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We propose simple and approximate analytic expressions to estimate the interdiffusion coef-
ficient (D) of partially disordered quantum well lieterostriictures (QWHs), directly from the
measurement of tlie photoluminescence peak shift (Ahv) associated with layer interdiffusion.
QWHs of two III-V compound semiconductor systems were investigated: In,Ga;_,As/GaAs
(s & 0.2) and GaAs/Gay..;Al,As(s & 0.3). By assuming the envelope function approx-
imation and Fick’s law, we have calculated Ahr as a function of the interdiffusion length
Lp = (Dt)'/2 where t is the interdiffusion time, considering QW thiknesses (L,) in the
range Of previous litterature data. A simple relationship was obtained for tlie variation
of Ahr with the dimensionless parameter Lp /L, in each system, thus providing simple
expressions for D as a function of Ahv. L, and ¢. Within a factor of two, these expres-
sions satisfactorily account for most D values previously reported, in the range of as-grown
compositions and L, values considered for each system.

I. Introduction

Considerable attention has been given in rccent
years to th2 investigation of partial layer interdiffu-
sion in II1-YV compound semiconductor quantum well
heterostructures (QWHs)!! =% This phenomenon has
found important applications in the fabrication of op-
toelectronic devices because high temperature anneals
are often required during processing, such as epitaxial
overgrowth and ohmic contact alloying. lii addition,
the QW shape can be intentionally altered by apropri-
ate thermal treatments, thus enabling tlie fabrication
of QW lasers with adjusted emission wavelengthl™2!.
The layer ir terdiffusion process is known to change
tlie optical properties of QWHs, resulting i1l a sliift
of the photcluminescence (PL) peak associated with
the ground state emission to higher cnergies. Tlie in-
terdiffusion coefficient (D) is generally determined by
solving Schrodinger’s equation for the QWH, assum-
ing Fick’s lavs for tlie intermixing process, and adjust-

ing the PL data with tlie interdiffusion length defiiied

as Lp = (Dt)Y/2, where t is the interdiffusion time.
This procedure accounts for a wide range of D values
obtained in QWHs for various 111V compound semi-
conductor systemsl®~¢, however it is time consuming,
somewhat complicatcd and unpractical for a rapid and

approximate analysis.

In the present work, we propose simple and ap-
proximate expressions to determine the interdiffusion
coefficient of partially disorderecl QWHs from the di-
rect measurement of the shift of the PL peali (Ahv) to
higher energies associated with tlie interdiffusion pro-
cess. Two important 111"V compound semiconductors
were analysed in the composition range and QW thick-
nesses of interest for optoelectronic clevice applications:
the strained layer In,Gai_,As/GaAs (z = 0.2) system
and the lattice matched GaAs/Gaj_;Al;As (z N 0.3)
system. We have calculated fromfirst principles Ahu as
afunction of Lp considering values of the as-grown QW
thickness (L,) and Ahv in the range where most pre-

vious data has been reported. Simple expressions were
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obtained for the variation of Akw with the dimension-
less diffusion parameter Lp /L, in each system, thus
providing a direct relationship for D as a function of
Ahv. L, and t. These expressions satisfactorily account
for previously reported data where partial interdiffusion

may be useful for device applications.

II. Theoretical analysis

The interdiffusion process in QWHs may be re-
garded as the transition of an initially as-grown abrupt
rectangular compositional profile to a final graded coin-
positional profile. The QW emission is the sum of the
first electron subband cnergy. the first heavy hole sub-
band energy and the band gap of the material inside
the well. We have calculated the ground state emis-
sion in QWIIs presenting an abrupt rectangular com-
positional profile, as well asiii disordered graded com-
positional profiles. First. we shall describe QWHs in
the strained layer In,,Ga_,As/GaAs system. Sincethe
In,Ga;_As QW layer isunder a compressive strain rel-
ative to GaAs, the hydrostatic component of the strain
increases the fundamental band gap with respect to
the unstrained material, while tlie biaxial compression
lifts the degeneracy of the heavy and ligth hole valence
bands. The shift of the heavy hole valence band is
smaller than that of the light hole valence band, so the
ground state emission involves only the first heavy hole
subband. The expressions used for the conmipositional
dependence of tlie band gap of the unstrained mate-
rial, the band gap change due to the strain, aicl the
interpolating paramecters of GaAs and InAs are those
reported in ref.[7]. The band gap was adjusted with
the strain, and we have assumed i 70/30 split for tlie
conduction/valence band offset(]. The ground states
of the QWHs bhoth abrupt and graded were calculated
in the framework of the effective mass theory using the
envelope function approximation™. In the final graded
profile we have assumed Fick’s second law of diffusion
and tlie fact that In and Ga have the same diffusion co-
efficient, which is isotropic and independent of x. The
final graded profile is represented hy the superposition
4.7.9]

