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ABSTRACT: One-dimensional semiconductor nanowires hold the
promise for various optoelectronic applications since they combine the
advantages of quantized in-plane energy levels (as in zero-dimensional
quantum dots) with a continuous energy spectrum along the growth
direction (as in three-dimensional bulk materials). This dual characteristic
is reflected in the density of states (DOS), which is thus the key quantity
describing the electronic structures of nanowires, central to the analysis of
electronic transport and spectroscopy. By comparing the DOS derived
from the widely used “standard model”, the effective mass approximation
(EMA) in single parabolic band mode, with that from direct atomistic
pseudopotential theory calculations for GaAs and InAs nanowires, we
uncover significant qualitative and quantitative shortcomings of the
standard description. In the EMA description the nanowire DOS is
rendered as a series of sharply rising peaks having slowly decaying tails,
with characteristic peak height and spacing, all being classifiable in the language of atomic orbital momenta 1S, 1P, 1D, etc.
Herein we find in the thinner nanowires that the picture changes significantly in that not only does the profile of each DOS peak
lose its pronounced asymmetry, with significant changes in peak width, height, and spacing, but also the origin of the high-energy
peaks changes fundamentally: below some critical diameter, the region of atomic orbital momentum classified states is occupied
by a new set of DOS peaks folded-in from other non-Γ-valleys. We describe explicitly how distinct physical effects beyond the
conventional EMA model contribute to these realistic DOS features. These results represent a significant step toward
understanding the intriguing electronic structure of nanowires reflecting the coexistence of discrete and continuum states.
Experimental examinations of the predicted novel DOS features are called for.
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Semiconductor nanowires are featured prominently as
candidates for many electronic and optical device

applications such as nanotransistors,1,2 nanolasers,3−5 thermo-
electrics,6,7 and solar energy harvesting,8−12 and facilitate
fundamental science innovations such as detection of Majorana
fermions13,14 and realization of one-dimensional (1D) hetero-
junctions.15,16 Unlike the case of zero-dimensional (0D)
quantum dots, which are characterized by discrete energy
levels as the result of quantum confinement effect, 1D
nanowires simultaneously have an in-plane quantized energy
levels and a continuous energy spectrum due to periodicity
along the growth direction, so the central quantity used to
characterize their electronic structure is the density of states
(DOS). The nanowire DOS can be measured by scanning
tunneling spectroscopy,17,18 X-ray absorption spectroscopy,19

Kelvin probe force microscopy,20 and also indirectly derived
from transport related quantities such as conductance13,21 and
thermopower.22 Knowledge of the nanowire DOS is important
for analyzing the properties relevant to band filling of carriers,
e.g., electron transport under external fields,23 hot carrier
excitation and relaxation at high temperatures.24 Although
quantitative experimental measurements of semiconductor

nanowire DOS are not yet advanced to the point of direct
comparison with theory, the discussion of the differences
between expectations based on different levels of theoretical
approach is not premature.
Traditionally, the DOS of nanowires has been formulated

and taught in terms of the effective mass approximation
(EMA),25 where a single parabolic band of the Γ-valley is
assumed. The idea is to describe a nanostructure in the
language of the three-dimensional (3D) bulk material from
which it is drawn, rather than a large molecule in its own right.
The DOS of conduction bands calculated with this approach is
illustrated in part I of Figure 1 (Figure 1a for InAs nanowires
and Figure 1b for GaAs nanowires). As seen, the EMA
rendering of nanowire DOS has the following features: (i) it
can be well classified into the peaks associated with the angular
momentum states (of the orbital momenta of 1S, 1P, 1D, etc.)
with quantized sub-band energy levels Esub within the confined
plane (perpendicular to the growth direction). (ii) Each peak
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shows a sharp energy rise at Esub and long tail of slow energy
decay (in the form of 1/√(E −Esub, where E is energy). (iii)
The peak heights of doubly degenerate 1P and 1D states are
higher than that of the 1S state with single degeneracy. (iv)
Complying with quantum confinement effect, Esub scales as 1/
m*d2, where m* is electron effective mass and d is nanowire
diameter. So at the same d, for InAs (Figure 1a) with the
smaller effective mass (0.024m0 compared with 0.068m0 of
GaAs), the energy distances among different DOS peaks are
larger. The features (i)−(iv) are standard expectations for the
shape and form of the nanowire DOS in typical semi-
conductors.
Since in the EMA a nanostructure is described straightfor-

