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Abstract: In this paper, we investigate the linear and nonlinear photoabsorption processes
in the conduction-band-confined levels of a singly charged ZnO quantum dot (QD)
surrounded by HfO2 and AlN matrices. We also investigate the photoelectric process in
which the conduction band electron ejects from the dot to the vacuum. We use the effective
mass approximation with a finite barrier height at the dot–matrix interface. We consider the
self-energy of the electron in the dot and the local field effect. The electromagnetic
interaction of the incident radiation with the electron in the dot is considered in the electric
dipole plus quadrupole approximation. Results for the photoabsorption coefficient and the
photoelectric process are presented for different dot sizes and different intensities of incident
radiation. It is found that the inclusion of the quadrupole effect reveals new photoabsorption
peaks in the absorption spectra. Both the photoabsorption and photoelectric processes
significantly depend on the dot size and the surrounding matrix. The change in the intensity
of the incident radiation significantly influences the nonlinear photoabsorption. The
photoabsorption coefficient and the photoelectric cross sections are found to be relatively
higher for the ZnO QD embedded in the high-dielectric constant matrix HfO2 as compared
with the lower-dielectric constant AlN matrix.

Index Terms: Light-material interactions, quantum dots, nanostructures, nonlinear optical
effects in semiconductors.

1. Introduction
The study of the optical properties of semiconductor quantum dot (QD) embedded in different
dielectrics has gained much attention in recent past due to its novel applications in the field of light
emitting devices [1], floating gate memory devices [2], [3], solar cells [4], [5], photovoltaic devices [6]
and lasers [7]–[9]. Studies on photo induced intraband transitions and photoelectric processes in
QDs are useful in developing QD infrared phototransistors [10]. These applications arises as the
manifestation of nanoscale dimension, dielectric confinement, and polarization effects at the
interface of QD and the matrix material in which the dot is embedded. The quantum confinement
leads to discrete energy levels whereas dielectric mismatch at the dot-matrix interface determines
the extent of polarization. The conduction band offset determines the confining barrier height at the
dot-matrix interface [11], [12]. Thus, surrounding matrix plays an important role in deciding the
optical properties of QDs. The optical properties of QDs can be tailored by changing the dot size
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and matrix material. In the interaction of low intensity radiation with matter the induced polarization
depends linearly on the electric field of the incident radiation. On increasing the intensity of incident
radiation the nonlinear term in the induced polarization becomes important leading to the nonlinear
optical behavior. Understanding the linear and the nonlinear optical properties of the QDs effected
by their surrounding medium are of immense importance for the realization of ultrafast and efficient
optoelectronic devices [1]–[7], [9], [13], [14]. Studies on the optical properties of the QD embedded
in matrices of high-dielectric constant [2], [3] and III-N matrix [15], [16] are of particular interest due
to their various device applications [2], [3], [17].

In the literature several studies are reported on ZnO QDs embedded in different matrices [1], [4],
[14], [18], [19]. Although, AlN matrix [15]–[17], [20] and high-dielectric constant oxide matrix [2], [3]
HfO2 are used for embedding Ge [2], [15], GaN [16], [17], [20] QDs, and Au� Al2O3 core-shell [3]
QDs, but, ZnO QDs embedded in AlN and HfO2 matrix are not as such reported. Some reports are
available on the fabrication of nanocrystalline ZnO embedded Zr-doped HfO2 high-k dielectric [21]
and on the fabrication of AlN/ZnO coaxial nanotube heterostructures [22]. We expect the synthesis
of ZnO QDs in HfO2 and AlN matrix in future.

We consider QD of ZnO embedded in the high-dielectric oxide (HfO2, "r ¼ 25) and the nitride
(AlN, "r ¼ 8:5) matrices. The choice of high-dielectric HfO2 as a matrix material for ZnO QDs would
be useful due to its thermal and kinetic stability, low synthesis temperature and sufficient conduction
band offset at the interface to act as barrier for electrons [12], [23], [24]. Moreover, due to the high-
dielectric constant HfO2 would minimize the leakage current in devices and maintain high
capacitance [23]. ZnO QD embedded in HfO2 matrix provides the conduction band offset of 2.2 eV
at the dot-matrix interface [12]. For matrix with high-dielectric constant the local field factor get
strongly enhanced as well as the induced self polarization energy due to charging of the dot
changes the confinement potential and consequently affects the optical properties of QD.

