Chin. Phys. B Vol. 22, No. 5 (2013) 057302

Effects of polarization on intersubband transitions of
Al,Ga;_,N/GaN multi-quantum wells*

Tian Wu(FH )%, Yan Wei-Yi(Bf{H—)?), Xiong Hui(8& %)), Dai Jian-Nan(¥IT %)Y,
Fang Yan-Yan(J5 FF)®), Wu Zhi-Hao(2 &)%), Yu Chen-Hui(£/2#%)"), and Chen Chang-Qin([% %))

a) Wuhan National Laboratory for Optoelectronics, College of Optoelectronic Science and Engineering,
Huazhong University of Science and Technology, Wuhan 430074, China

b) Jiangsu Key Laboratory of ASIC Design, Nantong University, Nantong 226019, China

(Received 3 September 2012; revised manuscript received 21 October 2012)

The effects of polarization and related structural parameters on the intersubband transitions of AlIGaN/GaN multi-
quantum wells (MQWs) have been investigated by solving the Schrodinger and the Poisson equations self-consistently.
The results show that the intersubband absorption coefficient increases with increasing polarization while the transition
wavelength decreases, which is not identical to the case of the interband transitions. Moreover, it suggests that the well width
has a greater effect on the intersubband transitions than the barrier thickness, and the intersubband transition wavelength
of the structure when doped in the barrier is shorter than that when doped in the well. It is found that the influences of
the structural parameters differ for different electron subbands. The mechanisms responsible for these effects have been

investigated in detail.
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1. Introduction

In recent years, the III-nitride materials have received
much attention because of their potential usefulness in ultra-
violet and blue lighting, detection,!'! high density optical stor-
age systems, full-color displays, chemical sensors, and medi-
cal applications.>! While most of the contemplated applica-
tions are in the visible and ultraviolet spectral region and based
on their interband transitions, interest has been increasing in
infrared applications based on their intersubband transitions
(ISBT).*71 Compared to GaAs/AlGaAs and InGaAs/AllnAs,
AlGaN/GaN multi-quantum wells (MQWs) have many advan-
tages. First, the large conduction band offset (~ 1.7 eV) al-
lows the design of optoelectronic devices based on the inter-
subband transitions working in the wavelength region of 0.7—
14 um,”® which sufficiently covers the exploitation of near-
infrared intersubband transitions, especially in the communi-
cation region. Second, the strong electron—phonon interaction
in these materials due to their highly polar nature yields par-
ticularly short intersubband relaxation time (~ 140 fs), which
shows the prospect of ultrafast intersubband devices operating
at multi-Tbit/s data rates.®! Moreover, it is the only material
that can be used to integrate infrared detectors with ultraviolet
photodetectors on the same wafer, which is meaningful in mil-
itary applications. These properties make AIGaN/GaN MQW s
one of the most promising materials for infrared devices, such
as ultrafast fiber-optic modulators and detectors operated in
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the atmospheric communication.[1%-11]

However, the strong spontaneous polarization and piezo-
electric polarization of AlGaN materials have big impacts
on the energy bands and the performance of the optoelec-
tronic devices, which adds more difficulties to the design of
the intersubband devices. Although many efforts have been
made to study the influences of Al mole composition, bar-
rier thickness, and well width on the intersubband transition

[12.13] few papers have reported the effects of such

wavelength,
structural parameters as barrier thickness, well width, Al mole
composition, and doping on the properties of intersubband
transitions, electron distributions, and electron subband lev-
els in the AIGaN/GaN MQWs systematically. In this paper,
the influences of polarization and related parameters on the
properties of AlGaN/GaN MQWs are investigated numerically
by solving the Schrodinger and the Poisson equations self-
consistently. The simulated results reveal the effects of polar-
ization on the electron distribution and the electron subband
levels, which are quite important to the designers of devices
based on the intersubband transitions.