wardly by the band parameters of 3D bulk material, it is
perhaps not surprising that the EMA rendering of electronic
states may be rather approximate, given the disparity between
the 3D bulk reference and the lower-dimensional confined
system being described. Differences between the EMA and
direct atomistic pseudopotential theory (PPT) calcula-
tions26−28 for 0D quantum dots were described previously
and include the fact that both valence and conduction bands
derived from the EMA miss many states present in the direct
calculations29−31 and even the orbital symmetries of some
states are often misrepresented.32,33 Since the disparity between
the 3D bulk reference and the 1D nanowire is smaller than that
in the case of 0D quantum dots, it would be interesting to
examine the validity of the EMA description of the nanowire
electronic structure relative to the descriptions free from the
approximations underlying it. With this motivation, we have
recently extended our PPT calculations of the electronic
structure of nanostructures from 0D quantum dots to 1D
nanowires.34−36 The ensuing nanowire DOS of conduction
bands calculated by the PPT (part II of Figure 1) for InAs and
GaAs are shown in Figure 1c,d respectively, where they are
compared with the EMA DOS (part I of Figure 1) of the same
material, same diameter, and same passivation. Significant
differences are apparent between the EMA and the atomistic

PPT calculations, including (i) the atomistically described DOS
is deformed significantly toward the lower energy side. In
particular, for the InAs nanowire (Figure 1c), while the 1S peak
does not show much change, remarkable blue shift occurs to
the 1P and 1D peaks, and meanwhile, the higher-energy excited
2S state appears in the energy window shown. (ii) In addition
to the change of energy position, the width of each DOS peak
decreases and the long tails with slow energy decay disappear.
(iii) The heights of the peaks are enhanced as the result of the
disappearance of long tails and the overlap between adjacent
peaks. (iv) Additional DOS peaks (labeled by the question
mark, to be explained below), which cannot be attributed to
any angular momentum state of the Γ-valley, emerge in the
higher-energy side of Figure 1c,d. With these unambiguous
differences, it is clear that the textbook description in the
framework of EMA for nanowire DOS is a rather coarse model,
missing many qualitative as well as quantitative aspects of DOS
features. Yet, the DOS is an important quantity in modern
nanowire science, used very often for discussing and
interpreting experimental measurements;21,22 its qualitative
misrepresentation might affect in a negative way the
interpretation of the physical mechanism relevant to DOS
features.
In this letter we uncover significant qualitative and

quantitative shortcomings of the standard model describing
the nanowire DOS based on the EMA. We will clarify by
treating one effect at the time what are the physical factors that
control the differences between the parts I and II of Figure 1,
i.e., the significant deformation of realistic DOS away from the
standard EMA model. We will focus on the DOS of electrons
(conduction bands) being more relevant to experimental
interests in semiconductor nanowires, but similar principles
can be adapted to holes (valence bands). This work provides a
useful insight into accurate description of the nanowire DOS,
offering a useful foundation to correctly understanding relevant
experimental observations.

Figure 1. DOS of conduction bands for InAs (a,c) and GaAs (b,d) nanowires at the diameter of 5 nm calculated with the EMA (I, upper panels) and
the PPT (II, lower panels). All the nanowires are built from the zinc blende structure, oriented along the [111] direction and passivated by a
surrounding generic barrier material. The orbital momenta of identified peaks are labeled (S in purple, P in blue, and D in green). In the part II for
those peaks without any angular momentum feature, the question marks (in red) are placed. Note that for the same material (a and c, or b and d) the
scales of both x-axis and y-axis are the same.
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Sequential Introduction of Different Physical Factors
Considered Step-by-Step in the Nanowire DOS Calcu-
lations. The approaches we took are stepwise, treating one
effect at the time, so as to address different aspects of physical
effects controlling the nanowire DOS. Briefly the following four
levels of methodology from simple to complex are employed:
A. First, we start with the EMA, the model of single parabolic

