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Optical Properties of Strained Wurtzite GaN/Al, ;Ga, ss N
Cylindrical Quantum Dots: Effects of Hydrostatic Pressure
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Abstract: Within the effective-mass approximation, the influences of hydrostatic pressure on the

exciton binding energies, emission wavelengths and electron-hole recombination rates for a heavy-
hole exciton in strained wurtzite (WZ) GaN/Al, s Ga, ss N cylindrical quantum dot (QD) with

finite potential barriers are investigated via a variational procedure, with considering the strong

built-in electric field (BEF) effect and strain dependence of material parameters. Numerical

results show that the exciton binding energies and electron-hole recombination rates both increase

almost linearly, and the emission wavelengths are monotonically reduced with the increase of the

applied hydrostatic pressure. The hydrostatic pressure has a remarkable influence on the exciton

binding energy and electron-hole recombination rate for the QD with a small size. Furthermore,

the height of GaN QDs must be less than 5. 5 nm for an efficient electron-hole recombination

process due to strain effects.
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0 Introduction

GaN quantum dots (QDs) have attracted
considerable attention for some device applications
in optics, optoelectronics, and electronics. There
have been a number of reports on the fabrication
and characterization of various kinds of GaN
QDs".

polarization

It was found that a large spontaneous
and  strain-induced  piezoelectric
polarization were present in wurtzite (WZ) GaN/
AlGaN quantum heterostructures to play an
important role in determining the optical and
electrical properties via polarization-induced built-
in electric fields (BEF), and the magnitude of the
BEF was estimated to be in the order of MV/
em™™®. Thus, in the past many years, many
theoretical works were involved in investigating
excitonic states and optical properties of strained

GaN/Al,Ga, ,
studies showed that the strong BEF leads to a

N  heterostructurest’*,  These

remarkable reduction of the effective band gap of
the heterostructures and gives a significant spatial
separation of the electrons and holes in the WZ
GaN/AlGaN quantum heterostructures. However,
the strain effects in WZ GaN/AlGaN quantum

heterostructures should include two parts: 1) the

Article ID.1004-4213(2012)04-0485-8
built-in electric field effect; 2) strain dependence
of material parameters, such as the effective mass,
the effective dielectric constant and the band gap.
But the previous studies have not considered the
strain dependence of material parameters.

The hydrostatic pressure modifications of the
physical properties of nitride based low-
dimensional structures are available and helpful for
exploring new phenomena and improving devices.
Wagner et alt™ presented ab initio calculations of
the structural, dielectric and lattice-dynamical
properties of GaN and AIN under hydrostatic
pressure. Goni ez al™'™ investigated experimentally
the pressure modification of the phonon modes in
wurtzite and zinc-blende GaN and wurtzite AIN.
Lepkowski et all'™ studied the influence of
hydrostatic pressure on the light emission from a

strained GaN/AlGaN multiquantum-well system.

It was found that the coefficient describing
pressure dependence of the peak
photoluminescence energy was reduced with

respect to the pressure dependence of the energy
gap; this could be explainned by the hydrostatic
pressure-induced increase of the piezoelectric field
in the quantum structures. Ha ez al™® explored

the influence of screening and hydrostatic pressure
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on the binding energies of heavy-hole excitons in a
strained wurtzite GaN/ Al ;Ga, ;N quantum well.

{1 presented the optical

More recently, Liu ef a
property of zinc blend structure GaN under high
pressure and obtained two important conclusions:
1) the indirect band gap and the direct band gap

widened with pressure increasing; 2) GaN changed

from direct band gap to indirect band gap
semiconductor when ambient pressure reaches
125 GPa. To the knowledge of authors, the

theoretical and experimental works on the exciton
states influenced by hydrostatic pressure in a
GaN/Al,Ga,_, N

quantum dot are still lacking at present. In this

strained wurtzite cylindrical
paper, we will calculate variationally the exciton
binding energy, emission wavelength and electron-
hole recombination rate as functions of the QD
height and the hydrostatic pressure in a wurtzite
GaN/ Al 15 Gay ss N cylindrical quantum dot with
finite potential barriers, considering the strong
BEF effect and

parameters.

