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Abstract. A self-consistent model for the band structure and
optical gain spectra in interdiffused GaxIn1−xN0.04As0.96/
GaAs single quantum wells are studied theoretically using
Fick’s Law and the Fermi Golden Rule. Due to quantum-
well interdiffusion, the peak gain and its peak vary with
the annealing time. Our results show that the interdiffusion
technique can be used to tune the operation wavelength for
multi-wavelength applications without degradation of device
performance.

PACS: 42.55.Px; 68.35.Fx; 78.66.Fd

1 Introduction

GaInNAs alloys have been grown on a GaAs substrate, which
can be fabricated into lattice-matched or -strained quantum
wells (QWs) [1]. These material systems have potential ap-
plications in fiber-optic communication because their emis-
sion wavelengths are in the 1.3–1.55 µm range [2–8]. Re-
cent reports have demonstrated the use of GaInNAs/GaAs
QWs as gain media for laser diodes [9, 10]. Compared to
GaInAsP QW systems, GaInAsN/GaAs heterojunctions have
larger conduction band offsets, which lead to stronger elec-
tron confinement [11, 12]. The high-temperature performance
of both edge-type and surface-type emitting GaInAsN/GaAs
laser diodes is expected to be better than that of GaInAsP
devices [13].

Rapid thermal annealing is an important technique which
can improve the crystal quality of GaInAsN/GaAs QWs [14].
At temperatures above 600 ◦C, QW intermixing leads to
a blue shift of the photoluminescence spectrum [15]. Inter-
mixing is a thermal process that facilitates the movement
of constituent atoms across the hetero-interface. Such move-
ment will change both the band structure and optical prop-
erties of a QW. The major advantage of intermixing as
a band structure engineering technique is the high accuracy
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in the tuning of the emission wavelength [16]. Optical gain is
a fundamental property that determines the performances of
lasers. In this paper, we will study the effects of QW intermix-
ing on the optical gain of GaInAsN/GaAs QWs. We find that
interdiffusion can be used to tune the operation wavelength of
aGaInAsN/GaAsQWwithoutsacrificingdeviceperformance.

2 Theoretical model

Our analysis assumes that Fick’s second law applies in the QW
layers and all atomic movements across the heterojunctions
have thesamediffusioncoefficient [17].Wefurtherassumethat
the diffusion is mainly contributed by group III sublattices, i.e.,
In and Ga atoms. Group V sublattice diffusion is small because
of the strong bond strength of N−As. The diffusion of In and
Ga are assumed to be isotropic, and the diffusion coefficient
is independent of the concentration of In and Ga. The compo-
sition profile after intermixing is characterized by a diffusion
length, Ld = √

Dt, where D is the diffusion coefficient and t is
the annealing time. For a single GaInNAs/GaAs QW with the
as-grown In mole fraction given by x0, the composition profile
of In after interdiffusion is given by

x(z)= x0

2

[
erf

(
Lz +2z

4Ld

)
+ erf

(
Lz −2z

4Ld

)]
, (1)

where Lz is the as-grown well width and z is the distance
along the crystal growth direction. The QW is centered at
z = 0.Weused (1) toobtain the interdiffusion-inducedbandgap
Eg (z) = Eg [x = x (z)]. The interdiffusion-induced QW con-
finement potential profile Ṽ is defined as

Ṽr (z)= Qr ×
[
Eg (z)− Eg (z = 0)

]
, (2)

where the subscript r = c, hh, and lh denotes the electrons in
the conduction band and the heavy-holes and light-holes in the
valence band, respectively. The function Qr is the conduction-
band or valence-band offset ratio.

In the band structure model, we included the non-parabolic-
ity of the band structure in the III-V semiconductor by using the
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kp model by Kane [18]. We used the multi-band effective mass
theory to determine the electron and hole wave functions in the
QW. In our model, besides considering the interaction in the
conduction band and valence band, we also included the inter-
actions between the conduction band and valence band because
of the small bandgap energy (≈ 0.8 eV) of GaInNAs. The re-
sulting 6×6 kp Hamiltonian [19] with the strain component in
block diagonal form included all the coupling between heavy-
hole, light-hole, and conductionbands. The nonparabolicband
structure model in the calculation is determined by the effect-
ive Hamiltonian matrix, which we solved by a diagonalization
method [20]. For each band, the confinement potential profile
taking intoconsideration thepresenceof thecarriers introduced
by an external voltage is given by

Vr (z)= Ṽr (z)−|e|φ (z) , (3)

where e is the electron charge andφ (z) is the screened electro-
static potential induced by the charged carriers in the QW. The
Poisson equation is given by

d2φ(z)

dz2
= −|e|

ε
[p (z)−n (z)+ ND (z)− NA (z)] , (4)

where ε is the dielectric constant of GaInNAs, and ND and NA
are the densities of ionized donors and acceptors, respectively.
For undoped QW, both ND and NA ≈ 0. The carrier densities
p (z) and n (z) are given as

p (z)= 1
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and
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where kB is the Boltzmann constant, T is the temperature,
Fn is the quasi-Fermi level for the electron in the conduction
band, and me is the effective mass of the electron. The function
f v

(
Ev

b

)
is the Fermi distribution function of the bth envelope

function in the valence subband,ψv
i,b is the bth envelope func-

tion in the valence subband where the subscript i is the quantum
number of the fourfold degenerate hole states, and ψc

a (z) is
the envelope function of the electron in the ath confined state
in the conduction band with an energy Ec

a. The Schrödinger
equation and the Poisson equation are solved numerically for
a self-consistent solution.