of two complementary error functionst
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(xo/2{er fI({L:/2} = 2)/2Lp]
+ erfl({L./2} + 2)/2Lp]} . (1)
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where z is the growth axisand zy istlie as-grown com-
position of the QW material. In the compositionally
graded profiles, we have undertaken a standard nuiner-
ical calculation of the electron and heavy liole ground
state energies considering both the strain aiid quantum
size effectsl?]. In tlie calculations we have also included
the changes of the effective mass arid strain as a func-
tion of composition in the barrier layers. We have also
calculated under the same assumnptions the PL peak
shift to higher energies induced by layer interdiffusion
in QWHs of the GaAs/Ga|_,Al:As system. A 60/40
split for tlic conduction/valence band offset was used in
the calculations ivith the material parameters reported
in ref.[10]. lii the calculations of the disordered QWHs
we have also included tlie effective mass change as a
function of the composition of the barrier layers. In
this case the initial composition z¢ originates from the
barrier layers, and therefore the final graded profile is
represented by a slightly different expression, which is

given byl?!1-13];

#(z) = zo{l = (1/Derf{[(L./2) - 2}/2Lp}
+ erf{l(Lz/2) +z]/2Lp}]} . (2)

II1. Results
111.1. In,.Ga;_.As/GaAs QWHs

The resulis of the calculated PL peak energy shifts
Alv to higher energies asa function of Lp for xo = 0.20
and L, = 100A are presented in figure 1. The de-
pendence of the confinement energies of the electron
and heavy hole in terms of Lp are also shown. After
tlie layer intercliffusion process, the energy separation
of the electron and heavy hole subband increases, re-
sulting in a.shift of the ground state emission to higher
energies. One notices that the confinement energies of

the electron and Heavy hole increase witli the diffusion
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Figure 1: Plot Of Ak versus Lp for an In, Ga,_, As [ GaAs
(x = 20) QW with L. = 100A. Also shown are tlie con-
finement energies d the electron (F£.) and the heavy hole

(Ean).

length until approximately one third of the well thick-
ness. At these diffusion lengths the peak shifts due to
an increase in confinement energy of tlie particles and
to a decrease in In concentration at tlic centre of the
well are approximately equal. The main contribution
to tlic peak shift for tlie smaller interdiffusion lengths
is tlie change in confinement energy, while for larger
mterdiffusion lengths is an outdiffusion of In from the
QW layer.

When L, decreases. Ahy increases more steeply as
function of L (data not shown). because asmaller QW
exhibits a larger increase with Lp than a larger QW.
However, for very large values of L, there is atransition
after which tl e opposite behaviour isobtained. The as-
grown QW transition energy increases with a decrease
in L,. and because tlie QW ground state energy must
be always below the bandgap of the barrier layers, Ahv
saturates to « lower value for a smaller L,. Since we
are mainly inerested in the range of low Avv and Lp
values, this point will not. be discussed further.

In order to compare data with differcnt QW thick-
nesses, we heve evaluated the PL peak energy shift

as a function of tlie dimensionless diffusion parameter
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Figure 2: Plot of Ahv versus Lp/L, for an In,Ga;_zAs /
GaAs (¢ = 20) QWH (solid line). Data points are from:
ref.[4] (open circles) with zo =020 — 024 and L, = 60 -
100A. ref.[7] (closed triangles) witli zo = 0.23 — 0.24 and
L, =80 — 100A, ref.[9] (closed circles) witli zo = 0.23 and
L. =%A. and L, = %0 A, and ref.[14] (crosses) with
2o = 0.20 and L, = 100A.

Lp/L.. Figure 2 presents tlie calculated curve of Ahy
i terms of Lp/Lz. In this case! a common behaviour
is obtained for the variation of AAv with different val-
ues of L, in the range 60-100A with z¢ = 0.20 — 0.24,
which represents reasonably well the previous data re-
ported by various investigators. These data correspond
to measured peak shifts with calculated values of Lp
of single QWHsl"*14 as well as superlattices!l. In ref-
erences where Lp data were not available. tliey were
obtained from tlie velation Lp = (Dt)"/2. The change
in zy affects prumarily tlie barrier heiglit, which induces
alarger increase of Ahy with Lp going from 0.2 to 0.24,
but the net effect has a minor contribution compared
to the spread of tlie reported data. Although Ahv sat-
urates at higher values, the common trend obtained in
terms of Lp /L, iii tlie range shown in figure 2 may be
approximated by a simple exponential expression hav-

ing tlie following form:
Ahv ~ k(Lp/L,)? (3)

where £ = 345meV and 3 = 1.52if Ahy is expressed
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in meV. These values of & and 3 are valid only in the
range of z, aiid L, values shown in figure 2. k and
3 are primarily dependent on the barrier height of the
QWH, and consequently increase with xp. In fact, lower
values of these fitting parameters are obtained for zy =
0.14, where k£ =~ 160meV and 3~ 1.27. k and 3 also
present asmall increase with L, in the range of values
shown in figure 2, which can be neglected on a first
approximation analysis. Hence, a direct relationship
can be extracted for D as a function of Ahvy, L, and t,

for tlie data shown in figure 2:
D (L2)t) x (Ahv k)7 (4)

