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Intersubband optical absorptions of a GaN-based
step quantum well with built-in electric field
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Abstract: By using the compact density matrix approach, the linear and nonlinear optical absorption coefficients in
a GaN-based step quantum well (QW ) with strong built-in electric field ( BEF) have been theoretically deduced
and investigated in detail. The band nonparabolicity is taken into account by using an energy-dependent effective
mass (EDEM) method. The exact electronic eigen-states in the step QW with strong BEF were obtained and the
simple analytical formulas for the linear and nonlinear optical absorption coefficients in the systems were also de-
duced. Numerical calculations on an AIN/GaN/Al,Ga, N/AIN step QW were performed. It is found that the de-
creasing of well width L, and step barrier width L, and the doped concentration x in step barrier can result in the en-

hancement of the absorption coefficients. Moreover, with the decrease of L, L, and x, the photon energies of ab-

W

sorption have blue-shift, and the full-width-at-half-maximum of the total absorption coefficient increases and the

saturation absorption intensity decrease. Some results are consistent with recent experimental observations.
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Introduction

Optical absorption is one type of important physical
phenomenon and interaction which usually occurs be-
tween light and matter. After the laser was invented, not
only the linear optical absorption, but also the nonlinear
optical absorption can be observed in experiments. The
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study of linear and nonlinear optical absorptions in low-
dimensional quantum systems is essential for developing
semiconductor quantum micro-devices and is helpful for
understanding the carrier dynamics processes such as e-
lectron relaxation. After knowing the physical essence of
optical absorption, researchers focus their attentions on
finding ideal quantum material and suitable quantum
confined structures for realizing desired linear and non-
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linear optical absorptions.

Currently, the optical absorption properties of GaN-
based quantum heterostructures based on the intersubba-
nd (ISB) transitions have attracted much interest both in
theoretical and experimental investigations''>’. The driv-
ing force behind these research efforts is mainly due to
the following three evident facts: (1) The nitride materi-
als possess strong atomic bonding and wide bandgap),
such as GaN/AIN heterosturcture. Its band offset reaches
nearly 2 eV which covers the optical telecommunication
wavelengths ( ~1.55 wm). (2) The ultra fast ISB car-
rier dynamics (in the order of picosecond and sub pico-
second) due to a strong Frohlich interaction in these
highly ionic materials makes them promising candidates
for high-speed ISB optical devices such as optical swit-
ches operating at Thit/s data rate''’. (3) The strong
built-in electric field (MV/cm) in the nitride hetero-
structures originating from the piezoelectric and spontane-
ous polarizations breaks naturally the inversion symmetry
of the confined potential profile for carrier'>>'. This re-
sults in very large even-order optical nonlinear suscepti-
bility and other fancy optical features in the nitride het-
erostructure systems.

In fact, bearing this ideal in mind, several authors
investigated the linear and nonlinear optical properties of
GaN-based quantum confined system''>*°'. For exam-
ple, Lizuka’ s group''’ investigated experimentally the
ISB optical absorptions in GaN/AlGaN quantum wells
(QWs). An ultrashort relaxation time of less than 150 fs
was observed, and the saturation energy density of 0.5
pJ/um’ at a wavelength of 1.46 pum was obtained. Bau-
mann and coworkers reported electromodulated ISB ab-
sorption experiments on AIN/GaN superlattices ( SLs)
grown on a transistor-like structure. It is found that ab-
sorption peaks can be adjusted by applying an external
field. Tchernycheva and cooperators'®’ studies the ISB
optical absorption in GaN/AIN double QWs both in theo-
ries and experiments, and they found that the band non-
parabolicity influences the energy difference as large as
25%. Li and Paiella"®’ brought forward a numerical
model based on the self-consistent solution of
Schridinger, Poisson and carrier-density rate equations
to design GaN/AlGaN coupled QWs optimized for appli-
cation. Result indicates that the saturation intensity in
GaN-based coupled QWs is over 30 times smaller com-
pared with that in uncoupled ones. Malis et al’>’ ob-
served directly strong near-infrared ISB absorption at
room temperature in InGaN/GaN SLs grown by molecu-
lar-beam epitaxy. Monroy et al'® investigated the influ-
ences of polar and semipolar on the infrared absorption
spectra in AlGaN/GaN SLs. Hofstetter” s team'’’ re-
viewed the near-infrared photodetectors based on ISB
transitions in AIN/GaN SLs. They pointed out that such
devices can work at frequencies up to tens of GHz, show
interesting nonlinear effects, and are capable of integra-
tion with transistors or ultraviolet detectors. Naranjo et
al'™® studies the nonlinear optical absorption of InN/In-
GaN SLs operating in the telecommunication regime. An
enhancement of nonlinear absorption compared with bulk
InN was observed. Recently, Ive et al'”’ designed AIN/
GaN multiple quantum well structures for intersubband

