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Near-band-edge exciton polarization change in ZnO nanowires†

Zaiping Zeng,a Alexia Petoni,a Christos S. Garoufalis,a Sotirios Baskoutas∗a and Gabriel Bester‡b

Using the atomistic pseudopotential method complemented by configuration interaction calculations, we have studied the elec-

tronic and optical properties of ZnO nanowires (NWs) in the presence of quantum confinement effects. Our results indicate that

the near-band-edge exciton experiences a crossover from an in-plane polarized A-exciton (for D ≥ 3 nm) to an out-of-plane po-

larized C-exciton (for D < 3 nm) due to quantum confinement. This transition leads to a non-monotonic variation of Stokes shift,

exhibiting a maximum value around the critical diameter of 3 nm. The observed behavior is analyzed by a stepwise inclusion of

correlation effects, leading to a comprehensive description of the excitonic fine structure.

1 Introduction

Zinc oxide (ZnO) nanowires (NWs) have attracted consid-

erable attention as promising candidates for device applica-

tions. The wide direct band gap (3.445 eV) and large ex-

citon binding energy (60 meV) of bulk ZnO make them one

of the most remarkable optoelectronic materials for nanoscale

device applications, such as ultraviolet (UV) lasers1,2, light-

emitting diodes3 (LEDs), field-effect transistors (FETs)4,5,

and UV photodetectors6,7. Their high surface-to-volume ratio

and high density of surface states promote the development of

a new generation of chemical and biological gas sensors with

high sensitivity and fast response8,9. Piezoelectric nanogener-

ators based on ZnO NWs for self-powered systems have also

been reported10,11. Experimental fabrication of this type of

nanostructures has been successfully achieved by using differ-

ent synthesis methods, such as vapor trapping chemical va-

por deposition4, thermal evaporation12, chemical synthesis

by vapour phase transport13, vapor–liquid–solid method14, to

mention only a few. However, the vast majority of the fabri-

cated NWs are so large in diameter (e.g., > 15 nm which is

more than 10 times of the exciton Bohr radius of bulk ZnO

(≈1.4 nm)) that the quantum confinement effects remain ab-

sent. A clear picture of the quantum confinement effects on

the electronic and optical properties of ZnO NWs remains un-

known.

Due to the specific features of wurtzite ZnO, such as

anisotropy of the valence band, as well as the small dielec-

tric constant and strong electron-hole Coulomb interaction, a

simple one-band effective mass model15 is not able to deliver

predictive results. The incorporation of many-body effects

in an effective mass model to probe large nanostructures has
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been recently achieved16,17. Density functional theory (DFT)

calculations have been employed to study the piezoelectric-

ity and the band structure18, the charged states and the band

gap in ZnO NWs (or doped ZnO NWs)19. This type of cal-

culations are restricted to nonpassivated, small-diameter (e.g.,

< 3 nm) NWs. Moreover, since in DFT the bulk ZnO band

gaps are significantly underestimated (e.g., ∼0.63 eV [Ref.

18] by local density approximations (LDA or GGA) (82% un-

derestimated in comparison to the well-known experimental

value 3.445 eV), the quantum confinement effects on the elec-

tronic and optical properties of ZnO NWs are often not well

described.

In this contribution, we study the electronic and optical

properties of ZnO NWs with diameters up to 6 nm, covering

the intermediate and weak confinement regimes. The calcula-

tions are performed via the empirical pseudopotential method,

using recently derived and well-tested ZnO pseudopotentials

from Ref. 20, and the excitonic effects are considered by us-

ing the configuration interaction approach21. This method has

been shown to describe very well the excitonic properties in

wurtzite CdSe quantum dots (QDs)22, and very recently in

ZnO QDs20,23 and Si NWs24.

2 Computational Details

The single-particle electronic energies and wave functions

are calculated using the plane-wave empirical pseudopotential

method25 and our recently derived and well-tested ZnO pseu-

dopotentials20. The Hamiltonian for the single-particle states

has the form

Ĥ =−
1

2
∇2 +∑

nα

[vα(~r−~Rαn)+ v̂SO
α ], (1)

where n is an atomic index, α specifies the atom type and v̂SO
α

is the non-local spin-orbit operator. The screened atomic pseu-

dopotentials vα (with α = Zn,O) are centered at each atomic

position and their superposition generates the crystal poten-

tial. vα(~r − ~Rαn) and v̂SO
α are fitted to accurately reproduce

1
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well-known properties of bulk ZnO (e.g., band gap, critical

energy levels, effective masses, and spin-orbit splittings), and

the parameters are given in Ref. 20. This approach naturally

includes the effects of multiband coupling, multivalley cou-

pling, and spin-orbit interaction.

