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Arsenic diffusion in relaxed Si_,Ge,
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The intrinsic As diffusion properties have been determined in relaxed,Sg, epilayers. The properties
were studied as a function of compositigrior the full range of materials witk=0, 0.20, 0.35, 0.50, 0.65,
0.8, and 1. The activation enthal@y, was found to drop systematically from 3.8 eX=0) to 2.4 eV
(x=1). Comparisons with other impurity atom- and self-diffusion results in Si, Ge, and SiGe show that both
interstitials and vacancies contribute as diffusion vehicles in the composition rasge<0.35 and that
vacancy mechanism dominates diffusion in the composition range<84..
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I. INTRODUCTION pure germanium, Si is found to diffuse slightly slower than
Ge also in relaxed $bdGe, go. 1+ Systematic impurity diffu-
Silicon-germaniun{SiGe alloy has been under intensive sion studies in relaxed Si,Ge, have been done for SiRef.
study during the last years, since it has turned out to be a2) and Sh(Ref. 13 up to compositiorx=0.5.
promising candidate for the electronic industry as a substi- In addition to the studies mentioned above, there are also
tuting and accompanying material for Si in integrated cir-dopant atom diffusion studies in strained Si@efs. 14—18
cuits (see, for example, Refs. 1,2n case of SiGe the major and studies carried out under extrinsic conditiGhg! How-
advantage over other novel compound semiconductors is thaler, strain introduces pressure as an additional thermody-
the processing techniques are highly compatible with th\amic parameter, which further complicates the interpreta-
conventional Si technology. The knowledge on the diffusiontion of the diffusion resultd’ By definition intrinsic
properties of relaxed and strained SiGe has a great impogonditions prevail when the charge carrier concentration is
tance not only for device processing, but also from the scicontrolled by thermally excited electrons whereas under ex-
entific point of view. trinsic conditions the charge carrier concentration is domi-
For silicon and germanium it is generally accepted thatyated by electron transitions due to impurities. Changes in
self-diffusion occurs via pOint defeC%SSince all common Fermi |eve| due to the dop|ng may a|ter the defect concen-
impurities used for Si and Ge doping dissolve almost exclutration and charge state distribution, which influences
sively into substitutional sites, this also holds for dopant atimpurity-defect interactions. Thus under extrinsic conditions
oms. Therefore the nature and concentration of point defecige diffusion is affected both by type and concentration of
determine the diffusion properties in these semiconductors.ihe dopant atoms. Very high impurity atom concentrations
On the other hand, there is a clear difference in the selfzgn even introduce impurity-impurity interactioffs’3 Strain
diffusion and dopant atom diffusion properties of Si and Ge and extrinsic conditions are important from the SiGe appli-
Silicon self-diffusion is known to proceed via both interstitial cations point of VieW, but deep understanding of the pro-
mediated and vacancy mechanishiBhe vacancy fraction cesses involved require first knowledge on the diffusion
for Ge diffusion in silicon has been found to be slightly properties in the simplest case. Therefore the present diffu-
higher than in case of self-diffusiohOf typical dopant at-  sjon experiments were carried out in relaxed SiGe and under
oms, antimony atoms have been found to diffuse fully viajntrinsic conditions.
vacancies whereas phosphorus and boron are interstitial me- |n this paper we present the first diffusion results for As in
diated diffusers. In the case of As the diffusion is found tore|axed and intrinsic $i ,Ge, . This is also the first time the
proceed, similar to self-diffusion, by both mechanisins. f| range of compositions fromt=0 to x=1 has been cov-
Self-diffusion as well as As diffusion in germanium has beengreq for dopant atom diffusion in relaxed;SjGe,. The
found to proceed via vacancig$ Also silicon diffusion in  present resuits are compared with As behavior in intrinsic Si
germanium has been found to proceed via vacancies, but thgq Ge as well as with relevant previous experimental diffu-
diffusion is in this case slightly slower than germaniumgjon results obtained for relaxed, intrinsic SiGe.
self-diffusion®
It can be noted that the diffusion properties of the com-
ponents of SiGe have been well studied, but diffusion in
SiGe alloys has received surprisingly modest attention in the
literature. The first self-diffusion study for Ge in SiGe was Under intrinsic conditions we can assume that the diffus-
carried out already in 1974 by McVay and DuCharme withing element forms an ideal dilute solution with the lattice
polycrystalline sample$. These results and the recently where it diffuses. Excluding also all other free energy gradi-
published'%studies with single-crystal relaxed;SiGe, re-  ents, the temperature dependence of the tracer diffusion in a
veal a change from interstitial contributed to vacancy domi-solid via defect of typex can be expressed by the Arrhenius
nated diffusion in the composition range=0.2—0.35. As in  law?*

