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Identification of vacancy charge states in diffusion of arsenic
in germanium
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Diffusion of As into Ge from a GaAs overlayer depositedmtype Ge substrates has been studied

by means of secondary ion mass spectrometry. A concentration-dependent diffusion of As atoms
was observed in addition to the concentration-independent diffusion of Ga and As atoms. The
concentration dependence is explained by a Fermi-level-dependent diffusion model. Arsenic atoms
are shown to diffuse through Ge vacancies with the charge statesn® 0. No presence of the
singly negatively charged vacancies was observed, indicating that Ge vacancy could be a negative
U center. ©2000 American Institute of Physid$§0003-695(00)00531-3

The identification of point defects in semiconductors isfusion vehicles for As diffusion in germanium, while no
of fundamental interest and important in device fabrication.contribution of the singly negatively charged vacancy was
Diffusion of impurity atoms can be a powerful tool to inves- observed.
tigate point defects in semiconductors, and has successfully Commercially prepared samples gb-type (001)-
been used to identify charge states of vacancies andriented single-crystal germanium, with Ga dopant concen-
impurities’? The increasing importance of Ge in applica- trations of 2<10'" and 5x 10'8atoms/cr, were used as
tions such as $i,Ge, devices and multijunction GaAs/Ge substrates. The GaAs deposition on Ge was done by molecu-
and GalnP/GaAs/Ge solar céifsnecessitates further studies lar beam epitaxy? and the annealings were carried out using
on diffusion in Ge. Wojtczuket al® noticed that during rapid thermal annealingx situin pure N,, in the temperature
growth of a GaAs layer on Ge a junction was created througfiange from 500 to 800 °C. The GaAs layer was then etched
the in-diffusion of Ga and As, resulting in a two-junction Using a solution containing 3$0,, H;O,, and HO in a
tandem cell. This process has been used to credige  Volumetric ratio of 1:1:1. The selective chemical etching was
layers in Ge. estimated to remove at most 2 nm of Ge, leaving a smooth

There are only a few studies on the diffusion of As in Surface for secondary ion mass spectrosctijS) mea-
Ge® 7 and to our knowledge no results on concentration-Surements. Depth profiling of arsenic was carried out utiliz-
dependent As diffusion in Ge has been reported. In a receif?d & double focusing magnetic sector SINfs.
study on phosphorus diffusion into Ge,doval and Fries8l The diffusion_ profiles of_ As atoms consisted_ of two dif-
observed “box-type” penetration profiles, which are an in- ferent parts, as illustrated in Fig. 1 In the region near the
dication of concentration-dependent diffusion. Mitha andSurface the As and Ga concentrations are very similar and
co-worker€have investigated the effect of pressure on thed™oP Very fast. In the second region beyond the surface re-
diffusion of implanted As atoms in germanium. They con- 910N the Ga concentration decreases to a doping level of 2

7 ~m—3 ; i ;
cluded that the diffusion is not entirely mediated by vacan-* 101, cm*, while As has diffused deeper into the sample.
cies. If, on the other hand, the diffusion proceeds onlyln this letter we focus on the concentration-dependent As

through vacancies, the vacancy formation volume must be

unexpectedly low or the migration energy high. Further stud- o 800°C. 1 min
ies giving information on atomic defects in Ge acting as T o 700°C,2 min
diffusion vehicles were conducted by Werner, Mehrer, and 510 o 600 °C,_5'I“fi_'t1
Hochheimert? They studied the self-diffusion of Ge as a I - g‘;";:ﬁfes's
function of pressure, temperature, and doping, and concluded g 10"
that this process is mediated by neutral and singly negatively &
charged vacancies. It is obvious that further studies are c

. . . . @
needed to determine the point defects responsible for diffu- o 10
sion in germanium. In this letter, neutral and doubly nega- 3 b Qo,
. . . . . . g o °O<
tively charged Ge vacancies have been identified as the dif- 10" M Mo s
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dAuthor to whom all correspondence should be addressed:; electronic mail:
tommy.ahlgren@helsinki.fi FIG. 1. Concentration profiles of As and Ga obtained in SIMS measure-
Ypermanent address: Technical Research Centre of Finland, Chemical Tedments for samples annealed at 600, 700, and 800 °C. The numerical fits are
nology, P.O. Box 1404, FIN-02044 VTT, Finland. calculated for charge states 0 and Bf Ge vacancies.
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FIG. 2. Numerical fits to the As concentration profile obtained after theg|g. 3. Experimental and fitted As profiles for samples with different Ga
annealing at 600 °C for 5 min. Fits are calculated for different combinationsdoping concentrations annealed at 700 °C for 2 min. The inset shows the

