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Optical absorption from an indirect transition in bismuth nanowires
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Simulations of the optical absorption in bismuth nanowires resulting from an indirect intetb@ngloint
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-4000 cn ! can be explained by our model. The polar-
ization 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 valencé-Japaint transition
correctly predict the magnitude of the increase in the peak en@vgye number with decreasing wire
diameter. The wave numbers of the simulated and measured absorption peaks difféd@®ym *. Several
explanations for this discrepancy are proposed.
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I. INTRODUCTION rect interband transitions all occur in the midinfrared energy
range. Separating the effects of the different absorption
A better understanding of the electrical transport and thenechanisms from each other is difficult, and therefore re-
optical absorption inside bismuth nanowires will help to uti- quires theoretical modeling of each mechanism. In previous
lize the unusual properties of these nanowire arrays foftudies of the optical absorption of bismuth nanowires, the
c)pticafL and thermoelectr?capplications_ One aspect of the contributions to the optical absorption from both intersub-
electronic structure of bismuth that makes bismuth nanoband and direct interband transitions were modeled, and the
wires especially promising for these applications is the lowresults were compared to the measured absorption spectra.
effective mass of its electron carriers. Bismuth, in bulk form, The theory for the absorption resulting from a direct inter-
is a semimetal with a small band overl®8 meV at 5 K  band transition in bismuth nanowires did not show agree-
and a very anisotropic electron effective-mass tertgary- ment with the experimentally measured data. However, the
ing from 0.001n, to 0.26n, at low temperatures, depending theory presented for optical absorption resulting from inter-
on the crystalline direction® For a Bi nanowire with a small  subband transitions did predict the observed energy at which
enough wire diametend,,, and hence significant quantum the optical-absorption peaks should occur, the polarization
confinement, the nanowire undergoes a transition from gependence of the absorption, and the qualitative diameter
semimetal with a small bandverlap to a semiconductor dependence of the absorption peak enéfyfhe smaller
with a small indirectband gap thus allowing the unusual
properties of bismuth to be available as a semiconducting 10
material as well as a semimetal. This transition, as well as

other quantum effects, occurs in Bi nanowires at relatively —~ 8

large wire diameters because of the small effective mass and §°/

small band overlap of bulk bismuth. For example, in nanow- = 6 S

ires oriented along thé012) crystalline direction(such as .g polished

the wires on which the optical measurements of this study 3 a .

were mad®), this transition is predicted to occuat a diam- &= bulk bismuth

eter of 49 nm at 77 K and 13 nm at 293 K. =2 ‘}ree—standing
Bismuth nanowires have a strong absorption peak in the bismuth nanowires

midinfrared (mid-IR) that is not present in bulk bismuth. - - ,
Figure 1 compares the optical reflection spectra of a thin film 1000 2000 3000 4000
of bismuth with that of free-standing bismuth nanowires. The -1
dominant feature in this energy range for the bismuth nano- Viem™)
wires is at~1000 cmi *. This feature is not present in the 15 1. Wave-number dependence of the reflectRfy), of a
corresponding spectrum for a bismuth film. The absorptionyglished piece of bulk bismuth and of free-standing nanowires. The
spectra of bismuth nanowires can be separated into one larggge feature near 1000 cni? in the reflection spectra of the free-
and several small intensity peaks. standing wires is not present in the reflection spectra of bulk bis-
In bismuth nanowires, many mechanisms are expected t@uth. The broad features in the bulk bismuth reflection spectrum
contribute to the optical absorption within the same energyare likely a result of a nonperfect polish or of a misalignment with
range. For example, intersubband, direct interband, and indihe optical stage.
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intensity absorption peaks were thus attributed to optical ab-  (a) (b)
sorption resulting from intersubband transitions, but the in- trigonal (z)
tersubband theory did not completely explain the large peak

near 1000 cm®. The magnitude of the energy shift of this B T

peak with a change in wire diameter, as well as the overall 2] { S6me

shape of the absorption spectra near this absorption peal _

were not explained by either of the previously published binary (x) bisecmx (YA .

models®® In addition, the absorption peak at1000 cm * B Lpolnt Trom

has a much larger intensity in the experimentally observed FIG. 2. (a) Brillouin zone of bismuth showing th&-point hole
spectra than the features identified with the intersubbangocket'an'oI the threle-point electron pockets, labeleh® and  B”
transitions in the previous work. The previously pUb“s,h_ed(douny degenerate in our wiregb) The dispersion relations of the
paper, therefore, concluded that intersubband trans't'onl§-point andT-point bands shown schematically. From the literature,
could account for the weaker features, but that another alpe | point band gap is 36 metRef. 8, theL-point electron Fermi
sorption mechanism was needed to explain the strong shagergy is 56 me\(Ref. 9, and theT-point hole Fermi energy is 42
peak in the absorption spectra of bismuth nanowires in thénev at room temperatur@ef. 9.

mid-IR energy rangé The present paper addresses the addi-

tional and important role of indirect transitions in the optical tha-point val band i ied
properties of bismuth nanowires. crosses th@-point valence band, creating many unoccupie

In this paper, we present a model for an indirect transitiorf/€ctronic stategholes. TheL-point valence band, however,
that, in combination with the previously published model foriS 90 meV below the Fermi energy and is therefore mostly
the intersubband transitions, can explain the observed aflled at room temperature. Since the two types of valence
sorption spectra. Section Il explains qualitatively why thisbands track each other approximatéfave similar shifts in
indirect transition needs to be considered. Section Ill preenergy with varying momentumas in the case of intersub-
sents a detailed study and numerical simulations of the optiband transitions, and since the initlaboint valence band is
cal absorption of bismuth nanowires resulting from this in-fully occupied while the finall-point valence band is par-
direct transition. In Sec. IV, the theoretical results aretially unoccupied, we expect a strong indiréciT-point ab-
compared to the measured spectra. Conclusions are given sorption over a narrow wave-number range, provided that
Sec. V. momentum is conserved, as discussed below.

