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Abstract. This research shows that the diffusion of grown-in and implanted Be atoms in III-V considered
semiconductor materials, such as the Liquid-Encapsulated Czochralski-grown (LEC) GaAs as well as the
Gas-Source Molecular Beam Epitaxy (GSMBE) Ings3GagarAs, Ing73GagarAsossPoaz, Ings3GagarAs/
Ing 73Gag.27As0 58P0.42, Ing53Gag.47As/InP compounds, taking place during the Rapid Thermal Annealing
(RTA) process, is perfectly well explained by the “full” version of the kick-out mechanism operating through
singly positively ionized Be interstitials and group III self-interstitial ions (Ga, In) in all their states of positive
charge including neutral. Numerical solutions of the differential equations, corresponding to the considered
system of diffusion reactions, have been calculated using the finite difference approach and our elaborate finite
difference-Bairstow method. Such a model naturally emerges from most research works, including ours, in the
considered field, over the last decades and makes it possible to “reconcile” their different diffusion models. In this
study, we also present and analyze the Secondary Ion Mass Spectrometry (SIMS) profiles of the distribution of
implanted Be in GaAs at an energy of 100 keV with a high dose of 1.0 - 10'*cm ™2 and annealed at temperatures
ranging from 700 to 850°C for & time ranging from 60 to 240s.
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1 Introduction

With regard to the diffusion of p-type dopants in III-V
compounds, since the 1980 s some researchers have contin-
ued to use the dissociative mechanism, while others have
preferred to carry out their work using the newly discovered
diffusion mechanism known as ‘‘kick-out”’, in accordance
with forced (kicked) exchanges between the p-type dopant
interstitial acceptors, having two valence electrons, and the
covalent atoms III of the semiconductor compounds III-V,
having three valence electrons.

Since its proposal [1], the kick-out mechanism of Zn
diffusion in GaAs, in accordance with most authors, had
been used to explain the diffusion of Be in GaAs and related
compounds [2-10].

Most research works show that Be interstitials are singly
positively charged. Indeed, according to the experimental
and theoretical studies of Be diffusion in GaAs and related
compounds, the values of 0 [9], 1+ [2-8,10] and 2+ [11] have
been proposed for Be interstitial charge state.

Regarding the charge state of the group III self-
interstitials participating in the kick-out mechanism, the
publications of the last decades very clearly show that they
can have all the positives charges including neutral. Models
including a single type of self-interstitials or their different
combinations, have been proposed.
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So, theoretical and experimental research had shown
that the dominant charge state of Ga self-interstitials in
p-type GaAs compounds can be 1+ [4-6,8,12], 2+
[2,3,7,13], 1+ or 2+ and 3+ [14], 2+ or 3+ [15], 1+ or
3+ [16], 2+ and 3+ [17], 0 and 1+ [18,19], 1+, 2+ and
3+ [20,21].

As for indium self-interstitials in p-type InP, the
theoretical works have predicted the following charge
states: 14 [22] as well as 1+ or 2+ and 3+ [23].

In our previous work relative to grown-in Be diffusion in
the ternary and quaternary III-V compounds, we have
proposed a simple kick-out mechanism, involving neutral
Be interstitials and singly positively charges Ga, In self-
interstitials, associated however with an extended defect
formation assumption [24].

More recently, we have demonstrated that a grown-in
Be diffusion in InGaAs and InGaAsP compounds, taking
place always during the first minutes of the RTA
process, can be well described by a combined kick-out
and dissociative mechanism [25], implying neutral Be
interstitials, singly positively charged Ga, In self-
interstitials and singly positively charged Ga, In
vacancies [26].