transitions based on effective-mass approximation and
Schridinger-Poisson calculations, and they found that
short 1.55 ~3. 0 pum wavelengths require 0.5 ~1.5 nm
wide homogeneous barriers with abrupt AIN/GaN hetero-
interfaces. Furthermore, the investigations of optical ab-
sorption were also extended to the GaN-based cylindrical
quantum dots ( QDs) , spherical QDs and truncated pyra-
mids-shaped QDs.

However, to the best of our knowledge, there has
been little work to investigate the optical absorption fea-
tures in GaN/AlGaN step QW structures by now. As
stated above, GaN-based step QW is an asymmetrical
quantum confined structures, and it possesses more ad-
justable structural parameters in contrast to the single
GaN-based QW. Moreover, there are quite strong built-
in electric fields ( BEFs, ~ MV/cm) in the vicinity of
the heterostructures originating from the strong spontane-
ous macroscopic polarization and large piezoelectric coef-
ficients'"). Thus GaN-based step QW could display spe-
cial linear and nonlinear optical properties other than sin-
gle GaN-based QWs and coupled QWs''?'. Hence it is
necessary and important to investigate the optical absorp-
tion properties in GaN/AlGaN step QWs.

In fact, the linear and nonlinear optical properties
in GaAs-based step QW structures have been extensively
studied and reported''”"*!. For example, Rosencher and
Bois'"”! analyzed optical nonlinearities in asymmetric step
QWs due to resonant intersubband transitions by using a
compact density-matrix approach, and the large dipolar
matrix elements were obtained in such structures. Ynh
and Wang'"! theoretically studied the field-dependent
optical properties of a step QW structure, which consists
of a small well inside a big well. Recently, Wang and
coworkers'?! investigated the effect of spatial nonlocality
on the second harmonic generation and terahertz optical
interaction in GaAs/AlGaAs step QWs. These studies re-
veal that step QWs possess more adjustable parameters
and larger dipole matrix element in contrast to the single
QW structures. Though the optical nonlinearities of ni-
tride double QWs have been analyzed by the present au-
thors'™' | the features of linear and nonlinear optical ab-
sorption in wurtzite GaN-based step are not investigated
and reported to the best our knowledge. Furthermore,
other than the GaAs-based heterostructure, there are
quite strong BEF in the GaN-based heterostructure,
which may influence greatly the electronic states and op-
tical nonlinearity. These factors motivate us to investigate
optical absorption properties in GaN-based step QWs in
the present work.

The main accomplishments and significance of this
work can be summarized as the following three points.
Firstly, taking into account the band nonparabolicity and
strong BEF effect, the analytical and exact electronic
states in the GaN-based step QWs were derived by using
an energy dependent effective mass ( EDEM ) method
and the two Airy functions. Secondly, numerical calcula-
tions on an AIN/GaN/AlGaN/AIN step QW were per-
formed. It is found that the decreasing of well width L,

and step barrier width I, and the doped concentration x

in step barrier will result in the enhancement of the ab-
sorption coefficients. Thirdly, with the decrease of L,
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L, and x, the photon energies of absorption have blue-
shift, and the full-width- at-half-maximum (FWHM) of
the total absorption coefficient increases and the satura-
tion absorption intensity decreases. Some results obtained
here are consistent with the recent experiments'®’.