The ZnO NWs are constructed with a cross section as circu-

lar as possible, considering the atomistic nature of the struc-

ture. The supercells are extended and periodically repeated

along the [0001] crystallographic direction, while the lateral

surface of the NWs is well passivated by an artificial ligand

with the same crystal structure and lattice parameters as ZnO

and a higher band gap. Since there is no mismatch between the

NW and the passivating material the electric field induced by

piezoelectric effects can be safely neglected. The contribution

of spontaneous polarization to the internal field is expected not

to be significant since the polar direction of the NW coincides

with the infinite growth direction. It has been demonstrated by

large scale DFT calculations26 that the internal field even in

a polar quasi-one-dimensional nanorod (NR) does not depend

strongly on the spontaneous polarization of the underlying lat-

tice. This type of surface passivation has been practiced suc-

cessfully previously for this material system20,27,28, and very

recently in Si NWs24. It should be noted here that the na-

ture of the surface passivation and morphology may play an

important role in the determination of the electronic and opti-

cal properties of semiconductor NWs, especially with smaller

sizes. However, in our calculations, the emphasis is put on the

size effects rather than the surface effects.

The many-body excitonic properties are calculated via con-

figuration interaction (CI)21. The excitonic wave functions

are expanded in terms of single-substitution Slater determi-

nants constructed from the single-particle wave functions of

electrons and holes. The corresponding many-body Hamilto-

nian is solved either in the framework of the single configu-

ration (SC) approximation or in the CI scheme. At the SC

level, the intraconfiguration Coulomb and exchange matrix el-

ements are fully included, but the interaction between differ-

ent configurations is neglected21. Consequently, the correla-

tion effects at this level of theory are willingly not accounted

for. The interconfiguration coupling is fully included in the

CI scheme21. To capture the electron-hole interaction of ex-

citons, the NWs are periodically expanded along the growth

direction with a length of ∼4.164 nm, which is around three

times the exciton Bohr radius in bulk ZnO (∼1.4 nm). The

Coulomb and exchange integrals are screened by the position-

dependent and size-dependent screening function proposed by

Resta29, which gives a physically smooth transition from short

range (unscreened) to long range (screened)21,24. According

to the results of the convergence test (see the supplementary

materials), we include in the CI treatment eighteen states from

the valence band and five states from the conduction band

(not counting the spin degree of freedom), which ensures that

the conduction band and valence band states are in a simi-

lar energy window. The optical dipole matrix elements are

calculated within the dipole approximation, and the oscillator

strength was calculated using Fermi’s golden rule. A review

of this method can be found in Ref. 30. It should be noted

that our calculations are focused on the near-band-edge low

energy excitonic states which are dominantly originated from

the transistions at the Γ-point of the Brillouin zone. The band

dispersion along the growth direction of the NWs is expected

to have only very marginal influence on the results presented

herein.

3 Numerical results and discussion

3.1 Electronic properties of ZnO nanowires

In an attempt to determine the electronic properties of ZnO

NWs in both the intermediate and the weak confinement

regimes, we consider five different ZnO NWs with diameters

D = 2, 3, 4, 5, 6 nm. The fast oscillating atomic wave func-

tions are projected onto bulk ZnO Bloch states, which enables

us to visualize the envelope functions and quantify the Bloch

function parentage of each NW state (i.e., to identify the con-

tribution from each bulk Bloch state) [Ref. 20]. The enve-

lope functions and Bloch function characters obtained from

the projection for the first electron and first four hole states

are presented in Fig. 1. We use the notation ω to character-

ize the symmetry of the envelope functions, where ω gives

the number of nodes encountered when the envelope function

is projected on a plane which contains both the growth direc-

tion vector and the center of the NW. The possible values of ω
can be S, P and so forth, where S represents the an envelope

function without node, P with one node, etc.. The results for

the first four electron and first four hole states are presented in

Table 1.

