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Intersubband transitions in In,Al; _,)N/In,Ga; _,)N
quantum well operating at 1.55 um
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In this paper, we theoretically study the effects of doping concentration Np and an external electric field on the
intersubband transitions in InyAl(; _,)N/InyGa | _y)N single quantum well by solving the Schrodinger and Poisson equations
self-consistently. Obtained results including transition energies, the band structure, and the optical absorption have been
discussed. The lowest three intersubband transitions (E; — E1), (E3 — E}), and (E3 — E;) are calculated as functions of
doping concentration Np. By increasing the doping concentration Np, the depletion effect can be reduced, and the ionized
electrons will compensate the internal electric field which results from the spontaneous polarization. Our results show that
an optimum concentration Np exists for which the transition 0.8 eV (1.55 um) is carried out. Finally, the dependence of the
optical absorption 3(®) on the external electric field and doping concentration is studied. The maximum of the optical
absorption can be red-shifted or blue-shifted through varying the doping concentration and the external electric field. The
obtained results can be used for designing optical fiber telecommunications operating at 1.55 pm.
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1. Introduction

In recent years, various theoretical and experimental
studies have been developed on the intersubband transitions
(ISBT) in II-nitride semiconductor quantum wells because of
their strong applications for optoelectronic devices, such as
optical switches, quantum well photodetectors, and quantum-
cascade lasers for telecommunications applications.!'=13] Al-
GaN/GaN has drawn considerable attention as a potential ma-
terial system for the fabrication of devices based on ISBTs
at telecommunications wavelength because of their large con-
duction band offset, which can exceed 2.0 eV and the large
difference of refractive index between GaN and AIN.[!415] Tn
addition, the nitride semiconductor has very fast carrier dy-
namics. The relaxation times of the carrier are typically of the
order of 150 fs because of the enhanced electron-phonon inter-
action. The fast relaxation time could also provide the basis for
optical modulators that are very resistant to the absorption sat-
uration. Nevertheless, growing device structures based on the
GaN/AlGaN system for ISBT is challenging and has been pre-
vented by different obstacles such as dislocations and cracks
because of the lack of a lattice-matched substrate and the large
lattice mismatch between AlGaN and GaN.['6-2%! To solve this
problem, the simple solution would be to find new materials
with good lattice matching to avoid the formation of disloca-
tions and parasitic conduction channels. With the discovery of
the InyAl(;_ )N alloy, the problems of dislocations have been
solved. InyAl(;_ )N with low indium concentration (17-20%)
is lattice-matched to GaN, and the conduction band disconti-
nuity is much broader, which is consistent with the design of
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heterostructures with intersubband transitions ISBT in the in-

21241 Unlike other materials, the piezoelectric

frared range.!
polarization in InyAl;_,)N-GaN interfaces is not important
because of the absence of strain in the lattice-matched. The
absence of the piezoelectric effect and the large conduction
band offset in InyAl;_,)N-GaN materials make them more
accessible than other materials such as AlIGaN/GaN. Among
many theoretical studies, Zhou et al.,'?3! studied the effect of
single quantum well thickness on electronic properties, such
as the optical absorption. They showed that it is possible to
obtain the mid-infrared domain by changing the width of the
quantum well and then reducing the effect of the asymmetry
produced by the polarization field. In this paper, intersubband
transitions and optical absorption in Iny Al _,)N/In,Ga(;_ )N
single quantum well are theoretically studied. Our paper is or-
ganized as follows: in Section 2, we describe the theoretical
method used in this calculation. The results of the simulation
and the discussion are presented in Section 3. Finally, the con-
clusion is given in Section 4.

2. Computational method

By using the effective mass approximation, the time-
independent Schrodinger equation, which describes the mo-

tion of the electron, can be written in the following form:[2>-271
n* d2¥(z
IO | (elo) + Vi) + Vi) () = E(Q), ()

where z represents the growth direction, m* is the effective
mass of the electron, V(z) denotes the conduction band offset
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between In,Al(;_,)N and InyGa(;_)N and is given by %]

Ve(z) = 0.52(2.53x — 6.92x+3.93y+2.86) eV.  (2)

The exchange-correlation potential Vxc(z) can be ignored in
heterostructures with high-doped concentration.!'®! Vi(z) is
the effective Hartree potential, which represents the electro-
static interaction of electrons with themselves and with ionized
impurities. The Vj1(z) can be found by solving the following
Poisson equation:

d*Vu(z) _ & [Gé(z—zo) +Np(z) _”(Z)}’ )

dz2 Eé&r

e

where n(z) represents the electronic density of the confined
electrons, Np(z) is the total doping concentration, and &é; is
the dielectric constant. The electronic density is given as fol-
lows:

m*KBT

n(e) = Z nh?

