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Sb-enhanced diffusion in strained Si_,Ge,: Dependence on biaxial compression
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Enhanced Sb diffusion in biaxially compresseg SGe, layers(x=0.1 and 0.2is investigated. It is shown
that the contribution of the biaxial strain to enhance the process of Sb diffusion inGsi, increases with
increasing misfit compression from a factor of3 at 0.73 GPa xX=0.1) to ~10 at 1.40 GPax=0.2).
Assuming the prefactors to be stress-independent, the Sb diffusion coefficients in biaxially compressed
SihG&: and SpdGe, were extracted as 0410%exp—[3.98 (eV)+0.12/kT} and 1.3
X 107 exp{—[3.85 (eV)+0.12]/KT} cn¥/s, respectively[S0163-182699)02808-9

Diffusion processes in strained and relaxed $i/g6e,  in a Si-buffer layer with an abrupt profile towards the
heterostructures are currently a topic of great interest, sinc8i; _,Ge, spacer. The result for the Sb diffusion coefficient
they illustrate how a strain field actually affects the diffusionin strained SjGey; (* Dg,‘(’) Ge l) is compared to those
mechanisms in semiconducting materfafs However, the  renorted in Refs. 5 and 9 and Sb diffusivity values are
experimental results reported until now on the ability of the g extracted in strained Sy, (FDSP Further
misfit strain to enhance/retard the diffusion in semiconduct- 2 ("DS 56, '

* [ Sh * M Sh
ing heterostructures are contradictory.There are several DSiy 661 and Dsiy e, WeTe subsequently compared to
reasons for this disagreement. First, in the early repdttee ~ Sb diffusion coefficientd in the unstrained (relaxed
diffusion enhancement in strained, SiGe, was extracted in Sio_gGeb,l(Dgi’J 96%1) and SjGeys (Dgg sGeoz)’ respec-
comparison to that in unstrained Si while in more accuratgjygly. o o
recent communicatiofiS the comparison was provided be-  Heterostructures with strained epitaxial layers of either
tween the diffusivities in strained and relaxed S§iGe, ep-  s;j, (Ge,,; or S, 4Gy, were grown by molecular beam epi-
ilayers, and as a result the “composition” efféewas sepa- taxy (MBE) in a VG-80 system on Si(100-orientedn*
rated from the actual contribution of the strain field. Secondgypstrates. First, an-100-nm-thick undoped and, subse-
different types of diffusion tracerfe.g., G€, B,* and Sb  guently, an~300-nm Sb-doped Si-buffer layer were depos-
(Ref. 5] were used in order to detect the effect of the biaxialiiaq on the substrate. The Sb concentratidisy was kept
compression on the diffusion processes iR_B6&. FOr  constant at- 101°cm™2 throughout the doped layer. Further,
example, the diffusivity of B in Si,Ge (x<0.2) was  nqoped Sj Ge, , or Siy4Gey » Spacers, 40 and 35 nm thick,
found to be almost stress-independéhit.contrast, Kringtip were deposited. The use of these diffusion struct@réth
et al® detected a slight increagky a factor of~2) of the Sb the source of Sb buried between thg SGe, and the un-
diffusion coefficient in strained §i,Ge, oo epilayers; the fact doped part of the Si-buffer layersnade it possible to mea-
that this effect is so small was attributed to the low value ofg . sp giffusivities in both Si and Si Ge, within one
stress in the $io;Gey oo/Si heterostructure. Itis a challenge peterostructure. The strained, SiGe, layers were deposited
to extend this measurement to higher compression rangegy 450 °C in order to suppress the nucleation of dislocations.
i.e.,x=0.1, because of the difficulty to prepare thick enough,:ina"y, the wafers were capped with anl00-nm silicon
strained epilayers which do not undergo stress relaxatiopyyer to increase the thermal stability of the structdfes.
during diffusion measurements at elevated temperafuresgraction of each wafer was not subjected to any further an-
Indeed, the in-plane compression stress in the epilayer igeajing and was used to measure the initial dopant and Ge
given by o,=—2u(v+1b—1)fn(x), where p is the  profiles. Subsequently, to study Sb diffusion, the samples
shear modulus of elasticity, is Poisson’s ratio of the epil- \yere  heat treated in a vacuum  furnace
ayer, andfy(x) is the misfit parameter. In the case of (10-7Torr range in the temperature range from 740 to
the  pseudomorphic ~ Si/5i,Ge, heterostructure fin(X) 925 °C with an accuracy of-2 °C for a given temperature.
=(asi,_,ce,~as)/asi=0.041&, wherea, is the lattice con- | ong time anneals were used in order to minimize the error
stant of the respective material, and the absolute values oélated to the heating/cooling stages<td min. The anneal-
o, are directly proportional to the Ge contérfeor instance, ing temperatures were different for the structures with differ-
for x=0.1 and 0.2,0, vyields 0.73 and 1.40 GPa, ent composition of the strained ;SiGe, layers. For the
respectively? samples with higher Ge content, the lower temperatures were