Both thelL- and T-point valence bands exhibit significant

Il. A QUALITATIVE PICTURE OF THE INDIRECT quantgm _confinemept for the.bismuf[h nanowife diameters
TRANSITION used in this study. Since thepoint carriers have, in general,
a smaller effective mass than tfepoint carriers, the sub-

The qualitative wire diameter and polarization depen-bands at thé. point are separated by a larger energy differ-
dences, as well as the eneryyave numberof the absorp-  ence than those at thepoint. In other words, with decreas-
tion peak at~1000 cm !, strongly suggest that this absorp- ing wire diameter, both thé- and T-point valence bands
tion is from intersubband transitions. However, themove down in energy, but thie-point valence bands move
absorption resulting from indirect intersubband transitionsdown at a faster rate than thepoint valence bands. The
can, in principle, also explain a large absorption peak atnergy of the indirect transition from tHe to the T-point
~1000 cn %, Often indirect transitions are weaker than di- valence bands is therefore expected to increase with decreas-
rect transitions, since a phonon is required for conservatioing wire diameter, but not as rapidly as for a direct interband
of momentum. However, since the Debye temperature obr an intersubband transition. Experimental measurements
bismutH is only 86.5-112 K, many phonons are available atshow? that when the wire diameter is decreased from 80 to
room temperature to contribute to an indirect transition in a35 nm, the wave number of the absorption peak increases by
phonon absorption process. 65 cm . The theory of intersubband transitions in bismuth

In bulk bismuth, carrier pockets are located at bothlthe nanowires predicts an increase in the wave number of the
and theT points. Near the Fermi level, tHe point has both  absorption peak measured in wave numbers-§00 cni !
valence and conduction bands which are a mirror image ot room temperature for a wire diameter change from 80 to
each other and are separated by a small energy gap of 3% nm. However, since the energywave-number shift of
meV at room temperatufeThe L-point bands are highly the absorption peak from an indirdctT-point valence-band
nonparabolic and are approximated by the Lax two-bandransition is determined mainly by the difference between the
model’® The effective-mass tensor at the band edge at-the two effective masses, and not so much by the values of the
point has very small effective-mass components and igffective masses themselves, this shift with wire diameter
highly anisotropic(varying from about 0.006, to 1.4my at  is much less for the indiredt-T transition than for the direct
room temperature, depending on the crystalline direftion L-point transition, and thé-T transition energy fits much
The highestT-point valence band is parabolic with the hole better with the experimental measurements on the wire
carrier pocket having, in general, a larger effective mass thadiameter dependence of the peak energy. As the wire diam-
the L-point carriers, varying from about 0.089 to 0.634n,  eter decreases from 70 to 35 nm, the simulations for the
at 1.7 K depending on the crystalline directibsee Fig. 2.  indirect transition predict a modest increase in the absorption

Since bulk bismuth is a semimetal, the Fermi energypeak energy (measured in wave numbersby only

142 meV

56 meV

235417-2



OPTICAL ABSORPTION FROM AN INDIREC . .. PHYSICAL REVIEW B 68, 235417 (2003

~100 cnmi'%, close to the experimentally observed shift, as 2Q0 nm 45 nm
discussed below.

The optical absorption at 1000 cm ! has a very strong
polarization dependenfeWhen light is polarized perpen-
dicular to the wire axis, the absorption versus wave number
has a strong sharp feature-atl000 cni ®. As the polariza-
tion 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
disappear§.This polarization trend agrees with the selection
rules for intersubband absorption and is one reason why the 900 1060 1100 12‘00 1300 1400
strong absorption peak at1000 cm ! was initially attrib- _1
uted to an intersubband absorptforlowever, the polariza- Vicm™)
t!on dependence can also be explained by an'indirect transi- FIG. 3. The wave-number dependence of the imaginary part of
t'on_ enhanced b_y_ surface effectsOne explanation for why the index of refractionK(»), of 200 nm and of the absorption
an indirect transition would be enhanced by surface effects igqefficient, a (1), of ~45-nm-diam bismuth nanowires fabricated
that proposed by Millert al. They predicted an enhance- inside an alumina template but with this template then removed.
ment of indirect transitions at the interface between two maThe absorption peak of the 200- and45-nm wire diameter
terials having a dielectric constant mismatch due to a surfacgamples are at 965 and 1090 ¢ respectively. The imaginary
contribution to the optical matrix element given by the fol- part of the index of refraction of the 200-nm-diam wires was ob-

K/ o (v)

lowing argumenf_l tained by Kramers-Kronig relations and measurements of the opti-
The optical transition matrix elemeM is composed of cal reflectivity of the sample. The absorption of thet5-nm-diam
two terms, wire was obtained from the negative log of the transmission of the
sample. The absorption values are not corrected for surface rough-
Me={Vinal AV + VAW iia) - ) ness or sample thickness, and soytexis scales for the two graphs

are different and arbitrary.