band (without nonparabolicity and interband coupling),
assuming finite potential barrier, but the same effective mass
in nanowire and its environment. Here, the electronic structure
of nanowires is calculated by solving the Schrödinger eqs 1 and
2 for an infinite cylinder along the z (nanowire growth)
direction with the diameter R, surrounded by the barrier with
the potential height V0
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where m* is the electron effective mass. The wave function of

nanowire ψw(
⇀
r ) and barrier ψb(

⇀
r ) comply with the boundary

condition of ψw(
⇀
r )r=R = ψb(

⇀
r )r=R, by which the in-plane

quantum confinement effect is enforced. In this model the only
material dependent parameter is m*, which is taken from the
assumed parabolic band of bulk material. The bulk effective
mass m* (0.024m0 for InAs and 0.068m0 for GaAs) is used, and
the same potential height V0 as that of the atomistic PPT
calculation (4.6 eV for InAs and 3.5 eV for GaAs) is chosen for
direct comparison (as in Figure 1).
B. Second, we allow different effective masses of the

nanowire and its environment. In step A, the effective mass
m* is taken as a constant across the nanowire and surrounding
materials outside. This is, however, not reflecting the actual fact
that semiconductor nanowires are passivated by either organic
ligands or embedded in some shell materials during their
growth.37 To reasonably acknowledge this fact, in this step we
allow an effective mass discontinuity, i.e., by making the
effective masses of nanowire (in eq 1) and surrounding barrier
(in eq 2) different. This is done by adding into the EMA of step

A the BenDaniel−Duke boundary condition 1/mw*∇ψw(
⇀
r )r=R =

1/mb*∇ψb(
⇀
r )r=R,

38 where mw* and mb* represent the effective
mass of nanowire and barrier, respectively. Then we can
systematically vary the ratio between mw* and mb* to explore the
effect of effective mass discontinuity on the nanowire DOS.
C. Next, we allow the bulk band structure exhibiting

nonparabolicity, still without interband coupling. In most
semiconductors, as the result of band-mixing effects, the
realistic band structure usually deviates from the parabolic
shape, especially at the k-points away from Γ and on the way to
the Brillouin zone boundary.39 To properly include the effect of
band nonparabolicity, we employed the single-band truncated
crystal (SBTC) approach.40−42 It entails two steps: (i) first, a
realistic dispersion of the 3D bulk conduction band is
accounted for, including all the nonparabolic features, as
obtained from the accurate band structure of bulk material;
here, we use the PPT26−28 for band structure calculations (but

any other accurate electronic structure method will fit the
purpose). (ii) Then, the in-plane quantized sub-band energy
levels Esub is evaluated by determining the wave vectors {k}
within the bulk band structure at which the nanowire carved
out of the bulk has wave functions vanishing at the boundary
(by assuming an infinite potential barrier surrounding the
nanowire). This approach retains kinetic energy controlled
quantum confinement effect, but deliberately neglects the
coupling among multiple bands (by using precisely bulk
eigenstates).
D. Finally we allow all the effects in A, B, and C, plus the

effect of band coupling and valley folding. This is done by
employing the PPT, a fully atomistic quantum-mechanical
calculation where the electronic structure of nanowires is
obtained by solving the semiempirical single-particle Schrö-
dinger equation:
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where V̂SO is the nonlocal spin−orbit operator, and Vloc(r) is
the local potential that is given by the superposition of screened
atomic pseudopotentials centered at the atomic positions {Rn}:
Vloc(r) = ∑nvn(|r − Rn|). Unlike the classic empirical
pseudopotential method,43 the atomic pseudopotentials in
our PPT approach are fitted to accurately reproduce a wide
range of critical parameters of band structure, e.g., transition
energies, deformation potential, effective masses, spin−orbit
couplings, etc., as determined by ab initio calculations.26−28,44