Table 1 Orbital character of the first four electron and hole

envelope functions in ZnO NWs of various diameters (in unit of

nm). The superscript (A,B,C) indicates the Bloch function parentage

of the corresponding hole state obtained from Fig. 1.

Diameter e0 e1 e2 e3 h0 h1 h2 h3

2 S S S P SC PA,B SA SB

3 S S S P SC PA,B SA SB

4 S P P S PA,B SC SA SB

5 S P P S PA,B SA SB SC

6 S P P P PA,B SA SB SC

It is found that the lowest unoccupied molecular orbital

(LUMO) state exhibits an S-like envelope function, derived

purely from the lowest bulk conduction band, irrespectively

of the variation of the level of quantum confinement. The fol-

2 | 1–8

Page 2 of 8Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



lowing two electron states (e1,2) appear to be energetically de-

generate (see Fig. 2(a)), switching from an S-type to a P-type

envelope function at a diameter around 3 nm. Furthermore, a

P-like envelope function is more preferable for electron states

e1,2,3 in the presence of very weak quantum confinement ef-

fects (i.e., D = 6 nm ≈ 4.3aB, where aB = 1.4 nm is the exciton

Bohr radius of bulk ZnO).

Concerning the hole states, Fig. 1 and Table. 1 show that the

wave functions with dominant single-band character (either

A-, B-, or C-band) have S-type envelope functions, while the

ones with an even mixing of bulk Bloch A- and B-bands have

P-type envelope functions. The SA and SB states are energeti-

cally close to each other, whereas they are considerably sepa-

rated from the SC states (see Fig. 2(b)). This is a consequence

of the nature of the topmost three valence bands in bulk ZnO,

where the A- and B-bands are very close to each other, being

energetically separated from the C-band. The SC states exhibit

a weaker diameter dependence than the SA and SB states (see

Fig. 2(b)). Consequently, the A- and B-band states rise above

the C-band states at the critical diameters D
A/C
c and D

B/C
c , re-

spectively, and become energetically more favorable, repro-

ducing the usual electronic structure encountered in bulk ZnO.

The critical values are D
A/C
c = 4.2 nm and D

B/C
c = 4.6 nm, re-

spectively (see Fig. 2(b)). The PA,B states are energetically

very close to the SA and SB states. The SC states become the

highest occupied molecular orbital (HOMO) states for diame-

ter smaller than a critical value D
S/P
c = 3.8 nm (see Fig. 2(b)).

These PA,B states are energetically more sensitive to the NW

diameter, crossing over the SC states at D = D
S/P
c and becom-

ing the HOMO states for D > D
S/P
c . This diameter dependent

change in HOMO state from a conventional electronic state

(e.g., with S-type envelope) to an unconventional state (e.g.,

with P-type envelope) has also been found previously in col-

loidal ZnO QDs20 and very recently in GaN NWs31, and is

being attributed to the nontrivial interplay between symmetry

mixing, spin-orbit coupling, and quantum confinement effects

on the valence band electronic structure.

3.2 Optical properties of ZnO nanowires

First, we present the optical band gap of ZnO NWs for vari-

ous diameters, which correspond to the intermediate or weak

confinement regime (see Fig. 2(c)). The calculations are per-

formed at three levels of theory, i.e., single-particle (SP) level,

SC level, and CI level. Expectedly, the band gap appears to

be a decreasing function of the NW diameter at all the three

levels (see Fig. 2(c)). The size-dependent gaps are best fitted

according to

ESP
g = Ebulk

g +α/Dβ ,

EOp,SC
g = Ebulk,op

g +α
′
/Dβ

′

,

EOp,CI
g = Ebulk,op

g +α
′′
/Dβ

′′

, (2)

where ESP
g , E

Op,SC
g , E

Op,CI
g are the calculated single-particle

gaps, optical band gaps at the SC level, optical band gaps at

the CI level, respectively. Ebulk
g = 3.445 eV [Ref. 27] is the

fundamental band gap of bulk ZnO, and E
bulk,op
g = 3.385 eV

is the bulk optical gap. The respective values of the fitting

parameters α , β , α
′
, β

′
, α

′′
, β

′′
are 1.26, 1.33, 1.11, 1.5,

0.99, 1.54, where α , α
′

and α
′′

are in unit of eV·nm, while

β , β
′

and β
′′

are dimensionless quantities. It is found that the

diameter-dependent optical band gap of ZnO NWs (at the CI

level), in the presence of quantum confinement effects, scales

as ∼1/D1.54, rather than ∼1/D as predicted by the effective

mass approximation32. The difference between the single-

particle gap and the optical band gap at the CI level gives an

exciton binding energy (in meV) which is best fitted by:

EX
b = E

bulk,X
b +310/D0.97, (3)

where E
bulk,X
b = 60 meV is the well-known exciton binding

energy of bulk ZnO at room temperature. As expected from

the quantum confinement effects, the exciton binding energy

is significantly enhanced in ZnO NWs in comparison to bulk

ZnO (∼ 60 meV at room temperature), giving 111.25 meV at

D = 6 nm, 140.99 meV at D = 4 nm and 218.78 meV at D = 2

nm, respectively.

The redshift of the emission spectra with respect to absorp-

tion spectra is known as the Stokes shift. It has two possible

contributions33: (i) a purely electronic shift due to the split-

ting of exciton states into “bright” and “dark” states, which

is usually called as electronic Stokes shift, and (ii) vibrational

(phonon) relaxation due to movement of nuclei to new equi-

librium positions in the excited state, which is called as vi-

brational Stokes shift. In general, the vibrational part is very

difficult to model33 since it requires excited state geometry

optimization. Moreover, it has been well justified34,35 that the

Stokes shift in III-V and II-VI semiconductor nanostructures

is mainly attributed to the (i) contribution. Therefore, in our

calculations, the emphasis is put on the electronic Stokes shift

which for brevity is called as Stokes shift. Its dependence on

the NW diameter is shown in Fig. 2(d). The results are ob-

tained at two levels of theory: at SC level and at CI level. It is

found that the Stokes shift is a non-monotonic function of the

diameter at both levels, having a maximum at a critical diam-

eter value Dc. This critical values appear to be significantly

different at both levels of theory, with DSC
c ≈5 nm at SC level,

and it is DCI
c ≈3 nm at CI level. To understand this behaviour,

1–8 | 3
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Fig. 1 Contour plot of the square of the envelope functions (perpendicular to the NW growth direction), extracted from our atomistic wave

functions, for the first electron and first four hole states for various ZnO NWs. The parentage of each atomic NW wave function from the

topmost three bulk valence band states (labeled as A, B and C) and the lowest bulk conduction band state (labeled as El) is tabulated under

each plot in percentage.
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Fig. 2 (Color online) Single-particle electron states (a), hole states (b), (c) single-particle gap (red solid squares), optical band gap at SC level

(green filled spheres) and optical band gap at the CI level (blue regular triangles), Stokes shift (d), as a function of the NW diameter. In figure

(b), the lines connect states of the same symmetry ω . The red, green, blue, and black lines connect states with dominant A-band, B-band,

C-band, and an even mixing of A- and B-bands parentage, respectively. In figure (c), each solid line represents a fit according to Eq. (2).

we take our smallest and largest NWs as examples and present

the corresponding near-band-edge exciton pictures in the last

column of Fig. 3. For D < Dc (top panels in Fig. 3), the

lowest and first bright exciton states belong to C-exciton at

both SC and CI levels (the results at SC level are not shown),

being contributed nearly purely (or dominantly) from the con-

figuration where the hole state has an S-type envelope func-

tion and derives from bulk Bloch C-band (SC state). However,

for D≥Dc, the two exciton states responsible for the Stokes

shift switch to the A-exciton, deriving mainly from the config-

uration where the hole state has an S-type envelope function

and a dominant bulk Bloch A-band parentage. This diameter-

dependent C-exciton to A-exciton transition is responsible for

the non-monotonic behaviour in Stokes shift.

We find from Fig. 3 that the formation of the optically dark

and bright states is due to the electron-hole exchange interac-

tion (see the last two columns). The C-exciton consists of one

optically dark state and three optically bright states (see the

upper panel of Fig. 3). The dark state is spin-forbidden and

lower in energy. The lowest two bright exciton states are ener-

getically very close to the dark state (i.e., ∼0.013 meV for D =

2 nm (by CI), see Fig. 2(d)), being doubly degenerate (with a

very small splitting of 0.4 µeV (by CI)) and weakly polarized

(with low intensity) along the in-plane direction. The third

bright state is energetically far away (i.e., ∼4.01 meV (by CI)

to the lowest dark state for D = 2 nm) and is singly degen-

erate with strong out-of-plane polarization (with high inten-

sity). Concerning the A-exciton (see the lower panel of Fig.