The QDs embedded in III-N materials has also a considerable potential for realization of
intersublevel (ISL) devices such as quantum dot IR photodetectors [17]. To the best of our
knowledge, so far no studies on the ISL linear and nonlinear optical properties are reported on ZnO
QDs surrounded by AlN matrix. To explore the effect of III-N confinement on the optical properties,
we choose ZnO QD embedded in III-N (AlN) matrix. Due to high epitaxial compatibility of such
heterostructure, strain effects get reduced to a good extent with lattice mismatches [11] between
4%–9%. Also, in ZnO/AlN there is a possibility of ISL transitions in near infrared spectral range as a
direct consequence of strong carrier localization due to a large conduction band offset [11] 3.29 eV.

In the interaction of optical near field with nanostructures the quadrupole effects plays an
important role in modifying the optical absorption spectra [25 and references therein]. The
consideration of electric quadrupole effects along with electric dipole effects uncovers transitions
which are usually dipole forbidden [26]. In the dipole approximation the incident photon frequency
satisfies condition ~kph �~r � 1 condition. ~kph is the incident photon wave vector and~r is the electron
coordinate in the dot. In electronic transitions the electric quadrupole contribution to transition matrix
element corresponds to the term linear in ~kph �~r in the expansion of photon plane wave ei~kph �~r ,
whereas replacing it by unity gives the dipole approximation [27]. So far no studies are reported on
ZnO/HfO2 and ZnO/AlN QDs with the inclusion of the quadrupole effects. The present study with
the dipole and the quadrupole allowed transitions in ZnO/HfO2 and ZnO/AlN would be a useful
guide to experimental studies.

In 1990 Kayanuma and Momiji introduced a finite square well effective mass approximation [28]
(EMA). Several studies based on EMA with finite barrier height [28]–[34] are reported in the
literature on embedded QDs. It is reported that for a wide band gap material like ZnO the use of
EMA with finite confining potential is suitable as the EMA has been found to predict satisfactorily the
energy of the quantum confined states in the ZnO dot [25], [35].

In the present work, we study the optical ISL transitions in the conduction band of a singly
charged ZnO QD in the framework of the dipole plus quadrupole approximation. In most of the
earlier works on optical transitions in dots only the dipole approximation has been used. We use the
EMA with finite barrier height to investigate the linear and the nonlinear optical absorption
coefficient for the ZnO QD embedded in AlN and HfO2 matrix. We also investigate the photoelectric
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process in which the electron ejects out from the conduction band. We estimate the dipole and the
quadrupole contributions to the photoelectric cross section for both surrounding matrices. It is also
important to mention that the impurities and defect states at the dot-matrix interface act as charge
trap centers (states) for electrons which can be possibly minimized by passivation [36], [37].
Experimentally, such defects can also be reduced to a good extent by monitoring synthesis
conditions [37]. In our present study we consider the dotVmatrix interface free from defect states.

2. Theory
Within the framework of the EMA the wave functions of an electron confined in an embedded QD
are obtained by solving the Schrödinger equation,

� �h2r2

2m�
þ Vconf ð~r Þ þ �ð~r Þ

" #
 ð~r Þ ¼ E ð~r Þ (1)

wherem� is the effective mass of the electron in the QD, Vconf ð~r Þ is the confinement potential due to
the conduction band offset, and �ð~r Þ is the self energy. The confinement potential is given by,

Vconf ðr Þ ¼
0 r G R
Vb r � R

�
(2)

where R is the dot radius and Vb is the finite barrier height. An electron confined in a nanostructure
of the dielectric constant "in surrounded by a matrix of the dielectric constant "out experiences a
dielectric force. The self energy �ð~r Þ of the electron due to the interaction between the electron and
the induced charges at the interface due to the polarization of the dielectric is given by [38],

�ðr Þ ¼ e2

8�"0R

X1
n¼0

ð"in � "out Þðn þ 1Þ
"in "out þ nð"in þ "out Þ½ �

r
R

� �2n
: (3)