strain dependence of material

This paper is organized as follows. In Section
1. a theoretical model used to describe the heavy-
hole exciton states confined in the WZ GaN/
Al,Ga,—, N cylinderical QD is

followed by a discussion of the pressure and strain

outlined first,

dependence of the material parameters (band gap.
effective mass, static dielectric constant etc).
Numerical results for the exciton binding energy, the
interband emission wavelength and the electron-hole
recombination rate are given and discussed in Section
2. Finally,

obtained in this paper in Section 3.

we summarize the main conclusions

1 Theoretical model

1. 1
Al,Ga,_, N cylindrical quantum dots

Exciton states in strained wurtzite GaN/

Let us now consider a single cylindrical WZ
GaN QD with radius R and height L, surrounded
by a large energy gap material WZ GaN / Al, Ga, . N,
in which the origin is taken at the center of the QD
and the 2z axis is defined to be the growth
direction. Within the framework of effective-mass
approximation, the Hamiltonian of the exciton can

be written as
A A e

A
ch:Hc+Hl1+Eg_

2

@)

47[8() [SH A AN

AN
where H,(H,) is the electron (hole) Hamiltonian,
E, is the band gap energy of the WZ GaN material,

r.(r,) is the position vector of the electron (hole).

e is the absolute value of the electron charge, ¢, is

the permittivity of free space, and e is the effective
mean relative dielectric constant of the embedding
material between the electron and hole.

The Hamiltonian of the electron (hole) in the

cylindrical coordinates reads

LWl a oy, 1 o
=" [pf 30 <p " 90 >+p? 9, 8%?}
V(p) +V(z)FeFx, (2)

where the subscript j=e or h denotes the electron

; is the electron (hole) effective mass.
The sign — (+) is for electron (hole). F is the
BEF caused by the spontaneous and piezoelectric
polarizations in the WZ GaN/Al,Ga,_.N QD. For
infinitely thick barriers, the strength of F in the
WZ GaN/Al,Ga, N QD is expressed ast?"!

or hole. m/

saN A N A . A
GaN GaN/ _ DAl Ga, N
JFG“N: iPSP‘ Z+P1>l£ < Pxp’l R

GaN

€ca &o (3)
WF/\IJ Gy N0

where P3N, PN and P2+ . are the spontaneous
and piezoelectric polarizations of GaN and the
of GaN/Al,Ga, ., N,

electronic

spontaneous polarization

respectively. €% is the dielectric
constant of material GaN.

In Eq. (2), V(p;) and V(z;) are the in-plane
and z-direction confinement potential due to the

band offset (Q;) in the WZ GaN/Al,Ga,—. N QD,
respectively. They can be given by

Vi) = {O (png)
VT QE, (ALGa_,N)—E, (GaN) ] (5, >R)
)
0 (‘2_/‘<%)
Viz)=
IQJ.[Eg<A1,,,Gal,,,.N>—Eg<GaN>] P>

6))
In this paper, the ratio of the conduction band to the
valence band offset is assumed to be 75 ¢ 25014,

The wave function of the electron (hole)
confined in the WZ GaN/Al,Ga, ., N QD can be
written as

¢ oy »2) = f(p ) h (=) e

m=0,+1,£2, (6)
where m is the electron (hole) z-component
angular momentum quantum number. The radial
wave function f(p;) of the electron (hole) can be
obtained by using the Bessel function J,, and the
modified Bessel function K,,. Wave function A (z;)
can be expressed by means of the Airy functions A;
and B;.

In order to calculate the exciton binding

energy, the trial wave function can be chosen
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where ¢. () is the electron (hole) wave [unction
confined in the QD, ol = p! + pi — 2p.oncos (. —
on) s 2 = (2, — 2,)%, a and B are variational
parameters.
The ground-state energy of the exciton can be

determined by

A
b (Dol Hol @)
o asf3 <(Pex ‘ ®ex>

The exciton binding energy E, and the optical

(8

transition energy E,can be defined as follows,

E,=E.+E,+E,—E. (9

E.=E,tE.+E,—E, 10)
where E. (E,) is the electron (hole) confinement
energy in the QD.

