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for 3.4 um intersubband emission
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(Received 29 November 2006; accepted 5 February 2007; published online 20 April 2007)

We report the design of an active region of In,Ga,_,As;_,N,/AlAs quantum cascade laser structure
emitting in the near infrared wavelength range based on an eight-band k-p model. The
In,Ga,_,As;_,N,/AlAs heterostructure system is of significant interest for the development of short
wavelength quantum cascade lasers due to its large conduction band discontinuity (~1.5 eV) and
compatibility with the mature GaAs fabrication process. A detailed analysis of the intersubband
transition energy within the conduction band as a function of layer thickness, composition, electric
field, and temperature has been carried out. Finally, an optimized combination of
Ing ,Gag gAsg 97N g3/ AlAs three-coupled-well structure has been obtained. Under an applied field of
100 kV/cm and at room temperature, a shortest wavelength of 3.4 um has been achieved by

making use of this system without introducing an upper lasing level beyond the X minima of the

AlAs barrier. © 2007 American Institute of Physics. [DOI: 10.1063/1.2717130]

I. INTRODUCTION

Ever since the first quantum cascade lasers (QCLs) were
demonstrated by a team of researchers at Bell Labs,1 tremen-
dous progress in QCL research has resulted in applications
such as ultrawide tunable sources, femtosecond-pulse mode
locking, second-harmonic generation, and trace gas detec-
tion. In the early stage, the main material system used for the
realization of QCLs was in the InP based InGaAs—AllnAs
system,1 and a significant improvement of the device perfor-
mance such as continuous wave (cw) operations above 5 um
at room temperature has been demonstrated since.”* How-
ever, there has been no report of such high performance laser
operation in the technologically important A ~3—5 pum at-
mospheric window region by utilizing the same system. The
obstacle in obtaining the short wavelength QCL operation
originates from the relatively small conduction band offset
(CBO) of the InGaAs-AllnAs heterostructure (~520 meV).
Consequently, the main challenge of the 3—5 um QCL de-
sign is to seek material systems with the highest possible
CBO. Recently, the InGaAs—AlAsSb heterostructures grown
on the InP substrates with CBO up to 1.6 eV have been
extensively studied,® and a QCL emitting at A~4.5 um up
to at least 400 K in pulsed mode has been achieved.” Another
promising system for the development of QCLs is InAs—
AlISb (CBO ~2.1 eV) grown on GaSb or InAs substrates.
3.5-5.5 um emissions have been reported by utilizing this
heterostructure grown on a GaSb substr.aue;6 however, no
stable laser devices on such a specific substrate can be pro-
duced up to now.

In comparison with the systems discussed above, tradi-
tional GaAs based GaAs-Al(Ga)As system offers more
growth flexibility. QCLs based on this system have been un-
der extensive research for the past decade. A GaAs—AlGaAs
QCL with emission at 9.4 um was realized in 1998,7 since
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then the radiation wavelengths of QCLs have been extended
to as long as 160 ,um.s However, a QCL emitting below
5 pum has not been achieved with this system. The limitation
is set by the well depth of the GaAs—AlGaAs heterostructure.
With up to 33% Al content, the conduction band discontinu-
ity is no more than 0.3 eV. Though the GaAs—AlAs system
has a much larger CBO (~1 eV), the effective CBO in the
GaAs/AlAs heterostructure is much smaller (~0.2 eV) in
consideration of the I'-X indirect discontinuity. Yet the emis-
sion wavelengths below 5 wm with the GaAs/AlAs heteros-
turcture are hard to achieve.” For applications of free space
communications, stable laser devices emitting at the atmo-
spheric transparent window are highly desirable. It leads to
the design of active regions with as deep a well as one can
obtain on the GaAs substrates.

If we restrict ourselves on GaAs based systems, a prom-
ising way to satisfy the requirements is by utilizing the
In,Ga,_,As;_,N,/AlAs heterosystems for the QCL active re-
gion design. Though there is no demonstration of intersub-
band emissions in the InGaAsN—AlAs systems to date, the
intersubband transitions in the Iny;Gag;As/AlAs hetero-
structures at a wavelength as short as 1.26 um have been
observed.'” In addition to that, by adding a small amount of
nitrogen atoms into the In,Ga;_ As matrix to form the
In,Ga;_,As;_,N, alloy, it was found to greatly reduce the
band-gap energy and simultaneously reduce the compressive
strain introduced in the well layelr.]l Moreover, the incorpo-
ration of N content will exclusively affect the conduction
band edge, while leaving the valence band edge untouched.
With the same concentration of indium, the CBO of the het-
erostructure is to increase by more than 200 meV with only
2% N content being introduced.'? Due to its large CBO
(~1.5eV), electrons being thermally activated into con-
tinuum states can be considerably suppressed, which results
in the improvement of the temperature dependent threshold
current characteristics.” In this work, we report a QCL ac-
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tive region design based on GaAs substrates in order to
achieve the goal of 3—5 um laser emissions.

