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by implantation-enhanced interdiffusion in the GaAs-Ga; _, Al, As system
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We compute the shape of the confinement potential resulting from the interdiffusion of a GaAs
quantum well locally enhanced by defects due to gallium implantation. We use the simplest model
taking into account the lateral diffusion of the defects. A variational calculation of the first two elec-
tronic levels within this two-dimensional potential supports the assignment of the recently observed
new cathodoluminescence lines to electrons laterally confined in a graded potential.

Enhancement of Ga-Al interdiffusion across the
GaAs/Ga;_, Al, As interface is known to be an efficient
method for locally altering the band gap of a quantum
well (QW). Both the presence of impurities (Zn, Si, etc.,
either through implantion or diffusion') and implanta-
tion damage’ can enhance the interdiffusion. Recent-
ly,>* damage due to Ga™ implantation allowed fabrica-
tion of QW wires and QW boxes by using gold masks
featuring arrays of wires and dots with sizes around
500 A and above. New cathodoluminescence lines were
observed on these structures and attributed to transitions
involving electrons laterally confined in a potential grad-
ed in shape. As the shape of the potential determines
the energies of the transitions, it is important to estimate
the Al concentration profile (which determines the po-
tential profile) resulting from the locally enhanced
interdiffusion.

In this paper we develop the simplest possible model,
taking explicitly into account the lateral diffusion during
the annealing. Surprisingly, the interdiffusion profile can
be calculated analytically: Hence an extension of this
model to a large number of materials and to different pro-
cesses should be contemplated. In this paper we shall re-
strict ourselves to the recently reported QW wires fabri-
cated through implantation-enhanced interdiffusion of a
GaAs QW, since quantitative data are available for this
system. We show that the straggling during implantation
and the lateral diffusion of the defects during the anneal-
ing are crucial and indeed lead to a graded profile for
mask sizes between 500 and 2000 A. A variational calcu-
lation of electron and hole levels within this (two-
dimensional) potential semiquantitatively agrees with the
cathodoluminescence results, and hence supports the in-
terpretation given in Refs. 3 and 4. Finally, a few obvi-
ously needed refinements of the model are outlined.

As described in Refs. 3 and 4, the sample was a 50-:&
GaAs QW sandwiched between two thick (500-900-A)
Gag ¢6Alp.34As barriers. A thick GaAs buffer layer
prevented any diffusion of impurities from the [semi-
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insulating, (100), GaAs] substrate. The sample was im-
planted at room temperature with 5x 10'2-5x 10! Ga*
ions/cm?, with a beam current lower than 1 uA/cm?. A
gold mask was deposited prior to implantation in order to
define large implanted and nonimplanted pads and arrays
of nonimplanted wires and dots with sizes ranging from
500-5000 A. After removal of the mask the sample was
annealed for a few seconds at 900-950 °C.

All calculations are done for a QW wire, but can be ex-
tended to the case of a QW box. We label z the direction
perpendicular to the initial interface (Fig. 1), y the direc-
tion perpendicular to the wire. L, (L)) is the width of the
initial QW (mask).

In Ref. 5 the interdiffusion enhancement was reported
to saturate for long annealing times: This demonstrates
that the enhancement is due to defects which are intro-
duced during the implantation, and annealed during the
high-temperature stage where the interdiffusion takes
place. The nature of these defects is not known: A va-
cancy moving on the group-III sublattice®’ would be the
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FIG. 1. Schematic of the diffusion modeling. The shaded
area corresponds to the damage distribution due to the Ga™
ion implantation. D is the diffusion coefficient for the defect
which enhances the Ga-Al interdiffusion. D; is the
interdiffusion coefficient.
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simplest hypothesis, but more complex defects or more
complicated motions may be proposed. Considering the
low doses used in the experiments (lower than the
amorphization threshold), we shall assume that only ele-
mental point defects are involved. Moreover we shall as-
sume that only one kind of point defect is important,
which can be described by its distribution. The initial de-
fect distribution is defined by the mask profile (a square
mask is assumed) and also by the ion straggling during
implantatlon The tabulated® projected range Jor 210-
KeV Ga' ions implanted in GaAs is R, =800 A and its
deviation AR,,—350 A. The damage dlstrlbutlon is es-
timated to be maximum around 0.7R, with a width simi-
lar to AR,. We will assume therefore a uniform damage
dlstrlbutlon along the z direction (Fig. 1) in the vicinity of
the QW, since L, =50 A. We shall take a lateral varia-
tion in the defect distribution identical to the lateral varia-
tion of the implantation profile, i.e.,’

