Figure 4 also shows a fit of a

~40_—nm Bi nan(_)wires inside an alumina template CL(.'Me sum of Gaussian peaks to the absorption in the free-standing
obtained by using the reverse EMT analysisthe wires anowires. The absorption of the bismuth oxide is not con-

used for ]Ehe free—st?ndinﬁ nelmoyvire mealsurements had ah idered, since bismuth oxide was found to have very little
ameter of 60 nhm before the alumina template surroundn;lgt Bptical absorption in the energy range of our measurements.
wires was etched away. Since-&-nm oxide grows on the “pe free-standing Bi nanowires absorb strongly at
free-standing wires after the alumina is selectively etched_ 1050 cm'* [curve (@) in Fig. 2], in excellent agreement

5 . . . R . . ,
away?° the inner bismuth portion of the free-standing wires, ih the peak absorption energy of Bi wires in the alumina

is expected to have a diameter of around 45 nm. The tW?empIate obtained by the reverse EMT approaahive (b) in
the inset to Fig. 2 However, the absorption peak is much
A0 sharper, absorbing only from 1000 to 1100 ¢mfor the Bi
=8 ] nanowires embedded in the alumina template, than the peak
] for the free-standing wires which extends from about 950 to
1150 cm L. The difference in the absorption peak widths
may have several explanations. The difference might indicate
limitations of the reverse effective-medium theory, since the
B) accuracy of the reverse effective-medium theory depends on
the magnitude of the imaginary part of the dielectric function
,"\‘ of the host material. By comparing the transmission spectra
f ﬁ of the filled and unfilled alumina templates as shown in Fig.
; 5, we know that the absorption in alumina is large for wave
numbers less than 1000 crh We thus expect a decrease in
1000 2000 39100 4000 the accuracy of the absorption obtained by reverse effective
wavenumber (cm ) medium theory for wave numbers less than 1000 &nThe
FIG. 3. (A) The transmission as a function of wave number of difference in absorption peak widths is, however, more |ik6|y

free-standing bismuth nanowire®) The energy derivative of the @ result of a widening of the wire diametdistribution and
transmission as a function of wavenumber. inhomogeneity along the length of each wire and among the

P

transmission (%
n

=]

dT/dE
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' ' ' R ] of the absorption spectrum from intersubband transitions in
: : which the bands track each otHeér.

A photon can excite an electron to an unfilled higher-
energy state if the energy of the photon exactly equals the
energy difference between the final and initial states and if
momentum is conserved. The photon absorption from this
process can be measured by the energy-dependent optical-
absorption spectrum. When stimulated emission as well as
absorption is accounted for, the optical absorption coefficient
for the Bi nanowire quasi-one-dimensional system, as a func-
tion of photon energyi w, is given by°

transmission

600 800 1000 1200

_1
wavenumber (cm ) Aaps1p( @) = (1€ €Cyom*?) >, (2/2m)
n,m

FIG. 5. Transmission data vs wavenumber (@r free-standing

Bi nanowires,(b) an unfilled alumina template, ar(d) a Bi-filled 5
alumina template. X | dk[(n|p[m)[“[f(En)—f(Em)]
various wires during Bi oxide growth after the removal of XO(En—Ep—fiw), (©)]

the alumina template.

In addition to the large absorption peak-al050 cm't,  where « is the optical absorption coefficieny is the fre-
smaller absorption peaks are observed-~#16, ~667, quency of the incident lightn|p|m) is the momentum ma-
~798, and~986 cm ! in the free-standing Bi nanowires. trix element for coupling between timth andmth statesz is
These peaks were not seen for the nanowires embedded Wire axis direction,7 is the index of refractionm* is the
alumina. This may indicate a decrease in the accuracy ceffective mass of the carriers,is the speed of lightz,, and
sensitivity of the reverse effective-medium theory in this fre-E, are the energy of statesandm, respectively, and(E)
quency range, and shows that the reverse EMT method fand f(E,) are the Fermi-Dirac distribution functions for
determining the dielectric function of nanowires smaller thanstatesn and m, respectively. The imaginary part of the di-
the wavelength of light has limitations that need to be furtherelectric function,e,, can be related to the optical-absorption
explored. Even though the experiment, using alumina/Bicoefficient by
nanowire template samples and the reverse EMT, allows us
to deter_mine the opti(_:al properties _of aligned and nonoxi- €x(0) =Cnaapd 0)w. (4
dized bismuth nanowires, the alumina template masks the

smaller peaks observed in the free-standing wire eXperimenéombining Eqs(3) and(4), we obtain an expression for the

We therefore choose to use the data obtained from fre‘i’?naginary part of the dielectric function:
standing wires when comparing experimental and simulated

absorption curves.