The emission wavelength associated with the
exciton can be represented as
_ hc

E.
The probability of

associated with the exciton states described by the

A

an

radiative  transition

wave function (Eq. (7)) is proportional to the
square of the overlap integral defined as'™"

M, =|[dr.dr®. (r..r,)o(r.—r,) |? (12
Since the strong BEF pushes the electron and
“ spatial

hole to opposite directions, causing

separation” between the electron and hole in the
QD, the in-plane distance p., and the distance z.
in the 2z direction are defined ast*!

—, _{@rosr) [ pa | DCresry))

O D, o) | O(re )Y (13
;gh:<©(rc,rh)|(20*zh)2|(D(rc,rh)> D

(P(resry) | P(rear,))
1.2 Pressure and strain dependence of parameters
The pressure- and strain-dependent energy
gaps of GaN and AIN are!**
Eg.(};nN = Eg.(}aN (P)+2(as,cux +/72.(;HN )€.e.GaN +
(ai.caN +bl.(}ul\)€:z,(3nl\ (15)
Eg.AlN :Eg./\n\' (P)+2a, an€ar, Ay T @1, anEx,an - (16)
where a,.;» as.;s b,.; and b,,; (i=GaN or AIN) are
the deformation potentials. The dependence of the
energy gap on hydrostatic pressure P is considered
by the following equation is"**
E.;(P)=E,,(0)+yP+¢P* an
The energy gap of ternary mixed crystal GaN/
Al Ga,_,N (chosen as the barriers) is'"’
Eg,AlJ Ga,_ N :Eg.(}aN (I—x _’_Eg,AlN T
1.3eV)x(1l—a) (18)
Within  the thick

infinitely barrier

lattice-mismatch
[24]

approximation, the  biaxial
induced strain in the GaN QD are given as
— :a.ﬁ\l()aN(P>_aGa\](P>
€22.,GaN — €yy,GaN 2o (P)
where ac.n (P) and ag.n (P) represent the a-axis

lattice constant of GaN/Al,Ga,_,N and GaN. The

lattice constant as a function of hydrostatic
[25]

— (-
a(Py=ay(1=5p=) 20)

where superscript i =w or b donates the well or

(19)

pressure is given by

barrier materials. Bulk modulusB,; in a wurtzite
structure is given by elastic constants Cy;, Cy, . Cyy
and C,; ast*

_ (Cll.i+C12.1‘)C33,1’72C%3,i
~Cy. FCy+2C,, —4C,,

Based on the Hooke's law, the ratio of the in-

BOi

@D

plane strain component and the strain component
along the ¢ axis can be expressed by
€e,i :Cll.z_’_clz.iizcl&z

€ ar.i Css.:—Cis.

The  strain and

(22)

hydrostatic  pressure

dependences of the effective masses of an electron
in the =z direction and the x — y plane can be

calculated byt?%%"

my _ C
mk;" (P) 1jLEg_J

Here C is a constant and can be determined by

(23)

solving Eq. (23) at P=0. In general, the pressure

coefficient for a heavy-hole is assumed to be zero.
The static dielectric constant e, is influenced

by hydrostatic pressures and the biaxial strains.

The tensor components of e, for the wurtzite

structure are derived from the generalized
Lyddane-Sachs-Teller relation™"
55.58(1)):80:,&;(1))<M)h (24)
w’[‘n-,&}

Here, the frequencies of LO- and TO-phonons
influenced by pressure and strain can be written
as*

w5 —wj.5 (P)1+2K; e.. TK; e (25)
where K; .. and K; .. are the strain coefficients of
phonon modes given in Ref. [247]. j represents
LO- or TO-phonon. The tensor component (§= =z,
[LO-and TO-phonon

Furthermore, the

x) is related to the

frequencies, respectively.

hydrostatic pressure dependence of w; 5 (P) can be

determined by the given mode Griineisen
parameter-25%"
Y0 =B, wm  OP (26)

Considering the influence of hydrostatic
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pressure, the high frequency dielectric constant in dp —0.262
Eq. (24) can be written as™2%%" de.. ) )

a€;y:,&y (P) _ 5(5;0,&} 71)
oP 3B,

where fi,, is the ionicity of the material under

(0.9—fu.) @27

pressure.

