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Identification of Silicon Interstitials in lon Implanted GaAs
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The lattice location and diffusion of silicon has been studiefl 0] GaAs implanted withl X 10'6
40-keV *°Si* ions/cm?.  The identification of silicon interstitials was made by fitting a concentration
dependent diffusion model to the annealed silicon depth profiles measured with secondary ion mass
spectrometry. In the diffusion model presented, in addition to silicon located on Ga and As sites
and S{,-Six, pairs, interstitial silicon is also taken into account for the first time. The charge
state of the silicon interstitial was calculated to #é in order to best fit the experimental profiles.
[S0031-9007(98)06688-5]

PACS numbers: 66.30.Jt

The determination of lattice location and charge statevhich are the most abundant point defectaitype GaAs
of impurities in semiconductors is of fundamental inter-[7]. The equilibrium reaction between Si on Ga and
est and important in designing device structures. As thénterstitial sites is
main n-type dopant, an experimental study of the lat- . ¥ o
tice location of silicon in GaAs has been made by Bhat- Siga + (1 = X)e — Sij + Vg, 1)
tacharyaet al. [1], where particle induced x—ra;g emission o Sf is a Si interstitial with charge stat®, VY,
(P eastrements evealed hal sbout 0060 he ™ a neutal Ga vacancy, and s an elecron. From
give theoretical a’nd experimenta?’studies of Si diff.usion i:ll([:r:)lﬁ Creena;fgt? gﬁswge%?)ietg % r?*aettlgnu;?; Lﬁiﬁiﬁg d sf
GaAs have been made [2—-5]. Y al. [4] developed a ' y q
Fermi level dependent diffusion model, where Si diffuses [Siga Jn' ™%
through Ga and As vacancies. At low concentrations, O e 1 Mo (2)

- : ) . [VGal[Sir]

Si is assumed to occupy Ga sites, making the material _ ) )
n-type, while at higher Si concentrations compensatiofvhere n is the electron concentration ank; is the
will occur and the active donor concentration saturate€quilibrium constant. Writing

at about2 x 10'"° cm™3 [6]. This compensation effect

07—
mainly results because Si is a group-IV amphoteric im- Kilve.l = B, (3)
purity and also occupies As sites, where it acts as an agq. (2) becomes

ceptor. In a previous study of Si diffusion in GaAs, we )

showed the need to include the effect of Si interstitials [Sigaln'™* - B (4)
in the diffusion process to explain the experimentally ob- [Si/] ’

served depth profiles [5]. In this Letter, a new diffusion
model taking these interstitials into account is presente
The results show that the charge state of silicon intersti
tials in GaAs is+1 and that the As vacancies do not play
an important role in the redistribution of atoms in GaAs.
Commercially prepared samples of undoped, single Sig, + VO, + 2¢~ «— Si,, + V2, (5)
crystal GaAs were implanted by 40-ke¥{Si* ions to _ _ .
total fluences ofl X 10'® atomg'cm?, where the[100]  From this reaction we get the relation between the
crystal axis was tilted® off the beam direction to avoid Cconcentrations of 8l and Sk,

here the parameteB determines the relative amount

f Si on Ga sites to interstitials. The simplest chemical
feaction describing the changeover process betwegn Si
and Sj, is

channeling. The annealings were carried out in a quartz- n2[Sica]
tube furnace in Ar atmosphere at a pressure of 660 torr. [Sl—ii =K, (6)
During the annealings &t50 °C for 2 h and at850 °C As

for 30 min, the samples were encapsulated by GaAsvhereK is defined as the vacancy fraction constant
wafers to minimize impurity buildup on the GaAs surface 0
and the possible loss of arsenic. The experimental Si K = ]‘[LOGZ‘] 7)
depth profiles were measured with secondary ion mass [Vas]
spectrometry (SIMS), as described elsewhere [5]. The total Si concentration is

The diffusion model described below assumes that
Si diffuses as atomic interstitials and via Ga vacancies, C; = [Siga] + [Sias] + [Sif]. (8)

842 0031-900798/81(4)/842(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 4 PHYSICAL REVIEW LETTERS 27 JLy 1998
The charge neutrality in GaAs is I' =on/aC;, (18)

where p = n?/n is the hole concentration and is the
intrinsic electron concentration.
total Si concentrationC; as a function of the electron
concentration can be written as

B (n?/n — n)(1 + n® + n'"X/B)

n?/K — 1 — n'""XX/B

In addition to isolated $j, and Sk, SiG,-Sixs pairs also
exist. The total Si concentration can now be written as

C; = [Sig,] + [Siy,] + 2[Si,] + [Siy],  (11)

G (20)

From Egs. (4)—(9), the

where @ = 1 + n?/K + n'"%X/B. Equation (16) was
used to numerically calculate the diffusion profiles for the
annealed profiles. First, the electron concentraiiomas
calculated from Eq. (10) with some initial values for the
parameter¥ andB. The intrinsic electron concentration
n; values used for750 and 850 °C were 4.555 X 106
and0.131 X 10'® atomgcn?, respectively [8]. Second,
Egs. (14), (18), and (19) were used to calculate the
effective diffusion coefficient from Eq. (16). The con-
centration dependent diffusion equation [5] was solved
numerically and compared with the experimental SIMS

where the concentrations of isolated Si on Ga and As sitesrofiles. The diffusion coefficient®3;, Dsa, and Dg;

are
[SIIGa] = [SiGa] - [Slp]v

[S1,.] = [Sins] - [Si,]. (12)