The first term (¥ sinal A-V|W¥iniia), is used to calculate the
optical matrix element in bulk solids. The second term,an interface perpendicular to the wire axis, the surface term
(Wiinal V-A| Winiial), results from the spacial derivative of is nonzero. However, when the electric field of the incident
the vector potential, and in a homogeneous matéigalone  light is parallel to the wire axis, the surface term should be
commonly used gauge @) this term is zero. In contrast, the zero since the electric field does not cross a bismutldair
wavelength of light is much larger than the wire diameter.aluming boundary.
For the gauge oA that gives a zerd/-A value for a bulk This argument has additional credibility since the reflec-
material, a nonzero value results at the interface between twigon of a roughed-up bulk bismuth sample also has a feature
materials with different dielectric constants, for example atat around~ 1000 cni *. In addition, the thin film of bismuth
the bismuth/alumina interface in our nanowité$? Further-  that was used to provide a background spectrum in a previ-
more, since the dielectric function does not instantaneouslpusly published papérlso shows a shallow feature in the
change at the interface, but instead changes throughoutteansmission at-1000 cni'?, but it is broader and weaker.
distanced,y, and since the wire diameter is small, this The feature in the thin-film bulk bismuth sample likely re-
change could occur throughout most of the wire radius.  sults from some small surface roughness inherent in the thin-

In the case of a large surface interface area, as in bismuftfim fabrication. Furthermore, even though 200-nm-diam bis-
nanowires, the surface matrix element term cannot be igmuth wires are too large to show significant quantum
nored. Miller et al. found experimentally that the surface confinement, they still show an absorption peak at
contribution to the matrix element enhances the indirect tran965 cm . The 200-nm-diam wires and their absorption
sition in their gold sample¥. In another study, Enders and peak at 965 cm' are, therefore, characteristic of crystalline
Schuchardt observed an increase in the amplitude of the dbulk (not quantum confinedbismuth with a large surface
electric function of bismuth with the addition of antimohy. area. Figure 3 shows the wave-number dependence of the
They attributed the increase in the dielectric function to amabsorption coefficient,a(v), obtained by the Kramers-
enhanced indirect transition in bismuth resulting from theKronig relations of the reflectivity of 200-nm-diam, free-
short-range scattering potential of the Sb dopant sites. Istanding, bismuth wires. For comparison, the figure also
bismuth nanowires, since bismuth has a significant index oghows the imaginary part of the index of refractidf, of
refraction[n=2.6 at 1000 cm' (Ref. 3], both bismuth/ ~45-nm-diam wires, obtained by taking the negative log of
alumina (=1.7) and bismuth/air {=1) have significant their measured transmission. The 200-nm-diam wires have
dielectric constant mismatches, and therefore the surfacan absorption peak at a wave number of about 125dess
contribution to the matrix element is significant. than the~45-nm wire diameter sample. Since rough bulk

If the strong optical absorption at1000 cm is a result ~ samples, thin films, and 200-nm-diam wires all show an ab-
of the surface enhancement of the optical matrix elementorption peak around-1000 cm !, this strong absorption
this absorption should have a large polarization dependencpeak likely results from the indiredt- to T-point transition
When the light is polarized such that the electric field crosseand not from intersubband transitions, in agreement with the
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argument discussed above regarding the diameter depefor nonparabolic coupled bands is used to describe the dis-

dence of the strong, sharp, absorption peak. persion relationd? Since thelL-point electronic bands are
extremely anisotropic and show strong nonparabolic effects,
IIl. THEORY AND NUMERICAL SOLUTIONS OF THE the calculgtlon of the wave functions is done numerically.
OPTICAL ABSORPTION FROM AN L-T-POINT INDIRECT ~ |ne Fermi energy as well as the energy levels and wave
ELECTRONIC TRANSITION functions for the first 50 subbands are found by a modified

version of a previously published model of the electronic

Model calculations are presented in order to understangtructure’ the modified version taking into account the non-
the indirectL-T transition in bismuth nanowires, and hence parabolic dispersion relations of the subbands in calculating
to gain insight into the mechanism responsible for the abthe Fermi energy. The model takes as variables the wire crys-
sorption peaks) observed in the experimental data. For thistallographic orientation along the wire axis, the wire diam-
work, a phonon-assisted process is assumed, although oeeer, and the temperature. For all calculations in this work,
possibility is that the indirect transition is assisted by a surunless otherwise stated, the wires are assumed to be un-
face defect at the bismuth-oxide interface. Since a surfacdoped, so that the Fermi energy is set to ensure charge neu-
defect is localized in real space, it is distributed in momen-rality.
tum space, and therefore a phonon might not be required if The matrix elemeni .(n,m) is calculated by assuming a
the surface state couples the initial and final states. penetration deptid, of the surface component of the matrix

A photon can excite an electron to an unfilled higher-element in Eq(1) and by calculating the integral
energy state if the energy of the photon exactly equals the
energy difference between the final and the initial stgitss (Ro—T)
or minus the energy of a phonon in an indirect protessl Me(n,m)=f lﬂneXF{ T4
if momentum is conserved. The photon absorption from this pd

process can be measured by energy-dependent opticinereR, is the radius of the nanowire, and the integral is
absorption spectra. In order to conserve momentum in afyken over the cross-sectional area of the w0, and i,

indirect transition, a phonon with momentum equal to they o, are the wave functions of statesand m, respec-
momentum difference between the final and initial stateg;yely. Various matrix elements were tried, including cou-

must be absorbetbr emitted. The optical-absorption coef- jing of the initial and final states through an intermediate

ficient ey resulting from an indirect electronic excitation g rface state. All methods gave very similar results. Hence,

from theL-point valence band to thE-point valence band in e simplest version is presented here.

a Bi nanowire as a function of photon energyy, is given The penetration depth of the surface matrix elemeg,

by is varied to better fit the experimental data. When the pen-
etration depth is large compared to the wire diameters, Eq.