Ly —y 3Ly +y

N(y,t =0)=N, 1—~erf——%erf—— , (1)
o o

where o is the lateral straggling, tabulated in Ref. 8
(multiplied by V'2). This expression gives the defect den-
sity after implantation (r=0); during the high-
temperature stage, the defects move and are annealed.
We shall assume that their motion is described by a clas-
sical diffusion law with a diffusion coefficient D; this ap-
proximation will be discussed later. The diffusion along
y smoothens the defect distribution, changing the width
of the error function in Eq. (1) into (¢2+4Dt)'/2. The
diffusion of the defects also plays a role in the decay of
the defect density, either by trapping or by annihilating
with other defects. In principle this is a stochastic pro-
cess, and the microscopic nature of the motion has to be
considered;'? for short times we shall use a macroscopic
equation and describe the decay of the defect density by
a uniform time constant. This may appear as a rather
crude approximation, and at least a dependence on the
(local) implantation dose should be introduced. Howev-
er, it can be justified if native defects (impurities, disloca-
tions, or interfaces) are involved in the decay, or if, e.g.,
vacancies annihilate with interstitials (which are known
to rapidly diffuse at low temperature and will hence be
uniformly distributed when the vacancies begin to
move). This approximation of a constant lifetime will be
taken as purely phenomenological, with a time constant
7 obtained from the annealing curve (see Fig. 2 of Ref.
5): Clearly the effect of the diffusion along z is included
in 7. Then the defect density at time ¢ during the high-
temperature stage is given by
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The interdiffusion is induced by the motion of the de-
fects across the interface. We describe it by a classical
diffusion law, with an interdiffusion coefficient D; propor-
tional to the local defect density: D;(y,t)=aDN (y,t),
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where a is a numerical factor which can be close to unity.
Since D; depends on the position across the wire, we have
to use the second Fick’s law to describe the evolution of
the Al concentration c (z,y,t):
de(zp) _ODide p Fe e
a  ay oy lapr Tzt

However, the scale involved in the variation of D; (a few
hundred A ) i is large compared to the interdiffusion length
(a few tens of A). Hence the first two terms are negligible.
That means that the interdiffusion at the center of the
wire corresponds to a local Al-Ga exchange across the in-
terface (due to defects moving first parallel to the inter-
face, on a scale given by the defect diffusion length, and
then intersecting the interface), and not to Al diffusing
along y. The resulting Al concentration after annealing
for a time ¢ is given by

1L, —z l

28,0, 2

1L, +z
24;(p,0) |’

clz,y,t)=co |1—Lerf (3)

where ¢ is the initial Al concentration in the barrier, and
Ai(y,1) the interdiffusion length, given by
Ai(y,t)=aD ftN(y,G)dB. It turns out that for a long
anneal (infinite 7), the integral can be calculated analytical-
ly (see the Appendix). Its variation along y is determined
by the mask profile, the straggling during implantation,
and the diffusion length of the defect A=V Dr. The cal-
culated interdiffusion length is plotted on Fig. 2 for two
cases: (a) the diffusion length of the defect is small com-
pared to the implantation straggling, and (b) the diffusion
length is A=250 A. It is clear that the potential profile
for a 1000-A mask is far from being a square one. For
smaller mask sizes, the width of the profile is not changed
(it is mainly determined by the defect diffusion length and
the implantation straggling), and the only change occurs
in the amount of interdiffusion at the center of the wire:
Qualitatively one expects a global shift of all electronic
levels more than a change in their splittings. A flat bot-
tom (trends toward a square profile) is observed only for
masks wider than 2500 A if A=250 A. This value of the
defect diffusion length is not arbitrary: with an effective
defect lifetime 7~ 10 s (measured on a plot similar to Fig.
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FIG. 2. Squared interdiffusion length (normalized to its value
far from the mask) as a function of the position across the wire.
Mask width: L, =3500,1000,2500 A Diffusion length of the de-
fects: negligible (solid line) or 250 A (dashed line).
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2 of Ref 5), the defect diffusion coefficient is
D=6x10"1 cm?/s. In Ref. 11, lateral diffusion was
measured by transmission electron microscopy after a
long anneal at 800°C, with the estimate D (800°C)
=(4-9)x 107! cm?/s (this must be considered as a max-
imum value since it was obtained from the motion of the
point where complete interdiffusion of a superlattice oc-
curred); an increase by a factor of 10 (or lower) between
800 and 900°C (i.e., an activation energy smaller than 2.3
eV) is reasonable. Moreover in our model the ratio of the
maximum interdiffusion length (far from any mask) to the
defect diffusion length is V/aNy; from the luminescence
shift observed on uniformly implanted parts of the sam-
ple,** and using the calculated energy levels in an
interdiffused QW (Fig. 3), we get A, =11 A after anneal-
ing at 900°C. Hence aNo=~2X 1073, i.e., approximately
ten effective defects per implanted ion if a=1.