The above equation can be expressed as,

�ðr Þ ¼ 1
2

1
"out
� 1
"in

� �
e2

4�"0R
þ ��

with

�� ¼ e2

8�"0R
"in � "out

"inð"in þ "outÞ

� �
Jð�; xÞ

where

Jð�; xÞ ¼
X1
n¼1

ðn þ 1Þ
ðn þ �Þ x

n; x ¼ r 2

R2 ; � ¼
"out

ð"in þ "out Þ
:

When averaged over the probability distribution of the electron, confined strongly in a spherical
quantum dot, �� can be approximated as [38]–[40], for ð"in þ "out Þ � 1,

�� ffi 0:47
e2

4�"0"inR
"in�"out
"inþ"out

� �
(4)

where e is the electronic charge and "0 is the permittivity of free space. The wave functions of the
electron in the inner and outer regions of the dot are [41],

 n‘mðr ; �; �Þ ¼ Xn‘ðr ÞY‘mð�; �Þ
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where X is the radial function and Y is the spherical harmonic.

Xn‘ðr Þ ¼A‘j‘ð�r Þ; for r G R

Xn‘ðr Þ ¼B‘h‘ði�r Þ; for r � R (5)

j‘ is the spherical Bessel function, and h‘ is the spherical Hankel function. A‘ and B‘ are the
normalization constants. The Ben Daniel - Duke boundary condition [42] at the interface of the dot
and the matrix material leads to a transcendental equation,

m�out�h‘ði�r Þ ‘j‘�1ð�RÞ � ð‘þ 1Þj‘þ1ð�RÞ½ � ¼ im�in�j‘ð�RÞ ‘h‘�1ði�r Þ � ð‘þ 1Þh‘þ1ði�r Þ½ � (6)

with

� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�inðEn‘ � �Þ

�h2

s
� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�out ðVb þ �� En‘Þ

�h2

s
(7)

m�in and m�out are the effective masses of the electron in the QD and in the matrix material,
respectively. The energy levels ðEn‘Þ are obtained by numerically solving the Equation (6). The
different materials parameters used in the calculation are given in the Table 1.

2.1. Absorption Coefficients
The linear and the nonlinear absorption coefficient from the initial state (i) of the electron in the

conduction band of the dot is given by [25],

�1ð!Þ ¼!
ffiffiffiffiffiffiffiffiffi
	

"r "0

r jZif j2e2
�h�fi

ðEf � Ei � �h!Þ2 þ ð�h�fi Þ2
h i (8a)

�ð3Þð!; IÞ ¼ � !
ffiffiffiffiffiffiffiffiffi
	

"r "0

r
1

nr "0c

X
f

2IjZif j4e4
�h�fi

ðEf � Ei � �h!Þ2 þ ð�h�fi Þ2
h i2


 1� jZff � Zii j2

4jZfi j2

 ðEf � Ei � �h!Þ2 � ð�h�fi Þ2 þ 2ðEf � EiÞðEf � Ei � �h!Þ

ðEf � EiÞ2 þ ð�h�fiÞ2

( )
: (8b)

The incident photon energy is �h!, "r is the real part of relative permittivity, 	 is the permeability and

 is the electron density in quantum dot, nr ¼

ffiffiffiffi
"r
p

is the refractive index of the semiconductor QD.
Ef and Ei are the energies of the confined state of the electron in the QD. I is the intensity and �h�fi

the line width (we take �h�fi ¼ 10 meV). The transition matrix Zif is given by,

Zif ¼ F f H 0j jih i (9)

TABLE 1

Materials parameters used in the calculation
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F is the local field factor [38] which relates the electric field inside ðEinÞ the QD to the electric field
outside ðEout Þ the QD by Ein ¼ FEout and is given by,

F ¼ 3"out
"inþ2"out

: (10)

The interaction of the electromagnetic field with the electron in the conduction band of the QD is
given by,