) Yrdrdé, 3)

% 2 (3) reduces to a spatial overlap.qf the wave functiqns. Unlike
aL‘T(w)Ocpzl,z,s ; % f dk”f dkmNpr(E) X M(n,m) the case of intersubband transitidnshen the spacial over-
lap is used as the matrix element, one inifigboint subband
X{F[En(kn) 1= FIEm(Km) I} state usually couples strongly to only of@ at most three
L-point subband state). In addition, because of the differ-
X — + —
SEm(km) = Enlkn) = Epronor 7 ) ences in the effective-mass tensors atTrandL points, the
X 6(Km—Kn= Kphonon s (2)  lower-order T-point subbands couple more strongly to an

L-point subband than higher-ord@&rpoint subbands do. In
wherew is the frequency of the incident ligh,is 1, 2, or 3 other words, the firsT-point subband will couple strongly
corresponding to the thrdepoint hole pocketsp andmare  with only the firstL-point subband, while the tenff-point
the L-point andT-point subband indices, respectively,and  subband will couple most strongly with the tenthpoint
Km are the wave vectors of tHe and T-point valence-band subband, and the coupling between the first states will be
states in the direction of the wire axibly, is the phonon stronger than between the tenth states.
population described by the Planck distribution function, As the penetration depith,q of the surface component of
M¢(n,m) is the momentum matrix element coupling strengththe matrix element decreases, edtipoint subband state
between the initialn, and final, m, subbandsf(E,) and couples to mord.-point subbands. In addition, for smaller
f(E,) are the Fermi-Dirac distribution functions for the penetration depths, higher-order states couple more strongly
statesn and m, respectively, and,, and E,,, are the corre- than lower-order states since their wave functions are on av-
sponding energies of statasandm. In Eq. (2), the momen- erage closer to the boundary of the wire. Both these trends
tum of the incident photon is ignored, since it is much lessead to a broader absorption peak. In addition, as the decay
than the momentum of the phonon, and the electron-phonolength is decreased, the smaller wire diameter wires absorb
coupling strength is, for simplicity, assumed to be constant.more strongly than the larger diameter wires, since they have

In our calculations, the acoustic phonons are modeled usa larger surface area to volume ratio. The smaller the diam-
ing the Debye model so that the velocity of sounds taken  eter of the wires, the less volume an individual wire occu-
as a constant of 2.5410° m/s3 The simulation results are pies, however for a given sample size, the smaller the wire
found to be insensitive to the velocity of sound. Since thethe more wires are simultaneously measured, and so the vol-
L-point bands are strongly coupled, the Lax two-band modelme measured is roughly independent of the wire diameter.
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significantly to the absorption spectra. In this paper, for all
the spectra that are presented, except those in Fig. 4, the
approximatiors=0 was taken in order to minimize the num-
ber 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 transitidrsyen withs
=0, the higher-order subband states do not contribute sig-
nificantly to the absorption coefficient for the indirect transi-
tion process described here. For example, in a 35-nm-diam
wire, the 20thT-point valence band is more than 60 meV
below the Fermi energy. Since an empty state nearTthe

d

82(0)

‘ ‘ ‘ point is required for the indirect absorption, and since the
1000 1500_1 2000 2500 higher-level subbands are mostly filled, only the first 20 sub-
Viem ™) bands at thd point are considered in the calculation. Since

FIG. 4. The calculated absorption spectra, plotted in terngs,0f  higher-level subbands at thepoint couple only weakly to
resulting from electronic transitions from pock®at thel pointto  the first 20 subbands at tiepoint, only the first 20 subbands
the T point, assuming a phonon absorption process. The matrigt thel point are considered. In addition, surface conditions
elementsMq(n,m) are scaled by Eq4) with sset to 1, 0.5,0.25,  gnq possibly limitations to the two-band model will likely
and 0.1 for graphs, b, ¢, andd, respectively. The curvess ¢, and it the number of well-defined subbands. The contribution
d are offset with re.spect to the dotted lines and are multiplied by 75to the optical absorption from electronic transitions between
10, and 3, respectively. the first 15 T-point and the first 15 -point subbands of

ocketA in 35-nm-diam bismuth wires at 293 K is shown in
Fig. 5@. Only those transitions with significant coupling
Even for the limiting case ofl,sd,,, whered, is the strength are shqwn. The f_igure _shows that after thg first nine
. . ) pd™ Hw w subband transitions, the intensities of the absorption peaks
wire diameter, the experimental spectra have a narrower a harply decrease
sorptiqn peak than the s_imulated spectra. This discrepancy Figure 5b) shoWs the energy difference of the band edges
could indicate that the higher-order subbands are not Wegs a function of subband number in wave numbers for pocket

