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Sb surface segregation during epitaxial growth of SiGe heterostructures:
The effects of Ge composition and biaxial stress
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Antimony is the most widely used-type dopant for Si molecular-beam epitaBE). However, because
of surface segregation during growth, the control of doping profiles remains difficult. The case of FH&i
heterostructures is complicated by the existence of stresses, which may affect both the thermodynamics and
kinetics of segregation. In this study, we analyze the segregation of Sh resulting from the MBE growth of
Si;_,Ge /Si(100) heterostructures using secondary ion mass spectrometry as a funcfipigrofvth tem-
perature (200°&T°<550°C), (i) germanium content (€x=<0.2), and (iii) stresses(compressively
strained and relaxed layer§Vle show that Sb segregatidi) increases with temperatur@,) increases with Ge
content in biaxially compressed layerdj) decreases with Ge content in relaxed layers. The temperature
variation indicates that Sb surface segregation during growth is kinetically controlled. The contrasting behav-
iors observed as a function of Ge content in stressed and relaxed layers can thus be explained by a decrease of
the segregation enthalpy induced by Ge addition and an increase of near-surface diffusion in stressed layers.
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. INTRODUCTION heterostructuregwith 0<x<0.2). Si/S{_,Ge, structures
) ) ) ) _were grown in a Riber MBE system with a residual pressure
The permanent size reduction and increasing complexﬂyypica”y ~10 ' Torr. Silicon was evaporated using an
of microelectronic structures is accompanied by drastic regjactron gun. Germanium and antimony were evaporated
quirements on doping. This is the case of ultrashallow junCs.om effusion Knudsen cells. Phosphorous-dopedL&)
tion formation and of locally doped nanostructures such agafers of nominal orientatioimisorientation<0.19 were
quantum well wires or dotsFor example the new genera- seq as substrates. They were first cleaned and protected by
tion of Si/SiGe,_-based microelectronics and optoelec- o oxide layer using a standard chemical process. After in-
tronic .deV|c.es, e.g., velocity modulathn transistor, resonangoqyction into the growth chamber, a 900 °C annealing was
tunneling diode, single electron transistor, require accuralgerformed to dissociate the surface oxide. A 50-nm-thick Si
control of dopant profiles in botp- andn-type materiaf™ ), ffe; layer was then grown on the substrates at 750 °C to
In qrder to control and p055|bly predict dopant incorporationgchieve a reproducible initial Si surface; its quality was
during the growth of Si/gGe, ., heterostructures a correct cnecked by the reflected high-energy electron diffraction in-
understanding of redistribution mechanisms: diffusion, SeGtensity of the (2<1) reconstruction.
regation, and desorption phenomena, is necessary. There ex-Three sets of Si ,Ge, structures were grown. The first
ist several difficulties. The first one is that redistribution dur'set(type 1), was used to check the influence of temperature

ing growth is a dynamic process, which combines,ng Ge concentration. These structures, sketched in Fig. 1,
thermodynamicsdriving force and kinetic§exchange rabe

A second one is that the addition of Ge to Si in Si/SiGe,
heterostructures has two consequenéesan “intrinsic” al-
loying effect and(ii) a stress effect due to the Si{SiGg,
lattice mismatch.
The goal of this paper is to discriminate the respective St cap ©

role of thermodynamics and kinetics and the respective in- —_—_ T O
fluence of “stress” and “chemistry.” Attention is focused on
surface segregation which is recognized as the main limiting
factor in dopant incorporation. Other redistribution mecha- Sh

»

(') ssawpIgY,

nisms such as desorptiband diffusiofd” are the subject of _
other publications. The dopant selected is Sb, which is the buffer bus;;,er
most widely used-type dopant for Si molecular beam epi-
taxy (MBE) growth. S 8 22 2 2 3 >
S O O O O O O
Il. EXPERIMENT Temperature (°C)

In order to distinguish the effect of stress from that of Ge  FIG. 1. (Color online@ Schematic representation of type-1
concentration, we analyzed the Sb distribution profiles restructures used for the analysis of Sb segregation with growth
sulting from the growth of strained and relaxed Si/SGe, temperature.
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FIG. 2. (Color online Schematic representation of type-2 struc-
tures used for the analysis of Sb segregation with both Ge content
and induced compressive stress. All the_SGe, layers have the
same composition.

Temperature (°C)

FIG. 3. (Color online Schematic representation of type-3 struc-
tures used for the analysis of Sb segregation with Ge content in
relaxed layers. All the $i ,Gg, layers have the same composition.

consist of (8 an Sb half monolayer(coverage 6~3 ) ) )
X 10" at/cnf) deposited at 400 °C(b) a 50-nm Sj_,Ge, (¢") and which then floated to the growing surface during
layer (with x=0, 0.1, and 0.2 grown at 350, 450, and the growth of layer§').