Il. METHOD
A. Basic theory for intersubband transitions in QCL

The concentration of the QCL structure design is to op-
timize the active region. In this work, we only consider the
most conventional three-quantum-well (TQW) type, which
includes a three-level transition system, in which, level 3
(E3) is the upper lasing level, level 2 (E,) is the lower lasing
level, and level 1 (E;) is the ground level in the active re-
gion. The laser scheme makes use of the three discrete elec-
tronic states confined in the QWs. Electrons make radiative
transitions from Ej5 to E,, which corresponds to the desired
emission wavelengths. Subsequently, the intersubband tran-
sition energy between E, and E| is made equal to the optical
phonon energy, which inducing the electrons in E, quickly
transits to E;. Therefore the maximized population inversion
between E; and E, is established. In short, our aim is to
design a coupled quantum well (CQW) structure with Ej3
—E,= the lasing transition energy and E,—FE;= the optical
phonon energy of the well layer.

B. Band structure calculation

The eigenstates of the QC
Schrodinger equation

HO=ED, (1)

structures satisfy the

where @ is the total wave function. Within the framework of
the eight-band k- p model, the eight dimensional electron and
hole envelope wave functions for the quantum wells are writ-
ten as

O, ={®} (j=1.2,....8), (2)

where the components of (D{, are given by

‘ 1 2
P/ = explilkx + k)12 aﬁ,m,_i eXp[i(kZ " m{)Z] ’
m \’

3)

where L=wwl+ww2+ww3+bwl+bw2+bw3 designates
the periodicity of the CQW. We use wwl, ww2, and ww3 to
indicate the widths of quantum wells and bw1, bw2, and bw3
to represent the widths of barrier layers, respectively, as il-
lustrated in Fig. 1. k,, k,, and k_ are the wave vectors. n is the
index for energy levels, a{l’m is the expansion coefficient, and
z is the coordinate in the growth direction.

The eight-band k- p method was previously applied by us
to calculate dilute nitride related alloys, such as InGaAsN,
(Refs. 11 and 14) GaAsSbN,'® and the results show the reli-
ability of this method. The complete 8 X 8k-p Hamiltonian
and the solution of Eq. (1) can be traced throughout our
earlier work. Though the model was only applied to the cal-
culations on the single QW cases before, utilizing it in the
calculations of CQW structure is straightforward. One only
needs to redefine the period L of the CQW along the growth
direction, as mentioned previously. Except for the band-gap
energies and electron effective masses, most parameters for
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FIG. 1. (Color online) Schematic conduction band potential diagram of one
period of the active region of the laser core. L is the length of one period
along the growth direction z. ww1 to ww3 denote the well widths of the first
well to the last well and bwl to bw3 denote the barrier widths of the first
barrier to the last barrier. The zero point is taken at the center point of the
second well. Hereinafter, we applied the same definitions to perform
calculations.

In,Ga,_,As;_,N, materials are obtained using a linear inter-
polation between the parameters of the relevant binary com-
pounds, which can be expressed as

P(In,Ga;_,As;_,N,)
= P(GaAs)(1 —x)(1 —y) + P(InAs)x(1 — y)
+ P(GaN)(1 — x)y + P(InN)xy. (4)
The parameters used are shown in Table L' The band-gap
energy of In,Ga,_,As;_,N; is calculated by the band anti-

crossing (BAC) model following Ref. 14, which we write in
the following form:

E,(In,Ga;_,As;_,N,)
={E,(In,Ga,_,As) + EN

—\[E,(In,Ga,_,As) - ENP? + 4V*(1 - y)}/2, (5)

where

TABLE I. Parameters for binary compounds used in the calculation.