In the same publication [26], we mentioned that the
obtained experimental results were also successfully
explained by the model of the kick-out mechanism using
neutral Be interstitials and all the types of positively
charged, including neutral, Ga and In self-interstitials.
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This our latest research shows well that finally a grown-in
Be diffusion in the ternary InGaAs and quaternary
InGaAsP compounds as well as in the ternary /quaternary
InGaAs/InGaAsP and ternary/binary InGaAs/InP
heterostructures is still perfectly described by the “full”
version of the kick-out mechanism involving singly positively
charged Be interstitials, however, and neutral, singly,
doubly, triply positively charged Ga, In self-interstitials.
So, the full kick-out model permits also describe a grown-in
Be diffusion in the binary InP compounds.

According to this study, the proposed “full” kick-out
mechanism explains also very well an implanted Be
diffusion in the ternary InGaAs compounds. Its partial
version, using only doubly positively charged Ga self-
interstitial species with the application of the plus-one
approach [27], was very successfully applied in the case of
implanted Be diffusion in GaAs for RTA temperatures
ranging from 700 to 800°C in our previous work [28,29].
The results of the present work show that at annealing
temperature of 850 °C the action of the singly and triply
charged Ga self —interstitials, notably, becomes important
and adds to that of the doubly charged Ga species.

It should be noted that another version of the “full” kick-
out mechanism with neutral Be interstitial species, only
mentioned in our previous article [26], did not allow
however to explain very well an implanted Be diffusion in
the ternary InGaAs compounds.

2 Results and analysis

The detailed descriptions of the experimental procedures
concerning a grown-in Be diffusion in InGaAs, InGaAsP,
InGaAs/InGaAsP, InGaAs/InP compounds and an
implanted Be diffusion in GaAs compounds are given in
references [24,26] and [28,29], respectively.

2.1 Grown-in Be diffusion

In the present research work, concerning a grown-in Be
diffusion in the binary, ternary and quaternary III-V Gas-
Source Molecular Beam Epitaxy (GSMBE) compounds,
and through their heterojunctions, taking place during the
Rapid Thermal Annealing (RTA) process, the proposed
full kick-out mechanism where exchanges between singly
positively charged Be interstitials (Be;") and active singly
negatively charged Be substitutionals (Be; ), occupied Ga,
In (group III) sites, are realized via Ga, In self-interstitials
in all their positive charge states, including neutral,
according to the following 4 diffusion reactions:
Be;” + (i — 2)'h* % Bey +Iif (1)
where i = 0,1,2,3; I, L, Iif, IBf indicate, respectively,
neutral, singly, doubly, triply positively charged Ga, In
self-interstitials; h ' is a free hole; k¢ and k, denote forward
and reverse rate constants, respectively, associated with
reactions (1).
With regard to the secondary effect that Ga, In
vacancies in all their states of negative charge, including
neutral, can exert on the neutral and charged Ga, In

self-interstitials via their generation-recombination
process, we concluded, in accordance with our simulation
results, that the concentrations of Ga, In vacancies in all
their charge state and at all annealing temperatures in all
studied materials are such that they do not exert a
significant action that could lead to appreciable modifi-
cation of the simulation results. In this way, the
secondary effect of Ga, In vacancies exerted on Ga, In
self-interstitials, being negligible, has not been taken
into account as was the case, for example, in the
modeling of grown-in Be diffusion in GaAs, presented by
Hu et al. [4].

Numerical solutions of the partial differential equa-
tions, corresponding to the reactions (1), have been
calculated using the finite difference approach [25] and
our elaborate finite difference-Bairstow method [26,28,29],
which of course produced the identical results of the
simulations. The advantage of the latter technique over the
former is that it’s simpler and much faster to use during
simulation processes [26,28,29]. For diffusion through
heterojunctions, the boundary conditions at the interfaces
have been applied [24].

The temperature dependent intrinsic electron concen-
tration values for InGaAs, InGaAsP, InP compounds
were deduced from its band gap E,(T) and electron, hole
effective masses m; m7, respectively, according to the

following expression [30]:

n5(T) = 2 <2ﬂi{f T> : (mimﬁ)%exp ( %) (2)

where h, kg and T are the Planck constant, the Boltzmann
constant and the absolute temperature, respectively.