The paper is organized as follows: In Sect. 1, by a-
dopting the methods of effective mass and envelope wave-
function, the electronic eigen-states in nitride step QWs
with strong BEF were exactly solved with the aid of two
Airy functions. The band nonparabolicity was taken into
account by using a treatment of energy dependence effec-
tive mass. Then under the compact density matrix ap-
proach, the simple analytical formulas for the linear and
nonlinear optical absorption coefficients in the systems
were deduced. In Sect. 2, numerical calculations on a
typical AIN/GaN/Al Ga,, N/AIN four-layer step QW
structure were performed. The dependences of the linear
and nonlinear optical absorption coefficients on the struc-
tural parameters (the well width, the barrier width and
the doped concentration of the central step barrier) and
the saturation absorption intensity were analyzed and dis-
cussed.

1 Theory

Considering a four-layer wurtzite step QW with the
well width and the step barrier width being L, and L,,
respectively (L, = z, and L, = z,- z,). We take the z-
axis along the direction of the c-axis of the wurtzite mate-
rial and denote the radial- (axial-) direction as t (z).
The three heterostructure interfaces are located at z =z, ;
z,;2,, respectively (Referring to the Fig. 1). As stating
above, there are strong BEF originated from the sponta-
neous polarization Py, and piezoelectric polarization Py
in the vicinity of the hetero-interfaces of the wurtzite ni-
tride QWs'"*!. The direction of the spontaneous polariza-
tion is determined by the polarity of the crystal, while the
direction of the piezoelectric polarization depends on the
polarity and whether the material is under tensile or com-
pressive stress. For simplicity, we ignore the complicated
strain of the thick AIN barrier layers due to the lattice
and thermal mismatch of the GaN and central AlGaN bar-
rier layers following the treatments of Shi and Takeu-
chi"*'. In this case, the strength of built-in electric field
induced by the piezoelectricity and spontaneous polariza-
tion in GaN well layer is given by’.

(P S

- - GaN ] , (1)

€€,
and the strength of built-in electric field in the central
AlGaN barrier layer is read as
(P )
=~ AlGaN , (2)

0%e
where Pg, and Py denote the spontaneous and the piezo-

elec-tric polarizations of layer v(v = GaN, AlGaN), e, is

FGaN —

FAlGaN

the electronic dielectric constant of material v, respec-
tively. The schematic diagram of the potential profile tak-
ing into account the BEF is also given in Fig. 1. Under
the effective mass and envelope wave-function approxi-
mations, the electronic eigen-functions of the step QWs
with BEF are expressed by
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Fig.1 Schematic diagram of confined potential profile and
electronic wave-functions of the ground-state ¢, (z), and
the first-excited state ¢, (z) in z-direction of the wurtzite
GaN-based step QW
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where k|, and r|, are the wave vector and coordinate in
the xy plane, U, (r) is the periodic part of the Bloch

function in the conduction band at £ =0, and Ai(x) and
Bi(x) are the two Airy functions. The symbol k(i =1,
4) in Eq. (3) denotes the electronic wave-numbers in
the ranges of [ -0 , -z,] and [z,, + o |, respectively,
and they are given by

Rmg(V, - E
kl _ mEl(h12 n) , (4)

2mp, (V, + Vy —eF\L, —eF,L, - E,)
k, = .

and

. (5)
The other two functions &;(z) (1=2,3) in the Eq. (3)

are defined as

fz(z) == [

Zel;lzm;z]l/s[eFljF—l E,,] . (6)

and

erm,;]

&) = =[]