H 0 ¼ ð"̂ �~r Þ:ðei~kph �~r Þ (11)

where "̂ is the unit polarization vector and~kph is the photon propagation vector. In the electric dipole
approximation,

ei~kph �~r � 1

H 0 ¼ D (12)

with D ¼ "̂ �~r .
In the electric dipole plus quadrupole approximation,

H 0 ¼ D þQ (13)

with, Q ¼ ð"̂ �~r Þði~kph �~r Þ, For the linear and the circular polarization of the incident radiation,

DL ¼
ffiffiffiffiffiffi
4�
3

r
rY10ðr̂ Þ (14)

DC ¼ �
ffiffiffiffiffiffi
4�
3

r
rY11ðr̂ Þ (15)

QL ¼
ffiffiffiffiffiffi
�

30

r
ikphr 2 Y21ðr̂ Þ � Y2�1ðr̂ Þð Þ½ � (16)

QC ¼ �
ffiffiffiffiffiffi
�

15

r
ikphr 2Y21ðr̂ Þ: (17)

2.2. Photoelectric Cross Section
The photoelectric process is described by

h� þ D�i �!D þ e�

D represent a neutral QD and D�i a charged QD in the initial state i.
The differential cross section for the photoelectric process in the electric dipole plus quadrupole

approximation is given by [48],

d�
d�kf

¼ F 2 4�m
��fs!kf
�hnr

 kf jH 0j ih ij j2 (18)

where �fs is the fine structure constant. ~kf is the wave vector of the ejected electron

k2
f ¼

2m�

�h2 ½�h!�W �: (19)

The ionization energyW ¼ � Ei ,  is the electron affinity [49].  i and  kf are wave functions of the
bound and the ejected electron, respectively. By taking into consideration the neutrality of the dot on
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its ionization we take the ejected electron wave function as a delta function normalized plane wave
given by [48],

 kf ð~r Þ ¼
1

ð2�Þ3=2
ei~kf �~r
f : (20)

The total photoelectric cross section is,

�T ¼
Z

d�
d�kf

sin�f d�f d�f ¼ �D þ �Q : (21)

The dipole �D and quadrupole �Q contributions to the total photoelectric cross section from an initial
1S state of electron in the conduction band of the QD for either state of polarization are obtained as

�D ¼
8
3
F 2m�

�hnr
�!�fskf D2

01 (22)

�Q ¼
2
15

F 2m�

�hnr
�!�fskfQ2

02k
2
ph (23)

where,

D01 ¼
ZR
0

A0j0ð�r Þr 3j1ðkf r Þ dr þ
Z1
R

B0h0ði�r Þr 3j1ðkf r Þ dr (24)

Q02 ¼
ZR
0

A0j0ð�r Þr 4j2ðkf r Þ dr þ
Z1
R

B0h0ði�r Þr 4j2ðkf r Þ dr : (25)

3. Results
Fig. 1(a) and (b) shows the confined discrete energy levels (obtained using Equation (6)) nS, nP,
nD, and nF of singly charged ZnO QD of radius 25 Å embedded in HfO2 and AlN matrices. It is
found that the confined energy levels in the dot are different in numbers and energy values for

Fig. 1. The confined energy levels nSðn; ‘ ¼ 0Þ, nPðn; ‘ ¼ 1Þ, nDðn; ‘ ¼ 2Þ, and nF ðn; ‘ ¼ 3Þ at dot
radius R ¼ 25 Å for (a) ZnO/HfO2; (b) ZnO/AlN.
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different surrounding matrix. In case of the HfO2 surrounding matrix the energy levels are only up to
the 2F level whereas in the AlN matrix the energy levels are up to the 3P level. It is due to the lower
conduction band offset (2.2 eV) for ZnO/HfO2 as compared to the higher conduction band offset
(3.29 eV) for ZnO/AlN.

Fig. 2(a) and (b) shows the variation of transition energies with the dot radius for the dipole (1S-1P,
2S-2P) and quadrupole (1S-1D, 2S-2D) ISL transitions for ZnO QD surrounded by HfO2 and AlN
matrices. It is noticed that for an ISL transition, with increasing dot radius transition energy decreases
for both the matrices. For an ISL transition the transition energy is relatively higher for the HfO2 matrix
as compared to the AlN matrix.