of charge states for Ge vacancies. The parameter values Dife:  effective diffusion coefficients as a function of the As concentration.
=363 nnf/s, D32=0.000nnd/s, DIS=38nnt/s, Di; =47 nnf/s, and
D3;=9.3nnfls.
this case the value for the paramellE}, was zero, indicating
diffusion in the second region. To model this behavior it isthat no neutral vacancies exist or that they do not act as
necessary to take into account that As isnatype dopant in  diffusion vehicles. The right concentration dependence for
Ge and therefore occupies Ge lattice sites and diffusethe effective diffusion coefficient for all profiles could only
through neutral and charged Ge vacancies. Positivelpe achieved when diffusion through doubly negatively
charged vacancies can be ruled out in the second regiogtharged Ge vacancies was included. When fitting the profiles
where the As concentration is much higher than the concerwith all three coefficients in E¢2), it was observed that the
tration of p-type Ga. The amount of negatively charged va-fitting parameter for diffusion through singly negatively
cancies increases with the increasing energy of the Ferngiharged vacancy was zero or negligibly small compared to
level, which depends on the As concentration. This leads téhe parameters describing diffusion through neutral and dou-
concentration-dependent diffusion and a diffusion equatioly negatively charged vacancies. This result again indicates
where the change in the As concentratipAsg,], is given  that only Ge vacancies with charges 0 and Beed to be
as a function of depth and timet as taken into account.
N . . The effect of the Ga doping concentration on the As
I[Asgel i( Def I Asgel N [Asgel on ) (1)  diffusion was studied by annealing two samples with differ-
gt ox\ Al ox n ox|/)° ent Ga doping concentrations of X207 and 5
x 10* atoms/cmi for 2 min at 700 °C. The resulting As pro-
files shown in Fig. 3 are different due to the change in the
electron concentration, see E@®), which influences the ef-
fective diffusion coefficient in Eq(2). Both experimental As
profiles are reproduced with the same diffusion coefficients if
Dgf;: Dgs+ Dk;(n/ni)+D/§;(n/ni)2, 2) the correct Ge vacancies participating in the diffusion pro-
o o o cess are used in fitting these profiles. The vacancy combina-
where Dj are the diffusion coefficients of As diffusing tjon 1— and 2- as well as 0 and 4 resulted in drastically
throughy charg_ed4Ge vacancies angdis the |ntr|nS|c_ elec-  ifferent diffusion parameter@,ﬁ; and Df\;, and DRS and
tron concentr'anoﬁ. By applying the charge neuztrahty con- pi_, respectively, for the two Ga doping concentrations.
dition and using the semiconductor equajiti=n;", where  Therefore we can rule out these vacancy combinations. How-
p is the hole concentration, we get the electron concentratiopyer, the diffusion coefficien®, andD2; obtained for the
as a function of As and Ga concentrations, vacancy charge state combination 0 and ®ere within the
_ _ _ 2 2 experimental uncertainties the same, see the 700 °C points in
n=0.5[As]-[Ga+ V([As]-[Ga)* +4nj). ® the Arrhenius plot in Fig. 4. This fact strongly supports the
The concentration-dependent diffusion equati@h solved conclusion that the vacancies responsible for As diffusion are
numerically with the effective diffusion coefficient calcu- the neutral and doubly negatively charged ones. No presence
lated from Egs(2) and(3) results in a concentration distri- of diffusion through singly negatively charged vacancies is
bution to be compared with an experimental profile. The dif-observed. Hence, we suggest that the Ge vacancy could thus
fusion coefficientsD,‘is, D,ﬁ;, and DZA; were obtained by be a negativeéJ centert®> which changes directly from neu-
least-squares fitting. tral to double negative charge state without occupying the 1-
Figure 2 shows the resulting fits to the 600 °C, 5 minstate.
annealed profile when the As diffusion through different va-  In Fig. 1 the fits are plotted for the profiles observed
cancies is considered. Fitting with only neutral vacancies irafter annealing at 600 °C for 5 min, 700 °C for 2 min, and
Eq. (2) corresponds to the complementary error function so-800 °C for 1 min. It can be noted that the calculated profiles
lution of the diffusion equation. By fitting with neutral and are in excellent agreement with the experimental ones. Fig-
singly negatively charged vacancies it was not possible tare 4 shows the resulting Arrhenius plots, where the diffu-
obtain fits that accurately follow the experimental ones. Insion is well described by the Arrhenius equatidd

The second term is due to the electric field produced by th
electrons andh is the extrinsic electron concentratiddS" is
the effective diffusion coefficient for As atoms diffusing
through Ge vacancies and can be written as
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Temperature (° C) difference can be attributed to the ratio of the correlation
1ot 120 700 600 500 factors® 27/° related to the As diffusion through the two
oD%, : E,=1.8340.06 eV ' different vacancy types. Because a substitutional As atom

has charge % it attracts a doubly negatively charged Ge
vacancy, resulting in a small correlation factér <f°. The
attraction retards the migration of As aton3:=1f2"D e,
whereD is the observed diffusion coefficient ab.y is the
diffusion coefficient one would obtain if there were no cor-
relation between the successive atom jumps.

In summary, we have studied concentration-dependent
diffusion of As into germanium from a GaAs overlayer as a
function of temperature and doping concentration. Deeply
extended As diffusion was observed in the SIMS concentra-
tion profiles. This behavior is quantitatively explained by the

FIG. 4. Arrhenius plots for diffusion of As atoms via neutral and doubly diffusion of substitutional As through Ge vacancies with
negatively charged Ge vacancies. The open and closed symbols correspoeﬁarge states 0 and-2
to the Ga doping levels 2 10'7 and 5x 10'8cm3, respectively. The fitted

activation energies and preexponential factors are also given. This work has been supported by the Academy of Fin-
land (Project No. 1018553 The authors thank Dr. Kimmo

=Dyexp(—E,/kgT). The values for the preexponential factor SaarinenHelsinki University of Technologyfor comments

D, and the activation energl, are given in Fig. 4kg is  on the manuscript and Dr. Joseph Camplliélsinki Uni-

Boltzmann’s constant andl is the absolute annealing tem- versity of Technologyis gratefully acknowledged for help-

perature. ful discussions.
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