The PPT approach overcomes in a practical way the well-
known issue in the density functional theory calculations, i.e.,
seriously underestimating the band gap, as well as effective mass
(band dispersion), thus suitable for the current nanowire DOS
study. The nanowires adopt the zinc blende crystalline
structure. The barrier material surrounding the nanowire is
not a set of organic ligands but actually modeled as an
interfacial heterostructure between a nanowire and its
surrounding environment. This passivating barrier material is
modeled by a pseudopotential that has the same structure as
the nanowire material but presents band offsets ΔEC and ΔEV
with the conduction and valence band edges of nanowire,
respectively. The pseudopotential describing the barrier
material is selected to mimic an oxide with a large band gap
of the order of 8 eV and a conduction band offset of ΔEC ≈ 4
eV and ΔEV ≈ 3 eV. The large band gap of the barrier material
corresponds to a 5−10 times heavier (than that of nanowire
material) effective mass of electron m* ≈ 0.3m0. The barrier is
extended spatially to the edges of the periodic supercell. The
main DOS features shown in part II of Figure 1 are not
sensitive to the magnitude of the confining band offset ΔEC.
This passivation completely eliminates dangling bonds residing
on the nanowire surface. No calculation is conducted for the
bare or less passivated nanowire since the entailed dangling
bonds will cause the midgap electronic states, acting as
nonradiative recombination centers. Equation 3 is diagonalized
within a plane-wave basis, and the eigensolutions are calculated
using the folded-spectrum method,45 which has a computa-
tional cost that scales linearly with the number of atoms in the
system. By capturing the realistic atomistic morphology of
nanostructures and solving the quantum mechanical eq 3, this
approach naturally includes all the factors missing in the EMA
of step A, e.g., the effect of effective mass discontinuity (step B),
band nonparabolicity (step C), and band coupling (among
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conduction bands, as well as between conduction and valence
bands) as the result of the removal of translation symmetry and
other symmetry breaking in nanostructures,46,47 as well as the
band folding originated from the higher energy valleys at the
symmetry points of Brillouin zone other than Γ (to be
discussed in detail below).
Selection of Semiconductors Composing Nanowires

To Be Studied. In principle the approaches above can be
applied to any semiconductor nanowires. First, in order to
highlight the effect of nonparabolicity (the above step C), we
select InAs as one of the materials composing nanowires since
it has a conduction band with rather large nonparabolicity.48

Second, to illustrate clearly the effects of band coupling and
valley folding (step D) we aimed at choosing a material that has
energetically close competing conduction band valleys (at Γ
and non-Γ k-points). In the nanowires made from the material
with the non-Γ-valleys close in energy to the Γ one, the non-Γ-
valleys will be folded to the energy region in proximity to (or
overlapping with) the Γ-valley derived states, coupling strongly
with them and also contributing directly to the DOS profile. By
considering this, we selected GaAs as another constituted
material, which has the relatively small energy distance between
X- and Γ-valleys (0.30 eV compared with 1.02 eV of InAs) and
also between L- and Γ-valleys (0.46 eV compared with 0.72 eV
of InAs). Finally, we note that since common organic ligands
passivating nanowire surfaces give rise to molecular energy
levels, which resemble the materials with extremely large
effective masses, resulting in significant effective mass
discontinuity between mw* and mb* (step B). To mimic this
fact, the effective mass of barrier mb* is chosen to be ∼0.3m0,
which is 5−10 times larger than that of selected InAs (0.024m0)
or GaAs (0.068m0) making up nanowires. All the nanowires
involved in this work are constructed as the infinite cylinders
from the zinc blende structure, oriented along the [111]
direction, which is the predominant growth direction
thermodynamically favored in experiments.37 At the diameter
of 5 nm (the one we focus on here), the nanowire contains
about 130 atoms in the cross-section plane.
Effect of Effective Mass Discontinuity on the Nano-

wire DOS. As schematically shown in Figure 2a, we built
nanowires (with the effective mass mw*) surrounded by
passivation barriers with a different effective mass mb* and
performed the DOS calculations at different ratios between mw*
and mb* (see the above step B). Figure 2b shows the resulted
DOS of InAs nanowires (d = 5 nm) for mb*/mw* = 11.7 (upper
panel) and the constant effective mass case, mb*/mw* = 1.0
(lower panel, the above step A). As seen, while the general
shape of DOS peaks did not change, the larger value of mb*/mw*
leads to remarkable energy red-shift of all the peaks. The
amount of shift increases with the atomic orbital momentum,
and for the higher momentum 1P and 1D states, the shifts
reach ∼1 eV. This implies the larger effective mass of barrier
mb* has an equivalent effect of significantly weakening quantum
confinement in nanowires. It is hence of great necessity to
include this effective mass discontinuity in the nanowire DOS
calculations.
Effect of Band Nonparabolicity of Bulk Material on