Fig. 3(a) and (b) shows the variation of the linear absorption coefficient �ð1Þ with the incident
photon energy for singly charged ZnO QD from its initial ground state 1S for HfO2 and AlN matrices
at dot radius 25 Å. Absorption peaks corresponding to the dipole and the quadrupole allowed ISL

Fig. 3. The variation of the linear absorption coefficient (a) ZnO/HfO2; (b) ZnO/AlN as a function of
photon energy for electron in the initial 1S state in conduction band of the QD of radius R ¼ 25 Å.

Fig. 2. The variation of transition energy for (1S-1P), (1S-1D), (2S-2P) and (2S-2D) transitions, as a
function of dot radius for (a) ZnO/HfO2; (b) ZnO/AlN.
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transitions in the conduction band are predicted. The number of absorption peaks is restricted by
the available confined energy states and their symmetry. The ISL electric dipole transitions are
forbidden between confined states with the same symmetry. For HfO2 matrix, the transition peak
positions corresponding to (1S-1P), (1S-1D), (1S-2P) and (1S-2D) transitions are found at incident
photon energy values 0.23 eV, 0.52 eV, 1.07 eV and 1.54 eV, respectively. For the AlN matrix the
transition peak positions corresponding to (1S-1P), (1S-1D), (1S-2P), (1S-2D) and (1S-3P)
transitions are found at energy values 0.21 eV, 0.48 eV, 1.03 eV, 1.50 eV and 2.23 eV. The
absorption peak heights corresponding to the dipole ð�‘ ¼ �1Þ transitions are relatively higher as
compared to the quadrupole ð�‘ ¼ �2Þ transitions because of the higher values of the transition
matrix for dipole allowed transitions. The magnitude of linear absorption coefficient �ð1Þ for the HfO2

matrix at peak positions is larger compared to the AlN matrix. It is mainly due to the high-dielectric
constant of HfO2 which strongly enhances the local field effect. The local field factor F for the HfO2

and the AlN surroundings are 1.279 and 0.993, respectively. The absorption coefficient has a
square dependence on the F (Equations (8a) and (9)). The self polarization energy induced due to
the charging of the QD also influences the energy eigenstates of the QD and the absorption
coefficient. In the case of the AlN surrounding matrix the value of self energy is positive whereas in
the case of the HfO2 matrix it is negative. For a fixed dot radius the absorption coefficients for both
the dipole and quadrupole transitions are obtained relatively higher for HfO2 surrounding as
compared to AlN surrounding. The peak position of absorption coefficient for transitions from the
ground state shifts towards higher energy value for the HfO2 matrix as compared to AlN matrix due
to the relatively higher transition energies in the case of the ZnO/HfO2.

Fig. 4(a) and (b) shows the variation of the linear absorption coefficient �ð1Þ for the ZnO QD of
radius 25 Å for the dipole and quadrupole allowed transitions from its initial excited 2S state in the
conduction band for the HfO2 and AlN surrounding matrices. For the HfO2 matrix the peak positions
corresponding to (2S-2P) and (2S-2D) transitions are found at incident photon of energy values
0.43 eV and 0.90 eV, respectively. For the AlNmatrix the peak positions of (2S-2P), (2S-2D) and (2S-
3P) transitions are found at 0.42 eV, 0.89 eV, and 1.61 eV incident photon energies, respectively.
Similar to the absorption from the ground state (1S) (Fig. 3), also for the absorption from the initial
excited state (2S), the absorption peak heights of the dipole ð�‘ ¼ �1Þ transitions are found to be
higher compared to the quadrupole ð�‘ ¼ �2Þ transitions. It is found that for a particular transition the
magnitude of linear absorption coefficient �ð1Þ for HfO2 matrix is relatively higher as compared to AlN
matrix. It is also noticed that the peaks corresponding to the quadrupole ð�‘ ¼ �2Þ allowed

Fig. 4. The variation of the linear absorption coefficient (a) ZnO/HfO2; (b) ZnO/AlN as a function of
photon energy for electron in the initial 2S state in conduction band of the QD of radius R ¼ 25 Å.
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transitions from the excited 2S state are relatively more pronounced as compared to the quadrupole
allowed transitions from the 1S state for both surrounding matrices. This is due to the higher value of
transition energies and the transition matrix element for the transitions from the initial 2S state as
compared to the transitions from the initial 1S state.