€a(0) = (mePlequ?m* ), (212m) [ dliclinlplm)]?
IV. THEORETICAL MODELING AND NUMERICAL nm

SOLUTIONS X[f(Ep)—f(Em) X 8(En—Em—fw). (5

Model calculations are presented in order to understand
the intersubband and interband transitions in bismuth nanow- Many commonly used approximations are not valid for
ires, and hence to gain insight into the mechanism resporealculations on bismuth nanowires. For example, since the
sible for the absorption peaks observed in the experimentddand gap of the bismuth nanowires is less thkgT3at room
data. Intersubband transitions are suspected to be the causenperature, the complete Fermi-Dirac distribution must be
of the observed optical absorption in bismuth nanowires foused. In addition, since thé&-point bands are strongly
several reason’s.The polarization dependence of the optical coupled, a simple parabolic band model is insufficient, and
absorption is consistent with absorption from intersubbandhe Lax two-band model for nonparabolic coupled bands
transitions. The absorption is observed when the electric fielthust be used to describe the dispersion relatfémaurther-
of the incident light is perpendicular to the wires, but is notmore, since thé&-point electronic bands are extremely aniso-
observed when the electric field is parallel to the wires. Intropic and have strong nonparabolic effects, the calculation
addition, the energy of the peak absorption was found t@f the wave functions of the quantum states well as the
increase with decreasing wire diameter, as expected for bottoupling between these states and the joint density of $tates
interband and intersubband transitions. Also, the energyequires a numerical calculation.
range where absorption peaks are observed is the energy Some assumptions were made in the model presented here
range in which absorption from intersubband and interbandhat in future studies should be further explored. For ex-
transitions are expected. Finally, the shape and peak width afmple, interband to intersubband coupling is not considered.
the measured absorption curve is as predicted for the shapdso, electron-electron interaction, including the depolariza-

195417-4



INFRARED ABSORPTION IN BISMUTH NANOWIRE . .. PHYSICAL REVIEW B 65 195417

simulated wires is varied for the range of experimentally
possible wire diameters, thealculated absorption spectra
remains significantly different from that of theeasuredab-
sorption spectra. In addition, since the conduction and va-
45 nm lence bands do not track each other, the joint density of states
for these transitions may be expected to be smaller than for
the intersubband transitions, where the subbands do track
each other approximately. For both these reasons, we do not
616 believe that the measured absorption spectra are from inter-
j / | | band transitions. Intersubband transitions are therefore con-
|

absorption

sidered.

The selection criteria for intersubband transitions in most
systems can be summed up by a few selection rules. How-
ever, since bismuth has a very anisotropic band structure and
because of the bismuth nanowire’s radial symmetry, the se-
lection rules are more complicated than for quantum wells,
quantum dots, square nanowires, or even circular wires made

FIG. 6. The calculated optical absorption at 293 K resultingfrom a material with an isotropic band structure. Therefore, a
from a direct interband transition for 41.5- and 45-nm Bi nanowiresnumerical method is used to solve for the oscillator strengths
oriented along the012 crystalline direction. The energies and of the inter-subband transitions. Even though the coupling
relative intensities of the experimental absorption peaks are showbetween lower-order states is strong, the lower-energy limit
by the dashed lines. of our measurement setup prevents us from observing these

transitions. The energy between the first and second subband
tion effect is not considered in this study. Since the electroredges is only 140 cim', while the lowest energy measured
pockets are localized ik space, thek dependence of the by our experimental setup is 600 ch Therefore, only
momentum matrix elements is not considered. Finally, onlynigher-order transitions with significant coupling are experi-
the dominant crystalline directiof©12) is considered for the mentally observed, and for this reason the model calculations
orientation of the Bi nanowires. include absorption from higher order states.