II. DIFFUSION VIA VACANCIES AND INTERSTITIALS
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whereES" is the activation enthalpy of self-diffusion aificf
where f,, C$9

¢ and D, are the correlation factor, atomic andE} are the impurity-vacancy binding energies for a va-
fraction in thermal equilibrium, and diffusivity of defecks ~ cancy at the second and third closest neighbor lattice site to
D, ois the preexponential factdt,Boltzmann’s constant, and the impurity, respectively. According to E¢4) if no attrac-
Ea’the activation enthalpy. If several defect types are in-tion exists be_twee_n the impurity and the vacancy, activation
volved, the total diffusion coefficient is just the sum of the €nthalpy of diffusion is equal to that of self-diffusion. Oth-
individual diffusion coefficients for different defect types. ~€rwise the activation enthalpy is lower than for self-
Since diffusion depends both on concentration and diffydiffusion, as has been experimentally observed to be the case

. ey '24
sivity of the defect, the pre-expontial factbr, , and activa-  for most impurities’ _
tion enthalpyE, , can be written as ’ It can be also noted from Ed4) that if the vacancy-

impurity atom interaction extends further than the third near-
est neighbor site, the vacancy does not need to overcome the

Dy o= fxgxazvxvoexp(SLJr S (2 full binding energy induced potential barrier in order to dif-
fuse. This can lead to a so-call&dcenter or correlated dif-
and fusion where the vacancy and the impurity can diffuse as a
pair. Both the strength and nature of the vacancy-impurity
Eax= EI+ED, (3) interaction determine the atomic details of vacancy diffusion.

Similar to the vacancy mechanism, in interstitial mediated
wheref,, gy, a vy are the correlation factor, numerical diffusion the defect-impurity binding is suggested to be the
factor, lattice parameter, and the attempt frequency of defectgason for the lower impurity atom activation enthalpy when
x, respectively.S! and SI" are the formation and migration compared to self-diffusioff
entropies ande! and EI" are the formation and migration

enthalpies. lll. EXPERIMENTAL TECHNIQUES
The preexponential factor values for semiconductéos _ _ o -
SiDg=2x10 ' m?s and for GeD,=10 2 m?/s) are gen- Several Si_,Ge, materials with differing compositions