.d?.f'r.]fdbm t.he WIres, .for tgxamplg becausef of I'fm'ts In thﬁA. Since theL-point and T-point masses are different, the
infinite barrier approximation or because or surface roug energy difference between tHe and T-point band edges
ness on the wires. The discrepancy could also result fro

imitati f the two-band model 4in thi lcul Miso varies as the subband number is varied. Each transition,
tl'ml al 'OTS (:j fEf}.tt\.No' artl trr?o I'e aslgtjhmef tf']n IS ia cu a'therefore, has a slightly different absorption peak wave num-
fon. Instead of fittingdy to the linewidth of the spectrum, ber, thereby contributing to the linewidth of the peak. Since

d,q is fit to the ratio of the intensities of the experlmental_ly the L-point effective mass increases with energy due to non-

O?Serg’ ed _abS(r)]_rption hpe dak for f35-r:jm atr;d 160_80'nm'd'arBarabolic effects, the effective masgasthe confined direc-
wires.” Using this metho dpq IS found to be 15 nm. . tion) of the L-point subbands also increase with increasing
In order to determine the dependence of the peak width 0Q, ;214 index. When the effective ma@s the confined

tEe numt_)erlof subbands th?F vl\(e(rjek;nclu(;jed n the S|mulat|(_) irectiong of the L point equals the effective mass of tfe
the matrix element was multiplied by a cecaying eéxponentia oint, the two bands decrease in energy at the same rate as

function with a dependence on the subband numbers of thg, 5 ;nhand number is increased. Therefore, at this point,

initial, n, and the finalm, states, many transitions have the same energy difference between
4) them, thus resulting in a large contribution to the absorption
peak. From Fig. &) we see that for states 8—20, the energy
wheres is a fitting coefficient. The curves, b, c, andd in  difference between the subbands is fairly constant, and thus
Fig. 4 show the calculated imaginary part of the dielectricthe absorption peaks from these subbands all contribute to
function, €,, with s chosen to be equal to 1, 0.5, 0.25, andthe observed optical absorption at nearly the same energy.
0.1, respectively. The absorption spectra show contribution$he transitions from subbands where the effective masses of
to the absorption resulting from electrons only in pocket theL andT points are different contribute to the linewidth of
see Fig. 2a), and are only for the phonon absorption processhe absorption spectra.
(simulations of the phonon emission process would result in  The contributions to the absorption spectra associated
similarly shaped absorption spectra at an energy 160'cm with the indirect transition from the threle-point pockets
highep, as discussed below. The larger the valuesothe  (oneA pocket and twd pockets to the T-point hole pocket
more the lower-order subbands dominate the absorptioare shown in Fig. 6. Fof012) aligned Bi wires(such as our
spectra. When the lower-order subbands dominate the alwires), two of the three electron pockets are degenerate. The
sorption spectra, the absorption peak is narrower and occut&o degenerate pockets are labeled “pod&ein Fig. 6, and
at a lower energy[1174 cm! for s=1 (a) versus the third nondegenerate electron pocket is labeled “pocket
1380 cm'! for s=0.1 (d) and 1540 cm?! for s=0 (not  A.” For each pocket, the absorption spectrum has two dis-
shown] than when higher-order subbands also contributdinctive absorption peaks, on@t higher energy for the

Hence, an increase in the surface area to volume ratio i
creases the absorption intensity.

Me(n,m)—Mg(n,m)exp( —sn)exp( —sm),
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FIG. 5. (a) The simulated optical absorption from transitions from the firsT4®®int subbands to their correspondingroint subbands
for one pocket of an undoped, 35-nm-diam bismuth nanowire at 293 K. A§-flmnt subband index is increased, the absorption intensity
decreases, since the higher subbands aT theint have fewer empty states to which an electron fromLtipeint 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 decrease&) The energy difference between the band edges ok ttend T-point valence bands, the Fermi energy, and
the energy of th@-point band edge as a function of the state or subband number.

emission of a phonon and ortat lower energyfor the ab-  consider variation of the band overlap and then variation of
sorption of a phonon. The peaks for each process are showthe effective-mass components. Figure 7 shows the calcu-
separately as well as the total contribution to the absorptiotated absorption spectra with varying values of the bulk bis-
from both processes. Pock&thas a larger intensity absorp- muth band overlap energy of theand T points used in the
tion peak than pockeB, since the effective-mass compo- simulations. Curve Il is for the measured band overlap of 98
nents in the confined directions of this pocket are bettemeV (790 cm'?) for bulk bismuth® and curves | and IIl are
matched to those at th& point. The more closely the for a band overlap of 9874 meV (1387 cm') and 98
effective-mass components in the confined directions of the- 74 meV (194 cm?), respectively. Values of the band
initial and final states are matched, the greater the number aiverlap were chosen so that the change in the absorption
subbands that contribute to the absorption at the same espectra was significant, and so that the lower band overlap
ergy, and hence the absorption peak is enhanced. energy of 24 meV resulted in an absorption peak near the

Since the electronic band parameters at room temperatuenergy of the observed absorption peak, as discussed below.
are not accurately known, we considered the sensitivity oAn increasedecreasgin the band overlap energy results in
our model to variations of the band parameters. First wean upshifted(downshifted absorption peak energy by the
same amount.