Fig. 5(a) and (b) shows the variation with energy of the linear, the nonlinear, and the total
photoabsorption coefficient for QD radius (a) R ¼ 25 Å; and (b) R ¼ 30 Å at three intensities of
incident radiation viz: I ¼ 1
 1011 W/m2; I ¼ 1:5
 1011 W/m2; and I ¼ 2
 1011 W/m2 for ZnO QD
embedded in HfO2 and AlN matrix. It is found that the total photoabsorption coefficient is maximum
for HfO2 surrounding due to its high dielectric constant. The high dielectric constant causes
negative self polarization contribution to the confinement potential. Also, it leads to higher local field
factor for HfO2 matrix. The local field factor for the ZnO dot in HfO2 and AlN matrices are 1.279 and
0.993, respectively. Hence, due to competitive combined effect of local field factor and confinement

Fig. 5. The variation of the total photoabsorption coefficient for (1S-1P) transition for (a) R ¼ 25 Å;
(b) R ¼ 30Å at intensities I ¼ 1:0
 1011W/m2; I ¼ 1:5
 1011W/m2; and I ¼ 2
 1011W/m2 for ZnO/HfO2
and ZnO/AlN as a function of the incident photon energy,: . . . . . . . . . :, nonlinear, , linear, , total.

IEEE Photonics Journal ISL Processes in ZnO QD

Vol. 6, No. 5, October 2014 2600415



potential the HfO2 matrix leads to higher total ISL absorption coefficient in comparison to AlN matrix.
From Fig. 5(a) and (b) we also find that QD size and the confinement potential influence the total
ISL absorption coefficient. The total photoabsorption coefficient for a surrounding matrix decreases
with increasing dot size due to its inverse dependence on the QD volume. For both the surrounding
matrices, on increasing the intensity at a fixed dot radius, the relative difference between peak
heights of the total absorption in the AlN and HfO2 surrounding matrices decreases with increase in
intensity. This is due to a relatively larger nonlinear negative contribution to the total photo-
absorption for the high-dielectric HfO2 surrounding matrix compared to the AlN surrounding. For
HfO2 bleaching is obtained at higher intensity where the total absorption coefficient peak splits into
two peaks because of the large negative nonlinear contribution. On increasing the intensity of
incident radiation bleaching effect is pronounced in the HfO2 matrix as compared to the AlN matrix.

Fig. 6. The variation of the total photoabsorption coefficient for (2S - 2P) transition for (a) R ¼ 25 Å;
(b) R ¼ 30 Å at intensities I ¼ 1
 1011 W/m2; I ¼ 1:5
 1011W/m2; and I ¼ 2
 1011 W/m2 for ZnO/HfO2
and ZnO/AlN as a function of the incident photon energy, . . . . . . . . ., nonlinear, , linear, , total.
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For both the matrices HfO2 and AlN, it is noticed from Fig. 5 (for initial1S state) and Fig. 6 (for initial
2S state) that the magnitude of the photoabsorption peak height for the transition from initial 2S
state is relatively higher as compared to the peak height for the transition from initial 1S state. This
is because of the higher value of the transition matrix from initial 2S state compared to the transition
matrix from initial 1S state.

For the energy range shown in Figs. 5 and 6 the main contribution to absorption coefficient comes
from the dipole allowed transitions 1S-1P and 2S-2P, respectively and the quadrupole contribution
is negligible.