erally much larger than for metals(typicaly D, Were studied. The Jem-thick relaxed Si ;Ge, (with x
=10 * m?/s),*?* which is considered to result from the =0.35, 0.50, 0.65, and 0.8@pilayers were grown by low
large entropy of formation of the defects needed for diffusionenergy plasma enhanced chemical vapor deposition
[See Eq(2)] For Si and Ge the |arge entropy has been ex_(LEPECVD)go on graded buffer |a.yer5 with thicknesses 3.5,
plained by the formation of extended defects. In case of S, 6.5, and 8.Qum, respectively. The density of the thread-
this means liquidlike self-interstitials and in case of Geing dislocations was estimated to be about &t 2.%' The
smeared out amorphouslike vacanciés?® Calculations for ~ 1-um-thick SgGe,, material was grown by chemical vapor
silicon self-diffusion, however, show that the large entropydeposition(CVD) on a graded buffer layer provided by Ok-
may result also from native point defeéfs. metic, Ltd., Vantaa, Finland. The Ge specimens were 1-mm
Impurity atom diffusion involves, in addition to self- thick, p-type, Czochralsk(CZ) grown with high purity and
diffusion, interactions with impurity atoms and native point dislocation fre& The studied 30Q:m-thick p-type CZ-
defects. The impurities may have different charge state an@irown Si was pure and dislocation fré@kmetio.
size than the host atoms in the crystal. Defect-impurity inter-  The diffusion studies of As were performed by means of a
actions are assumed to result from Coulomb and so-calleghodified radiotracer technique employinGAs (half-life
elastic effects. Electrically charged vacancies interact withl1,=80.3 d and decay by electron capture tGe) and
the impurities since the impurity atoms are ionized at the’’As(T1,=26.0 h and decay by* to "“Ge) tracers. The
diffusion temperatures. Elastic effects are a result of the local°As implantation was carried out at the on-line isotope
strain caused by the host and impurity atom size differenceseparator ISOLDE) of the European Organization for
An oversized impurity atom induces stress to the latticeNuclear ResearcfiCERN) in Geneva, Switzerland. The im-
which can be relieved by the presence of a vacancy close tplantation energy was 60 keV, total fluence 4
it. The extra space in the lattice left by an undersized impu-< 10" ions/cnf and implanted area 7 nfmThe "?As trac-
rity atom is compensated by a self-interstitial. ers were implanted at the ion guide isotope separator on-line
The first model to describe impurity atom diffusion via (IGISOL) of the University of Jyvakyla Finland. The im-
vacancies was introduced by BtiAccording to this model plantation energy was 40 keV, total fluence 3
for one complete diffusion step, the vacancy must diffuse far< 10° ions/cnf and implanted area 13 nfinThe "?As trac-
enough from the impurity atom so that it can return to aers were produced via reactioffGe(p,n)’?As using 15
different lattice site adjacent to the impurity atom via a dif- MeV proton bombardment on enriched 2-mgfethick "°Ge
ferent path. In diamond lattice, as in case of silicon and gerlayer evaporated on a thin Havar backing. In the implanta-
manium, the vacancy must diffuse at least to a third-nearedions the As beam direction was at an angle 7° off to the

neighbor site in order to complete one diffusion step. (100 face in order to minimize the channeling effects. After
The activation enthalpy in this case can be expressed agmplantation, part of the samples were cleaned in a similar
cordingly a$® manner as described in Ref. 8 and the rest were simply
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FIG. 1. ®As profiles in SjgdGe 20 epilayers produced by 60
keV implantation ) and subsequent diffusion annealing at  FIG. 2. Arrhenius plots of diffusion coefficients for As in Si
882 °C for 261 h (d) and at 1060 °C for 15 minA). The solid (0d), Si_,Ge, (®: x=0.20, ¥: x=0.35, ¢: x=0.50, A: X
lines represent a fit of an appropriate solution of the diffusion equa—=0.65, A: x=0.80) and in Ge ©). The literature values for As
tion to the diffusion profile. diffusion in Si (Ref. 33 and Ge(Refs. 34—-3p are presented as

dashed lines.

cleaned with acetone, ethanol and distilled water.
Isothermal annealings were performed in a vacuum fur-
nace under a pressure o110~ ® mbar and for part of the  The present results obtained in pure Si and Ge show fairly

samples in an argon atmosphere. The studied temperatug@od agreement with the literature data taking into account
range was 490-1120 °C and the annealing times varied froffhe wide range scatter in available literature data. The scatter

V. DISCUSSION

10 min to 230 h. is probably due to the different experimental methods and
The subsequent sample serial sectioning was done by 1ghnditions employed in these studies.
keV ion beam sputtering with a mixture of'Cand N". The The results obtained from diffusion studies carried out in

removed material was collected on a foil that was wound uphermal equilibrium do not yield direct information on mi-
segment by segment as film in camera. The concentratiogroscopic diffusion mechanisms. However, we can draw
profiles were constructed by determining the radioactivity ofsome conclusions of them by comparing the present results
the individual foil segments proportional to the radiotracerwith recent self-diffusiofi'® and Sb(Ref. 13 data for re-
concentration at corresponding depth. The results were cofaxed SiGe. The results for SiiRef. 12 are omitted since
rected for the nuclide decay. A cooled Ge detector with athirthey differ qualitatively from the present results and from
Be window was used for measuring theays emitted due to  those of Ref. 13having much higheD, values. Further-

the deexcitation of the daughter nucléGe and"*Ge. more, the diffusion of Sn in Si has been found to be
anomalous’
All self-diffusion studies suggest that aboxe- 0.35 dif-
IV. RESULTS fusion in Si_,Ge, is vacancy dominate:'° Diffusion of