Parameters GaAs® InAs® GaN® InN®

Lattice constant a; (A) 5.6533 6.0584 4.5000 4.9800
Spin-orbit splitting energy A, (eV) 341 390 17 5
Optical matrix parameter E, (eV) 28.8 21.5 25.0 17.2
Deformation potential constant a, (eV)  -7.17 -5.08 -6.71 -2.65
Deformation potential constant a, (eV) 1.16 1.00 0.69 0.70
Shear deformation potential b (eV) -20 -18 =20 -12
Elastic constant ¢;; (GPa) 122.10 83.29 293.00 187.00

Elastic constant ¢, (GPa) 56.60 4526 159.00 125.00
Luttinger parameter 7y, 6.98 20.00 2.70 3.72
Luttinger parameter y, 2.06 8.50 0.76 1.26
Luttinger parameter y; 2.93 9.20 1.11 1.63
Conduction band effective mass m, (m,) 0.067 0.026
Unstrained band-gap energy E, 1422 0.354

(T=300 K) (eV)

“Reference 16.
PReference 17.
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E,(In,Ga;_,As) = (1 = x)[E,(GaAs,T)] + x[E,(InAs,T)] - 0.477(1 - x), (6)

with temperature (7) being taken into account and the band-gap energy is in unit of eV. And the effective masses m; as
predicted by the BAC model are given by

E,(In,Ga,_.As) — EN
g( n,0a_ S) }, (7)

m, (In,Ga,_,As,_,N,) = 2m, (In,Ga,_,As) 1-
Iy ! \[E,(In,Ga,_As) - EV] +4V2y

where we have
m, (In,Ga,_,As) = (1 — x)m,(GaAs) + xm, (InAs) — 0.0091x(1 — x). (8)

Note that the bowing factors 0.477 and 0.0091 in Egs. (6) and (8), respectively, are recommended by Ref. 16. Calculations of
BAC parametrized variables, EY and V, are presented in Ref. 11. Another important parameter which will strongly affect the
results of the calculations is the CBO ratio (Q,). Thanks to the special characteristic of nitrogen atoms, a small amount of
nitrogen incorporated only affects the conduction band edge of the In,Ga,_,As;_,N,/AlAs heterosystem. Though there are no
reports on the values of Q. in the In,Ga,_,As;_,N;/AlAs QWs up to now, we propose the derivation of these values from that

of the extensively researched In,Ga,_,As/AlAs QWs.18 Thus, the explicit expression for Q, is given by
Q.(In,Ga,_,As;_,N,/AlAs) = 1 - Q,(In,Ga,_,As;_ N /AlAs) = 1

~ AE;(In,Ga,_,As/AlAs)Q,(In,Ga;_,As/AlAs) + A} (In,Ga,_,As/In,Ga;_,As;_,N,)

where Q, is the valence band offset (VBO) ratio of the het-
erostructure. AEZ, represents the difference of the strained
band-gap energy between the respective materials in the pa-
rentheses, and Af) represents the difference of the amount of
valence band edge shift introduced by strain between the
respective materials in the parentheses. Ej A4, and
EZ’-InxGan_xAsl_va are the band-gap energy of AlAs and
In,Ga,_,As;_,N, considering strain, respectively.

C. Effects of the electric field

Within the framework of the eight-band k-p model, the
overall eight-band Hamiltonian taking electric field into ac-
count is given by

H'®=ED, (10)
where
H’=H0+VF(Z), (11)

where H is the full 8 X 8 Hamiltonian without electric field,
which is given as

H0=Hk+Hs+Vconf(Z)v (12)

where H, is the unstrained 8 X 8 Hamiltonian, H; is the 8
X 8 strain matrix, and the diagonal matrix V_,,(z) describes
the potential profiles in the z direction with discontinuities at
the interface due to the CBO and VBO."' In Eq. (11), we use
Vi(z) to indicate the electric field distribution along the
growth direction, which can be expressed as

Vi(z) = - eFz, (13)

where e is the electron charge, F represents the strength of an
external electric field, z is the coordinate in the growth direc-
tion along the CQW, and the origin of the electric field po-
tential is taken as the midpoint of the second well. For con-

S S
Eg_AlAs Eg_InxGalixAslin

9)

y

venience, throughout the work, the positive bias polarity
corresponds to the CB potential being lowered along the
growth direction z, as shown in Fig. 1.

