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Influence of temperature and internal electric field on
light emission in wurtzite GaN/AlGaN nanowire
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Within the framework of the effective-mass approximation, the influence of the temperature and the internal electric field on
the confined exciton energy shift in [0001]-oriented GaN/AIGaN strained wurtzite nanowire heterostructures is investigated
by using the variational approach, in which the important dielectric mismatch is considered. Our results show that the
temperature, the strong built-in electric field and the quantum dot (QD) geometrical parameter have a significant influence
on the luminescent characteristics of the exciton states. The emission wavelength has a red-shift if the temperature (QD
height or the nanowire diameter) increases. Our calculations also indicate that the exciton oscillator strength decreases

quickly with increasing of the QD height and temperature.
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1. Introduction

GaN is an important wide direct band gap
semiconductor material, which has various applications in
blue and ultraviolet light emission, high-temperature and
high-power electronic devices. With the development of
the chemical vapor deposition method and molecular-
beam epitaxy, high-quality GaN nanowires (NWs) were
successfully synthesized with exceptional optical and
transport properties [1-3]. GaN NWs are widely
considered as nanostructures exhibiting an extremely low
density of structural defects and extend the involved
optical transitions to the ultraviolet region due to their
quantum confinement effect. Hence GaN NWSs have
attracted much attention in recent years.

It has been known that the quantum dots (QDs)
embedded in a nanowire exhibit strong photon
antibunching, typically an order of magnitude brighter
than self-assembled QDs [4]. In axial AlGaN/GaN
wurtzite nanowire heterostructures (NWHSs), due to the
lattice mismatch along the growth axis between AlxGal-
XN and GaN layers, a strong built-in electric field (BEF)
can be induced by the piezoelectric and spontaneous
polarizations [5]. It is the primary reason for the large red-
shift of the photoluminescence (PL) emission peaks. Thus,
I1-nitride NWs and NWHs are considered as a promising
material for the improved optoelectronic nano-devices.

Recently, the photoluminescence (PL) and Raman
spectra of GaN/AIGaN NWHSs have been investigated.

Furtmayr and co-workers performed a careful study of the
three-dimensional carrier confinement in GaN/AlGa; N
(0<x<1) NWHs and analyzed their PL characteristics for
different Al concentrations from x = 0.08 to 1 [6]. The
electronic structure and optical properties of GaN/AlGaN
core/shell NWs with hexagonal and triangular cross
sections are studied theoretically [7]. A microphoto-
luminescence of single GaN/AIN QD embedded in single
NW has been investigated [8]. The single exciton line with
full width at half-maximum as narrow as 1 meV is
observed at low excitation power. The PL investigations of
GaN/Al,Ga;,N QDs embedded in NWs show that the BEF
is significantly smaller than the value expected from the
spontaneous polarization discontinuity [9]. The growth
and structural properties of GaN/AIN core-shell NWHSs
have been studied using a combination of resonant x-ray
diffraction, Raman spectroscopy and high resolution
transmission electron microscopy experiments [10].

The excitons and related issues have also been studied
in vertically coupled quantum dots (VCQDs), in which the
nonparabolic Stark effect has been found [11]. Exciton
binding energy, interband emission energy and some non-
linear optical properties in QDs are investigated in the
presence of pressure and temperature [12]. So far, the
relation between structural characteristics and optical
properties has been well understood in two-dimensional
AlGaN/GaN heterostructures. It is imperative to
investigate the optical and transport properties of exciton
confined in GaN/AlLGa; N NWHs for achieving the
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optimum performance of GaN NW-based optoelectronic
nano-devices.

To the best of our knowledge, the theoretical
investigation about the influence of temperature and the
BEF on the optical properties of confined exciton states in
strained wurtzite GaN/AIGaN NWHs is still absent up to
now. We thus pay our attention to the influence of
temperature and BEF on the exciton energy shift in
GaN/Al,Ga; N wurtzite NWHs. This will allow us to
highlight the effect of the temperature and BEF on the
light emission of exciton.