2. Theoretical calculation

The absorption coefficient of the intersubband transitions
in the conduction band of AlGaN/GaN MQWs can be ex-
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pressed as a function of w in the following form:'4!
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where L is the permeability in a vacuum, & is the dielectric

constant in a vacuum, & is the relative dielectric constant, L
is the width of one period of the quantum well, 7 is the re-
duced Planck constant, 7 is the dephasing time in the well ma-
terial and is assumed to be 20 fs in the programs.['>l M,,, is
the dipole matrix, which is given by

L/2
M= [ Gi(ezgu2)d D)
~L)2

where e is the electronic charge. The N; is the total number
of electrons residing on the i-th subband level, and E; and ¢;
(i = m,n) are the energy level and the wave function of the
i-th subband, respectively. They are obtained by solving the

Schrodinger and the Poisson equations self-consistently! %!
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where z is the space coordinate parallel to the growth direc-
tion, and m*(z) is the position-dependent effective mass. Here
V(z) is the potential caused by the polarization field and can
be calculated by

V(z) = ezF (2), (6)

where F(z) is the electrostatic field caused by the polarization,
which can be obtained by the equations in Ref. [17]; AE(z)
is the conduction band offset; ¢u(z) is the Hartree potential
due to the electrostatic interaction; Vi.(z) is the exchange—
correlation potential; aj; = 4meoehi® /m*(z)e?; N (z) is the
ionized donor density; and nyp(z) is the two-dimensional (2D)
electron density in all subbands.

Under the equilibrium condition, nop, n3p, and N; are

given byl
SCEIVIICES ) e loP
x In [1 +exp (Epk_TEiﬂ ) (7
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where k is the Boltzmann constant, 7T is the absolute tempera-
ture, Ef is the Fermi level, N (z) is the three-dimensional (3D)
density of states, Fy ; is the Fermi-Dirac integral, and nap ; is
the 2D density of the i-th state. In the calculation, the initial
potential profile is assumed to be V(z) + AE(z) and the center
of the barrier is used as the potential reference point.

3. Results and discussion

In the calculation, the band gaps of GaN and AIN are cho-
sento be 3.42 eV and 6.12 eV, respectively, and the band-offset
ratio is assumed to be 0.65/0.35.'%1 Based on the assumption
of the periodic potential model, the charge neutrality condition
is adopted, and the potential drop across one period induced by
the polarization is assumed to be zero.'”! The basic structure
used in the program is 5 nm Aly35Gag ¢sN/3 nm GaN MQWs
deposited on a GaN template, which is identical to the struc-
ture reported in Ref. [6]. The doping density of SiH4 in the
GaN well is equal to 1x10'® cm™3. Due to ignoring the cou-
pling between the quantum wells, the profiles of the quantum
wells are the same. So in the program, one quantum well is
calculated, which does not affect the properties of the intersub-
band transitions. The calculation results are shown in Fig. 1,
which reveals the conduction band and the electron subband
wave functions in Fig. 1(a) and the absorption coefficient in
Fig. 1(b). The wavelength of the intersubband transition from
the first electron subband level (e ) to the second subband level
(e2) is 4.12 pm, which is similar to the experimental result of
4.1 um.%) So this program can be used to investigate the inter-
subband transitions in AIGaN/GaN MQWs. The work shown
below is based on this structure.
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Fig. 1. (color online) (a) Conduction band of Al 35Gag¢5N/GaN
MQWs and moduli square of the first two wave functions under zero
applied electric field. (b) Absorption coefficient of e;—e; ISBT in the
Al()_35 Ga0_65 N/GaN MQWS.
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3.1. Effects of spontaneous and piezoelectric polarizations
on the intersubband transitions

Four cases with different polarizations are studied in this
paper: case 1 with no polarization in the whole system, case 2
considering only the spontaneous polarization, case 3 thinking
about only the piezoelectric polarization, case 4 taking sponta-
neous and piezoelectric polarizations into account simultane-
ously. The electrostatic fields and the positions of the subband
levels of these cases are shown in Table 1.

Table 1. Calculated results of subband levels, electrostatic field, and
dipole matrix.

Casel Case2 Case3 Case4d
ej/eV 0.0871 0.0402 0.0588 -0.0292
ey/eV 0.3568 0.3373 0.3426 0.3163
Field in the wel/MV-cm™' 0 —-1.36 -1 24
| My 11078 1.37 1.23 1.29 1.08

As shown clearly in Fig. 2, the absorption coefficient and
the wavelength are significantly sensitive to the polarizations.
Compared to case 1, the other cases all have larger absorption
coefficients and shorter wavelengths. Furthermore, the absorp-
tion coefficient for case 4 is almost 8 times larger than that for
case 1, and the transition wavelength of case 4 is shorter than
that of the other cases. These two phenomena are opposite to
the interband transitions in the AlGaN-based LED, in which
the absorption coefficient is decreased and the transition wave-
length is red shifted as the polarization field is increased.l”’! In
order to probe the origins of this contradictory phenomenon,
the conduction bands, electron subband levels, electron densi-
ties, electrostatic fields in the well, and the dipole matrix are
investigated in detail.
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Fig. 2. (color online) Absorption coefficients of e;j—e, ISBT in
Alp 35Gag 6sN/GaN MQWs for the four cases.