The energy of the absorption peak is not only sensitive to
the energy overlap of the- and T-point bands, but is also

|

g, (V)

~
o]

~

o™
w

1000 1500 2000 2500 3000 3500
V(cm™) -~
FIG. 6. The calculated absorption spectra from the nondegener- 1000 1500 2000 2500 3000 3500

ate hole pockef and the doubly degenerate hole pocReit theL _1
point, see Fig. 2, to th@-point valence band of a 45-nm-diam Viem™)
(012 aligned bismuth nanowire at room temperature. The absorp- FIG. 7. The simulated absorption spectra including all three
tion is plotted in terms of the wave-number dependence of the dipockets of the indirect-T-point transition in 30-nm-diam bismuth
electric functione,(v). Each pocket has two absorption peaks, onenanowires at room temperature shown for three values of the band
when a phonon is emitte@t higherv) and one when a phonon is overlap energies for bulk bismuth, at 300 K. Curves I, Il, and Il are
absorbedat lowerv). The total absorptiofsolid arrows as wellas ~ for L-T band overlap energies of 172387, 98(790), and 24(194)
the absorption assuming just phonon emission or just phonon abmeV (cni ), respectively. The reported band overlap energy in
sorption(dotted line arrowsare shown. bismuth at room temperature is 98 meV (790¢n(Ref. 9.
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(a)
0.1

Experimentally () Simulation of the indirect FIG. 8. (a) The measured optical transmission
Measured L—T Transition as a function c_>f wave number of free-standing
: . bismuth nanowires for the wave-number range of
0.8 650—-4000 cm?. (b) The simulated optical trans-
) mission as a function of wave number resulting
from an indirect L-T transition in bismuth
0.6 nanowires with a diameter of 45 nm for the
wave-number range of 650-4000 ch Note
0.05 04 that the minimum transmission in the experimen-
) tal spectra is at~1100 cm %, and in the simu-
lated spectra is at-1500 cmi L. The differences
0.2 in the magnitude of the transmission likely result
from the fact that only optical absorption from an
0 0 indirect transition is simulated itb), while in the

1000 2000 3000 4000 1000 2000 3000 4000 experimental measurementa), many absorption
and scattering mechanisms are likely to be

Viem™) Viecm™) present.

Transmission

sensitive to the ratio of the effective masses of theand  free-standing wires is expected to have a diameter of around
T-point pockets. When th&-point hole mass is decreased, 45 nm and therefore is predicted to exhibit a semimetal-
the energy at which thie-point mass equals thiepoint mass  semiconductor transition at around 100 K. In this study, the
also decreases. Therefore, when Thpoint mass decreases, alumina has been etched away and the wires are electrically
the energy of the absorption peak downshifts. The simulaisolated by a thin 7 nm) bismuth oxide that forms during
tions show that a decrease in fhepoint hole effective mass the etch'® In order to determine the contribution of the bis-
by 10% results in a downshift of the absorption spectra byyyth oxide on the absorption spectra, a bismuth film was
~75 cm L. Likewise, when t.he holelmass at thepoint evaporated onto a potassium bromit€Br) window, an-
decreases, the energy at which th@oint mass equals the pegied in an oxygen environment until the bismuth film was

T-point mass increases, and the absorption peak occurs aigmpletely oxidized, and then its optical transmission was
higher photon energy. A decrease in thpoint hole mass by eagyred. The transmission of the bismuth oxide film did not
10% ref‘flts in an upshift of the absorption spectra by,aye any features in the energy range of our experiment. The
~90 cm". When both the electronT¢poin) and hole  easyred absorption of the bismuth wires etched from the

(L-point) masses are increased, the effects cancel out and thg,mina template is therefore assumed to result solely from
absorption peak wave number remains relatively constant. {he absorption of bismuth, and not from bismuth oxide. For

this study, wires etched from the alumina template were cho-

IV. COMPARISON BETWEEN MODEL CALCULATIONS sen over the wires withirj thg qlumina templa.te because the
AND EXPERIMENTAL RESULTS line shape of t'he_absorpnon is important for this st_udy. Wh_en
the wires are inside the template, a reverse effective medium
The Bi nanowires used in this study are fabricated utiliz-theory is used to obtain the dielectric function of the wires,

ing porous anodic alumina templaf@s® which serve as a but this process is indirect and might not deduce an accurate
host material for the nanowires. Since alumina is a widedine shape of the absorption in the wires. By etching the
band-gap semiconductor, individual wires, which are fixed inwires from the alumina, sample inhomogeneities are added,
place and spatially separated, are electrically isolated frorbut the true absorption line shape can be directly measured
each other. Porous anodic aluminum oxide templates are falvia transmission or reflection measurements.
ricated by anodizing aluminum sheets in an oxalic acid elec- The optical reflectiorR(») and transmissiol (v) were
trolyte. During this process, cylindrical pores 7—200 nm inmeasured as a function of wavelength at room temperature
diameter are self-assembled into a hexagonal array. The pousing a Nicolet Magna-IR 860 spectrometer and a Nic-Plan
diameter and the distance between the pores can be colR Microscope. The microscope FTIR allows transmission
trolled systematically by varying the anodization voltage andand reflection measurements through a microscope stage and
the electrolyte usetf"'® The thickness of the alumina tem- therefore enables measurements of samples smaller than
plate determines the wire length, which can thus be coni mn?. Reflection and transmission data were taken in the
trolled by the anodization time. The thicknesses of samplesfrared region from 606 »<4000 cm ! at 293 K using a
used in this study are 40—&0m. The pores in the alumina gold film as a comparison standard. The resolution was
templates are filled with Bi using a pressure-injection2 cm 2.
techniquet® The wires used for the free-standing nanowire  Figure §a) shows the measured and FigbBthe simu-
measurements had a wire diameter of 60 nm before the aldated optical transmission of bismuth nanowires as a function
mina template surrounding the wires was etched away usingf the wave number. The simulated absorption includes the
a phosphoric acid—chromium trioxide etch. Since-an-nm  absorption from all thre&-point carrier pockets and is for a
oxide grows on the free-standing wires after the alumina igl5-nm-diam wire. The measured absorption is from an
selectively etched awdy,the inner bismuth portion of the ~45-nm-diam, undoped, wire. The transmission profiles for
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(a) (b) FIG. 9. (a) The simulated wave-number de-
pendence of,(v) resulting from an indirect-T
transition in bismuth nanowires with a diameter
of 70 and 35 nm for the wave-number range of
600-4000 cm®. The absorption peak ina)
moves from 1420 for the 70-nm wires to
1520 cmi! for the 35-nm wires. This shift of
~100 cm ! is to be compared with the experi-
mentally observed shift of 65 crl. (b) The cal-
culated energy difference measured in wave num-
bers between the first, second, third, and fourth