2. Model and theory

To investigate the influence of the BEF and
temperature on the shift of the binding energy of the
electron-heavy-hole exciton confined in GaN/Al,Ga;. N
NWHSs with radius R, we can write the exciton effective-
mass Hamiltonian in cylindrical coordinates as follows,
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where the subscript i=e or h denotes the electron or heavy
hole, m,, and m , are the effective mass of the electron

(heavy-hole) along and perpendicular to the [0001]-
oriented (z-direction) GaN/Al,Ga; N wurtzite NWHs.

In wurtzite phase, GaN and AIN have a direct gap
and an indirect gap at the I'-symmetry point, respectively.
The compound alloy Al,Ga; 4N thus presents a direct to an
indirect I'-X gap transition when x>0.53 (Ref. [13]). The
bowing dependence of the Al,Ga;,N gap energy on X is
given by,

Eya,ca n () =Q=X)E; g +XEg any +bX(x-1), (2)

where b = 1.0 eV is the bowing parameter [14]. The
temperature dependent band gap in different materials at
I'-point can be given by the empirical Varshni equation
[15],
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where E4(0) is the energy gap at OK, a and £ are adjustable
Varshni parameters.

In Eq. (1), F is the BEF due to the piezoelectricity
and spontaneous polarization in the GaN/Al,Ga;,N NWHSs
and can be given by,

pSP 4 pPE _ pSP
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where P (PPF) denotes the spontaneous (piezoelectric)
polarization intensity. The strain induced piezoelectric
field in [0001]-oriented wurtzite structures is given by [16]
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In Eq. (1), & is a mean value of the dielectric constant
between the electron and hole. Considering the dielectric-
constant mismatch between AlGaN and GaN materials,
two important effects must be included. One depends on
the amount of the exciton wave function in GaN layer, and
the other on the strength and position of the image
charges. For simplicity, the complicated dielectric
mismatch between the NW and vacuum is ignored here
due to an infinity potential barrier in vacuum. Following
Ref. [17], we can define £ as follows,
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where S, and f,, are the weighting parameters and can be
defined as B =H_(2/x yem +Hp)(i=€,h) , Where

K; ncan 1S the characteristic wave vectors of the electron

or hole in AlGaN.
We choose the electron or hole wave function with the
following general form

vi(p,6,2)= ‘]m(pi)é(zi)eimg': m=0,+1+2,---, (7)

Considering the correlation of the electron-hole
relative motion, the trial wave function of the exciton
confined in GaN/Al,Ga;\N NWHSs can be written as,
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where p2 =(x, —%,)>+(Y.—V,)" and ze = z~z,, the
variational parameter « is responsible for the in-plane
correlation, and £ accounts for the correlation of the
relative motion in the z-direction.

The binding energy of the excitonic system is defined as

Eb = Eg + Ee+Eh _Eex ! (9)

where E. (Ey) is the electron (hole) confinement energy
and Eq is the band gap of GaN QDs, and E, is the exciton
energy.

We adopt the formulae of Ref. [17] to approximately
estimate the increment of the exciton binding energy due
to the image charges,
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where aq is the exciton Bohr radius, and the function I(t) is
defined as,

0=[ (2t)° e [sinh(x/Z)T i (A1)
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The exciton oscillator strength is imperative especially
in the study of optical properties and is related to the
electronic dipole allowed absorption. The oscillator
strength for the exciton ground state is given by [18],

’ (12)
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where P describes all intracell matrix-element effects, m,
is the bare electron mass, and Eq is the energy of the state
without the exciton effect.

3. Numerical results and discussion

Considering the influence of the BEF, temperature and
dielectric-constant mismatch effect, we calculate the
exciton binding energy and analyze the optical properties
in a strained cylindrical nanowire heterojunction. All of the
material parameters used in our calculations are
summarized in Tables 1 and 2. The ratio of the conduction
band to the valence band offset is given to be 65:20 [25].
The parameters of the Al,Ga;,N ternary alloy can be
derived from a linear combination between the binary
constituents AIN and GaN.