3), it consists of two optically dark and two optically bright

states. The dark states appear to be degenerate and present the

ground state. The two bright exciton states are nearly degen-

erate with a small splitting of up to 58.25 µeV, being signif-

icantly separated from their dark counterparts (e.g., ∼ 0.573

meV for D = 6 nm). These results are in full agreement with

the symmetry analysis developed by Hopfield36. The Stokes

shift originating from different types of exciton is found to ex-

1–8 | 5
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Fig. 3 Schematic picture of the evolution of the exciton states in

ZnO NWs of two different diameters. From the left to the right

columns are the single-particle states (column (i)), energy of the

uncoupled electron-hole pairs (column (ii)), excitonic states

obtained via CI including the Coulomb interaction but neglecting

the exchange interaction (column (iii)), final result for the excitonic

states including Coulomb, exchange and correlation effects (column

(iv)). The numbers in parenthesis indicate the degeneracy of each

level. The dark-exciton states, bright-exciton states with in-plane

polarization, bright exciton states with out-of-plane polarization are

shown in dashed black, solid black and solid red lines, respectively.

For columns (ii)-(iv), the lowest total energy is placed at the bottom.

hibit a different diameter-dependence. As shown in Fig. 2(d),

the Stokes shift derived from C-exciton states is quantitatively

much smaller and it increases slightly with increasing diam-

eter. Conversely, the one derived from A-exciton states turns

out to be quantitatively much larger and it decreases signifi-

cantly with respect to the increase in the diameter.

As mentioned previously, the SA state rises over the SC state

and becomes energetically more favourable for D > D
A/C
c =

4.2 nm. Therefore, one might expect that the transition be-

tween the near-band-edge C-excition (electron-S—hole-SC)

and A-exciton (electron-S—hole-SA) takes place around the

critical value (≈ 4.2 nm). This is indeed the case if correla-

tion effects are neglected. The maximum of the Stokes shift

appears at a critical diameter DSC
c ≈5 nm, as shown by the SC

results (see Fig. 2(d)). However, when the correlation effects

are fully considered (see the CI results), the critical value at

which the transition occurs shifts to a significantly smaller

diameter value (e.g., DCI
c ≈3 nm). This nonmonotonic be-

haviour in Stokes shift has been found previously in several

semiconductor nanostructures, e.g., CdSe NRs [Ref. 37], ZnO

NRs [Ref. 27], ZnO QDs under pressure [Ref. 23]. A larger

Stokes shift means a smaller overlap area between absorption

and emission spectra, which is desirable in applications such

as light-emitting diodes, where reabsorption reduces the total

efficiency37. The transition between different types of exci-

tons have recently been found in GaAs/AlGaAs QDs by ap-

plying elastic stress38, which is believed to have potential ap-

plication in quantum technologies.

We also find that the exciton nearly purely derived from a

configuration (e,h) where the electron has an S-type envelope

function (in LUMO) and the hole has a P-type envelope func-

tion does not exhibit the orbitally forbidden, dark ground state

(see the lower panel). The exciton ground state appears to

be orbitally allowed but spin-forbidden, derived from electron

(in LUMO) and hole (in HOMO-1) with both S-type envelope

functions, similar to the case of small diameter NWs (see the

upper panel of Fig. 3). After the detailed analysis of the eval-

uation of the band-edge exciton states, (see Fig. 3) through

the stepwise incorporation of Coulomb and exchange interac-

tions, we find that two combined effects are responsible for

this phenomenon:

(i) Increasing the diameter leads to a significant decrease

in the energy difference between the two four-fold uncoupled

states (see the second column of Fig. 3), e.g., the energy dif-

ference is 55.23 meV for D = 2 nm, while it is only 6.11 meV

for D = 6 nm;

(ii) The Coulomb interaction is more pronounced for the

configuration with both electron and hole having the same en-

velope function characters (both S-type) than that with elec-

tron and hole having different characters (electron: S-type,

and hole: P-type), irrespective of the NW diameter. For exam-

ple, for D = 2 nm, the Coulomb interaction experienced by the

configuration (e0,h0) (e0 − S− h0 − S) is around 218.8 meV,

while it is around 213.7 meV for the configuration (e0,h1)
(e0 − S− h1 −P). These two values appear to be 106.6 meV

(configuration (e0,h0), (e0−S−h1−P)) and 117.9 meV (con-

figuration (e0,h1), (e0 −S−h1 −S)), for D = 6 nm.