35 nm

~
&

~—

o
w

2-2

" }

70 nm 1=-1
subbands at thke-point valence band to the first,
1000 1500 2000 2500 3000 3500 20 40 60 second, third, and fourth subbands at Thpoint

viecm™) wire diameter (nm) valence band.

the measured and simulated curves are very similar. As thitom takings=0 in Eq. (4). As shown in Fig. 4, when the
light frequency is increased, the experimental /simulatedower-order subbands dominate the absorption spectra, the
transmission drops sharply and reaches a local minimum anergy of the absorption peak decreases, yielding better
around 1100 cm'/1500 cm'! (0.136 eV/0.186 eY The agreement with experiment. When the lower-order subbands
transmission then slightly increases, and finally steadily dedominate the absorption spectra, not only does the energy of
cays for the rest of the measured wave-number range. Ahe absorption peak decrease, but the spectral width de-
4000 cm'!, the transmission is less than 10% of the transcreases as well, as shown in Fig. 4. Both the decrease in
mission at 650 cm!. The measured transmission dropsenergy and the smaller spectral width of the absorption peak
slightly faster and has slightly sharper features than the simware in better agreement with experimental results when a
lated curve. The differences in the magnitude of the transnonzero value of is used. The spectral width of the simu-
mission likely result from the fact that only optical absorp- lated absorption spectra results from contributions to the op-
tion from an indirect transition is simulated {b), while in  tical absorption from phonon emission and phonon absorp-
the experimental measurement), likely many absorption tion processes, the two types bfpoint carrier pocketsA

and scattering mechanisms are present. Furthermore, tlaad B), wires with varying diameters, and contributions
magnitude of the experimentally measured transmission ifom different subbands. All four of these contributions in-
affected by factors which are not measured, such as sampteease the spectral broadening. Only considering the spectral
thickness and porosity. For example, the experimental trangeak broadening resulting from different subbands, a lower
mission spectra of a different location on the same samplbound of thes value in Eq.(4) can be estimated to be 0.35.
give a slightly different spectra, with a maximum transmis-The dependence of the absorption spectra ésdiscussed
sion of ~0.08 instead of-0.10, as presented in Fig(e3. further in Ref. 20.

Although the simulated and measured spectra are similar, Small features in the experimental spectra are not repro-
the local minimum in the transmission, which corresponds taluced in the simulated spectra, e.g., the weak absorption
a peak in the optical absorption, occurs at a higher photofeatures near 750-800 ¢rh and at ~600 cni® (more
energy in the simulated spectra than in the experimentallglearly shown in Ref. 1 These features are therefore attrib-
measured spectra. The transmission minimum in the simuited to an absorption mechanism other than an indlre€Et
lated spectra occurs at1520 cmi ! and in the measured transition, such as intersubband transitions, and they are not
spectra at-1100 cm L. This difference may result from ap- discussed further in this paper.
proximations used in this calculation, inaccurate values of Figure 9a) shows the simulated absorption spectra result-
either theL- or T-point effective masses, inaccurate values ofing from an indirectL-T transition in bismuth nanowires
the band overlap energy of bulk bismuth at room temperawith wire diameters of 70 and 35 nm. The wave number of
ture, or from a combination of these factors. If thgoint  the simulated absorption peak shifts from 1420 to
effective-mass tensor is taken to be larger orimoint hole 1520 cm !, because of the increased quantum confinement
mass tensor smaller than the literature values, the wave nunn the smaller diameter nanowires. The magnitude and sign
ber of the simulated absorption peak will decrease. The wavef the shift (100 cm?) in the simulation agree well with the
number of the simulated absorption peak will also decrease #éxperimentally measured shift (65 ¢h) when the wire di-
the band overlap used in the simulations is decreased, seeneter is varied from 35 nm to 60—80 firithe wave num-
Fig. 7. Another possible explanation for the discrepancy iser of the peak in the absorption spectra is approximated by
that the Lax two-band model may not completely hold forsmoothing the simulated absorption spectrum. Figui® 9
the energies contributing to the absorption spe@tpato 0.25  shows the calculated energy measured in wave numbers of
eV below thel-point midgap, because of possible contribu- the first, second, third, and fourfiipoint subband edges to
tions from bands outside of the two-band model for thethe first, second, third, and fourth-point valence subband
L-point valence band. edges, respectively. The wave number of these transitions

In addition, the discrepancy between the energy of théncreases with decreasing wire diameter until a wire diameter
simulated and measured absorption peaks may result in past around 20 nm, at which point the wave numbers decrease.
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FIG. 10. (a) The measured wave-number dependence of the reflectién nbndoped(ii) lightly n-type dopediii) mediumn-type
doped, andiv) heavily n-type doped bismuth nanowires. The inset shows the calculated wave-number-deperitierimaginary part of
the index of refraction of théii) medium andi) undoped samplegb) The simulated wave-number dependence fv) resulting from an
indirectL-T transition in 40-nm-diam bismuth nanowires wiif no doping,(ii) low n-type doping,(iii) mediumn-type doping, andiv)
heavyn-type doping. In the experimental spectra, the reflection is decreased with the additidypef dopants, resulting from a decrease
in the absorption. The simulated spectra also show a decrease in the absorption, reflected in the degiegsenith increasingn-type
dopant concentration.

