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Diffusion of single quantum well Si 1ÀxGex ÕSi layers under vacancy
supersaturation
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The interdiffusion of a Si/Si0.85Ge0.15/Si single quantum well heterostructure subjected to thermal
annealing in a nitriding ambient was investigated as a function of anneal temperature and time.
Nitridation of the silicon surface alters equilibrium vacancy point defect populations throughout the
structure, which allows the determination of the point defect species important in interdiffusion.
Diffusion coefficients of Ge after nitridation of;1310214cm2/s for 1100 °C and ;1
310213cm2/s for 1200 °C were extracted. The extent of diffusion in a nitriding ambient was much
less than in an inert ambient, which indicates minimal vacancy contribution to interdiffusion. This
is in contrast to results from previously published studies performed in an oxidizing ambient.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1341208#
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INTRODUCTION

Recent progress in heterojunction bipolar transistor te
nology using epitaxial SiGe base layers has generated a
to control interface and dopant diffusion within the layers.1–3

High-temperature device processing steps can create im
cise emitter–base and collector–base junctions, which
severely degrade device performance. In this article the
terdiffusion of a Si/Si0.85Ge0.15/Si single quantum well
~SQW! heterostructure in a nitriding ambient is investigat
at temperatures of 1100 and 1200 °C. It is generally acce
that thermal nitridation of the silicon surface injects exce
vacancies into the bulk material.4,5 The extent of enhance
ment or retardation of Ge diffusion upon vacancy injecti
allows the determination of the interstitial and vacanc
mediated diffusion components for this material structur4

The diffusion profiles, coefficients, and enhancements fr
these nitridation experiments are compared to results f
similar experiments in an oxidizing ambient.6

EXPERIMENT

A SQW test structure, shown in Fig. 1, was grown usi
an ASM Epsilon 1 vapor phase epitaxy reactor at a temp
ture of 700 °C, with growth details described previousl6

The Ge concentration of the Si0.85Ge0.15 layer was verified by
Rutherford backscattering spectroscopy~RBS! and layer
thicknesses were verified by cross-sectional transmis
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electron microscopy. The Ge depth versus concentration
files for as-grown and annealed samples were determine
secondary ion mass spectrometry~SIMS! using a Perkin
Elmer PHI 6600 quadrapole analyzer with 6 keV O2

1 ions, at
a typical sputter rate of 24 nm/min, and a 60° incident ang
The profile depth scales were determined from Ten
Alpha-Step 500 surface profiler measurements of the SI
sputtered craters. The variation of the sputter rate in
SIMS analysis was accounted for by a linearization te
nique, which relates the secondary ion signal of the Ge to
secondary ion signal of the Si based on the counts from
sample of known Ge concentration using RBS.7,8 The depth
scale of the SIMS profiles of the annealed samples was
erally shifted no more than 20 nm~within 1 s.d., estimated a
0.05, in relative depth scale error of SIMS!9 so that the peaks
aligned with that of the as-grown profile. The Ge concent
tion scale of the SIMS profiles was standardized by equa
ing the total dosage in each peak. Samples were rapid t
mal processed~RTP! in an AG Associates Heatpulse 210
with NH3 gas flowing at 1.5 slm.

RESULTS AND DISCUSSION

The Ge diffusion coefficients have been extracted
comparing SIMS profiles of annealed samples with tho
predicted by simulation using the Florida Object Orient
Process Simulator~FLOOPS!.10 Details of the diffusion
model and extraction of diffusion coefficients have been p
viously presented in Griglioneet al.6 In that investigation,
the same SQW structure used in the present study was
il:
4 © 2001 American Institute of Physics

e or copyright; see http://jap.aip.org/about/rights_and_permissions



n
o

g
es
in
ly
.

is
r-
io

e
-
a

lo
-
st
ed
ec
ll
e

h-
-

th
no

ti
n,
te
tr
te
n

nt
s

re
he
e
tia
e

ulk

,
the
nd
nt
in
is

MS
in

ter
ng
in

as
is

g
min.

2905J. Appl. Phys., Vol. 89, No. 5, 1 March 2001 Griglione et al.

Down
mally processed in both inert and oxidizing ambients, a
diffusion coefficients were calculated. No enhancement
diffusion was observed in an oxidizing ambient~interstitial
injection! as compared to an inert ambient. A value off I of
;0.02 at both 1100 and 1200 °C was estimated, indicatin
diffusion mechanism dominated by vacancies. From th
results, it is expected that thermal processing in a nitrid
ambient during vacancy injection will result in significant
enhanced diffusion compared to that in an inert ambient