In the present experiment, the effect of the enhancemenised(in order to avoid stress relaxation and, in fact, rather
of Sb diffusion in biaxially compressed Si,Ge, layers(x  fast Sb diffusion through the thin §Ge,, spacey.
=0.1 and 0.2is investigated. Relatively thif<400 A) un- Chemical Sb and Ge profiles were measured by secondary
doped strained $i,Ge, epilayers(x=0.1 and 0.2 were ion mass spectromet(BIMS) using a Cameca IMS4f instru-
used to accommodate Sb diffusion from a source buriednent with 3.5 keV Q" primary ions. Si, Ge, and Sb isotopes
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i ' ' TABLE I. Experimentally determined diffusivities of Sb in
Jo as deposited Siy:G8,, strained §j Ge); and S Gey , epilayers.
?’E“O F e 790°%,1h l
S 4 790°C,5h Sh diffusivity (cm?/s)
- numerical fits
-% 10" E 3 Temperaturg°C) SioG&1 SipsG&.»
€ P 740 1x10°Y7
g1F s ; 790 6x 107
S LA mddae o medt : 815 1.8x107Y 1.6x1071
o 0™ = , & v A l/ "‘ i 830 2.5<10 16
(; . 5clJo T 1o|oo 15I00 2000 840 3.5¢10°*°
Depth (A) 855 8x 10
905 4x10°16
FIG. 1. Sb concentration vs depth profiles of the 3i{Sie, ,/Si 925 8x 1016

heterostructure beforglashed lingand after 790 °C anneals for 1 h
(filled circles and 5 h(filled triangles. The solid lines represent
numerical solutions of the corresponding diffusion equations with_10-17cng/s at 790 °C. Similar measurements were per-
Sb _ — 16 ’ . . - .
"Dy 0,,~ 6% 10 cn/s. formed at four other temperatures in strained Sk, »/Si
and Si/S} ¢Ge1/Si samples and the results 6D g,
were monitored in the form of positive secondary ions. Thegre listed in Table I. In accordance with previous repdrts,
concentration calibration was provided by the measurement pSb >D3P where the ratios of*DZ? G%(/Dgib in-
! 1-x

. i 2. + SI1—>(Ge)(
of an ion-implanted ](3Sb ) reference sample. Under the clude both “compositional” and stress contributichdIn

assumption of a constant erosion rate, the depth calibration S Sb .

was obtained by measuring the total crater depth using aﬂrder to extract the contribution of St_reSkSPSilfoex IS com-

Alphastep 200 surface stylus profilometer. pared to reference data for Sb diffusion through relaxed
Extensive structural characterization of both virgin andSiosG&.1 an% SheGe.. epilayers at the gg)rrespondlng

annealed Si/Si,Ge,/Si samples was undertaken as well. It temperatures? The difference betweer*DS) . and

is important to emphasize that structural transformations',jgib Ge, WaS found to be dependent @nand, for instance,
which could potentially affect the Sb diffusion were accu-; o *

) in Sip §G&) » it is more than one order of magnitude at 740 °C,
rately controlled, as presented elsewh@rEor instance, the 085211 1S MC 9
. . .~ as illustrated in Fig. 2.
structural quality of the samples and any possible strain r

laxation in the Si/Si_,Ge./Si heterostructures during thee- Further, the Sb diffusion coefficients in strained and re-
7X H H H M
heat treatment for diffusion were checked by x-ray diffrac- 2x6d Sbd6& 1 and Sh5Ge, are compared in Figs.(d and