The effective mean relative dielectric constant
in Eq. (1) is defined as

E(P)=%e\.,,,_(P)Jr%e,\.x(P) (28)

The strain-induced piezoelectric polarizations
28]

in Eq. (3) is written as"
PiiN=2e, (P)e,, Te5 (Pe.. (29

where e;; and e;; are the pressure-and strain-

dependent  piezoelectric  constants of GaN
satisfying"
en (P)—eyy (0)—227¢ due (30)
ﬁa?}aN P de..
e;g;;(P):(fgg(O)+ 12 e gli (31)

V3 atn (P des
where e;, (0) and e;; (0) are the clamped-ion terms
that represent the effects of strain on the electronic
structure, and the second term in Egs. (30) and
(31) is the contribution resulting from the relative
displacement of the anion and cation sublattices
(internal strain term). The other quantities in
Egs. (30) and (31) are the Born effective charge
Z" along the ¢ axis, the lattice constant ag,y (P) of
GaN, and the internal parameter p. From Ref.

Li&:—o. 208,

[24], we can obtain Z* =1. 18, o

The pressure-dependent radius and height of
the GaN QD may be obtained from the fractional
change in volume associated with the hydrostatic
pressure 2’

%:*3P(Su+2512) (32)
0

with V(P)=xR*(P)L(P), V,==R,’L,, AV=
V(P)—V,,and therefore
R(P)=R,[1—3P(S,,+2S;;) " (33)
L(P)=L,[1—3P(S,;,+2S,,)]"* 34)
where R, (L,) is the radius Cheight) of QD at
atmospheric pressure, and S;, and S,, are the
compliance constants of GaN given byt
— (Cll.(}nN +CIZ,(}AN)
(Cll-GaNi(:IZ-GaN) ((:ll-GaN+2(:12-GaN)
Clz-(}aN

N (Cl 1.GaN — CIZ .GaN ) (C] 1,GaN + 2Cl 2,GaN )

Sll

(35

S, = (36)

2 Numerical results and discussion
We have

energies  and

calculated the exciton binding

emission  wavelengths, and
investigated the electron-hole recombination rates
in strained WZ GaN/Al, s Ga, s; N cylindrical QD
with finite height potential barriers by considering
hydrostatic pressure effects. For simplicity, we
concentrate on the heavy-hole exciton states in the
following. All material parameters used in our

calculations are listed in Tables 1~3.

Table 1 Physical parameters of wurtzite GaN and AIN used in the computation
a/nm C,/GPa C,/GPa C;3;/GPa Cy/GPa ey /(Cem ?) e3/(Cem ) P¥/(Cem?)
GaN  0.3189° 390" 145° 106" 398" —0.49° 0.73° —0.029¢
AIN  0.3112° 398" 140° 127° 382° —0.081°

*Reference[ 30 ], "Reference[ 31], “Reference[ 32]
Table 2 Other physical parameters of wurtzite GaN and AIN used in the computation

E,/meV m.”" /m, x/(meV « GPa Y z/(meV « GPa %)

Sion a;/meV a,/meV b /meV b,/meV

GaN  3507° 0. 2° 33"
AIN  6230° 0. 32° 43°

—0.32¢
—0.32°

0. 54 —4090¢ —8870¢ —7020° 3650°
0.499* —3390° —11810° —9420° 4020°

“Reference[ 30 ]," Reference[ 33], “Reference[ 23], ‘Reference[ 18], “Reference[ 24 ]
Table 3 Other physical parameters of wurtzite GaN and AIN used in the computation

Kooz Kooz wLow/em wion/emT wro/emT wro/emT Yo VL0 = Y1020 Y10, ==
GaN  5,20% 5. 39° 757" 748" 568" 541° 0.99* 0.98" 1.19* 1.21°
AIN 4, 30" 4.52" 924" 898" 677" 618" 0.91* 0.82" 1.18" 1.02°

“Reference[ 24 |, "Reference[ 15|

A comparison between the theoretical and
measured optical transition energies under zero
hydrostatic pressure is presented in Table 4. For
comparison, the results calculated by Dai et al
without considering the strain dependence of

material parameters are also listed. The good

agreement between the present theoretical results
and the previous experimental findings suggests
that the models are suitable for investigating
excitonic properties in GaN QD nanostructures.
Comparing to the results calculated by Dai ez al'™

without considering the strain dependence of
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material parameters, one can see that the strain

dependence of material parameters isn’t ignorable,

especially for the small QDs with large Al content.