lll. RESULTS AND DISCUSSIONS

In order to verify our theoretical model for the calcula-
tions in the QCL structures, we have performed some calcu-
lations based on the eight-band model and compared them
with the experimental and theoretical results reported in the
literatures. The results are presented in Fig. 2 and Table II.
Figure 2 shows our calculation on the GaAs/AlGaAs QCL
structure which was demonstrated by Sirtori et al.” The com-

5.8

2.0
mt\/_” 3.4
2 /\ Mo
1 N——
1.5 T l\
4.9

4.0

Active Region

FIG. 2. (Color online) Comparison of the active region of the laser hetero-
structure at threshold bias (at 48 kV/cm) between the results of our calcu-
lation and Ref. 7. Shown are the positions of the calculated energy subbands
and the corresponding modulus squared of the wave functions, denoted by
flat solid lines and curved solid lines, respectively. The material system
considered is GaAs/Alj33Gag g;As CQWs. Numbers 1, 2, and 3 indicate the
sequence of electron states, E;, E,, and Ej3, respectively. The sequence of the
wells and barriers is in accordance with the definitions from Fig. 1. The
thicknesses of the layers are in unit of nm. The calculated transition energies
by the eight-band model are E3,=143 meV and E,; =38 meV.
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TABLE II. Comparison of theoretical transition energies of GaAs/AlGaAs by the eight-band k-p model with

published values.

Barrier Well and barrier widths External Our
layer (wells 1, 2, and 3 and electric calc. E3, Publ. E;, Difference
composition barriers 1, 2, and 3) field (1) (2) (1)-(2)
(Al) (nm) (kV/cm) (meV) (meV) (meV)
1° 3.3,6.8,6.0 39 127 109 18
0.5,0.5,3.0
0.33° 1.5,4.9,4.0 45 139 130 9
2.0,1.7,11.4
0.45¢ 1.9,5.44.8 48 147 160 -13
1.1,1.1,74
0.45¢ 43,5054 30 35 43 -8
0.94,0.94,2.84 40 47 56 -9

“Reference 9.

PReference 19.
“Reference 13.
dReference 20.

parison is made on the first three principal electron states that
are confined in the active region, which comprises of wells
1-3 (equal to 15, 49, and 40 A, respectively) and barriers
1-3 (equal to 20, 17, and 92 A, respectively). Our calculated
transition energy from the upper lasing level (E;) to the
lower lasing level (E,) for laser action, namely, E3,, equals to
143 meV. And the transition energy from the lower lasing
level (E,) to the ground level (E;), namely, E,;, equals to
35 meV. These values are in agreement with the measured
E3, (132 meV) and their calculated E5; (35 meV) in Ref. 7.
Also, as can be seen from Fig. 2, the respective squared wave
functions calculated are also in accordance with the pub-
lished results. In Table II, the comparisons of our predicted
transition energy FEsz, with the published results on
GaAs/Al,Ga;_,As QCLs establish the reliability of our
method 9131920

Figure 3 illustrates the conduction band diagram of one
period of the QCL active region in the laser core. It consists
of three Inj3Gaj;As)97N( o3 quantum wells closely coupled

2400 T T T T T
2200 [ ) S ]
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800

Energy (meV)

150 100 50 0 50 100 150 200
Growth Direction (A)

FIG. 3. (Color online) Schematic conduction band diagrams and the modu-
lus squared of the bound state wave functions of a single period of the
Ing3Gag7ASg97Ng 03/ AlAs coupled quantum well, which is the same as an
active region of the quantum cascade laser structure, under zero bias. The
InGaAsN wells have thicknesses of 40, 60, and 80 A from left to right and
are separated by 20 A AlAs barriers (bwl and bw2). The outmost barrier
(bw3) is 200 A altogether. The energy levels corresponding to the individual
wave function counted from the lowest energy to the highest energy are E,
to E;s. The temperature is 300 K.