After thesubbandstructuresareknown,wecalculate theop-
tical gain using the Fermi Golden Rule. The gain spectrum due
to the transition between the conduction subband p and the va-
lence subband q is given by [21]

gpq(E)= 2πe2h
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0Lw E

∫
dk

∣∣̂e · Ppq
(
k‖

)∣∣2

×ρ [
Ee

p

(
k‖

)− Eh
q

(
k‖

)− E
]

×
[

f e
(

Ee
p

(
k‖

) )
− f h

(
Eh

q

(
k‖

) )]
, (7)

where n is the refractive index, ε0 is the dielectric constant of
vacuum, c is the speed of light, Lw is the width of the QW, E is
the photon energy, Ppq is the optical matrix element, ê is a unit
vector along the polarization direction of the optical electric
field, and f e and f h are the Fermi distribution functions for the
electrons and holes in the conduction and valence subbands,
respectively. The above expression for the gain spectrum as-
sumes an ideal QWcrystal. The imhomogeneities in thecrystal,
however, will broaden these transitions. To include the spectral
broadeningofeach transition, theopticalgain, G(E), in asingle
QW structure is obtained with a Lorentzian lineshape function
over all transition energies E ′ and is given by

G (E)=
∫

dE ′gpq(E
′)L

(
E − E ′) ,

where L
(
E − E ′) is a Lorentzian lineshape function given by

L
(
E − E ′) = 1

π

h/τin

(E − E ′)2 + (h/τin)
2 ,

where h/τin is the broadening factor and is taken to be about
12 meV [22]. We further assumed that the QW interdiffusion
process enhanced the scattering processes so that the lifetime
of carriers at the excited states is reduced and the broadening
factor is increased. At the annealing temperature of 900 ◦C, we
assumed that thebroadening factor is increasedby0.85meVfor
the interdiffusedQWs.Thebroadeningfactorsweuseare there-
fore 12 meV and 12.85 meV in the as-grown and interdiffused
QWs, respectively [23].

3 Results and discussion

WeconsideraQWlayerwitha6 nm-thickGaxIn1−xN0.04As0.96
well sandwiched between a 20 nm-thick GaAs barrier theoret-
ically. Since the strain of the QW is about 2%, the well width
is chosen to be 6 nm, which is below the critical thickness. In
the following calculation, the as-grown Gaconcentration in the
QWs is chosen to be 0.6, corresponding to an emission wave-
length of 1.55 µm. Some of the material parameters have been
determined in a previous work [17], and others are obtained by
interpolations of the binary parameters at 300 K. The partition
ratio for the band edge discontinuity at the heterojunction of
the valence and conduction bands is taken to be 20 : 80 [24].
Khreis et al. reported that the diffusion length, Ld, of In−Ga
interdiffusion with an annealing temperature of 850 ◦C and an
annealing time of 6 min is about 1.0–2.0 nm [25].

Figure 1 shows the four lowest valence subbands for the
as-grown and interdiffused QW structures. In these structures,
the envelope function associated with each hole subband varies
with the wave vector in the plane of the QW, k‖, because of
subband coupling. At k‖ = 0, the states exhibit heavy-hole and
light-hole characteristics. In Fig. 1, we label the states as HHn
or LHn according to their characteristics at k‖ = 0. The lowest
four valence subbands are HH1, HH2, HH3, and LH1. HH1 is
the ground state. The band coupling shifts the HH and LH sub-
bands away from their values at k‖ = 0. The band coupling also
leads to non-parabolicity in the hole subband structure, which
changes the effective in-plane masses. We used the envelop
function along the growth direction to construct the effective
Hamiltonian. The envelope function of a hole subband at any
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Fig. 1. Valence band structure of a 6 nm Gax In1−x N0.04As0.96/GaAs quantum
well (QW) with the as-grown and interdiffused well

k value can be written as a linear combination of that for the
z−direction of all hole subbands at k‖ = 0.

Figure 1 shows that at k‖ = 0 the interdiffused structure
for Ld = 1.5 nm is pushed down from the band-edge of the
as-grown QW. Thus the transition energy of the interdiffused
structure is larger than that of the as-grown QW. QW inter-
diffusion also increases the separation between the first two
subbands. At k‖ = 0, the energy spacing between the HH1
and HH2 subbands is about 41.0 meV for the as-grown QW
and about 48.2 meV for the interdiffused QW at Ld = 1.5 nm.
QW interdiffusion, on the other hand, decreases the energy
spacing between the third (HH3) and fourth (LH1) valence
subband dispersion curve as Ld increases. The energies of the
two subbands become identical at Ld = 1.5 nm, and the sub-
bands reverse order for Ld > 1.5 nm. The order of the low-
est four valence subbands was HH1, HH2, LH1, and HH3.
The results show that a proper amount of QW interdiffusion
can modify subband energy levels and cause a large degree
of crossing in the heavy-hole and light-hole subband disper-
sion curves. Furthermore, when QW interdiffusion is large, the
number of states in the well increases and their energy separa-
tions decrease.