where Kg is Boltzmann constant, Er denotes Fermi level, i

Er—E;
KsT

log {1 +exp( )} Y(z), (4

represents the subband level index, and T is the absolute tem-
perature. In Eq. (2), the polarization-induced charge density is
taken as[28-30:311

G(InxAl(1_X)N/InyGa(1_y)N)

= 0.052 —0.049x

+(0.132 — 0.744x — 0.032x?) /(3.112 +0.436x)

+y(0.158y40.488) /(3.189 4+ 0.359y) C-m~2.  (5)
The numerical calculation also gives the Fermi level Eg, from

the condition that the total number of electrons must equal the
total number of donors, that is, Ef satisfies the neutrality equa-

1
;ni*ND*E;Gi:O

In our study, all donors are assumed to be ionized and are

tion

replaced by uniform distribution. We have solved Egs. (1)—
(3) self-consistently using the finite difference method.!3?-34]
After the confining potential, the subband energies and their

corresponding wavefunctions are obtained; the optical absorp-

tion coefficient can be clearly calculated as follows: 3!
2 *
wlice > m*KgT
(o) = | M| 3
nr Legsth

1+ exp[(EF — Ei)/KBT]
) “‘{ I+ exp|(Er — Er) [KsT] }
% h/Tin
2 20
(EF — Ei —ho)” + (h/Tin)

with the matrix element

(6)

)

My = vt (2)zwi(2)dz,
L/2

where Ey = E¢ — Ej, Er and E; represent the energy levels for
the final and initial states, respectively, U is the permeability,

C is the speed of light in free space, L is the effective spatial
extent of electrons in subbands, n; is the refractive index, and
T;y 1S the intrasubband relaxation time (where T, is a constant
and used the numerical value of 0.14 ps following Ref. [36]).

3. Results and discussion

The structure studied here consists of Algglng,N
(Lp)/GaN (Ly)/AlygIng N (Ly) single quantum well. The
quantum well and barrier widths are L, = 18 A and L, =
20 A. m* = 0.22my, T = 298 K. The doping concentra-
tion is uniformly located on the left barrier, and the dop-
ing concentration is taken as a parameter Np. The bound-
ary conditions are ¥(0) = ¥(Ly + 2Ly) = 0.
gives the three lowest wavefunctions, energy levels, and

Figure 1

the conduction band profile of the single quantum well
Alg gIng 2 N(Ly)/GaN(Ly)/Alg gIng 2N(Lp) single without dop-
ing concentration Np = 0. As shown in Fig. 1, the conduction
band profile is titled, and thus, the wavefunctions are slightly
moved to the left side of the quantum well. This can be ex-
plained as follows: because of the spontaneous polarization
charges at the interfaces InyAl(;_)N/GaN, an electric field is
produced along the quantum well and barriers, so the parity
of the selection rule is broken, which makes the conduction
band profile asymmetric. Hence, the three wave functions are
pushed to the left interface of the quantum well. Figure 2
displays the three lowest intersubband transitions (Ez — Ej),
(E3—E)), and (E3 — E») as functions of the doping concentra-
tion Np. Our objective is to obtain the intersubband transition
wavelength 1.55 pwm (0.8 eV), which is needed in the telecom-
munication domain. As shown in this figure, we vary the dop-
ing concentration Np from 4 x 10'® m=2 to 2 x 10'7 m~2.
The two intersubband transitions (E; — E) and (E3 — E7) de-
crease with Np; however, (E3 — E;) increases with it. The
suitable doping concentration Np, which achieves the inter-
subband transition 1.55 pum (0.8 eV) is equal to 5 x 10" m—2,
and it is obtained only for (E3 — E}) transition (black line in
Fig. 2).

— ground level '
1.5F first level

— second level
— conduction band profilel
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Conduction band/eV
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Z/107° m

Fig. 1. (color online) Conduction band structures of doped InGaN quan-
tum well.
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Fig. 2. (color online) Transition energy in doped quantum well.
According to Eq. (6), the square value of the matrix el-

ement |Mﬁ|2, the energy difference (Ef — E;), and the Fermi
occupancy ratio

fi—fi= 1n{ 1 +exp[(Er — E;)/KsT) }

1 +exp[(Er — Ey) /KpT]