For interband transitions, transitions between ttre va- A more complete version of a previously published model
lence subband to thath conduction subband are allowed. of the electronic structufes used to find the energy levels
The coupling|(v|p|c)| between the valence subbandand  and wave functions for the first 50 subbands, using a certain
conduction subband, band states can be approximated bywire crystallographic orientation along the wire axis, and us-

, . L .
600 800 1000 1
wavenumber (cm )

1200

the relation ing, as variables, the wire diameter and the temperature. In
this model, the change in the nonparabolicity with wire di-

1 1 2 [vlplcy? ameter is taken into account. Using the energy levels and
F:EjLﬁE—g’ 8 wave functions calculated with this model, the oscillator

strengths between each of the 50 states to every other 50
where m is the free-electron mass. In the Lax two-bandstates are calculated. The oscillator strendths are found
model, the effective mass varies with the band gap by thé terms of the integral
relation
an:[Z/(m*hwn,m)]Kmpx,y|m>|2
i_ 1 " i |<U|p|c>|2 _ 12ﬁ2k2<v|p|c>|4 Oc|<n|px,y|m>|2/wn,m

m* M m2z Eg Eom?

()

oC

Un(Exdl ax+Eyal dy) pnd A

2

/wn,my (8)
At the band edgek=0), the momentum matrix element for
the different subband states is the same. In other words, asherey,, andy,, are the wave functions for theh andmth
the band gap increases, the mass increases/(afp|c)|  states, and, andE, are the electric-field components of the
remains constant. incident light perpendicular ta, the wire axis, ant w,, , is

The simulation results of the first ten interband transitionshe energy between statasandm. We assume that the inci-

are shown in Fig. 6 for both 45- and 41.5-nm-diameter wiresdent light is a TEM(transverse electromagnetic waand
Included in Fig. 6 are dashed ling¢arrows indicating the  hence, the integration is carried out over the cross sectional
frequencies for the absorption peaks that are experimentallgreaA of the wire.
observed, as shown in Fig. 4. The absorption peak values Figure 7 shows the oscillator strengths for transitions
observed in the-45-nm-diameter free-standing wires are in- from the first =0) state to the 50 lowest statesn(
cluded in the figure for comparison. Tlealculatedabsorp- =0-49). In doing the calculations, the polarization of the
tion peak energies of interband absorption in bismuth nanoincident light is varied by 5.6° increments to cover the whole
wires do not agree well with the energies of #wperimen- 360° range. Since unpolarized light is used in our experi-
tally measured absorption peaks in thet5-nm-diameter ments, the polarization that gives the largest oscillator
free-standing wires in two ways. While the diameter of thestrength for each transition is shown in Fig. 7. The coupling
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[rigc:nal (z) j

coupling strength (arb. scale)

absorption

0 10 20 30 40 50
state number

FIG. 7. The coupling term from the=0 state to then=0 to 49
states for carrier pockeX (see the inset of Fig.)8The wave func-

tions of some states are showm=0, 1, 2, 3, 13, 14, 30, and B2 600 800 IOOO_I
States that are radially antisymmetric have a larger coupling to the wavenumber (cm )
symmetric lowest-energy;m=0 state. Also, the figure shows that
even higher-order states can have a significant coupling tomnthe
=0 state.

1200

FIG. 8. The calculated optical absorption at 293 K resulting
from intersubband transitions for 41.5-nm Bi nanowires oriented
along the(012) crystalline direction. The separate contributions
. . . from the two types of electron carrier pockétsand B, as well as
between the f'rSt. 50 sta_tes, or 2500 transitions, is calculate{p]e total optical absorption, are presented. The energies and relative
for the threeL-point carrier pockets. . . intensities of the experimental absorption peaks are shown by the
~ Higher-order states have more nodes in their wave funcgashed lines. In the inset, the Brillouin zone of bismuth is shown
tions, and hence the overlap integral with the first state inyng the(012) crystalline direction is indicated by the arrow from
general decreases with increasimgHowever, this decrease iper point.
is not at all monotonic, since some transitions do not allow
for first-order coupling because of selection rules. Since bis-

muth is anisotropic, and since the circular wire only hasCloSer to theL-point conduction band than to thepoint

one index number, the higher order states sometimes hay&/énce band. For example, in 41.5-nm-diameter wires at
only a few nodes and hence have a relatively large couplin§Pom temperature, the Fermi energy lies 48 meV above the

to lower order states. The=32 state is an example of a lowest L-point conduction band minimunibetween the
high-n state that is slowly varying with few nodes and there-fourth and the fifth subbangisind since the band gap for the
fore has significant coupling to the=0 state. The two- first interband transition is 97 meV (782 ch), the Fermi
dimensional wave functions of the= 0, 1, 2, 3, 14, 15, 31, e€nergy is 145 meV above the tdppoint valence subband.
and 32 states in a circular bismuth nanowire are shown ifBecause of this location of the Fermi energy, the intersub-