the Nanowire DOS. In semiconductor nanowires, the
nonparabolicity features of bands can be classified into two
types in terms of their effects on electronic structure of 1D
system: the in-plane nonparabolicity and the out-of-plane
(along the growth direction) nonparabolicity. We probed the
effect of in-plane nonparabolicity on the nanowire DOS via the

SBTC approach (see the above step C). Figure 3c shows the
SBTC rendered quantized sub-band energy levels Esub at the

zone center for InAs nanowire (d = 5 nm), compared with
those from the EMA (Figure 3a). Figure 3b shows how the sub-
band energy levels Esub in Figure 3c,a are evaluated via mapping
onto corresponding band dispersion of bulk InAs. It is clearly
seen that the in-plane nonparabolicity results in significantly
decreased Esub of all the 1S, 1P, and 1D states, making them
bunched toward the lower-energy side. The higher atomic
orbital momentum of the state, the larger red-shift of energy
level is observed; for the 1D state, the energy shift is as large as
∼2 eV. Figure 4b shows the DOS of the first 1S state for the

Figure 2. (a) Schematic plot of the [111]-oriented nanowire
surrounded by the passivation barrier (left panel) and the sectional
view (right panel). The nanowire and the barrier have different
effective masses (denoted as mw* and mb*, respectively). (b) Calculated
DOS of conduction bands for InAs nanowire (d = 5 nm) with different
values of mb*/mw*, i.e., 11.7 (upper panel) and 1.0 (lower panel) by
using the EMA plus the BenDaniel−Duke boundary condition.

Figure 3. Quantized sub-band energy levels Esub of 1S, 1P, and 1D
conduction states at the zone center for the InAs nanowire (d = 5 nm)
evaluated via (a) the EMA, (c) the SBTC, and (d) the PPT. The
purpose of plot (b) is to show how Esub in (a) and (c) are evaluated by
mapping onto corresponding bulk band dispersion in the spirit of
SBTC (see text). The energy is given with respect to the CBM of bulk
InAs. The effective masses (of nanowire and barrier) and potential
height of barrier are the same in (a), (c), and (d).
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same nanowire by using different approaches. As expected, the
ensuing DOS peak from the SBTC (the first peak in blue below
0.5 eV) exhibits a red-shift by comparison with that from the
EMA (the peak in green).
Turning to the out-of-plane nonparabolicity, its effect on the

nanowire DOS is reflected directly by the nanowire band
dispersion (of the 1S state) along the growth direction as
shown in Figure 4a. We can see that compared with the band
dispersion from the EMA (the green band), the nonparabolicity
(represented by the blue band of SBTC) causes a rather heavier

band with less dispersion. This gives rise to two aspects of
effects on the nanowire DOS, as shown in Figure 4b (the
nonparabolicity of SBTC in blue and EMA in green): (i) it
leads to the narrower DOS peak (i.e., the first peak in blue
below 0.5 eV) and the long tail from EMA has been eliminated.
(ii) Resulting from the very dispersiveless feature of band at the
nanowire zone boundary (see the blue band in Figure 4a), a
second peak at the higher energy emerges between 1.0 and 2.0
eV. These results indicate that in addition to the rigid shift of
DOS peaks (via the effect of in-plane component), the
nonparabolicity also plays an important role in changing the
DOS shape and profile (due to the out-of-plane component).