In this way, the intrinsic electron concentrations,
as function of temperature in the Arrhenius
equation form, have been obtained for the consid-
ered materials:

~ 0.58eV
kgT

nlnGals — 4.02-1020exp< >cm—3 (3a)

71
nnGaAsP — 8 73.10%exp _OTIEVA s (3b)
kpT

0.89eV
n™" = 7.35.10%xp (— 1{85; >0m3'

(3¢)

The other diffusion parameters values, used in the
simulations, were optimized to give a best fit to our
experimental profiles.

The obtained data for the 3 studied compounds have
allowed us to determine the Arrhenius equations for the
used diffusion parameters of which the pre-exponential
factors and the activation energies are presented
in Tables 1-3 where CBei+7 CI?H,Cﬁ ’leﬁ’clfﬁ and

m
D Dy ,Dy ,Dy+, D2, Dps represent
Be» Pl H Iy Hly S CLy p

FFus : + 10 T+ 2+ 13 :
and dlf:fllSlOIl coefficients of Be;", Iy, Iy, Iy, Iy species,
respectively.

concentrations
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Table 1. The Arrhenius equation components for the
diffusion parameter values in InGaAs samples.

Table 2. The Arrhenius equation components for the
diffusion parameter values in InGaAsP samples.

Parameters Pre-exponential Activation =~ Parameters Pre-exponential Activation
factor energy (eV) factor energy (eV)
C;IET (ny) 7.28x10%(cm?) 1.35 stflei+ (ni) 4.76x10%* (cm ™) 1.27
Cp (i) 3.31x10%(cm™?) 2.62 Cp (i) 4.72x10%" (cm™?) 3.03
Cj‘;n(nz) 5.99%10""(cm™?) 1.07 C?;H(ni) 4.22x10" (ecm ™) 1.36
Cj%[ (n:) 3.96x10%(cm ) 3.40 Cj‘%l (ni) 6.55x10% (cm™?) 4.47
Cj% . (ni) 5.52x10%(cm ) 3.80 Cj%ﬂ (n;) 1.07x10** (cm™®) 2.78
Dpe+ 3.77x10 (cm?s ™) 0.72 Dpe+ 1.53x1077 (em®s ™) 0.63
Do, 7.17x10 *(em®s ™) 1.60 Dp 1.52x10°° (cm®s ™) 0.56
Dy 2.72x10" "(em?s ™) 0.77 Dy 4.55x107% (cm?s™ 1) 0.59
Dpr 1.78x10" "(em?s ™) 0.72 Dy 4.59x107% (cm®s™) 0.57
117
Dy 2.71x107" (em”s™) 0.74 Dpss 3.77%x10°% (em?s ™) 0.54

Concerning the charge balance of the diffusing species,
the suggested local charge neutrality condition, in view of
an insignificant secondary effect exercised by Ga, In
vacancies on Ga, In self-interstitials, as well as the
semiconductor mass action low, lead to the following local
hole concentration:

1
p =3 (Cne ~Cg =Cyy ~2Cp, 30y,

11 11

-i-\/(CBes —CBQ;r _CIEIQCI2+ —3013+> 2+4n12) .4

I 11

By way of example of the results of our simulations,
based on the full kick-out mechanism, Figures 1-4 show the
Be Secondary Ton Mass Spectrometry (SIMS) data before
and after RTA at a temperature of 800°C as well as the
simulation profiles obtained for the Be diffusion in InGaAs,
InGaAsP, InGaAs/InGaAsP and InGaAs/InP compounds
for the annealing times of 60, 120, 30 and 180s,
respectively.

2.2 Implanted Be diffusion

During our study of an implanted Be in InGaAs, we found
that the best fitting results give the proposed full model of
the kick-out mechanism. In this study we used the
experimental results obtained by Rao, Moore, Dietrich

117

Table 3. The Arrhenius equation components for the
diffusion parameter values in InP samples.