As shown in Fig. 3(a), the polarization field leads to a
tilt of the band, and the slope of the tilt is proportional to
the field, which means that the height of the triangular well
becomes higher and the confinement of electrons becomes
stronger when the polarization field is increased. To explain
this, the relationship between the electron subband levels and
the electrostatic field is shown in Fig. 3(b). The positions of

e and e, are lowered with the increasing electrostatic field in
the quantum well in all four cases, which means that the con-
finement is enhanced and the effective barrier height becomes
higher. Moreover, the decline of e; is steeper than that of e;,
which means that the effect of polarization on e; is greater
than that on e,. As a result, the energy space between e; and
e, 1s increased with the enhancement of the electrostatic field.
These results are in line with Fig. 2, which demonstrates that
the transition wavelength is blue shifted with the increase of
the polarization.
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Fig. 3. (color online) (a) Schematic diagram of conduction bands and
(b) electron subband levels as a function of electrostatic field for the
four cases.

In addition, figure 2 shows that the absorption coefficient
is increased when the polarization field is enhanced in the GaN
quantum well. However, as shown in Table 1, the dipole ma-
trix M,,,,, which represents the overlap of the wave functions of
e and ey, is decreased when the polarization field is increased.
This means that the relative position of the centers of these two
wave functions is enlarged when the field is increased, which
leads to the decrease of the absorption coefficient. This is not
identical to the simulated results shown in Fig. 2. In order to
explain this phenomenon, the electron distribution in the well
is investigated.

Figure 4 shows the electron distributions in the quantum
well for the four cases, which indicates that the electron den-
sity increases with increasing polarization. This may be at-
Firstly, the tilt of the band gives
rise to the triangular well, which increases the effective bar-

tributed to two reasons.

rier height, resulting in more electrons confined in the well.
Secondly, the band bending raises the Fermi level, resulting
in a decrease of the active energy of the dopant. Therefore,
more electrons are located in the well, which corresponds to
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a method that has been proposed to improve the doping ef-
ficiency by using the polarization in the superlattice.l*!l Al-
though the dipole matrix M,,, can be slightly reduced when
the polarization field is increased, the electron density in the
well is increased, and this increase is more dramatic. As a
result, the absorption coefficient is increased when the polar-
ization field is enhanced.
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Fig. 4. (color online) Electron density of Alj35Gag ¢sN/GaN MQWs
with different polarization.

Given the phenomena discussed above, we know that the
polarization significantly influences the intersubband transi-

tions in the MQWs, which leads to a blue shift of the transi-
tion wavelength and enhances the subband transition. There-
fore, parameters such as barrier thickness, well width, Al mole
composition of the barrier, and doping, which are related to
the polarization, also affect the properties of the intersubband
transitions. The effects of these parameters on the intersub-
band transitions, electron distributions, and electron subband
levels will be discussed in detail.

3.2. Effects of barrier thickness and well width on the in-
tersubband transitions

As reported in Ref. [16], the polarization field is a func-
tion of both the barrier thickness and the well width, which
suggests that the barrier thickness and the well width could
also affect the polarization field in MQWs. In order to shed
light on the effects of these two parameters on the intersub-
band transitions, the structure is investigated with the barrier
thickness varied from 3 nm to 9 nm and the well width changed
from 2 nm to 6 nm. Table 2 shows the calculated results of the
structures with the barrier thickness varied from 3 nm to 9 nm
while the well width is fixed at 3 nm.

Table 2. Simulated results of the structure with varied barrier thickness.

Thickness/nm 3 4 5 6 7 8 9

Wavelength/pum 3.5190 3.5589 3.5982 3.6377 3.6978 3.7753 3.8535
FieldMV-cm ™! -1.5200 -2.1700 -2.3700 -2.5300 -2.6500 -2.7500 -2.8400
ej/eV 0.0181 0.0037 -0.0292 -0.0362 -0.1646 -0.0633 -0.0667
ex/eV 0.3964 0.3530 0.3163 0.3055 0.2938 0.2660 0.2559
es3/eV - - 0.5564 0.5112 0.4745 0.4259 0.4047
eq/eV - - - - - 0.6352 0.5916

4) The “~” stands for no existence of this electron subband level.
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Fig. 5. Electron subband levels and electrostatic field of AIGaN/GaN
MQWs with different barrier thickness.