In order to understand the effects of interdiffusionon the op-
tical gain, we determine the subband energies levels. Figure 2

Fig. 2. Energy of the lowest four valence subband bound states as a function
of diffusion lengths for a Gax In1−x N0.04As0.96/GaAs interdiffused QW

shows the hole subband edge energy levels of the interdiffused
QWs as a function of diffusion lengths. The zero-energy ref-
erence is taken to be the bottom of the valence band of the
unstrained bulk GaInNAs. We note that all the energy levels
increase with Ld except that of LH1. The energy of LH1 is
unchanged during interdiffusion because the confinement pro-
files of the light-holes in the valence band remain abrupt and
the effective barrier heights are not significantly modified as
described in a previous work [17]. Once the band structure is
known, we can proceed to calculate the optical gain of the in-
terdiffused QWs.

The optical gain of the TE and TM modes of the GaInNAs/
GaAs interdiffused QWs are shown in Fig. 3a and b, respec-
tively. The injected carrier density is set to be 5 ×1012 cm−2.
The two polarizations describe the electric-field polariza-
tion parallel (TE mode) and perpendicular (TM mode) to the
plane of the QW. For compressive-strained GaInNAs/GaAs
QW structures, the first three lowest valence subbands are
heavy-hole bound states. The gain of the TE mode is several
times larger than that of the TM mode. Figure 3 shows that
it is possible to make compressive-strained GaInNAs/GaAs
QW lasers with a strong gain in the TE mode. When the
diffusion length increases, the gain spectra shift to shorter
wavelengths due to the increase in the transition energy.

a

b

Fig. 3. a TE and b TM mode gain spectra of the Gax In1−x N0.04As0.96/

GaAs QW plotted as a function of photon energy for diffusion lengths of 0, 1,
2, 3, and 4 nm
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Fig. 4. Peak gain of the Gax In1−xN0.04As0.96/GaAs interdiffused QW plotted
against the injected carrier density due to spontaneous emission for diffusion
lengths of 0, 1, 2, 3, and 4 nm

As Ld increases from 0 to 2 nm, the peak gain energies of
interdiffused GaxIn1−xN0.04As0.96/GaAs QWs blueshifted
170 meV (from 0.80 to 0.97 eV) and 114 meV (from 0.927
to 1.041 eV) for the TE mode and TM mode, respectively.
In the same range of diffusion lengths, the optical gain for
the TE mode decreases by 14.4% from 2840 to 2431 cm−1

at a carrier concentration of 5 ×1012 cm−2, while that of
the TM mode increases by more than 300 cm−1. Recall that
for Ld ≥ 2 nm, the third valence subband is now the light-
hole bound state, as shown in Fig. 2. Because the magnitude
square of the dipole matrix element for the TM mode (C1-
LH1) depends primarily on the overlap integral of the enve-
lope function between light-hole and electron bound states,
the increase in the magnitude of the dipole matrix element
results in a large increase in the optical gain for the TM
mode.

In order to assess the feasibility of using interdiffusion to
tune the operation wavelengths of lasers, wedetermine the vari-
ation of the injection current with the degree of interdiffusion.
Figure 4 shows the peak gain versus injected carrier density for
TE and TM modes at diffusion lengths between0 and4nm. The
spontaneous emission current density Jsp = eLw Rsp, where
Rsp is the spontaneous emission rate. We ignored the compo-
nents of the injected current due to other mechanisms such as
carrier leakage in the material. From Fig. 4, we can see that as
the diffusion length increases the gain peak for the TE mode de-
creases but that of TM mode increases. The optical gain peak
shown in Fig. 4 can be used to determine the required current
density for a laser. For example, if a laser structure has a loss
of 1000 cm−1, the lasing threshold can be attained with current
densities less than 170 A/cm−2 for diffusion lengths between
0 and 4.0 nm. For the TM mode, although the gain peak for
the diffused QW at Ld = 4.0 nm is twice that of the as-grown
QW, the current density must be larger than300Acm−2 in order
to reach the lasing threshold of 1000 cm−1 for diffused QW
with Ld > 2 nm. The prediction from the current model at such
a high current density is not reliable.

4 Conclusion

In conclusion, we studied the optical gain spectra of an in-
terdiffused GaInNAs/GaAs quantum well. We found that for
a quantum-well layer with a 6 nm-thick GaxIn1−xN0.04As0.96
well, interdiffusion can be used to tune the peak gain energy
by 170 and 114 meV for the TE and TM modes, respectively.
We also determine the gain peak as a function of injection cur-
rent density for different diffusion lengths. Our results show
that interdiffusion can be used to tune the operation wavelength
of a GaInAsN/GaAs quantum well without sacrificing device
performance.
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