Parameters Pre-exponential factor Activation
energy (eV)
y 1.82x10% (cm ™) 1.34
Clper (m1)
C () 1.45%10% (cm ™) 2.62
10, \i
I 13 ( 73) L10
8.04x10™ (cm .
0
. 1.05x10% (cm ™) 3.38
Clg+ (nl)
I 26 ( 73) -
. 4.84x107° (cm .
C5, (ni)
117 .
4.75%x1077 (cm®s™ ) 0.72
DBe,.+
D 2.88x107° (cm?s ™) 1.59
I?H .
8.89x1077 (cm?s ™) 0.75
D
117
1.53x107% (em?®s™ 1) 0.69
D12+
117 .
5.12x107% (cm®s™1) 0.75
Djs:

117
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Fig. 1. SIMS profiles of grown-in Be before and after annealing of InGaAs sample at 800 °C for 60s and the simulated profile.

1020

InGaAsP

10[9 |

10[8_

Be Concentration (cm -3)

1017 |

10[6

o As—grown
800°C120s
Simulation

04

0.6

Depth (um)

Fig. 2. SIMS profiles of grown-in Be before and after annealing of InGaAsP sample at 800 °C for 120 s and the simulated profile.

in their work concerning the implants in InGaAs (see
Fig. 5) [31] and those presented by Maier, Selders in their
study relating to the RTA of beryllium-implanted InGaAs
(see Fig. 6) [32].

Figure 5 shows SIMS profiles of implanted Be in
In (53Gag47As at an energy of 40 keV with a dose of
5.0-10"cm 2 before and after rapid thermal annealing at
850°C for 5s [31].

Figure 6 shows SIMS unannealed and rapid thermal
annealed profiles of Be implanted in In 53Gag.4r
As at an energy of 200eV with a dose of 6.0-10"cm *
where RTA was performed at a temperature of 800 °C
for 1s [32].

We can see that the simulated profiles obtained by the
application of the proposed full kick-out model, shown by
Figures 5 and 6, fit very satisfactory the corresponding
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Fig. 3. SIMS profiles of grown-in Be before and after annealing of InGaAs/InGaAsP sample at 800 °C for 30s and the simulated
profile.
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Fig. 4. SIMS profiles of grown-in Be before and after annealing of InGaAs/InP sample at 800 °C for 180s and the simulated profile.

experimental profiles. As in the case of the diffusion of Be
implanted in GaAs [28,29], the plus-one approach [27] was
used in these modelings.

To explain the obtained experimental results, con-
cerning the transient enhanced diffusion of an implanted
Be in GaAs during the first minutes of the RTA process,
we have proposed in the previous work the kick-out
mechanism, in its “simplest” version, based on singly
positively charged Be interstitials and doubly positively
charged Ga self-interstitials [28,29]. This version of the

kick-out mechanism has been widely used in the past to
explain notably Zn diffusion in GaAs [2,3,7]. In fact, it was
the only mechanism among a multitude of others studied
capable to explain very well the obtained experimental
results [28,29].

However, even if for annealing temperatures of 700, 750
and 800°C of Be implanted in GaAs with the dose of
1.0-10"cm 2, the proposed “full” model of kick-out
mechanism did not really improve the simulation results,
already excellent, obtained with the “simple” kick-out
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Fig. 5. SIMS profiles of implanted Be in InGaAs at an energy of 40 ¢V with a dose of 5.0 - 10"3cm 2 before and after annealing at 850 °C
for 5s (obtained by Rao et al. [31]), and the simulated profile.
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Fig. 6. SIMS profiles of implanted Be in InGaAs at an energy of 200 keV with a dose of 6.0- 10" cm 2 before and after annealing at
800°C for 1s (obtained by Maier et al. [32]), and the simulated profile.

model in our previous work [28,29], we realized that the
simulation results given by the full model in the case of
RTA annealing at 850 °C are much better than those based
on the simple model. Indeed, at this annealing temperature
the action of singly and triply charged Ga auto-intersti-
tials, notably, becomes significant and is added to that of
the doubly charged Ga ions.