Table 4 Calculated and measured optical transition energies
at zero hydrostatic pressure in GaN/ Al,Ga,— .N QDs

exper / Eglc/eV Error/(%)

ph
Present  Dai

L/nm R/nm x -
eV  Present Dai

3.5 5 0.15 3.581* 3.560 3.509" 0.59 2b
5.5 25 0.10 3.440° 3.443 3.414> 0.09 0.7°
“Reference[ 5], "Reference[ 13], ¢Reference[ 6]

In Fig. 1, the effective relative dielectric

constants GaN and AIN and the mean relative
distance of the electron-hole pair in the z-direction
are calculated as a function of the hydrostatic
pressure. Numerical results show that the effective
relative dielectric constants of GaN and AIN
linearly decrease with increasing hydrostatic

pressure. Furthermore, Fig. 1 also shows that the

distance z., in the z-direction between the electron
and hole is approximately linearly reduced with the
increase of hydrostatic pressure. The reason is that
the volume of the QD decreases and confining
effects reduce the e-h distance with increasing

hydrostatic pressure.

9.6
9.2
8.8
8.4
8.0
7.6

Effective dielectric constant

7.2

r rrrrrrr7rrT Ty

6.8

15 20 25 30
P/GPa

(=]
W
—
(=]

Fi

g. 1 The effective relative dielectric constants and the
distance z., between the electron and hole as a
function of the hydrostatic pressure

In Fig. 2 we present our results for the heavy-
hole exciton binding energy. In Fig. 2 Ca) and

Fig.2(b), we note that the exciton binding

energies increase linearly with increasing the

hydrostatic pressure. The pressure-related changes
are mainly due to the pressure dependence of both
the effective relative dielectric constant and the
volume of QD. The behavior is as follows. As the
hydrostatic pressure increases: 1) the effective
relative dielectric constant decreases leading to an

increase of the energy of the correlated e-h pair; 2)

the volume of the QD decreases and the electron-

hole spatial separation is reduced (see Fig. 1) leading

to an increase of the exciton binding energy.

>
Q
£
5

7Y AP EPU R R RPN B

0 5 10 15 20 25 30
P/GPa
(a) The hydrostatic pressure(R=5nm)
>
Q
£
Ly
P/GPa
(b) The hydrostatic pressure(L=2nm)

90

30 P=30GPa

70
>
Q
£ 60
Q

50 P=10GPa

40 |-

30 a0 o 1 o 1 o 1 . 1 . |

L/nm
(c) The QD height(R=5nm)
Fig. 2 Heavy-hole exciton binding energy E, as functions
of the hydrostatic pressure and the QD height
Moreover , we can find from Fig. 2(a) and Fig. 2(b)
that the pressure has a remarkable influence on the
exciton binding energy for the small QD. From the
results in Fig. 2 (c¢), it is clear that when the
applied hydrostatic pressure is <C 10 GPa the
binding energy grows up to a maximum and then
slowly decreases with decreasing the QD height.
This well-known behavior of the increase in the
exciton binding energy is associated with the
reduction of the electron-hole distance with
decreasing the QD height. In the case the QD
height is <{2 nm the electron (hole) wave function
spreads into the barrier region, the binding energy
coulomb

is reduced due to the decreasing

interaction between the electron and the hole.



490 * T

¥ i N

However, in the case the applied hydrostatic
pressure is >10 GPa, the exciton binding energy
QD  height

diminishes. This reason is that the binding energy

increases monotonically as the
is remarkably increased due to the increase of the
applied hydrostatic pressure for the small QD, this
induces that the point of maximum lying in about
2 nm disappears.