Fig. 7. band absorption from the conduction band will dominate
The frequency dependence ef( w) resulting from inter-  over the intersubband absorption from the valence band.
subband transitions from statas-0-29 to stateg=0-49 The resulting frequency-dependent absorption curve is

for 41.5-nm-diameter012) oriented, bismuth nanowires at shown in Fig. 8. In(012-aligned Bi wires(such as our
293 K is calculated by the equation wires), two of the three electron pockets are degenerate. The

two degenerate pockets are labeled “podge&in Fig. 8 and

29 49
_ the third electron pocket is labeled “pocket A.” On the one
ezm(llw)zp 20 mE:O AL En(K) +Em(k) = f10] hand, the optical absorption should be dominated by pocket
A, since this pocket has the largest effective mass in the
XFnm f(En(k) — F(En(k) Jdk,, (9 unconfined direction and therefore has the largest joint den-

where the sum ovep is over the three electron carrier pock- Sity of states. On the other hand, pockeis doubly degen-
ets, as shown in the inset of Fig. 8, and the sums ovend ~ €rate. Therefore, both types of pockets contribute signifi-
m are for the initial and final states and m. The integral ~cantly to the intersubband absorption spectra. Poékkeas
includes a delta function where the energy of the incidenthe smaller effective mass in the confined directions, and
light is equal to the energy difference between the initial andherefore has a larger energy separation between subbands.
final states §f andm). The integral also includes the oscilla- PocketA, hence, has larger absorption peaks separated by
tor strengthF,,,, as discussed above. The integral is carriedarger energy intervals compared to those of poéket

out over momentunk, in the direction of the wire axis. For For perfectly parabolic and symmetric bands, the energy
all calculations in this work, the wires are assumed to bdor an electron to make an—m transition over a fixed
undoped, so the Fermi energy is set so that the nanowires anember of states is independent of the initial state. For ex-
charge neutral. Since bismuth has bbathpoint andT-point  ample, the energy for a transition between the first and third
valence bands, and only &rpoint conduction band near the states is the same as the energy for a transition from the third
Fermi energy, the Fermi energy in undoped samples is mucto the fifth states. Even though Bi nanowires are very aniso-
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bismuth may not be observed in wires with significant elec-
tron population, since the many-body depolarization effect
can modify the line shape resulting from nonparabolic
bands?®

Included in Fig. 8 are dashed linéarrows indicating the
frequencies for the absorption peaks that are experimentally
observed, as shown in Fig. 4. The absorption peak values
observed in the-45-nm-diameter free-standing wires are in-
cluded on the figure for comparison. Thalculatedabsorp-
tion peak energies of the 41.5-nm-diameter wires agree well
momentum along wire axis with the energies of thexperimentallymeasured absorption
peaks in the~45-nm-diameter free-standing wires. The
agreement between the experimental and model results is

momentum along the wire axis. The corresponding joint density o£un2 good, constljderlng tf(\ja; thi roor?-ttlam.perature bismuth
states(JDOS is shown in the inset. The nonparabolic effects caus and parameter data used for the calculations are not accu-

the minimum-energy difference between two subbands to be awa$Ately determined? that the wire diameters are only known
from the subband edges. Thus the joint density of states, as shoW@ =5 nm (as discussed above in connection with the oxide
in the inset, has two singularities: a higher-energy singularity resultcoating, and that the Fermi energy is not independently
ing from transitions at the subband edge, and a lower-energy singlknown. However, the ratio of the absorption peak intensities
larity resulting from transitions at the location of the minimum en- do not agree well with theory. From Fig. 4 we see that the
ergy difference between the subbands. experimental 1089-cmt absorption peak is significantly

tropic and non-parabolic, we see from Fig. 8 that the 1504279€r than the peaks at616, ~667, and~798 cm Ln
transitions modeled for each pocket tend to have energidf® Simulations, the 1089-cnﬁ peak is relatively small,
similar to other transitions in that pocket, so that the com-Since the absorption peak intensities decrease with increasing
plete absorption spectra includes only a few absorptiofvave number, because of the decreasing coupling, as shown
peaks, each broader than the spectra resulting from a singleé Fig. 7. The difference in the peak intensities between
transition. For example, the peak at around 800 tiiz a  theory and experimental results could well be explained by
sum of the absorptions from transitions from states 3, 5, 8pther absorption mechanisms contributing to the absorption
and 10 to states 21, 26, 32, and 37, respectively. Similarly that around 1100 cm*. One such possible absorption mecha-
absorption peak around 1100 Chis a sum of the absorp- nism is the indirect transition between the holes in the
tions from transitions between states 5 and 7 with states 3%-point valence band and thepoint valence band. For semi
and 42, respectively. This effect is more obvious for pogket metallic bismuth nanowires, the hole concentration at the
than for pockeB, since pockeA has a larger energy differ- T-point is large enough and tfiie andL-point valence bands
ence between states. In addition to the transitions havingack each other well enough so that this indirect transition
similar energies, many transitions are not allowed by symgould give significant absorption at room temperature. In
metry, or are only weakly allowed. These two effects com-aqdition, preliminary simulations of the absorption spectra
bine to result in only 610 expected large absorption peakgy a4 40-nm wire show that indirect interband absorption has