Figures 7-10 show SIMS distribution profiles of Be
implanted at an energy of 100 keV in GaAs with a dose of
1.0-10"em 2 unannealed and annealed at 700, 750, 800
and 850 °C for 60, 120, 180 and 240 s at each temperature.
The experimental conditions of these implants have
already been presented in our previous work [28,29], but
their experimental data have never yet been published.
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Fig. 7. The SIMS profiles of implanted Be in GaAs at an energy of 100 keV with a dose of 1.0 - 10"cm 2 before and after annealing at

700°C for 60, 120, 180, 240s.
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Fig. 8. The SIMS profiles of implanted Be in GaAs at an energy of 100 keV with a dose of 1.0 - 10"cm 2 before and after annealing at

750°C for 60, 120, 180, 240s.

Unlike the Be implants at an energy 100 keV in GaAs
with doses of 1.0-10" and 1.0-10"cm ? which did not
show any out-diffusion of Be during rapid thermal
annealing at the temperatures and durations studied
[28,29], and therefore kept their doses, the Be implants at
the same energy with a dose of 1.0-10"cm 2 very clearly
show the Be out-diffusion increasing with annealing
temperature and time (Figs. 7-10).

The Be profiles at 700 °C for all considered annealing
times being almost identical, their average remaining dose
in GaAs is 6.9-10"cm ? (Fig. 7). For the higher temper-
atures studied, the remaining Be dose varies as follows:
at 750°C from 7.0-10"*cm 2 for 60s to 5.9-10"cm 2 for
240s (Fig. 8), at 800°C from 5.7-10"cm ? for 60s to
4.1-10"cm * for 240s (Fig. 9) and at 850°C from
4.5-10"cm 2 for 60s to 3.4-10"cm 2 for 2405 (Fig. 10).
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Fig. 9. SIMS profiles of implanted Be in GaAs at an energy of 100 keV with a dose of 1.0 - 10"°cm 2 before and after annealing at 800 °C

for 60, 120, 180, 240s.
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Fig. 10. SIMS profiles of implanted Be in GaAs at an energy of 100 keV with a dose of 1.0 - 10"cm 2 before and after annealing at

850°C for 60, 120, 180, 240s.

3 Conclusion

In this work we provide a computer modeling of the grown-in
Be diffusion in GSMBE In0,53GaO,47AS, In0,73Ga0,27
Aso.58P0.42, Ing 53Gag.47As/Ing 73Gag 27As) 58P 0.42 and Ing 53
Gag.47As/InP compounds and implanted Be diffusion in
Ing 53Gag 47As compounds, taking place during the first
minutes of the RTA process.

Based on the results of all our previous work, as well as on
most of the studies carried out by researchers in the
concerned field, our latest and final study very clearly shows
that the general mechanism of Be diffusion in the considered
compounds takes place via the “full”’kick-out model involving
singly positively charged Be interstitial ions whose exchange
with Be substitutionals via a set of group III self-interstitial
ions in all their states of positive charge, including neutral.
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From the present study, we suggest that the proposed
full model of the kick-out mechanism governs the diffusion
of Be implanted in GaAs even if the self-interstitials of Ga
in charge states other than those doubly positively ionized
only begin to manifest themselves from a certain
sufficiently high rapid thermal annealing temperature.

In the case of Be implanted in GaAs at an energy of
100 keV and a dose of 1.0-10"cm 2, we observe Be out-
diffusion during the RTA process at all considered temper-
atures and times. By way of example, after rapid thermal
annealing of GaAs at 850 °C for 240's, the remaining Be dose
is only around 39% of its implanted dose.

Concerning the computer modeling, the system of the
partial differential equations, based on the relevant full
kick-out model, was successfully solved numerically by
means of computational algorithms of the finite difference
approach and our elaborate finite difference-Bairstow
method, which gave exactly the same simulation results.
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