[V2+6Flz+eF2(z—z1) —E/L]. 7
el

In Egs. (4-7), V,(i =1,2,3) are conduction band off-

sets at the interfaces (referring to Fig. 1), and m,, (i =

1,2, 3,4) is the EDEM of the electron which is usually
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employed to describe the band nonparabolicity. Here we

take the simple form of EDEM as
2F,
Eg

my, = m; |2 1] . (®
where m,; is the electron effective mass at the I'-point,
E, is the energy gap of the nitride materials, and E, is
the discrete electron eigen-energy in z-direction. The
eigen-energy E, of the step QWs in z-direction can be
numerically solved by the standard boundary condition of
electronic bound states. The total eigen-energies corre-
sponding to the bound state is given by
h o,
ST O
Next the formulas of the linear and nonlinear optical
absorptions in this step QW model are deduced. Assum-

gn,k = En +

ing a monochromatic incident field E(¢) = Eexp ( —iwt)

VE° exp (iwt) is applied to the system. The evolution
of the density matrix is given by the time-dependent
Schridinger equation

Ip; 1

ait] = E[Ho - qzE(t) ’p]i,j - Fij(p _P(()) )ij

. (10)

For simplicity, only one value of the relaxation rate

is assumed, namely, I'y =1/T. Eq (10) is solved using

the usual iterative method" ™,

p(t) = Y p™ (1) ,(11)

with

apl:(,-“]) ~ L

o ih

1 n

Ll LEG )
The electronic polarization P(t) and susceptibility y
(t) caused by the optical field E(t) can be expressed
through the dipole operator M and the density matrix as

P(1)

% [H() ’pn+] ]ij _ ihrl-jp;-"”) }

* dwt

Xog(u))ée*m" +e.c( - w)i? e
17Tr(rM) . (13)

where V and p are the volume and the one-electron densi-
ty matrix of the system, respectively. g, is the permittivi-
ty of free space, and the symbol “Tr” denotes the sum-
mation over the diagonal elements of the matrix. The sus-
ceptibility ¢ is related to the absorption coefficient a(w)

by
a(w) =10NK?1m[&w(W)] , (14)

where § is the permeability of the system, g is the real
part of the permittivity, and y(w) is the Fourier compo-
nent of y(¢) with exp( —iwt) dependence. By using the
same compact-density matrix approach and iterative pro-
cedure, the linear and the third-order absorption coeffi-
cients o' (w) and a¥ (w) are derived, and they are
given by
2

a(l)(w) - w i ‘:LLZI ‘ thro

er (Ey _hw)z + (hro)2
, (15)

(3) 9] 1
11 = - 7
a” (w,l) w /8R(2gon,c)

‘le‘zaehro
[(Ezl _hw)2 + (hGO)2]2
, Onl[3Ey, —4E hw + B (v’ - T7) ]
(4‘m21‘ - 2 2 )
E; + (hG,)

, (16)
where o, is the density of electrons in the QWs, £, = E,

- E; is the energy interval of two different electronic
states, w, is the matrix element which is defined by u, =
‘ (o, ‘ezhbj) |, o= ‘,u,,;i —,uﬁj‘(i,jzl,Z) , and I is the
optical beam intensity. So the total absorption coefficient
a(w,l) is given by

a(w,]) =a(w) +a® (w,) . (17)

2 Numerical results and discussion

In order to see more clearly the dependent behaviors
of linear and nonlinear optical absorptions on the struc-
tural parameters of the wurtzite step QWs, the numerical
calculations were performed on an asymmetrical AIN/
GaN/Al_Ga, N/AIN step QW in the present section.
The material parameters used in our calculations are lis-
ted in Table 1"*). The other parameters used in our cal-
culations are as follows: o, =5 x10% m~?, gp=5.43

&y, Iy =100 fs

Table 1 Material parameters for GaN, AIN, and Al Ga, N "
%1 GaN, AIN,f1 Al Ga, N g8

GaN AN Al Gay N

Band gap (eV) E, 339 620 6.200+3.39 (1-x)-0.6x(1-x)
Lattice constant (A) a 3189 311 310w+ 3.189(1-x)
¢ 5185 4.89 4.89x+5.185(1-x)