Fig. 7. The variation of the total photoabsorption coefficient for (1S-1D) transition for (a) R ¼ 25 Å;
(b) R ¼ 30 Å at intensities I ¼ 1
 1015 W/m2; I ¼ 1:5
 1015 W/m2; and I ¼ 2
 1015 W/m2 for ZnO/HfO2
and ZnO/AlN as a function of the incident photon energy . . . . . . . . ., nonlinear, , linear, , total.
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Figs. 7 and 8 shows the variation with energy of absorption coefficient from initial 1S and 2S
state, respectively at dot radius (a) R ¼ 25 Å; and (b) R ¼ 30 Å at three intensities of incident
radiation viz: I ¼ 1
 1015 W/m2; I ¼ 1:5
 1015 W/m2; and I ¼ 2
 1015 W/m2. It is noticed that in
this energy range themain contribution to the absorption comes from the quadrupole transition 1S-1D
(Fig. 7) and 2S-2D (Fig. 8). Due to the weak strength of the quadrupole transitions, the nonlinear
contributions in quadrupole transitions become noticeable at higher intensities. The bleaching effect
is also noticeable at higher intensities (Fig. 8).The magnitudes of the total photoabsorption
coefficients in Figs. 7 and 8 are much lower compare to those in Figs. 5 and 6 because of the lower
value of quadrupole matrix compared to the dipole matrix. Further, similar to the dipole ISL transitions
the total photoabsorption coefficient for the quadrupole ISL transitions will also decrease on
increasing the dot size due to inverse dependence on the dot volume.

The surrounding matrix material of high dielectric constant [12] provides a large dielectric
discontinuity at the dot-matrix interface. Such material would be suitable for observing a prominent
quadrupole effect on the photoabsorption [26]. A large dielectric discontinuity causing a large local
electric field gradient [50] would account for strong quadrupole transition strength.

Fig. 9(a) and (b) shows the variation of the photoelectric cross section with incident photon
energy from the initial 1s state of the ZnO quantum dot embedded in AlN and HfO2 matrices. Two
dot radii R ¼ 20 Å and R ¼ 25 Å are considered. For both the surrounding matrices, it is found that
the contribution of the dipole and the quadrupole photoelectric cross sections to the total
photoelectric cross section decreases on increasing the incident photon energy. This is due to
decrease in the value of photoelectric transition matrix (Equation (18)) with increase in incident
photon energy. Also, we note that for energies greater than threshold the dipole and the quadrupole
contribution to the photoelectric cross section for the dot radius 25 Å are lower compared to the
cross sections at dot radius 20 Å for both the matrices. This is because the photoelectric cross
section depends on the wave vector of ejected electron and the overlap of the initial state wave

Fig. 8. The variation of the total photoabsorption coefficient for (2S - 2D) transition for (a) R ¼ 25 Å;
(b) R ¼ 30 Å at intensities I ¼ 1
 1015 W/m2; and I ¼ 1:5
 1015 W/m2 for ZnO/HfO2 and ZnO/AlN as a
function of the incident photon energy. . . . . . . . . ., nonlinear, , linear, , total.
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function and the ejected electron wave function in the photoelectric transition matrix (Equation (18)).
With the increase in the dot radius the wave function and energy of the state 1S change and lead to
the lowering of the cross section. The contribution of the dipole cross section to the total
photoelectric cross section at a given radius is relatively higher for the HfO2 matrix as compared to
the AlN matrix while the quadrupole cross section contribution to the total photoelectric cross
section at a given radius is found to be nearly equal for both the matrices.

4. Conclusion
The inclusion of electric quadrupole effect modifies the absorption spectra of singly charged ZnO
QD embedded in dielectric matrix. In the absorption spectra of the QD, peaks corresponding to
quadrupole allowed transitions, although weak, appear in addition to the peaks corresponding to the
dipole allowed transitions. It is found that the total photoabsorption coefficient and the photoelectric
cross section depend significantly on the confinement potential, the surrounding matrix, and the
local field. The intensity of incident radiation strongly influences the nonlinear absorption coefficient
and at higher intensities bleaching is observed in total photoabsorption coefficient. The
photoabsorption coefficients are found to be higher in magnitude for HfO2 as compared to AlN
matrix. The dielectric constant of the surrounding matrix influences the local field, self energy, and
confinement potential leading to significant changes in the optical properties of the QD. The HfO2

matrix could be a better choice in emerging Bhigh-dielectric[ based nano-optoelectronic devices.
Present study would be a useful guide to develop optoelectronic devices such as QD intersubband
infrared photodetectors and phototransistors based on photoabsorption and photoelectric
processes in ZnO/HfO2, and ZnO/AlN QDs.
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