. . , L . 3(b), respectively. Figure (&) demonstrates that the present
tion (XRD) using aK «; Cu irradiation source. In particular, () P y. Figure &) b

g experimental results are in accordance with the observations
the diffusion data were collected only for those tre.atmem%ported recently on the enhancement of Sb diffusion in bi-
which did not show any measurable strain relaxation. Theax'ally compressed SiGe, ; relative to relaxed $iGey 1.5°
actual Ge content in the as-deposited samples was measurﬁireover the absolute values D determined in
by XRD and confirmed by Rutherford backscattering spec- ' ) i Sip.G&.1
trometry (RBS). the pr_esenfc expegr_nent are in agreement Wlth those reported

The diffusion of Sb through the SiGe,; and Si Gy by Kringhg et al” in spite of cor_npletely dlfferegﬁ sample
layers is well described by a parabolic equation using the Siructures. However, the value given by Pagal.” is con-
distribution measured in as-deposited samples as the initigiderably higher than both the present determination and that
one together with appropriate boundary conditions. No seg-
regation of Sb into the $i,Ge, layer or away from it is
detected in our samplés.The intrinsic carrier concentra-
tions (n;) in strained Sj_,Ge, spacers, as calculated for the
corresponding annealing temperatures and actual band
offsets* are comparable to the Sb concentration levels in the
present experiment, and thus the effechpbn the diffusion
process is expected to be smallThe actual values of

* Dggfoex were extracted by fitting of the experimental Sb

profiles with the corresponding numerical solutions of the
ordinary diffusion equation. For some of the high- 10
temperature anneals, the values of Sb diffusivity in silicon 0 500 1000 1500 2000
(DY) were determined as well. Depth (A)

Experimental Sb profiles through the strained
Si/Si §G&) »/Si heterostructure annealed at 790 °C for 1 ancLet

5 h are shown in Fig. 1. The numerical solution of the dif-, ~_. ) oo ) - .
fusion equation yieldg§ ng — 6% 10 1%crmi/s, which is h (filled circles. The solid lines represent a simulation of Sb diffu-

i0.g5¢.2 sion in relaxed SigGe) , at the same temperature and for the same

considerably higher tha®3P, which was estimated to be time, usingDEY ge =7.3x10 cn/s (Ref. 10.

-
o
T

,,,,,,, as deposited

® 740 °C, 20 (strained)
simulation (relaxed, Ref.10)

O_

O_

Sb concentration (cm™)
%

FIG. 2. Sb concentration vs depth profiles in Sji&e, ,/Si
erostructures befofdashed lingand after 740 °C anneals for 20
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Temperature (°C) Generally, temperatur€l) and stress are the two param-
1000 800 800 700 eters that define the change of the Gibbs free energy of a
= o system during diffusion: AG¥=AEY—TASH + oA VI
o . Kngmiera (S whereAEY, ASH and AVYT are the activation energy, en-
- f I S e, oo het10 tropy, and volume of the diffusion process, respectivély.
107 N 4 SiRel0) In accordance with the theory for the thermally activated

processed® the diffusion coefficient, for example
*D;*;g%z, is determined by the Arrhenius equation
A exp(—AGY/kT)=Dyexp(—AHY/kT), whereA is a pro-
L portionality factor,D,=A exp(AS'/k) is the so-called pref-

L i, ,Ge,, actor, AHY = AEY"+ AV s the activation enthalpy, and
' ' ' T k is Boltzmann’s constartf.