between the initial state (i) and the final state (f) are the three
governing factors in determining the absorption coefficient
value o4¢(@). We will discuss the (E3 — E}) transition because
it is the only one that gives us the wavelength of 1.55 pum. Fig-
ure 3(a) shows the square value of the matrix element |M3; |2
as a function of doping concentration Np. |M31|2 increases
at first and then decreases, which means that the overlap of
the ground and the third excited wavefunctions is decreased
when Np increases. This means that the two wavefunctions’
overlap is enlarged with Np. Figure 3(b) shows the Fermi oc-
cupancy ratio as a function of the doping concentration. By
increasing Np, the Fermi occupancy ratio increases quickly,
and this is due to the enhancement of the confinement, lead-
ing to the change in the difference between E3 and E;. In
Fig. 3(c), the absorption coefficient as a function of incident
frequency is given for the three values of doping concentra-
tion Np. The optical absorption peak is observed to increase
in magnitude with the increase of the doping concentration.
This can be interpreted as follows: from expression (6), we
can see that the optical absorption is mainly determined by
three factors, the energy difference (E3 — E| ), the square value
of the matrix element |Mg|?, and the Fermi occupancy ratio
f1— f3. When Np increases, the energy distance (E3 — E|) de-
creases (Fig. 2), the Fermi occupancy ratio increases, whereas
the square value of the matrix element decreases. Moreover,
the contribution of the dipole matrix is not significant because
its variation is so slow and can be ignored. According to these
results, the optical absorption @31 (®) is mainly determined by
the Fermi occupancy ratio and the inverse of the energy dif-
ference (E3 — E), which results in the magnitude of oz ()
increasing with Np and also shifting toward the lower ener-
gies. These results indicate that the doping concentration plays

an important role in the design of In,Al(;_,)N/GaN quantum
well because it can modify the Fermi occupancy ratio, which
has a great influence on the optical absorption leading to the
red shift.
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Fig. 3. (color online) (a) Square matrix element, (b) electron occupancy
ratio, and (c) optical absorption 31 (®) as functions of doping concen-
tration Np.

Figure 4(a) displays the optical absorption a31(®) as a
function of the incident photon energy for different values of
the applied electric field. From this figure, the optical absorp-
tion is red shifted as the electric field is increased. In addition,
the absorption peak is decreased in magnitude with electric
field intensity increasing. This result can be explained as fol-
lows: when the electric field intensity increases, the third ex-
cited state decreases quickly, while the first state and the Fermi
level change slowly. Thus, the occupancy ratio decreases as
shown in Fig. 4(b). The optimum value of electric field to
obtain the desired transition 1.55 pum is equal to 500 kV/cm.
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Fig. 4. (color online) (a) Optical absorption o3 (®) at different applied
electric fields and (b) electron occupancy ratios at different applied elec-

2000 f
1500
1000 f

500 f

—— F=312 kV-cm™!
—— F=375 kV-cm™!

F=437 kV-cm—!
—— F=500 kV-cm™!

(a)

A

0.75

0.80 0.85

Photon energy/eV

0.006

0.004

0.002

T T T T
—s— electron occupancy ratio (b)

tric fields.

Optical absorption/cm~!

Electron occupancy ratio (fi—f3)

Fig. 5. (color online) (a) Optical absorption o3 (®) at different temper-
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atures and (b) electron occupancy ratios at different temperatures.
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Note that the applied electric field breaks the parity of the
selection rule leading a conduction band profile to be asym-
metric. From all the previous results, we can conclude that
the occupancy ratio is an important factor, which determines
the magnitude of the optical absorption. Figure 5(a) shows
the variation of the optical absorption coefficient o3;(®) as
a function of the incident photon energy at different tempera-
tures. From this figure, the absorption peak is clearly increased
in magnitude with increasing the temperature. This can be ex-
plained by the fact that the levels E3 and E; are more pop-
ulated when the temperature increases, but the population on
E; is slower than that of E1, leading to a decrease in (E3 —E1);
thus, the occupancy ratio increases, and thus, the magnitude of
the absorption coefficient becomes higher.

4. Conclusions

The AIO,SIHO,QN /
GaN/Alj gIng 2N single quantum will be very important in

intersubband  transitions  in
the applications. Using a self-consistent Schrodinger—Poisson
calculation, the confining potential, the optical absorption,
and the intersubband transitions were studied as functions of
an external electric field and the doping concentration Np lo-
cated in the left barrier. Our numerical results show that the
doping concentration and the applied electric field can play
an important role in adjusting the optical absorption in the de-
sired wavelength. We have found that the required transition
0.8 eV (1.55 um) is carried out with a doping concentration of
5.% 10'® m~2. In addition, we have found that for a fixed dop-
ing concentration, the optical absorption is red shifted as the
electric field is increased. The optimum value of the electric
field to obtain the desired transition wavelength (1.55 pm) is
F =500 kV/cm. At the same time, our simulations show that
by increasing the temperature, we obtain higher peak values
of the optical absorption because of the great difference in the
population between the first and the third excited states. Fi-
nally, our numerical results indicate that the occupancy ratio is
an important factor in determining the magnitude and the peak
position of the optical absorption. We hope that the present
numerical results are helpful to design and construct the new
devices such as optical fiber telecommunications operating at
1.55 pm.
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