Piezoelectric constant (C/m?) e3r =0.49 -0.60 -0.60x-0.49 (1-x)
es3 0.73  1.46 1.46x+0.73(1 -x)
Flastic constant (GPa) €3 103 108  103x+108(1 -x)
c;3 373 405 405x+373(1-x)
Effect mass m*  0.22 0.33 0.33x+0.22 (1-x)
Static dielectric constant £ 9.2 85 8.5x+9.2(1-x)
FElectronic dielectric constant e, 535 477 4.89x+4.77(1-x)

Spontaneous polarization (C/m?)  Psp  =0.029 -0.081 -0.081x -0.029(1 -x)

Before analyzing the properties of optical absorp-
tion, it is necessary to discuss the electronic states and
geometric factors in the wurtzite step QW with strong
BEF. In Fig. 1, besides the material structures and po-
tential profile, the ground-state electronic wavefunction
[ ¢, (z) ] and the first excited wavefunction ¢, (z) in the
step QW are depicted. And their energy levels corre-
spond to E; (i =1,2). It is observed that the ground
state ¢, (z) is mainly localized in the right side of the
GaN well-region due to the effect of BEF, and the first
excited state ¢, (z) distributes in the central Al Ga, N
barrier-region, which is beneficial to obtaining large geo-
metric factors in the quantum structures.

In Fig. 2, the geometric factors wu, (solid lines)
and (dash lines) of the GaN-based step QWs as func-
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tions of the well width L [ Fig. 2 (a) ], the central step
barrier width L,[ Fig. 2 (b) ] and the doped concentra-
tion x of the step barrier [ Fig. 2(c) ] are plotted. The
geometric factors reach to several tens angstroms, which
is also beneficial to observing strong optical absorption
effect. Moreover, the dependences of the geometric fac-
tors on the structural parameters behave complicated
functional relationships. From Fig. 2 (a), it is seen
clearly that both the geometric factors u,, and ¢, have
maximum at certain well width. With the increase of the
central barrier width, the geometric factor u,, increases
monotonically, while o 2 decreases monotonically in
Fig. 2 (b). It is observed that in Fig. 3(c) that the ge-
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Fig. 2 Geometric factors u,, ( solid lines) and o,

(dash lines) of the GaN-based step QWs as functions of
the well width L[ Fig. 2 (a) ], the central step barrier

width L,[ Fig. 2 (b) ] and the doped concentration x of
the step barrier [ Fig. 2(c) ]
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ometric factor u,, (0 ,) increases (decreases) monotoni-
cally as the doped concentration x of the step barrier in-
creases. The magnitude of geometric factors reveals the
distribution and overlapping situations of the electronic
wave-functions. In fact, the electronic wave-functions in
the GaN-based step QWs are determined jointly by the
confined potential , the BEF and the band nonparabolicity
as well as many other factors. This directly results in the
complicated dependence relationship of geometric factors
on the structural parameters.

Figure 3 depicts the linear | (w)| ( solid
lines) , the nonlinear |« (w,I) | (dash lines) and the
total absorption coefficients o (w, /) (dot lines) as a
function of the incident photon energy hw when the opti-
cal beam intensity [ is fixed at 10 x 10" W/m’. Three
different structural parameters are chose. In Fig. 3 (a),
the step barrier width is a variable parameter and the well
width and doped concentration x are kept at 2.5 nm and
0.5, respectively. In Fig. 3 (b), the well width is a
variable parameter and the step barrier width and doped
concentration x are kept at 2.5 nm and 0.5, respective-
ly. In Fig. 3 (c¢), the doped concentration x is a varia-
ble parameter and both the well width and the step barri-
er width are kept at 2.5 nm. From Fig. 3(a), it is ob-
served that the linear and nonlinear absorption coeffi-
cients reach about 10* m™ and 10° m™, respectively,
which are consistent with the magnitude of experimental
results in InN/InGaN multiple QWs. °*) With the in-
crease of the central step AlGaN barrier, the energies of
absorption photon have obvious red-shift due to the fact
that the weaker quantum confined effect results in the
lower transition energy E|, between the ground state and
the first excited state. For example, as L, decrease from
2.0 nm to 1.0 nm, the phonon energy shifts from 500
meV to 670 meV. If L, further decreases (L, <1 nm),
the energy of absorption photon will approach 800 meV,
which corresponds to the optical telecommunication wave-
lengths ~ 1. 55 pm. "** With the decrease of L,, the
absorption coefficients |a'"” (w) | and [a (w,I) | in-
crease obviously, but the total absorption coefficients «
(w,I) increase slightly, and the FWHM of a(w,I) in-
crease. As L, =1.5 nm, the total absorption coefficient
in contrast to the linear one decreases about 50% , which
means the saturation absorption intensity is about 7 =10
x10" W/m’. And a(w,I) in contrast to |a'" (w) |
decreases about 38.39% (73.08% ) as L, =2.0 nm (1.0
nm). This reveals that the saturation absorption intensity
decrease with the decrease of the barrier width L,.