by AlAs barriers. The zero point of the potential is taken as
the valence band maximum (VBM) without strain. The same
definitions hold for the following discussions. The tempera-
ture and electric field strength being considered are 300 K
and 0 kV/cm, respectively. The eigenstates are calculated by
solving Eq. (1) using the eight-band k-p method. As can be
observed from the figure, there are overall 15 subbands plot-
ted, with 14 bound states and 1 quasicontinuum state just
above the barriers. In all cases, we express the nth subband
in the wth well of the three-coupled wells in terms of C,,. For
instance, the first subband confined in well 3 is expressed as
C?. Thus, by applying the definition C),, the first five states in
the TQWs are E,-C;, E,-C, E5-C}, E4-C5, and Es-C. Such
an order of the levels is the consequence of the linear func-
tion form that the subband energy decreases as the well
width increases. As the diagram indicates, the 80 A well is
the widest, thus the ground electron state of the whole CQW's
is confined in this well. The second electron state is confined
in the second widest well, 60 A central well, and the third
state is confined in the narrowest well, and so forth. As In
and N concentrations increase to 30% and 3%, respectively,
the CBO of the heterostructure increases to 1.5 eV. At the
same time, the CB effective mass of InGa;_,As;_ N,
creases with the nitrogen concentration. Consequently, the
subbands in the CQWs become closer and lower. By utiliz-
ing this regime, it is possible to design such a QCL structure,
within which the upper lasing level will be lower than the X
point in the CB of the barrier, in order to avoid the I'-X
intervalley transition. Moreover, a deeper well leads to the
freedom in enlargement of the separation between the upper
lasing level (E;) and the lower lasing level (E,), which is
promising for 3—5 um QCL design.

The subband and transition energy of the QCL active
region calculated as a function of the width of well 1
(10-60 A) is presented in Fig. 4(a). As can be seen from the
figure, as well 1 grows, E; gradually increases from
1215 to 1228 meV, and E, slightly increases from
1246 to 1248 meV, nearly unaltered, whereas E; reaches a

in-
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FIG. 4. (Color online) Dependence of subband and transition energy for
active regions on [(a) and (b)] well 1 widths and [(c) and (d)] well 2 widths.
The subband energy are shown above the break, counted from bottom to the
top, they are E, (solid line), E, (dashed line), E5 (dashed dotted line), and
the first subband being confined in well 1 [dashed dotted line, which is only
for (a) and (b)]. While below the break, the transition energy is shown. The
bottom two curves are E,; (short dashed line) and Ej, (short dashed dotted
line). Note that there are some differences in the data points along the first
two subband energy curves from the top of (c) and (d): (H) denotes that the
electron states are the second one of well 3, and (O) denotes that they are
the first energy levels of well 2. (a) and (c) are the results of
Ing ;GagoAsgeoNy1/AlAs CQWs, with (a) ww2=70 A, ww3=80 A,
bwl,2=20 A, and bw3=200 A, while (c) wwi=20A, ww3=80 A,
bwl,2=20 A, and bw3=200A. (b) and (d) are the results of
Ing3Gagy7As97Np 03/ AlAs CQWs, with (b) having the same QW structure
with (a) and (d) having the same QW structure with (c). All the calculations
are under no electric field and room temperature.

maximum at the well width of 40 A; furthermore, a decrease
at larger well widths is observed. The topmost curve shows
that C { falls with the width of well 1, supporting the notion
that the larger the well width, the lower the confined energy
is. It is more interesting to note the trend of the E;3 curve,
which changes from an increase to a decrease when wwl
=40 A. It is due to the fact that when ww1=40 A, C] alter-
nates with Cg to be E;. Another interesting thing to note is
that with the widening of well 1, E| and E, do not decrease
but increase instead. It can be explained as follows: the order
of energy levels localized in the whole CQW region is
heavily impacted by the coupling effect, which causes the
discrete levels localized in wells 2 and 3 to rise slightly with
the increasing well 1 width. On the contrary, the energy lev-
els in well 1 drop with the increasing well 1 width. The trend
continues until C} becomes even lower than C3, which
pushes C; to rise slowly. It follows that C; in the same well
as Cg, e.g., Ey increases. For the case of E,, since C% is lower
than C3, while C} is close to C3, the drop of C; has negli-
gible effect on C%. Moreover, since well 2 is located at the
center of the CQW, the two wells located on the either side
have contrary coupling effect on it, which means that C?, c,
and C % will push the state to increase dramatically slower
than the levels in well 3 and, therefore, a nearly unchanged
E, state results. Following the trend of the discrete levels

J. Appl. Phys. 101, 084504 (2007)

versus the width of well 1, the transition energy Ej, first
increases and then decreases, while the transition energy E,,
decreases with the increasing well 1 width, as Fig. 4(a) indi-
cates. The points made so far apply in principle to Fig. 4(b),
which is calculated with In=30% and N=3%:; all the other
conditions are the same.