%

S,
T

3

-
o,
T

b diffusion coefficient (cm/s’)

S|

8.5 9.0 8.5 10.0 10.5 11.0 115 12.0 ; )
“ The trade-off between the strain relaxation process and
(@ WKT) (V) the rate of Sb diffusion implies serious limitations for an
, independent detgzbrmination of the activation enthalpies and
o T‘:O';‘Pe"a‘“’e (8‘030) . prefactors for*Dg g, . However, it is generally accepted
—_ N that stresgqin the range of 1-2 GBRaloes not significantly
KO o o S G (et10) affect the prefactor of the diffusion coefficielftand under
E RS o S ey oeemen this conditionAHY" determines the change of the diffusion
Em“- . coefficient as a function ob. Thus, using the prefactors
S . given in Ref. 10 for “unstrained” Si_,Ge, (also listed in
%10_‘6_ S Iabsli I, the Arrhenius expressions fotDgP s = and
< DSj ce,, PECOMeE 0.X 107 exp{—[3.98 (eV)*=0.12)/k T}
B | and 1.3<10° exp{—[3.85 (eV)+0.12]/kT} cn¥/s, respec-
E .o tively (flgé bS solid |éfg€$. In this casg%Vd'f can be estlmagfed
8 1o ol from "D ,ce/Dsi,_,ce =XPAQT/KT), where AQ
8 8095 100 M0s TN TS 120 =AEY— AHY js the difference between the activation val-
(b) 1/(kT) (V) ues of Sb diffusion in relaxed and strained _SiGe,, respec-

: e - . tively. Table Il summariz he Arrheni rameters of
FIG. 3. Arrhenius dependence of Sb diffusion coefficients |nt* es)é abed Ssé’l arizes the edifus parameters o
Dsi, e @ndDg; e

Sip.sGey 1 (@) and S gGey» (b). The present resultilled circles ( the values oA Qs;, and the ratios
are compared to the Sb diffusion coefficients determined in relaxe®f AQ%/a, , which are related to a perpendicular compo-
Si,_,Ge, layers (open circles, after Ref. 10Filled squares and nent of theAVY" tensor. Interestingly, the mean values ob-
diamonds refer to the recent measurements of Sb diffusivity intained forAQ%/¢, are of the order of} in both S Gey 4
strained §j4iG& 00 aNd ShGey ; after Refs. 5 and 9, respectively. and Sj (Ge,, (Where () is the volume corresponding to a
Triangles represent the Sb diffusivity in silic@E? as determined  sjlicon lattice sit¢.'° Further, using either the mean values of
in the present experimeffilled symbo) and as reported in Ref. 10. AQdif/(rl from Table Il orQ’=24+5 eV/unit straif® we
arrive at a qualitative agreement with recent estimates by
in Ref. 5. This difference may be attributed to a considerableAziz?%?! (based on the experimental data from Refvéhich
experimental uncertainty as shown by the error bars in Figsupports the hypothesis of the operation of a vacancy-
3(a).° A comparison of our results with those reported in Ref.mediated mechanism during Sb diffusion in SiGe, .2
10 (open circles in Fig. Bshows that the biaxial compression  In conclusion, a gradual enhancement of Sb diffusion
enhances the Sb diffusion in;Si,Ge,, and, moreover, its with increasing biaxial compression in;SiGe, (x=0.1 and
contribution increases with increasing misfit compressiorD.2) layers has been observed. Relative to that in unstrained
from a factor of ~3 at 0.73 GPaxX=0.1) to ~10 at 1.40 layers, the enhancement of Sb diffusion increases with the
GPa k=0.2). To the best of our knowledge, this is the first contribution of the biaxial strain from a factor 63 at 0.73
experimental demonstration of a gradual increase of the SGPa =0.1) to ~10 at 1.40 GPa X=0.2). Assuming
diffusivity upon the application of biaxial compression. In the prefactors to be stress-independent, the Sb diffusion
the following these results will be further interpreted. coefficients in biaxially compressed,3G&, 1 and S G& »

TABLE Il. Characteristic parameters of Sb diffusion in relaxed and straingd,Sg, epilayers. The last two columns represent the
contribution of biaxial compression.

o DS ce0 (Ref. 10 AEZ (Ref. 10 AHZ AQg=AEg,— AHE] AQgyo,
X (GPa (cnls) (ev) (ev) (eV) (9))
0 0 0.2x10? 4.08+0.07
0.1 0.73 0.4 107 4.07+0.13 3.98-0.07 0.09:0.20 1.0a-2.23

0.2 1.40 1.X10¢ 4.07£0.12 3.870.07 0.2%0.19 1.18-1.07
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