The electronic energy levels within the two-dimensional
potentials ¥V (z,y)=750c (z,y) (in meV, for electrons) or
V(z,y)=500c (z,y) (for holes), where c(z,y) is given by
Eq. (3) and A,(y) is calculated in the Appendix, were eval-
uated using a variational method. The anisotropy of the
hole mass (and the coupling between heavy holes and
light holes) and its dependence on the aluminum concen-
tration were neglected: hence electrons and holes are sim-
ple particles with isotropic masses m,=0.067m, and
my =0.45my. The test functions were Gaussian func-
tions, exp[ —(az2+by?)] and y exp[ —(az?+by?)], which
give surprisingly accurate results for the confinement en-
ergy along z (Fig. 3) and are expected to be a good ap-
proximation for the graded lateral potential since they are
the exact wave functions in a harmonic potential. The
width of the Gaussian function (i.e., a and b) was taken as
the variational parameter and was adjusted separately for
electrons and holes until the total energy was minimized.
The transitions corresponding to the first two levels are
plotted in Fig. 4 as a function of the mask size. The main
features are the splitting (about 4 meV in the 500-2000 A
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FIG. 3. Energy shift of the transition between the first elec-
tron and hole levels of an interdiffused QW vs the interdiffusion
length. Solid line, exact calculation; crosses, variational calcula-
tion.
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range, to be compared to 5-8 meV experimentally), and
the shift, vanishing above 3000 A only, which is mainly
due to interdiffusion over the whole wire and only for a
small part to the lateral quantization.

We must emphasize that the model developed here is
a first step towards the description of QW wires obtained
through local interdiffusion of a two-dimensional QW:
It is in fact the simplest model taking into account the
real defect distribution during the high-temperature
stage. The worse approximations are probably (a) the
recourse to an effective lifetime to describe the annealing
of the defects and (b) the description of their motion by
a classical diffusion law with a single diffusion
coefficient. In fact there is some experimental evidence!!
that the hopping rates for Ga and Al are different: This
will alter the interdiffusion profile.!> Finally a precise
calculation of the energy levels remains to be done: The
variational method is probably not too much in error,
but a correct description of the valence band should be
used, including the coupling between heavy holes and
light holes.

As a conclusion we present a calculation of the profile
expected for QW wires obtained through interdiffusion of
a two-dimensional QW locally enhanced by implantation.
We use the simplest possible model taking into account
the distribution and the motion of the defects which
enhance the interdiffusion. The lateral profile of the po-
tential is clearly graded for masks narrower than 2000 A,
its width being determined by the lateral implantation
straggling and the diffusion length of the defects. A varia-
tional calculation of the energy of transitions involving the
first two electronic levels semiquantitatively accounts for
the shifts and splittings of the cathodoluminescence lines
reported in Refs. 3 and 4. These experiments are
representative of a rapidly expanding field of researches,
where a two-dimensional semiconductor structure is local-
ly altered in order to confine the carriers to one or zero
dimensions. The fact that we obtain an analytical expres-
sion for the interdiffusion profile should allow an easy ex-
tension of our calculation to many practical cases.

APPENDIX

The interdiffusion profile after a long anneal (¢ >>10 s)
is given by Eq. (3) with
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FIG. 4. Energy of the cathodoluminescence (CL) transition
involving the first two levels of electrons and holes laterally
confined in a QW wire vs the mask width.
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AiX(p)=aNoDT[J(LL, —yp)+J(LLy +y)], (A1)
where
1 —t/ *® —a?
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Permuting the integrals, and using'3
_ [ dte-t/T ~B*/4Dr _
™V fo VaD: ¢
(valid if 8> 0), we obtain
1
J(X —B/‘/DT
(X)= U‘/WDTf da [~ dpBe zlexp

It is now straightforward to calculate the first term using
with the result

1

e —B/VDr
V4Dt

J(X)=Lerfc e*/V Drerfe +

1
2

x ]—%e —o?/4D7
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VaDr

with erfe (4)=2/V7 [ “ e “da.

a+f
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The error function in Eq. (3) is replaced here by its in-
tegral definition. Obviously each of the two J functions
corresponds to one edge of the mask.

We first separate the effect of straggling from the effect
of diffusion by using the properties of Gaussian functions
with respect to convolution; hence,

It

B (a—B)*

4Dt 0'2

2 2

a—p

o

+ exp

:

(a+p) as a new variable (and the second one using a—f3),

—x/V D>
e %"V Perfe

o
V4D

This expression and Ef]‘s. (A1) and (3) define the interdiffusion profile.
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