The subband and transition energy of the QCL active
region calculated as a function of the width of well 2
(30-70 A) are depicted in Fig. 4(c). As sketched in the fig-
ure, as ww2 widens, E, is fixed, E, drops, and E; decreases
at first and then rises slightly. The different symbols used in
the same curve show that the electron states are not confined
in the same well for the same energy level. For the E, curve,
the first two points represent Cg and the others represent C%.
For the E; curve, the first two points represent C% and the
others represent C. This is a result of that at first, C7 is
higher than C;, thus the former energy designates E5 and the
latter designates E,, as the well 2 width increases, and C?
drops until it is lower than Cg. This leads to the exchanging
of the levels localized in the whole CQW region. If one only
looks at the variation of C% as ww2 widens, it decreases
straightly. While for the variation of C;, the amount is neg-
ligible. Because C‘? is far lower than the other states, it is
unaffected by the other states as the well 2 width becomes
larger; therefore E; is fixed all throughout the process. From
the analysis above, the transition energy for E3, drops at first
and then rises, while the transition energy for E,; decreases
as the width of well 2 increases, as indicated in Fig. 4(c). So
is the case in Fig. 4(d), when In=30% and N=3%.

Let us now examine how the width of well 3 affects the
CB structure of the Inj;GaggAsj 99N g1/ AlAs CQWs. As il-
lustrated in Fig. 5(a), E; decreases monotonously with the
well 3 width, owing to the fact that throughout the range of
ww3, C} is E; of whole the system. As ww3 grows, C; (E;)
drops. The relationship between E,, E5, and ww3 is a little
more complicated. E, initially remains unchanged until
ww3=70 A, where it begins to decrease markedly. It could
be explained that when ww3 is less than 70 A, E, is local-
ized in well 2. The fixed well width of well 2 results in a
fixed E, energy. However, in the range that ww3 is beyond
70 A, E, turns to be Cg, and as ww3 continues to increase,
E, drops simultaneously. As for the case of E5 vs ww3, as the
latter grows, the E5 curve drops at first and then keeps flat. It
happens because when ww3=40 A, Ci is E;. With an in-
crease in ww3, the energy of C; falls below C { and substi-
tutes its position for the whole system, which means that,
when well 3 is larger than 50 A, Ej is localized in well 3. As
can be observed in Fig. 5(a), E5 decreases with the increasing
ww3, until ww3 equals to 70 A, and Cg falls below C%. From
then on, Cf becomes E;. Because no variation of the well
width occurs in well 2 since then, the E5 curve keeps flat. As
a result of the variation of each subband as the ww3 in-
creases, an initial increase followed by a decrease occurs in
E,| and the contrary trend occurs in E3,, as depicted in Fig.
5(a). The same discussions apply to the similar case when
In=30% and N=3%, as shown in Fig. 5(b).

After investigating the impact of well widths on the band
structure of In,Ga;_,As,;_,N,/AlAs QCL active region, we
are interested to know how the In and N concentrations
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FIG. 5. (Color online) Dependence of subband energy and transition energy
for active regions on [(a) and (b)] well 3 widths, (c¢) indium composition,
and (d) nitrogen composition. Same legend from Figs. 4(c) and 4(d) applies.
Note that there are some differences in the data points along the first two
subband energy curves from the top of (a) and (b): (A) designates the
ground state of well 1, (O) designates that the electron states are the second
ones of well 3, and (M) designates the first energy levels of well 2. (a) and
(b) are the results of  Ing GagoeAsygNgo/AlAs and
Ing 3Gag 7Asg 97N 03/ AIAs CQWs, respectively, with wwl=20 A, ww2
=30 A, bw1,2=20 A, and bw3=200 A. (c) and (d) are N,,=3% and In,,
=10%, respectively, with ww1=20 A, ww2=30 A, ww3=40 A, bwl,2
=20 A, and bw3=200 A. All the calculations are under no electric field and
room temperature.