in the frequency range between 600 and 2000 tm _ an energy threshold around 1100 chwith continued ab-
Another interesting effect is that the nonparabolic band%@

energy
g —vg

FIG. 9. Two subbandsgarbitrarily labeledE, andE,,) and the
energy difference between therg, (—E,) shown as a function of

- . orption for higher energies, and the preliminary simulation
cause the minimum-energy difference between two subban P g g P y

1o be slightl f the band ed h in Fia. 9 sults also show a very narrow absorption peak for the in-
0 be Sightly away from the band €ages, as SNown I F1g. Jy; 0 0¢ absorption process around 1200 ¢mFurthermore,

Therefore, for one intersubband transition, there can be '[Wﬂje sharp absorotion peak from the indiréel point tran-
energies with singularities in the joint density of states, one P P P P

at the subband separation at the band edge, and the others‘jﬂon shifts to higher energies with decre.asing wire diagneter
the minimum energy separation between the subbands aw&y & raté about equal to the observed shift of the 1000-cm
from the band edgésee Fig. 9. The two singularities in the peak .Wlth wire diameter. The smulate_d absorp_tlon peaks,
joint density of states cause two peaks to occur in the absor;gesultmg from |_ntersubbar!d transﬁpns increase in energy at
tion spectra for each intersubband transition. The two asym@ faster rate with decreasing wire diameter than the rate ex-
metric peaks have their tails facing each other, and thereforgerimentally observed for the 1000-cfpeak:*

one has a positive dispersion and the other has a negative It is also possible that effects not included in the our
dispersion. Depending on the position of the Fermi levelpresent model, such as the surface roughness of the wire,
relative to the subband edges, either the low-energy peak, thvéire to wire coupling, many-electron effects, and limits to
high-energy peak, or both absorption peaks will be observedhe infinite barrier approximation, could give rise to the dif-
The simulated absorption spectrum of an isolated transitioferences between the measured and predicted absorption
as shown in the inset of Fig. 9 exhibits this double absorptiorspectra. Temperature dependent absorption measurements
peak effect, but when the absorption from all transitions arend further simulation of the indirect transition, both of
considered as in Fig. 8, this effect is washed out. The doubleshich we are now pursuing in depth, are needed to establish
absorption peak resulting from the nonparabolic bands irthe absorption mechanism definitively.
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35 tally, and the energies of these five peaks agree well with the
nm . . . .
simulated intersubband absorption curve for 41.5-nm wires.

I
s

18

i We therefore conclude that the absorption peaks are from
=] M&.é ﬁ 40 nm intersubband transitions resulting from quantum confinement
@] A . . .
e p in the bismuth nanowires, and that our model for the quan-
§ T tum confinement of conduction electrons and valence-band
é . 42.5 nm_ holes in bismuth nanowires is valid. We compare the absorp-

~ ~ tion spectra of bismuth nanowires inside an alumina template

m obtained by a reverse EMT to that of free-standing bismuth

2 A2 nanowires with a bismuth oxide coating. The good agree-

600 800 1000 1200 1400 ment in the absorption peak energy-at050 cn * between

wavenumber (cm ) these two methods validates the use of the reverse EMT ap-

FIG. 10. Simulated energy dependence of the intersubband atf:)-roaCh for measuring Iar'ge absorption peaks at wavelengths
sorption at 293 K for 45-, 42.5-, 40-, and 35-nm-diameter wires. As arger _than the feature_5|ze (.)f th_e sam_ple. The broader peak
the wire diameter decreases, the number of absorption peaks i -'dt_h in t_he fr_ee-standlng WITES 1S attrlbuted toa Iz_irger ef-
creases and the absorption peak intensities decrease. ectt!ve wire diameter distribution resulting from oxide for-
mation.
The modeled intersubband absorption results (ft2)
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