Effect of Nanowire Interband Coupling on Its DOS.
We next explored the band coupling effect (resulting from the
symmetry lowering in nanostructures) on the nanowire DOS.
This can be straightforwardly extracted from the difference
between the SBTC results (band coupling excluded) and the
PPT calculations (band coupling included, see the above step
D). The quantized sub-band energy levels Esub for InAs
nanowire (d = 5 nm) are shown in Figure 3c (SBTC) and d
(PPT), and the band dispersion of the 1S state and
corresponding DOS are shown in Figure 4a,b (SBTC in blue
and PPT in red), respectively. As seen, the predominant effect
of band coupling is rigidly pushing Esub and corresponding
DOS peaks to the slightly higher energy region. This is the
result of the competition between the coupling among
conduction bands and that between conduction and valence
bands.46,47

Effect of Band Folding from Non-Γ-Valleys on the
Nanowire DOS. In Figure 3d, we show only the PPT results of

Figure 4. (a) Calculated band structure and (b) corresponding DOS
for the first 1S conduction state of InAs nanowire (d = 5 nm) by using
the EMA (green), the SBTC (blue), and the PPT (red), respectively.
The energy is given relative to the CBM of bulk InAs. For these
calculations involving the single band, the DOS has been renormalized
to guarantee the integration equal to 1.

Figure 5. Complete quantized sub-band energy levels Esub of conduction states at the zone center for the InAs (a) and GaAs (b) nanowires (d = 5
nm) calculated with the PPT. The energy is relative to the CBM of corresponding bulk material. The valley origin of each electronic state (Γ-derived
in red, L in blue, and X in green) and the shell-like orbital momenta (for Γ-valley derived states) are labeled. Multiple lines at the same energy level
represent the degeneracy of states. For the GaAs nanowire, the diameter dependence of energy levels of 1S (Γ), 1P (Γ), and the first X-valley derived
sate ((X)1) is shown in the inset.
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the 1S, 1P, and 1D states originating from Γ-valley for clear
comparison with the SBTC results. Actually there are more
states appearing in the PPT calculations. Figure 5 shows the
complete quantized sub-band energy levels Esub for InAs and
GaAs nanowire with d = 5 nm. In terms of the band-folding
picture for finite-size nanostructures, all the states can in
principle be attributed to the lower-energy valley states at
different k-points of the Brillouin zone in bulk band structure.
We identified the valley origin of these states by using the
majority representation approach,49 i.e., by projecting their
wave functions onto the complete bulk Bloch states at various
k-points. In Figure 5 the valley origin of each state is labeled
and its degeneracy is represented by the multiple lines at the
same energy level. One immediately observes that in addition
to the Γ-valley derived states (in red), there appear more states
originating from the X-valley (in green) and L-valley (in blue).
Particularly, in InAs nanowires (Figure 5a), two non-Γ-valley
states appear in the energy window shown, and the first L-valley
state is located at ∼1.7 eV (above the Γ-valley 2P state). As to
GaAs nanowire, a large number of X-valley states emerge and
the first one starts from ∼0.6 eV; the only state below it is the
Γ-valley 1S state. The remarkable distinction between InAs and
GaAs nanowires is attributed to the energetically close
competing conduction valleys of bulk GaAs as mentioned.
Note that for the non-Γ-valley states, the degeneracy is always
higher than one (e.g., 3 for the X-valley state), as there are
multiple valleys folded to the zone center of nanowires
simultaneously.
Figures 6 and 7 show the PPT rendered band structure (left

panel) and DOS (right panel) for InAs and GaAs nanowires at
d = 5 nm. The electronic states have been classified in terms of
the origin from Γ-valley (red), L-valley (blue), or X-valley
(green), respectively. Consistent with Figure 5, we can clearly
see substantial contributions from the L-valley and X-valley
derived states for both materials. Specifically, for InAs nanowire
(Figure 6), in spite of the only one L-valley state existing at the
zone center (at ∼1.7 eV), there appear a bunch of L-valley
derived bands in proximity to the zone boundary, and thus,
quite a number of associated DOS peaks with high intensity
emerge above 1.3 eV. As to GaAs nanowire (Figure 7), the
whole DOS has been predominantly occupied by the L-valley

and X-valley derived states, and there exists only a very small
portion of Γ-valley derived peaks.