As shown in Table 2, it is evident that as the barrier thick-
ness is enlarged, the number of confined subband levels is in-
creased, which can be attributed to the enhanced electrostatic
field in the well when the barrier thickness is increased, as
shown in Fig. 5. The electrostatic field enhances the tilt of the
conduction band and adds to the confinement of subband lev-
els. Although the number of subband levels is increased, the

barrier height changes only slightly. As a result, the energy

space between e and e; is decreased. Therefore, the wave-
length is red shifted.

The intersubband transitions occur in the quantum well.
Therefore, the well width is an important parameter. As shown
in Fig. 6(a), the transition wavelength red shifts as the well
width increases from 2 nm to 6 nm, which may result from the
reduced confinement of electrons when the width is enlarged.
As shown in Fig. 6(b), the relative positions of electron sub-
band levels become closer with increasing well width, which
indicates that the confinement is decreased. However, the ab-
sorption coefficient increases with increasing well width. Ac-
cording to Eq. (1), the absorption coefficient mainly depends
on the dipole matrix M,,, and the densities of electrons resid-
ing in e; and e;. However, the calculated results show that M,,,
only changes slightly from —9.91 x 1072 to —1.16 x 10~28
when the well width is increased from 2 nm to 6 nm. There-
fore, the absorption coefficient is determined predominantly
by the electron densities of e; and e;. The density distribution

of electrons located on the basic level is shown in Fig. 6(c),
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which reveals that the density of electrons is increased with
increasing well width. Therefore, the absorption coefficient is
increased. This may result from the fact that the number of
dopant atoms is increased when the well width is increased,
which can induce more electrons into the well. Moreover, due
to the influence of fixed charge located at the interface, elec-
trons are unevenly distributed in the well and more electrons
reside in the triangular well, resulting in more electrons lo-
cated on e;. As a result, the absorption coefficient increases
with increasing well width.
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Fig. 6. (color online) (a) Absorption coefficients, (b) electron subband
levels, and (c) electron densities of the structures with well widths of
2 nm, 3 nm, 4 nm, 5 nm, 6 nm.

As discussed above, it is clear that the intersubband tran-
sition wavelength is red shifted with the increases of the barrier
thickness and the well width, and the well width influences the
wavelength more distinctly than the barrier thickness, which
is similar to the result in Ref. [22]. So it is very important to
make sure that the well widths vary minimally when preparing
intersubband devices based on the AIGaN/GaN MQWs. This
also suggests that ensuring uniformity of the well widths is an
effective way to reduce the full width at half maximum of the

intersubband absorption spectrum.

3.3. Effect of Al mole composition of barrier on the inter-
subband transitions

The Al mole composition of the barrier is another impor-
tant parameter that affects the transition wavelength. On one
hand, the Al mole composition influences the barrier height,
which is directly related to the confinement of electrons in the
well. On the other hand, the Al mole composition determines
the crystal lattice, which affects the polarization of the barrier.
So the transition properties can be tuned by changing the Al
mole composition of the barrier. The effects of the Al mole
composition are studied by varying it from 0.15 to 0.75. As
shown in Fig. 7(a), the wavelength is blue shifted and the ab-
sorption coefficient becomes bigger when the composition is
increased from 0.15 to 0.75. From Fig. 7(b), it is clear that
the position of e; is lowered while that of e, is lifted, resulting
in the blue shifts of the transition wavelength. The opposite
behaviors of e; and e; can be explained by probing the effects
of the Al mole composition on the potential profile of a quan-
tum well. Because e is confined in the triangular well, it is
affected most by the polarization. So with the Al mole com-
position increased, which could increase the polarization field
of the well, the position of e; is lowered. On the other hand, e,
is located in the rectangular well and affected predominantly
by the barrier height. When the barrier height is increased, the
position of e, goes up. Therefore, the Al mole composition of
the barrier has different influences on e; and e;, which results
in a significant change of the transition wavelength.
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Fig. 7. (color online) (a) Absorption coefficients of the structures with
different Al compositions; (b) electron subband levels in the MQWSs
with different Al compositions in the barrier.