Table 1. Lattice constant a and ¢, band gap E,, temperature coefficients & and ﬂ , and

effective masses m, and m,, for GaN and AIN

Material  a(A) c(A) EqeV) a(meVIK) S (mev/iK) m, m,, m,, m,,
GaN  3.189M° 518501 350701 0.909 1.7991%%1 02009 200 17620 161020
AIN 3112091 498201 623049 8301 146200 028019 .320% 1 949200 2 584120

Table 2. The elastic constant C,4, C1,, C13 and Cgs, the relevant piezoelectric constant dsy, static dielectric
constant £ and spontaneous polarization P for GaN and AIN

Material  C;1(GPa)  Ci»(GPa) Ci3(GPa) Ca3(GPa)  diy (107%° cm/V) £ P (C/m?)
GaN 365121 139124 10124 4051 -1.7%% 9.28=  .0.029124
AIN 39724 143124 112124 371024 -2.012% 8.67%1  -0.08124

Fig. 1(a) depicts the variation of the exciton binding
energy as a function of the QD height in the presence of
temperature and with the nanowire radius R = 5 nm. We
can find that the binding energy increases with decreasing
of Hp. In order to clarify the influence of the strong BEF
and dielectric-constant mismatch, the corresponding
results without the BEF and dielectric-constant mismatch
are also proposed. It clearly indicates that the BEF
dramatically reduces the exciton binding energy. The
Coulomb interaction between the electron and hole is
reduced in virtue of increase in their relative distance in
the z-direction. This ultimately causes the decrease of the
exciton binding energy when the dot height increases or
the BEF is considered. Moreover, we note that the exciton
binding energy decreases if temperature increases for a
given NWHSs. This is because the red-shift of the effective
band gap of the GaN QD due to the strong BEF and

temperature T. Moreover, the results also show that the
temperature plays an important role in the exciton binding
energy if the BEF effect is considered. For example, the
binding energy increases 5.52 meV (9.7%) for the NWH
with Hp=2 nm when T increases from 0 to 300 K, in which
the BEF and dielectric mismatch effects are included. The
corresponding difference is of 1.89 meV (2.7%) for the
case of the zero electric field. The results also show the
effect of BEF on the exciton binding energy is distinctly
stronger than the effect of temperature. Furthermore, we
have also completed our calculations without the
dielectric-constant mismatch effects (see the dash-dot line).
It can be seen that the dielectric-constant mismatch has a
definite influence on the exciton binding energy. Generally,
E, increases if the dielectric-constant mismatch is
considered. For instance, if Hp =2nm and T = 0K, the
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exciton binding energy increases 1.45 meV (3.79%),
which shows a small energy shift.

70 |

Without
40 | dielectric mismatch

Binding energy (meV)
3

30| (a)

400 L 1 1 1 - 'I
——T=0K -
===-T=200K g

Wavelength (nm)

Oscillator strength

Quantum dot height (nm)

Fig. 1. The heavy-hole exciton binding energy (a), the

emission wavelength (b) and the exciton oscillator

strength (c) as a function of the quantum dot height in

cylindrical wurtzite Aly,Gag gN/GaN strained NWHSs with
different temperatures

We can see from Fig. 1(b) that the emission
wavelength 2 monotonically increases if QD height
increases. By comparing the results with or without the
BEF, we find that the change of the wavelength A
becomes more sensitive to the QD height if considering
the BEF. It also reveals that the emission wavelength
shifts to the long wave side, namely, red shift.
Furthermore, Fig. 1(b) shows that the emission
wavelength increases when the temperature T increases.
For the QD height Hp=2 nm, the emission wavelength is
=344 (352.6) nm if T = 0 (300) K. The difference
(relative difference) is AA = 8.6 nm (2.5%). Hence, the
temperature, BEF and strong exciton confinement have an
obvious influence on the electronic structures and optical
properties of Aly,GaggN/GaN strained NWHSs.