Dependence of Novel DOS Features Observed on the
Nanowire Diameter. We should point out that the roles of
the above factors in affecting the nanowire DOS depend
strongly on the degree of quantum confinement, which is
determined by the nanowire diameter. For instance, it is known
that for the most semiconductors serious deviation from the
parabolic band shape usually occurs at the k-points away from Γ
and on the way to the Brillouin zone boundary.39 According to
the band-folding picture, in wide nanowires the low-lying
quantized energy levels derive from the states in proximity to
the Γ-valley, but this is not the case in the thinner nanowires,
where the states further away from the Γ-valley are involved.
Hence for the fixed semiconductor material, the effect of
nonparabolicity is more pronounced in the thinner nanowires
made from it. Another factor closely related to the diameter is
the band folding from the non-Γ-valleys. In the nanowires with
the smaller diameters, the increased quantum confinement will
push the Γ-valley derived states (usually having the smaller m*
for electrons) to the higher excited-energy region. This gives
the opportunity for the folded-in states from the non-Γ-valleys
(usually with heavy m* and not quite sensitive to confinement)
to emerge as the relatively low-lying excited states contributing
to the DOS. In this work, in order to zoom in on the distinct

Figure 6. Calculated band structure (left panel) and DOS (right panel) of conduction bands for InAs nanowire (d = 5 nm) by using the PPT. The
energy is relative to the CBM of bulk InAs. For the left panel, different colors represent the valley origins of various electronic states (Γ, red; L, blue;
X, green). Correspondingly, in the right panel the total DOS is decomposed into the contributions from different valley states.

Figure 7. Calculated band structure (left panel) and DOS (right
panel) of conduction bands for GaAs nanowire (d = 5 nm) by using
the PPT. The energy is relative to the CBM of bulk GaAs.
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DOS features between the standard EMA model and the
realistic case, we choose the thinner nanowires with the
diameter of 5 nm. Actually the nanowires below this size have
well reached the capability of modern nanowire growth,17,37

and such small diameter nanowires accompanying with strong
quantum confinement are of great interest to the application in
nanoscale devices.50 The inset of Figure 5b shows the
calculated energy levels at the zone center of 1S (Γ), 1P (Γ),
and the first X-valley derived sate ((X)1) for the GaAs nanowire
ranging from 5 to 20 nm. The X-valley derived state exhibits
relatively weak dependence on quantum confinement owing to
its heavy effective mass. The energy difference between (X)1
and 1P (Γ) is −0.16 eV at 5 nm, 0.21 eV at 10 nm, 0.32 eV at
15 nm, and 0.37 eV at 20 nm, respectively. Moreover, as shown
in Figures 6 and 7 because of the band dispersion of the non-Γ-
valley derived states, their actual DOS peaks can extend into the
region of the much lower energy. These imply that the novel
DOS features we got here will be observable in the nanowires
with large diameters that are achievable in current experimental
nanowire growth.
Conclusions. We presented via fully quantum mechanical

atomistic pseudopotential theory (PPT) calculations a system-
atic ab initio study of the density of states (DOS) of
semiconductor nanowires, which controls the peculiar elec-
tronic structure combining discrete energy levels and
continuous energy spectrum in the one-dimensional quantum
system. Taking GaAs and InAs nanowires as examples, we find
that while the conventional and widely used model based on
effective mass approximation (EMA) may hold approximately
for wide nanowires, it loses entirely its validity in the thinner
nanowires by missing many qualitative as well as quantitative
aspects of DOS features. This is unambiguously evidenced by
direct comparison between the conventional EMA model and
the realistic DOS from PPT calculations, where the realistic
DOS shows not only significant change of DOS profile
including peak spacing, width, and height but also unexpected
emergence of new peaks originating from the folded-in states of
non-Γ-valleys. We explained explicitly how a variety of
important physical factors contribute to the remarkable
deformation of the realistic nanowire DOS away from the
conventional model. These include effective mass discontinuity
between nanowire and its environment, nonparabolicity of
bands, coupling among multiple bands, and band folding from
the non-Γ-valleys. This work raises a warning flag when one
attempts to interpret experimental data of transport and
spectroscopy by using the conventional EMA model of the
nanowire DOS. Its oversimplified form with exclusion of the
contributions from above physical factors may potentially lead
to misunderstanding of underlying mechanism and basic
physics of nanowires. The large-scale atomistic calculations of
nanowires via the PPT used here or the tight-binding
approach51 are of great use in rectifying this situation.
Meanwhile, more direct experimental DOS measurements for
nanowires are called for to verify the novel DOS features we
predicted here.
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