3.4. Effect of doping on the intersubband transitions

Based on Fermi’s golden rule, the intersubband transi-
tions depend on the electron subband levels, especially the
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electron density distribution in the well.”>*! From the discus-
sion above, the electron density in the well affects the absorp-
tion coefficient significantly. So the doping density of Si is
also an important parameter of the intersubband devices. Al-
though many papers have reported on the effects of doping
density on the intersubband transitions in MQWSs,[?423] few
have comprehensively investigated the effects of doping po-
sition and doping density on the transitions. In this part, the
effects of doping position and doping density on the intersub-
band transitions in the basic structure will be studied in detail.

As shown in Fig. 8(a), the absorption coefficient of e;—e»
for doping in the barrier is almost double of that for doping
in the well, while the wavelength of doping in the barrier is
shorter than that of doping in the well. This can be attributed
to two reasons. First, more electrons are located in the well
when the dopant is in the barrier, as shown in Fig. 8(b). Due
to the barrier and the well having the same Fermi level, donors
in the barrier can be ionized into the conduction band of GaN,
suggesting a higher ionization efficiency for doping in the bar-
rier than that for doping in the well”®! Since more electrons
are in the well when the dopant is in the barrier, the wave-
length blue shifts due to many body effects, which will be
interpreted below. These results are in good agreement with
the experimental results reported in Ref. [27], in which the re-
sults suggest that the wavelength is shorter when doping in the
barrier and the absorption is also larger. However, the change
is small, which may be attributed to the poor crystal quality
when doping the barrier. So a lot of papers have reported the
advantages of doping the well [23-30]
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Fig. 8. (color online) (a) Absorption coefficients of structures with dop-
ing in the barrier or in the well; (b) electron densities of those structures.

Because doping Si in the AlGaN material transforms

compression stress into tensile stress, which could degenerate
the crystal quality,®'3?] taking both crystal quality and ease
of fabrication into consideration, it is better to dope the well.
This part will discuss the effects of the doping density in the
well on the transitions. As shown in Fig. 9, with increasing
dopant concentration, the wavelength blue shifts, which can
be attributed to many body effects. It has been reported that
a large number of electrons in the well could screen the po-
larization field in the well,?3! which could decrease the tran-
sition energy. However, because of many body effects, partic-
ularly the exchange—correlation energy and the depolarization
shift, the positions of e; and e, are changed significantly. The
exchange—correlation effect leads to a decrease of e; without
[2434] and the depolarization shift also con-
tributes to the increase of the energy space between e; and

e, changing much,

€,.13%1 Thus, the transition wavelength is blue shifted when the
doping density is increased. So changing the doping concen-
tration influences the transitions significantly, which can be
used as a method to tune the wavelength in the MQWs.

3.8 : : : :
3.7h

g

=

= 36}

g3

[=]

8

% 3.5F

= gl
3.3

1(‘)18 1(‘)19 1‘020

Doping concentration/cm—3

Fig. 9. Intersubband transition wavelength of the structure with differ-
ent doping concentration in the well.

4. Conclusion

The effects of polarization on the intersubband transi-
tions of Alg35GagesN/GaN MQWs have been investigated.
The results show that the absorption coefficient increases with
increasing polarization while the transition wavelength de-
creases, which is not identical to the cases of interband tran-
sitions. This difference can be attributed to the fact that the
triangular well caused by the electrostatic field enhances the
confinement of electrons and enlarges the energy space be-
tween e; and e,. Moreover, the influences of parameters such
as barrier thickness, well width, Al mole composition of bar-
rier, and doping on the intersubband transitions in AIGaN/GaN
MQWs are also investigated. The results show that the wave-
length is red shifted with the increase of barrier thickness or
well width while the wavelength is blue shifted when the Al
mole composition is increased. Furthermore, the effects of the
well width on the intersubband transitions are more dramatic
than those of the barrier thickness, and the effects of the Al
mole composition on the electron subband levels are not the
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same. In addition, the structure with doping in the barrier has

a shorter wavelength than that with doping in the well, and the

wavelength blue shifts with the increase of the doping density

due to many body effects. Therefore, the influences of every
structural parameter of AlGaN/GaN MQWs on the transitions
should be considered comprehensively when designing an in-
frared detector based on the AlIGaN/GaN MQWs, especially
the Al mole composition of the barrier and the width of the

well, which affect the transitions most.
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