The thickness of the Si0.85Ge0.15 layer in the SQW struc-
ture is greater than the critical thickness for th
composition,11 therefore relaxation through dislocation fo
mation is expected. This was verified through transmiss
electron microscopy and reported in earlier work.6 Cowern
et al. have reported in previous studies a large enhancem
of Ge diffusion in Si12xGex /Si structures due to compres
sive strain.12,13 However, they investigated structures th
were free of dislocations. Cowernet al. specifically stated
that diffusivity enhancement in samples that relax by dis
cation growth is much weaker.13 Due to the presence of re
laxation via dislocations in the samples used in this inve
gation, strain effects on diffusivity values will be consider
negligible. These dislocations, however, might later aff
the vacancy injection and concentration in the bulk norma
expected from surface nitridation. A boron marker lay
structure~reported in detail, along with the analytical tec
nique, in Griglioneet al.6! was used to qualitatively deter
mine that vacancies were indeed injected into the Si12xGex

layer region in adequate concentrations to participate in
diffusion process. Movement of the B marker layer can
quantitatively determine the vacancy supersaturation as a
sult of surface nitridation because B is primarily an inters
tial diffuser. Any evidence of retardation of B diffusion ca
however, qualitatively show that vacancies are being injec
to the extent that they are depleting the interstitial concen
tion. The marker layer structure used in previously repor
oxidation experiments6 underwent RTP at 1100 °C for 2 mi
and at 1200 °C for 1 min in NH3. Qualitatively, B diffusion
in NH3 ambient was comparable to diffusion in Ar ambie
and much less than in O2 ambient for both temperatures a
determined by SIMS~Fig. 2!. The extent of B diffusion de-
termined experimentally for 1100 °C was less than that p
dicted by simulation, indicating a slight retardation of t
diffusion of the B marker layer compared to default valu
used in FLOOPS. This result indicates that the intersti
concentration is slightly depleted from its equilibrium valu

FIG. 1. Schematic representation of the Si/Si12xGex test structure.
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and that vacancies are indeed being injected into the b
and are traveling to some extent through the Si12xGex layer.

After confirming point defect injection conditions
analysis was then directed toward the interdiffusion of
Si12xGe/Six layers. At processing temperatures of 1100 a
1200 °C, the Ge diffusion profiles in a nitriding ambie
show significant retardation compared to diffusion profiles
inert and oxidizing ambients at all processing times. This
apparent in Fig. 3, which shows, as an example, the SI
profiles of the structure after processing at 1200 °C for 2 m
in all three ambients. The extracted diffusivity values af
processing in a nitriding ambient are given in Table I alo
with our previously published values for the diffusivities

FIG. 2. Diffusion of the B marker layer in all ambients. The sample w
annealed at 1100 °C for 2 min. Diffusion of B in oxidizing ambient
noticeably greater than in inert and nitriding ambients.

FIG. 3. Comparison of Ge SIMS profiles in inert, oxidizing, and nitridin
ambients for the SQW test structure after processing at 1200 °C for 2
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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an inert ambient.6 The values of the diffusivities as a func
tion of reciprocal temperature in inert, oxidizing, and nitri
ing ambients are shown in Fig. 4. The error in the determi
diffusion coefficients was estimated using a Monte Carlo
proach detailed in Gossmannet al.,9 and the results are give
as the error bars in Fig. 4. Diffusivities extracted are mu
lower and not within the error of those determined for in
and oxidizing ambients. This indicates that interstitials
the dominant diffusing point defect species and that injec
vacancies recombine with intrinsic interstitials to lower t
interstitial concentration and retard diffusion. These res
contradict the behavior predicted from our oxidizing expe
ments, as well as a study by Cowernet al.,12 which indicated
that vacanciesare the dominant point defect diffusion sp
cies. Diffusion dominated by vacancies, as predicted by
oxidation experiments, would be expected to show large
hancements under vacancy supersaturation. A possible
planation for this contradictory behavior is that stress effe
at the nitride/silicon interface near the Si12xGex layer, which
are not present at the depths of the B marker layer, contrib
to this anomalous behavior of the diffusion Ge. Chaudhr14

observed that stress values change with depth into the sa
under regions of nitride mask. Additionally, several previo

TABLE I. Extracted diffusivity values for the test structure in inert an
nitriding ambients.

T ~°C! Time ~min! DGe
Inert ~cm2/s! DGe

Nit ~cm2/s!

1100 1 5.20310214 1.13310214

2 7.93310214 4.88310215

3 6.69310214 1.13310214

4 8.60310214 1.04310214

1200 1 2.38310212 1.10310213

1.5 8.55310213 3.39310214

2 1.08310212 1.02310213

3 1.08310212 5.02310214

FIG. 4. Effective Ge diffusivity of the test structure as a function of p
cessing temperature in inert, oxidizing, and nitriding ambients.
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studies have reported a close relation between the stress
in the nitride film and the deviation of point defect conce
trations from their equilibrium values in the region near t
nitride/silicon interface.15–17 Future work addressing thi
stress effect, along with use of Sb marker layers~Sb is
known to diffuse almost entirely via a vacancy mechanis!
would allow a more accurate quantitative estimate of
vacancy supersaturation under nitriding ambient.

SUMMARY

The diffusion of Ge in a Si/Si0.85Ge0.15/Si SQW struc-
ture during surface nitridation has been investigated at 1
and 1200 °C. The results reported are specific to the part
lar structure and processing conditions used. Diffusivities
;1310214cm2/s for 1100 °C and;1310213cm2/s for
1200 °C in nitriding ambient were estimated. Significant
tardation of diffusion occurred in nitriding ambient com
pared to inert ambient, which indicates a diffusion mech
nism controlled by interstitials. This contradicts the lowf I

;0.02 estimated from previous oxidation experimen
Stress effects at the nitride/silicon interface could possi
explain this unexpected behavior.
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