. . ) . o As in Ge is also considered to proceed via vacartigéen
A typical as-implanted profile representing the initial con-

ditions and subsequent diffusion profiles are shown in Fig. 1.
;ll—vutiacﬁofllflcljﬁIlIIrj’:\epsp:ﬁg:;st:ntfosuoriggcr};i;:cmi% r?émljzsrlgrz ggg;ﬂggtors (Dy) of the As tracer diffusion coefficients as a function of
the diffusion coefficient® were extracted and are presentedtsirllldsx?og‘p(;?::spgfg;?ﬁéy}ﬁ ,S_itlzte; uncertainties are from fine fit
in Fig. 2 together with the literature data for As diffusion in
Si (Ref. 33 and Ge¥*~*°As can be noted from Fig. 2, forall  g;, Ge

TABLE I. Activation enthalpies E,) and pre-exponential fac-

Temperature range E. Do

compositions the As diffusion follows the Arrhenius 1880.  ¢ompositionx [°C] [eV] [104 m2s 1]
(1)]. No clear difference in the results obtained for the two

used isotopeé§.e., isotope effegtand for different implanta- 0 882-1120 3.81£0.05 4.3£2.5
tion fluences were observed. As was shown eatliire used 0.20 882-1120 3.880.06 30+ 20
fluences are so low that the effect of radiation damage dueto  0.35 812-1050 3.680.06 2316
implantation is negligible. The results were also independent  0.50 750-1020 3.470.06 18+13

of the sample cleaning procedures prior annealing as well as  0.65 675-870 3.160.11 16+ 54

of the applied annealing conditions. The obtained activation .80 696-925 2.9%0.15 1164
enthalpies E,) and preexponential factor®g) of As diffu- 1.00 490-600 2.420.11 5.8-3.2

sion in SiGe are compiled in Table. I.
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FIG. 4. Comparison of diffusion rates as a function of compo-
sition for As (M) and Sb @) (Ref. 13 at T=1000 °C (upper
figure) and T=800 ° C(lower figure. The corresponding values for
self-diffusion are also giver\ from Ref. 8 and® from Ref. 10.

FIG. 3. Activation enthalpieE, (upped and preexponential fac-
torsDg (lower) as a function of Si_,Ge, composition for As W),
Sbh (A) (Ref. 13, and self-diffusion O) (Ref. 8. The error bars
given represent statistical uncertainties.

the present As activation enthalpies are compared with Geomposition range. The similarity i&, compositional de-
self-diffusion values for SiGe at the composition regionpendency suggests that vacancy mechanism prevails also for
0.35<x=<1, it can be noted that first, their dependence of theAs diffusion in this composition range. This is, however, in
SiGe composition is very similar and second, the values focontradiction with the finding that As diffuses both via va-
As are constantly about 0.5 eV low&Fig. 3. On the basis cancies and interstitials in &iTo study the situation in more
of the first observation, we suggest the vacancy mechanisuhetail the compositional dependency of As and Sb diffusion
also dominates for As diffusion in SiGe within composition rates at constant temperatues 1000 and 800 °C are plot-
region 0.35<x<1. The decrease in activation enthalpy as ated in Fig. 4. According to literature at these temperatures As
function ofx results from the decrease in vacancy formationis found to diffuse in Si slightly faster than 86% On the
energy. This has also been confirmed by calculatiiie  other hand, the vacancy mechanism diffusion model predicts
second observation can be interpreted by comparisons witlat Sb should diffuse faster than As in Si since vacancy-
calculations. In the absence of well established calculationgnpurity binding energies for Sbx1.44 eV) are higher than
for vacancy diffusion in Ge, the present results are comparetbr As (>1.23 eVY! [see Eq(4)].
with calculations for As-vacancy interactions and diffusion From Fig. 4 it can be noted that th# values for Sb are
in Si. Recent results show that vacancy-As diffuse as a pasystematically lower than for As in Si,Geg, with 0=<x
in Si.3When As-vacancy binding energies at different lattice<0.35 It should be, however, taken into account that the
sites are taken into account, according to Ej.the differ-  results of Fig. 4 for Sb and As have been obtained by differ-
ence in the activation enthalpies is 0.4—-0.5 eV for self-ent techniques. Therefore, also the self-diffusion results ob-
diffusion and As diffusion via vacancies in 8i*° As the tained with these experimental methods are shown. The self-
present results are in excellent accordance with the calculaliffusion studies reveal that MBE-grown heterostructures
tions, we suggest that the vacancy mediated As diffusion irombined with depth profiling by secondary ion mass spec-
SiGe also proceeds as As-vacancy pairs. trometry (SIMS)*®*3yield consistently slightly higheb val-