From Fig. 3(b), it is seen clearly that the linear
and nonlinear as well as the total absorption coefficients
decrease with the increase of the well width L. Moreo-
ver, as L, decreases, the photon energies of absorption
have obviously blue-shift, which is completely consistent
with the experimental observation in GaN/AlGaN multi-
ple QW structures'®’. The FWHM of the total absorption
coefficient increases and the saturation absorption intensi-
ty decreases when the well width decreases.

From Fig.3(c), it is found that, as the doped con-
centration x of step barrier decrease from 0. 45 to 0. 35,
the linear and nonlinear absorption coefficients increase
significantly. And the photon energies of absorption also
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Fig.3 Linear |a‘" (w) | (solid lines), the nonlinear
|« (w,I) | (dash lines) and the total absorption coef-
ficients a(w,I) (dot lines) as a function of the incident
photon energy hw when the optical beam intensity is fixed
at 10 x 10" W/m’. In Fig. (a), the well width and
doped concentration x are kept at 2. 5 nm and 0. 5, re-
spectively. In Fig. (b), the step barrier width and doped
concentration x are kept at 2. 5 nm and 0. 5, respectively.
In Fig. (c), both the well width and the step barrier
width are kept at 2.5 nm
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behave obviously blue-shift. This observation is different

from the case of GaN-based multiple QW systems'®'. In

GaN-based multiple QW systems, the ISB absorption
shows a systematic red shift for decreasing Al mole frac-
tion in the barriers. The reason for this difference may be
ascribed to the structural variation between the GaN-
based step QW and multiple QW. Moreover as x increa-
ses, the FWHM of the total absorption coefficient decrea-
ses, and the saturation absorption intensity obviously in-
creases. Comparing Fig. 3(a), (b) and (c¢), it is
found that, in contrast to the well width of GaN-based
step QWs, the width and the doped concentration of the
step barrier have important and obvious influences on the
absorption coefficients. Therefore, in order to obtain op-
timizational absorption coefficients in GaN-based step
QW , adjusting the barrier width and doped concentration
of the step barrier are effective approach and choice.

3 Conclusion

In conclusion, by using the compact density matrix
approach, the linear and nonlinear optical absorption co-
efficients in a four-layer GaN-based step QW with strong
BEF have been theoretically deduced and investigated in
detail. The band nonparabolicity is taken into account by
using an EDEM method. The analytical electronic states
were derived by the two Airy functions. Numerical calcu-
lations on an AIN/GaN/AlGaN/AIN step QW were per-
formed, and the curves for the geometric factors, the lin-
ear, the nonlinear and the total optical absorption coeffi-
cients as functions of the structural parameters of the step
QW are plotted. The features for these curves were speci-
fied and reasons for the features were explained reasona-
bly. It is found that decreasing the well width L, step
barrier width L,, and the doped concentration x in step
barrier will result in the enhancement of the absorption
coefficients. Moreover, with the decrease of L,, L, and
%, the photon energies of absorption have blue-shift, and
the FWHM of the total absorption coefficient increases
and the saturation absorption intensity decreases. Some
results obtained here agree with the recent experimental
observations'®’. Therefore, theoretical study may make a
great contribution to experimental studies. We hope that
these theoretical results could invoke more experimental
explore of optical absorption in nitride step QW struc-
tures.
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