could impact on the band structure. The results are plotted in
Figs. 5(c) and 5(d). As can be observed from Fig. 5(c), with
indium atoms being added, the first three subband energies of
the system monotonously decrease. It is due to the fact that
as the In content grows, the band gap of In,Ga;_,Asy 97N 3
decreases, which directly leads to the localized levels in the
CB fall. With respect to the transition energy, we can see that
E,; slightly decreases while E5, decreases dramatically. One
thing to note is that the energy levels E;, E,, and E; corre-
sponding to all the In concentrations are concentrated in
ww3, ww2, and wwl, respectively. E,; corresponds to the
energy difference between C? and C%, and E5, corresponds to
the energy difference between C7 and C}. There are two
reasons why Ej3, drops faster than E,;. (1) The higher the
energy, the faster it drops; hence, the dropping velocity of
each subband is in the order of E;>E,>E,. (2) With a rise
in the In content, the CBO becomes larger. As a result, more
and more electron states are incorporated into the CBO,
which pushes the other subbands to be further lowered. The
amount of the decrease is in the order of E5>E, > E|. Rules
(1) and (2) make it clear that E3, falls more rapidly than E,,.
Figure 5(d) shows the dependence of band structure on the
nitrogen composition. With an increasing N content, E|, E,,
and E; decrease simultaneously. It arises from the decrease
of InGaAsN band-gap energy with increasing nitrogen at-
oms. However, this variation is not the same as that of the In
concentration, which decreases nearly linearly. This is be-
cause our calculation is based on the BAC model, in which
the band gap of InGaAsN does not decrease linearly but

J. Appl. Phys. 101, 084504 (2007)

gradually with N concentration, as can be seen from our
summary in Ref. 11. The slow decreases of both E, and E,
lead to a trivial increase of E,;. What is more interesting is
that the energy separation between E; and E, slightly de-
creases at first and then increases sharply. This can be attrib-
uted to the special effect of the nitrogen related band, which
is located at about 1500—1600 meV, near E;. Thus the im-
pact of nitrogen band on E5 is much more obvious than that
on the E, band, which causes E; to decrease more slowly
than E, and E;, and results in an increase in Ex,.

Our initial attempt on the design of 3—5 um QCL emis-
sion with the In,Ga,;_,As;_,N,/AlAs CQW structure is based
on the following: (1) In content ranging from 0% to 30%, (2)
N content ranging from 0% to 3%, (3) ww1 ranging between
10 and 60 A, (4) ww2 ranging between 20 and 70 A, and (5)
ww?3 ranging between 30 and 80 A. At the same time, taking
wwl<ww2<ww3, bwl=bw2=20A, bw3=200A, T
=300 K, and F=0 kV/cm. However, the calculated results
tell us that there is no combination within this range that
reaches the desired 3—5 wm laser emission. One should note
that we have not yet attempted to design the QCL structures
by taking wwl<ww2 and wwl <ww3, at the same time,
allowing ww2 >ww?3. Such a combination has been adopted
extensively in QCL research over the past few years.1’7 Let
us now try to extend our design by ranging wwl from
10t020 A, ww2 from 30t0 60 A, and ww3 from
25 to 55 A. All the other parameters are taken as in the first
design plot mentioned above. As a result, though a large
number of the calculations with In content below 20% can
achieve the laser emissions within 3—5 um, the correspond-
ing E5 level is either much higher than or close to the con-
duction band edge at X point of the AlAs barrier, which
could deteriorate the QCL performance as electrons could
transit from the I' valley in the well layers into the X valley
in the barriers. After a detailed investigation, we found that
such a combination of Iny,Gag gAsg 97Ng o3/ AlAs CQW with
wwl=10 A, ww2=35 A, ww3=27 A, bwl=bw2=20 A,
and bw3=200 A could reach the result of E;,=313 meV
(3.96 um). Additionally, E; can be made equal to
1418 meV, which is below the conduction band edge in the
X valley of AlAs barrier (1505 meV), satisfying our require-
ments.

The aim to achieve the shortest emission wavelength
leads us further into a consideration of the dependence of
transition energy on the barrier width, electric field, and tem-
perature, with the optimum combination so far derived. As
shown in Fig. 6(a), we investigate how bwl and bw2 will
affect the transition energy. With the bwl (bw2) ranging
from 10 to 30 A, E, first rises and then falls slightly, E, de-
creases at first and then increases a little, and E5 exhibits an
increase. That is due to the order rearranging of the discrete
subbands in different wells, and similar discussions have
been made before. The variations in the subband energies
lead to that E,; decreases quickly at first and then increases
slightly; on the contrary, E5, grows at first and then drops
slowly with bwl (bw2). As a result, an optimal bwl (bw2)
=24 A has been obtained, with the other parameters being
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FIG. 6. (Color online) Dependence of subband energy and transition energy
for active regions on (a) barrier 1,2 widths, (b) barrier 3 widths, (c) electric
field, and (d) temperature. Same legend from Figs. 4(c) and 4(d) applies.
Shown are the results of In. ,Gao sAS) 97N 03/ AlAs CQWs with wwl
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bwl,2=22 A, and [(c) and (d)] bw1,2=24 A and bw3=250 A. (a)—(c) are
calculated at 300 K and (a) and (b) are calculated under F=0 kV/cm, while
(c) is calculated under 100 kV/cm electric field.

mentioned in the figure caption. The corresponding E5, rises
from 313 meV when bwl (bw2)=20 A to 331 meV when
bwl (bw2)=24 A, as depicted in Fig. 6(a).