This conventional optics from unconventional electronics

has also been found previously in ZnO colloidal QDs20. Com-

pared to the Coulomb interaction, the influence of the ex-

change interaction (fourth column of Fig. 3) has a significantly

smaller magnitude (below 1 meV, depending on the NW diam-

eter) but is important for the optical polarization properties.

Finally, we present in Fig. 4 the absorption spectrum at

room temperature for various NW diameters. The calcula-

tions are performed in the CI scheme. A Gaussian broadening

function is adopted with a broadening parameter of 1.2 meV.

It is found that increasing the diameter leads to a redshift in

the absorption spectrum. This redshift is more pronounced

for narrow NWs (with small diameters). Decreasing the NW

diameter results in a transition in the optical absorption polar-

ization from an in-plane polarization (E⊥~c) to an out-of-plane
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Fig. 4 Oscillator strength for the absorption 〈0| to 〈X | in various

ZnO NWs at room temperature obtained via CI. Absorptions

polarized along the out-of-plane (c axis) and in-plane (perpendicular

to the c-axis) directions are shown by red and black vertical lines,

respectively. The symbols in parentheses indicate the dominant

envelope function characters of the single-particle states (e,h)
involved in the absorptions, and the parentage of the corresponding

hole state is given as superscript.

polarization (E‖~c) at a diameter of around 3 nm. This tran-

sition between usual α-absorption (E⊥~c) and unusual σ and

π absorptions (E‖~c) has also been found previously in ZnO

QDs under hydrostatic pressures23 and ZnO NRs by changing

the length-to-diameter aspect ratios27. Before the transition

occurs (e.g., for D≥3 nm), the near-band-edge optical absorp-

tion is dominated by the A- and B-exciton absorptions, which

can not be separately resolved experimentally13. However, af-

ter the transition takes place (e.g., for D<3 nm), the unusual

C-exciton absorption (σ and π absorptions) becomes active.

This type of absorption in ZnO NWs has been recently ex-

perimentally achieved by Jacopin et al.13 using a thermal ap-

proach. The results we present here offer a new way (e.g., nar-

rowing the NW diameter) to activate the C-exciton absorption

in ZnO NWs, which should be very interesting for the design

of future experiments in the realm of quantum technology38.

4 Conclusions

In the present work, we have studied the electronic and opti-

cal properties of ZnO NWs as a function of the diameter. We

find that the hole states with dominant single-band (bulk A-

, B- or C-band) parentage exhibit S-type envelope functions,

while the states with an even mixture of bulk Bloch A- and

B-bands present P-type envelope functions. The A-band and

B-band states are very close in energy and more sensitive to

the NW diameter than the C-band states. Consequently, these

states rise over the C-band states at a critical diameters (e.g.,

D
A/C
c = 4.2 nm and D

B/C
c = 4.8 nm) and become energetically

more favourable, reproducing the usual electronic structure of

bulk ZnO. Comparing to the C-band states, the states with an

even mixture of bulk Bloch A- and B-bands parentage exhibit

a stronger size-dependence, causing a drastic change in the

envelope function character of the highest occupied molecu-

lar orbital (HOMO) state from a conventional S-like character

to an unconventional P-like character at diameter around 3.8

nm. The lowest unoccupied molecular orbital (LUMO) state

always presents an S-type envelope function, irrespectively of

the variation of the quantum confinement effects.

The optical band gap is a decreasing function of the NW di-

ameter and scales as ∼1/D1.54, rather than ∼1/D as expected

from effective mass theory. The exciton binding energy is cal-

culated and the associated scaling law is provided. In contrast

to monotonic behaviour in the optical band gap, the Stokes

shift displays a non-monotonic function of the diameter, ex-

hibiting a maximum at a critical diameter value around 3 nm.

We explain this behaviour through the transition of the near-

band-edge exciton from a usual C-exciton to an unusual A-

exciton by varying the NW diameters. For NWs larger than

the critical diameter, the near-band-edge optical absorption is

dominated by the in-plane polarized A- and B-exciton absorp-

tions. For NWs smaller than the critical diameter the out-of-

plane polarized C-exciton absorption is dominant.
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