The temperature dependence of the oscillator strength
as a function of the QD height in the Aly,GaggN/GaN
strained NWHSs is shown in Fig. 1(c). It is observed that
the fo decreases markedly because the electron-hole

spatial separation in the z-direction becomes large with
increasing of Hp. When Hp >4.5 nm, the overlap integral
between the electron and hole wave functions approaches
zero, so f, =0. Moreover, we note that the increase of
temperature causes the oscillator strength to decline
further. Especially for small height QD, this trend is more
significant. For example, when T increases from 0 to 300K,
the variation of f, at Hp = 2 nm is 0.07 with a percentage
of 28.7%.
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Fig. 2. The heavy-hole exciton binding energy (a), the

oscillator strength (b), the emission wavelength and the

photon energy (c) as a function of the temperature T with
different nanowire radius and Al component

The exciton binding energy, exciton oscillator
strength, emission wavelength and photon energy as a
function of the temperature T in wurtzite GaN/Al,Ga; 4N
strained NWHSs with different nanowire radius and Al
component are illustrated in Fig. 2. We can find from Fig.
2(a) that the exciton binding energy decreases
monotonically as T increases, which is consistent with Fig.
1(a). As T increases, the binding energy changes slowly,
but we note that an obvious decreasing tendency for T
>100 K. The temperature effects become more obvious for
the small height (radius) QDs than the large height (radius)
QDs. Moreover, it is observed that the increase of Al
component x enhances the exciton binding energy
obviously. This is because the Al component can adjust
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the barrier height effectively which leads to the
enhancement of the exciton localization, so the binding
energy shifts toward the higher energy. For instance, if
R =5nm, Hp=2 nmand T = 200 K, the net increment of
the exciton binding energy for the two cases of x = 0.2 and
0.3 is of 4.86 nm with a percentage of 8.93%. The data
clearly indicate that the exciton states sensitively depend
on the confinement potential.

In Fig. 2(b), we show the exciton oscillator strength fe,
as a function of the temperature T in the presence of the
polarization field and the dielectric mismatch. For the sake
of comparison, the situation of zero field is also presented.
We can see from Fig. 2(b) that f., reduces quickly if
temperature increases with or without the BEF. But it can
be clearly seen that the temperature dependence is more
significant in the presence of BEF. For example, the
difference of the oscillator strength f, between 0 and 300
K is of 28.7% (F+£0) and 2.89% (F = 0) for R =5 nm and x
= 0.2. Our calculations also show that the oscillator
strength f,, increases when R increases and it is almost not
changed when the QD radius R = 10 nm.

In Fig. 2(c), we plot the influence of temperature on
the emission wavelength and photon energy as a function
of the QD radius with the height 2 nm. In the figure, the
lines (symbols) represent the relationship of emission
wavelength (photon energy) and temperature. We can see
from Fig. 2(c) that the emission wavelength shows a
distinct red shift, whereas the exciton peak energy exhibits
a blue shift. The qualitative analysis of Fig. 2(c) are in
agreement with the experimental measurements [26]. Fig.
2(c) demonstrates that the interband optical transition
energy is affected deeply by the temperature and can not
be ignored in the design of optical devices. Fig. 2(c) also
indicates that the optical transition energy decreases with
increasing of QD radius R. Our calculation results reveal
an obvious reduction tendency when the QD radius R >5
nm, then it becomes gentle gradually.

4. Conclusions

Considering the influence of the temperature, the QD
height and radius, the strong BEF, and the dielectric
mismatch on the exciton binding energy, the emission
wavelength and the oscillator strength, we variationally
calculate the exciton states confined in a cylindrical
wurtzite GaN/Al,Ga;.,N strained NWHs based on the
effective mass approximation. We find that the ground
state exciton binding energy has a red shift due to the
temperature effect in GaN/Al,Ga; 4N strained NWHs. At
the same time, the confinement effect on the electron and
hole and the strong internal electric field caused by the
piezoelectricity and spontaneous polarization decrease the
exciton binding energy effectively. With increasing of the
QD height or the temperature, the emission wavelength
moves toward the long wave direction. Compared with the
F = 0 case, the emission wavelength also increases due to
the BEF effects. However, the oscillator strength decreases

with the increasing of the temperature, and this effect
becomes more obviously for the small QD height. The
emission photon peak energy shows a blue shift character
with increasing of the temperature T, which directly leads
to the red shift of the emission wavelength. The dielectric
mismatch has a minor effect. All our calculations indicate
that the temperature, BEF and the QD geometrical
confinement have a remarkable influence on the optical
characteristics of the exciton states. The results allow us to
achieve a better understanding of the confined exciton
emission properties in actual GaN/Al,Ga; 4N strained
NWHs, which is very important to GaN-based
optoelectronic nano-device applications.
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