We have also plotted energy levels versus bw3 in Fig.
6(b). In the range of 100—350 A, the trends of the energy
curves are complicated due to the fast changing of their lo-
calized wells. Whereas, in addition to achieve the largest E3,,
it is important to bear in mind that £5 should be as small as
possible. The compromise results in an optimal combination
with bw3 being 250 A (other parameters are the same as
stated in the previous step). The increase of bw3 to 250 A
corresponds to an enhancement of E3, to 346 meV. Mean-
while, the calculated E; is 1454 meV (below CB edge of the
X valley in the AlAs layer).

Figure 6(c) shows the calculated energy levels and sepa-
rations as a function of the electric field strength for the
CQW structures. To achieve a successful QCL emission, E»;
should match the optical phonon energy in order to achieve
the maximum population inversion. E,; corresponding to the
best combination so far achieved is 23 meV; however, it is
smaller than Eppgne, for Ing,GaggAsgo7No o3 (36 meV).
Therefore, we further investigate how the external electric
field impacts on the band structure. As depicted in Fig. 6(c),
as F increases, E, decreases, F, slightly decreases (nearly
unchanged), and E; increases. Consequently, the curves ex-
hibit linear stark effects, e.g., E,, increases dramatically
while E3, increases slightly (both with respect to their extent)
with the electric field strength. Thereby when F
=100 kV/cm, a largest E3, of 362 meV is obtained. Addi-
tionally, E,; reaches 36 meV, which is just our desired value.

We have also done research on energy level and its sepa-
ration as a function of temperature, as shown in Fig. 6(d). All
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lasing action related transition energy Ej,. Dashed dotted lines denote the
conduction band at X point.

of the first three electron states and the separation between
the first two subbands drop, while the separation between the
upper lasing level and the lower lasing level decreases as the
temperature increases. It can be explained as that the tem-
perature sinking induces the band gap of In,Ga,;_,As;_,N, to
reduce, which leads to the declining subband energy.

Finally, the band structure of our optimized combination
is plotted in Fig. 7. Figure 7(a) is the structure under no
external electric field and Fig. 7(b) is the structure at
100 kV/cm bias. As can be observed from Fig. 7(a), when
no electric field added, E,; and Ej, are 23 and 346 meV,
respectively. E5 equals to 1454 meV, which is below the X
valley CB edge of the barrier. Figure 7(b) tells us that the
intersubband transition energy E,; (36 meV) is in accor-
dance with Ep,n0, and a 362 meV transition from E3 to E,
can be obtained under an electric field of 100 kV/cm. Ej
(1464 meV) is below the CB edge located in the X valley of
AlAs barrier (1505 meV), which fulfills our design require-
ments.

IV. CONCLUSIONS

In conclusion, the calculation and design of the active
region of In,Ga;_,As; N ,/AlAs QCLs have been reported
within the eight-band k-p scheme. This material system is
very promising for the production of QCLs operating in the
A~3-5 um atmospheric window thanks to its large con-
duction band offset. The dependence of conduction band
structure on well widths, barrier widths, In concentration, N
concentration, electric field strength, and temperature has
been investigated. A linear Stark effect occurs when an elec-
tric field is applied, which can be utilized for fine tuning the
emission wavelength and population inversion. By a careful
tailoring of the layer thicknesses and compositions, an opti-
mal structure comprising of Iny,Gay gAsg 97N g3/ AlAs CQW
with wwl=10 A, ww2=35A, ww3=27 A, bwl=bw2
=24 10\, and bw3=250 A has been obtained. As anticipated,
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this system can emit at a wavelength of 3.4 um under an
electric field of 100 kV/cm and at room temperature. The
system could avoid the detrimental I"'—X intervalley interac-
tion, because its upper lasing level is lower than the conduc-
tion band edge in the X valley of the particular AlAs barrier.
This work is useful for the InGaAsN/AlAs QCLs design.
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