The In-Gainterdiffusion coeflicients in In, Gaj.,As /
GaAs QWHs can tlierefore be roughly calculated with
thissimple relation from tlie knowledge of the as-grown
QW thickness L,, the interdiffusion time ¢, aiid tlie
measurement Of Al. Most of tlie D data previously
reported shown in figure 2 are less than a factor of
two from the calculated values using the simple formula

shown above.

II1.2 - GaAs/Ga;_,Al.As QWHs

We have obtained a similar behaviour for Ahv as
a function of Lp shown in figure 1 (data not shown)
for QWHs of the GaAs/Ga,_,Al;As system, but with
alarger increase of the peak shift in terms of Lp. This
larger shift occurs because tlie GaAs/Ga,_ Al As sys-
tem is lattice matched, aiid tlierefore tlie band gap
change due to strain which reduces tlie PL peak shift
in a compressively strained QWI is abscnt in this
case. Figure 3 presents tlie calculated curves of Ahv as
a function of tlie dimensionless parameter Lp/L, for
GaAs/Gay_,Al,As QWHs foi. two values of the barrier
layers composition: zp = 0.25and 2y = 0.3. Also shown
are previous data reported by various investigators cor-
responding t0 measured peak shifts with calculated Lp
values, where most data are with zg = 0.3and L, illtlie
range 80-160A [1:3:12:13] byt there are also some data
with lower L, Bl and with z, = 0.25aiid L, = 130A [11],
The data can be satisfactorily represented by tlie same

expression Of Ahw in terms of Lp /L, given above foi

M. T. Furtado and M. S. S. Loural

Izo L A A Sy DA L B B T
: /
.- ref. 1 //
b - ref. 3 A /7
80 o-"ef. 11 // B
- x-ref 12 7
L a-refl3 A fo s |
— /
% L x /// J
E | Ao/-/ ]
>
= . 7
<,40— ‘0/ ~
L A ]
7
/ -
B 4
i § GaAs/Ga., A As |
O bl X A A PP | ]
o 0.l 0.2 0.3 0.4
Ly 7L,
Figure 3: Plot of Ahu versus Lp/L. for a GaAs /

Gai-zAl: As QWH with z = 0.30 (solid line) and zo = 0.25
(dadlied line). Data points are from: ref.[1] (closed circle)
with 2o = 0.30 and L, = 854, ref.[3] (closed triangles) with
o = 0.30 and L, = 54 — 1604, ref.{11] (open circles) with
@0 = 0.25did L, = 1304, ref.[12) (crosses) with zo = 0.32
and L, = 80A, and ref.[13] (open triangles) with zo = 0.30
and [, = 1504,

strained QWHs, hut with different fitting parameters k
and 8. In figure 3, the solid line (zq = 0.3) can be hest
fitted with & =~ 540meV and 8 =~ 1.5, and the dashed
line (zy = 0.25) witli & = 390meV and 3 = 1.4, if Ahu
is expressed in meV. However, a better fit of tlie data,
previously reported in the range of low A%r may be ob-
tained with k &~ 720meV and 8 & 1.75. The same con-
siderations discussed above apply hereto k and 3. The
change in QW width has aminor effect compared to the
change of barrier height and also with the spread of the
data points shown in figure 3. The Al-Ga interdiffusion
coefficients can tlierefore be approximately calculated
from tlie simple relation above with the knowledge of
Ahv, L, and t, in tlie range of zy and L, considered
in figure 3. Most of the D values thus obtained witli
the appropriate fitting parameters k and 8 are within

afactor of two from the true data points.

V. Conclusion

In conclusion, we propose simple and approximate

expressions to determine D from the measurement of
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QWHs of tlie
strained layer In,Ga; _,As/GaAs (z = 0.2) system and
of the lattice inatched GaAs/Gal — zAl;As (z = 0.3)
We have calculated Ahv

for given values of L, and Lp, and we have obtained

Ahv induced by layer interdiffusion.

system were investigated.

for each system, a simple expression for tlie varia-
tion of Al with the dimensionless diffusion parameter
Lp/L,. These expressions provide a direct relation-
ship for D in terms of Ahv, L, and ¢, which satisfac-
torily account for most previous reported data in the
range of as-grown compositions and L, values consid-
ered in this study. Finally, these simple formulas may
be extended to a wider range of Ahv and Lp values,
as well as to otlier 111-V compound QWH systems, hy
an apropriate modification of the fitting parameters &
and 3 which can be obtained from similar calculations

described he-e.
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