For wires smaller than 20 nm, the effective mass atlthe that T-point subband, and hence the absorption intensity re-
point is larger than the effective mass at th@oint, and so  sulting from this subband is decreased. From Figp),5we
the wave number of th&-L-point transition decreases with see that as the Fermi energy is increased, THpmint sub-
decreasing wire diameter. bands contributing to the higher wave-number absorption are
In order to further test the identification of the absorptionpelow the Fermi energy and those contributing to the lower
mechanism near 1000 ¢, the change in the simulated ave-number absorption remain above the Fermi energy.
absorption with doping level is compared to previously mea-Therefore, when the Fermi energy is slightly increased, the
sured Te-doped samples. The measured reflection as a fungyhest energy of the absorption peak downshifts slightly.
tion of wave numbetfor the same bismuth nanowire in alu- \yhen the Fermi energy is increased further, so that all the

Tina s:?hmple that was reporteﬂ in Ref.)?ﬂsrllowr; in Fig. T_noint hole subbands are completely submerged below the
O(a)._ €S€ nanowlre arrays have varying leve @“?pe Fermi energy, no available states for the transition exist, and
tellurium dopant concentrations. Normally for intrinsic ma- this absorption mechanism is quenched

terials, the absorption either stays constant or increases when e . . .

. . The downshift in the absorption peak energy with an in-
dopants are added. In bismuth nanowires, however, the re_reasin concentration ofrtvpe dopants. as explained
flection decreases as the doping is increased. This corré! 9 yp P ’ P

sponds to a decrease in the absorption, as seen in the reIati%Rove’ IS not significant in the simulated spectra, since the
energy shift is smaller than the spectral width of the simu-

(1—n)2+K?2 lated absorption peak.
=—, ) Using Kramers-Kronig relations and a reverse effective

(1+n)"+K medium theory, the imaginary part of the index of refrac-
whereR s the reflection of an infinitely thick samplejs the  tion, K, as a function of wave number for the undoped and
sample’s index of refraction, and is the imaginary part of moderately doped nanowires is calculated from the reflection
the index of refraction. Figure 16) shows the simulated spectra. Since the transmission of the moderately doped
imaginary part of the dielectric functiors,(v) (wheree,  sample is significant, this method only gives an approximate
=2nK), of bismuth nanowires with varying doping concen- measure of the absorption spectra for this sample. The cal-
trations. The simulated results also show a decrease in abulated results are shown in the inset of Fig(al0Com-
sorption as the doping concentration increases. We can eypared to the undoped sample, the doped sample has a de-
plain this decreased absorption by the predicted increasetteased absorption intensity, as reflected in the decred&e in
filling of the T-point valence band as the doping concentra-as well as a slight¢ 40 cm ) decrease in the wave number
tion increases, and hence the decrease in the number of finafl the peak in the absorption spectrum. This trend is qualita-
states to which electrons can be excited, see Rig. 5 tively expected for absorption resulting from an indirect in-

The energy of the absorption peak is slightly sensitive taerband transition as described above, although it is not sig-
the Fermi energy at room temperature. Since the peaks dugficant enough to observe in the simulated spectra at room
to various subbands are separated by much less than the thegmperature.
mal energy, increasing the Fermi energy decreases the hole Although the shape of the absorption spectra and the po-
population in not just one, but in many of tAepoint sub-  larization, wire diameter, and doping dependences are all ex-
bands. When the number of holes inTgpoint subband is plained by absorption resulting from theT-point indirect
decreased, fewer electrons can be excited froniLtheintto  transition, the temperature dependence of this absorption
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peak is not well explained. In bismuth, the absorption fromdirect electronic transition. Furthermore, the polarization de-
many mechanismée.g., free carriers, intersubband, indirect pendence, the energy increase with decreasing wire size, the
interband, and direct interband transitipris expected to decrease in absorption intensity with increasimtype dop-
change drastically with temperature. This results from théng levels, and the location of the absorption peak of the
large temperature dependence of the effective mag®int  experimental curve are all consistent with the simulated
band gap,T-point to L-point band overlap, and the free- spectra. The 400-cit wave-number difference between the
carrier concentratiofr>??However, preliminary results show experimental and simulated peak is not yet understood and
only slight changes in the optical absorption when the temneeds further investigation, although several explanations are
perature is varied between 400 K and 150 K. The smalproposed. Detailed temperature-dependent studies are
observed temperature dependence of the optical absorptionngeded to gain further understanding. Two possible mecha-
not explained by either intersubband absorption or indirechisms, a spatial derivative in the vector potential and surface
optical-absorption processes. The temperature dependencedsfects, are proposed for the momentum transfer required for
the absorption spectra is further discussed in Ref. 20. In adhe observation of an indirect transition.

dition, Ref. 20 also discusses spectral broadening and the
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