The situation is less clear within the composition rangeues than those obtained by the modified radiotracer tech-
0=<x=<0.35. In Fig. 3 the results for Sb are also shownnique applied in this work and in Ref. 8. The reason for this
which is known to diffuse only via vacancies throughout thediscrepancy is at the moment unclear. Taking into account
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this possible difference induced by the experimental methfrom defect-As atom binding. The binding may diminish the
ods, As diffusion seems to be enhanced relative to Sb diffusmearing of extended defects or possible vibrational states
sion asx approaches zero. This enhancement is most probef point defects and this in turn decreases the entiepg
ably due to the contribution of the interstitial mediated Eq. (2)].
mechanism as the diffusivity composition dependencies for
As and self-diffusiofi are similar. The relative enhancement
seems to be more or less the same at both temperatures
=800 and 1000 °C shown in Fig. 4. This indicates that in- We have measured the diffusion coefficients of implanted
terstitial contribution on diffusion is nofat least strongly ~ "?As and ®As in relaxed Sj_,Geg, within the full composi-
temperature dependent at temperatuiresl000°C. This is  tion range of G=x<1. The diffusion of As is seen to en-
in accordance with findings for different diffusion mecha- hance as a function of This is mostly due to the decrease in
nism contributions in Si. the activation enthalpy values since the preexponential factor
The phenomenological model presented by P4kfor  values are nearly independenboBy comparing the present
diffusion in SiGe supports also the contribution of intersti- results with previous experimental data for relaxed SiGe, we
tials in As diffusion in the composition rangestkx<0.35.  conclude that in the composition rangesf=<0.35 As dif-
On the basis of the diffusion results of Ref. 13 for Sb and Huses both via interstitials and vacancies. In the range 0.35
in strained SiGgRefs. 17,43 the model predicts the com- <x<1 the diffusion is dominated by the vacancy mecha-
positional dependence of the rat(SiGe)D(Si) up tox nism. On the basis of the diffusion model for vacancies and
=0.4 for interstitial and vacancy mediated mechanisms. Théheoretical calculations, we further conclude that the vacancy
diffusion enhancement as a function of increasinfpr re-  mechanism diffusion proceeds via vacancy-As pairs.
laxed SiGe is assigned as a chemical effect. This effect re-
sults essentially from the increase in the number of weaker
and less stiff Si-Ge and Ge-Ge bonds compared with the
number of more stiff and strong Si-Si borffsPresent As The authors wish to thank Andreas Strohm for his assis-
results for the compositional dependenceDgSiGe)D(Si)  tance with the SiGe samples. The implantation 84s at
values settle between the values for vacancy and interstitidSBOLDE, CERN, in Geneva is appreciated. Jussi Huikari and
mediated mechanisms. This indicates the contribution oArto Nieminen are acknowledged for their help with the
both interstitials and vacancies to As diffusion. ?As implantations. Financial support by the Academy of
The D values for As diffusion(Fig. 3) seem to be lower Finland under the Finnish Center of Excellence Program
than for self-diffusiofi throughout the composition range. 2000-2005Project No. 44875, Nuclear and Condensed Mat-
The large experimental uncertainties assigned tdtp&al-  ter Physics Program at JYFland the Véda foundation is
ues hinder to draw definite conclusions, but this might resulgratefully acknowledged.

VI. CONCLUSIONS
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