Fig. 3 displays the emission wavelength A as
functions of both the hydrostatic pressure and the
QD height in the QD with radius R=5 nm. Fig. 3
(a) indicates that the emission wavelength
monotonically decreases if the hydrostatic pressure
is increased. This result can be explained by the
increase of the effective band gap of the GaN layer
due to the hydrostatic pressure. In Fig. 3(a), we
also observe that the emission wavelength shows a
linear decrease for P<{5 GPa, and for larger values
of the applied hydrostatic pressure, the quadratic
term in the pressure [ Eq. (17)] begins to be of
importance, leading to a slower decrease of the
emission wavelength. Furthermore, we can see
from Fig. 3(b) that for a given value of the applied
hydrostatic pressure the emission wavelength

almost linearly increases if the height L is

360

340

320

300

Wavelength/nm

280

260 = 1 1 1

0 5 10 15 20 25 30
P/GPa
(a) The hydrostatic pressure(R=5nm)

380 |-

360 |-

340 P=10GPa

320

Wavelength/nm

300

280

L/nm
(b) The QD height (R=5nm)

Fig. 3 The emission wavelength as functions of the
hydrostatic pressure and the QD height(the dot-
dashed line is for z=0 in Eq. (17))

increased. The reason is that the strong BEF
induces a redshift of the effective band gap of GaN
Therefore, the
increases with increasing the QD height.

Fig. 4 shows that the
recombination rate as functions of both the
hydrostatic pressure and the QD height in the QD

with radius R = 5 nm. The electron- hole

layer. emission  wavelength

electron-hole

recombination rate linearly increases with
increaseing hydrostatic pressure, as shown in
Fig. 4(a). This is because the electron-hole spatial
separation is reduced with increasing hydrostatic
pressure (see Fig. 1). And the pressure has a
significant  influence on  the electron-hole
recombination rate for the small QD. In addition,
we note [ Fig. 4 (b)] that the electron-hole
recombination rate is reduced quickly if L is
increased. The reason is that the electron-hole
spatial separation in the z-direction is enlarged
when L is increased. For a large height L (L=
5.5 nm), Fig. 4 (b) also shows that the electron-
hole recombination rate both approaches almost
zero for the different

pressure. Therefore, the height of GaN QDs must

values of hydrostatic

be less than 5. 5 nm for an efficient electron-hole

recombination process. This finding is extremely

0.8
=1 L
2 L
= L
:E
&3 02 = L=3nm

0 L L=5nm
PR IS P RPN BRI
0 5 10 15 20 25 30
P/GPa
(a) The hydrostatic pressure(R=5nm)
1.0 \ P=0GPa
L' === P=10GPa
N

o 0.8 p ™ === P=20GPa
£ C O\ Y. **** P=30GPa
=1
2 06fF
s L
g L
@ L
g 04
3 L
o o

02

0 N

—

L/nm
(b) The QD height (R=5nm)

Fig. 4 Electron-hole recombination rate as functions of

the hydrostatic pressure and the QD height
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important for QD device applications.

3 Conclusions

In conclusion, we have investigated the effects
of hydrostatic pressure on the binding energy,
emission wavelength, and electron-hole
recombination rate for a heavy-hole exciton in
strained WZ GaN/Al, ; Ga, ss N cylindrical QD,
considering the strong built-in electric field effect
and strain dependence of material parameters.
Calculations are performed by a variational
procedure within the effective-mass and finite
potential barriers approximation. The exciton
binding energy, emission wavelength, and
electron-hole recombination rate sensitively depend
on the QD height and hydrostatic pressure. Size
effects show that as the QD height increases the
exciton binding energy monotonically decreases for
larger values of the hydrostatic pressure, and the
emission wavelength increases, and the electron-
hole recombination rate decreases. Pressure effects
show that the exciton binding energy and electron-
hole recombination rate both increase almost
linearly, and the emission wavelength is reduced
with the increase of the applied hydrostatic
pressure mainly due to the pressure variation of the
dielectric constant and volume of the QD. In order
to achieve an effective electron-hole recombination
process, the height of QDs usually should be less
than 5.5 nm. Moreover, we hope that our theory
can stimulate further investigations of the physics.,
as well as device applications of group-III nitrides.
In the
behavior may be achieved by properly varying

either the QD size or

sense that convenient optoelectronic

applying hydrostatic

pressure.
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