The concentration of pairs can also be expressed by usi

the equilibrium reaction between substitutional silicon an
silicon existing as pairs,
where K, is the pair-equilibrium constant. Solving the
pair concentration from Egs. (6), (12), and (13) gives
K, + [Sica]l (1 + )
2
VK, + [Sic (1 + y)P — 49[Sica]
2 b
(14)

wherey = n?/K. The flux equation for the mobile Si
and Sj is

b aC,
eff ox
where D¢ is the total effective diffusion coefficient,
Dsg = D3 + Dsa(n/n;)}, DY is the diffusion coeffi-
cient for Si diffusing via neutral anfs¢ via triply nega-
tively charged Ga vacancies [4,5], abd; is the diffusion
coefficient for interstitial silicon. The effective diffusion
coefficient can be solved using Egs. (4),(6), (11)—(15):

9[Sica] (1 _dlsi] )
)=

act a[SiGa]
a|:SiGa]
(16)

[ Sic o[Si
ax x

Derr = DSG{

alSi,1\  aISi,]

an

{25

a|:SiGa]
[ Si] r [ Sir]
0C; on

where the additional terms are
[SIGd] = Cf/a s

(17)

together with parameters, K,, and B were obtained by
least squares fitting using different integers for the intersti-
tial charge stat&. Figure 1 shows the resulting fits when
the interstitial charge state@s +1, and+2 for the750 °C

ﬁlnealed profile. The only fit that matches the whole

ofile is obtained folX = +1. In Fig. 2, the fits to the
profiles annealed &50 and850 °C are plotted for charge
state+1. As may be noted the fits are in good agreement
with the experimental profiles, and the values of the
fitted diffusion parameters for these temperatures are
DY =~ 0.03 and 0.18 nm?/s, Dsd =~ 3.0 X 1075
and 2.1 X 1073 nm?/s, Dg; = 0.14 and 0.66 nm?/s,
K =~ 13 X 10% and25 X 10% cm™®, K, = 3.7 x 108
and 59 x 108¥ cm™3, and B = 040 X 10"® and
0.2 X 10'® cm™3, respectively. Also, other Ga vacancy
combinations were tried, but the best fits were obtained
with the neutral and triply negatively charged ones. The
possible effect of the implantation induced damage to the
diffusion is not strong, as indicated by our previous study
[5]. Inthat study the Rutherford backscattering spectrom-
etry in the channeling configuration (RBS/channeling)
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FIG. 1. The numerical fits to thg50°C annealed profile
obtained with interstitial Si charge states+1, and+2. The
inset shows the effective diffusion coefficient as a function of
the total Si concentration for the charge staté.
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10" atomgcn? implanted GaAs. This result can be
————850°C 30 min compared with the theoretical fraction of interstitial Si
~~~~~~~ 750°C 2 h atoms obtained using the present model. From Egs. (4),
(6), and (19) we get

3

Si concentration [atoms/cm®]

numerical fits

Fun(theory = n*/B . (20
10 f mn 1 +n2/K + n'X/B
as—implanted~” The maximum Si concentration in the experimental work

by Bhattacharya and Pronko [1] is abd2’ atomg'cn?,
which we also use in Eqg. (10) to calculate the elec-
tron concentration and further the Si interstitial fraction
R B LU N from Eq. (20). The result from this calculation was that
100 <00 300 400 500 at temperaturess50 and 750 °C about 42% and 38%
Depth [nm] of silicon atoms are interstitials, respectively. Although
FIG. 2. The experimental SIMS profiles for samples annealedlirect comparison of the theoretical interstitial fraction
at750 °C for 2 h andg50 °C for 30 min with the corresponding and electron concentrations calculated at the annealing
interstitial charge state-1 fits. temperature with the experimental values obtained at
room temperature is not fully justified, it shows that the

measurements showed that the implantation inducefitting parameter values are reasonable. Another point in
damage has been annealed out alreadyp@atC. Figure favor of the present model is that, in previous silicon dif-
3 presents the theoretical electron concentration given biySion models [4], diffusion through As vacancies had to
the present model as a function of the total Si concentral€ included to fit the experimental results. However, ac-
tion [see Eq. (10)] for the50 and850 °C annealings and cording to theoretical calculations by Baraff and Schltter
the experimental data of Ref. [9]. In Ref. [9], Gwilliam [7], no As vacancies exist in-type GaAs, where the most
et al.measured the carrier concentrations of undope@Pundantintrinsic defect is the Ga vacancy, a fact in good
Si implanted GaAs with the differential Hall method at @dreement with the present diffusion model.
room temperature after annealing %0 °C for 1000 s. Recent work by Ashwinet al.[10], using infrared
Note that the theory provides the electron concentration@PSorption to reveal localized vibrational modes of Si
at the annealing temperature. In the Si concentratiofOMPIexes, shows that Si occupies Ga and As sites and
region 10'°-10'7 atomgcr?, the electron concentration that Sta-Sias pairs exist in heavily doped GaAs. More
in Fig. 3 increases due to the growing number of intrinsidnteresting is their result of an electron trap calledXSi
carriers(n;) as a function of temperature [8]. which they suggest is a perturbeds3Vs, center but
The ratio of interstitial Si atoms to substitutional they do not rule out the possibility that the electron trap
atoms has been determined by Bhattacharya and Pronkgight be a defect complex involving a Si interstitial.

[1]. They conclude from PIXE measurements that about he lattice I.ocation experiments [_1_] and our results show
30% of the Si atoms are interstitials in 120 keyx  that a considerable amount of Si interstitials are present

in GaAs, and the obtained1 charge state attracts the
negatively charged Ga vacancies. Hence, we suggest that
the electron trap SK could be a complex involving a
silicon interstitial.

In summary, experimentally observed interstitial silicon
has been included in a concentration dependent diffusion
theory. The comparison of the theoretically calculated
spectra with the experimental profiles indicates that the
charge state of the Si interstitials+sl.
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FIG. 3. Theoretical electron concentrations as a function of ] o
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