550 °C, and(c) a 20-nm Si layer deposited &t<200 °C in The Sb concentration versus depth profiles were measured
order to encapsulate the Sb fraction which has moved tobY secondary ion mass spectrome®MS) using a Cameca
wards the surface during growth. IMS4F operated at 8 Kev with O primary ions. The Ge

The second and third sets of structui@ge 2 and 3, concentration was checked by RBS.
respectively were used to separate the influence of Ge con-
centration and the influence of stress. Type-2 struct(fies lll. RESULTS
2) consist of four layers:d') a 50-nm Sj_,Ge, layer de-
posited at 550 °Qwith x=0, 0.09, and 0.13 (b") an Sb half
monolayer deposited at 400 °G;'( a 6-nm Sj_,Ge, layer Figure 6 shows the Sb redistribution profiles obtained by
deposited at 200°Cd() a 45-nm Sj_,Ge, layer deposited SIMS in pure Si layers grown at 350, 450, and 550fype
at 550 °C, €’) a 20-nm Si cap grown &<200°C. In this 1). At 350 °C two peaks are observed, one in the vicinity of
case, the Si_,Geg, layers are fully compressively stressed onthe surface which corresponds to the Sb quantity segregated
the substrate, they all have the same composition. during growth Qg9 and one at~65 nm corresponding to

Type-3 structuregFig. 3), consist of layersd’), (b’), the incorporated Sb quantity),.). An increase in tempera-
(c"), and d") deposited on a $i,Ge, relaxed bufferwith  ture results in a decrease of the incorporated quantity and an
Xpufter= Xstrueurd - 1N that case the $i,Ge, layers were re- increase of the segregated one. This indicates that in this
laxed. The relaxed buffer was obtained by using the lowiemperature regime (350T(°C)<550°C) segregation in-
temperature compliant layer procéssThis technique al-
lows the glide of the majority of the threading dislocations in
the low-temperature Si layer. It involves depositing 700 nm
Si; _,Ge, grown at 650 °C with a fixed compositiqw) on a
50-nm Si layer grown at 400 °C. The concentration of dislo-
cations in these $i,Ge, buffers was measured by atomic
force microscopy and transmission electron microscopy,
(plan view), and was found lower than 1@m™? (see Fig. 4,
for instance. X-ray diffraction measurements confirmed that *
the level of relaxation was in all cases larger than 95%.

In type-2 and -3 structures, layec’() was grown at an
unusually low temperatur@00 °Q in order to bury as much
as possible the Sb distribution. Its crystallographic quality
was restored before deposition of layel’ by a 5-min an-
neal, at 750 °C for the strained structures and at 600 °C fot
the relaxed ones to limit dislocations propagation, respec- FiG. 4. (Color onling Dislocations density of & 10* disloc/
tiVG'y. If one looks at a typlcal Sh distributions in such struc- cn? and 5x 10% disloc/cnt are measured on TEM plan view image
tures(Fig. 5), one can discern two Sb peaks: one correspondsf a S, 4,Ge, oo layer tensily strained on §i;Ge, 1o relaxed buffer
to the fraction incorporated after growth of layer’), the layer (a) and AFM image of $jq,G& oo relaxed buffer layer(b),
other to the fraction of Sb segregated during growth of layerespectively.

A. Influence of temperature
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B. Influence of Ge content: combined effect of chemistry ] \\
and stress

Figure Ta) shows the Sb redistribution profiles obtained
in Si, Sp¢Gey1, and SjGea, layers grown at 350 °C on
Si(100). One notices that the incorporated quantity decreases
with increasing Ge content. This is very clear on Fi¢)7
which gives the incorporation coefficient € Q;,c/6) at | T=350°C , , ,
350 °C as a function of Ge content. In order to calculate this 000 005 o010 015 0.20
coefficient, the two peaks have been fitted using SIMS pro- X
file simulation, they were deconvoluted and integrated.
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Incorporation coefficient of Sb

FIG. 7. (a) Sb redistribution profiles in $i,Ge, layers(type 1)
with different Ge compositionsx& 0,0.1,0.2) grown at 350 °C in
C. Influence of biaxial strain epitaxy on Si100). (b) Variation of the incorporation coefficient of

) o ] ) _ Sb (rinc=Qinc/6) as a function of the Ge contef) in Si;_,Ge,
Figure 8a) shows the Sb redistribution profile obtained in jayers grown in epitaxy on §i00).

Sip.sGey 15 layers(type 2 and 3 A very large quantity of Sb

is now incorporated. This quantity results from the incorpo- _ _ .

ration of Sb during the growth of layec() at 200 °C. The cantly_ higher in the relaxed Iay_er._ One has_ to notice _that

surface peak corresponds to the quantity of Sb initially SegMashltalgzt al. have shown a similar behavior for In in

regated at 200 °C and then redistributed at the surface durin§GaAs: _ o

the growth of layer ¢’) at 550 °C. The comparison of the Sb The results obtained are summarized in Figh)8vhere

redistribution obtained in a $i/Ge s layer compressively the Sb incorporation coefficient at 200°C is plotted as a

strained(grown on Sj and relaxedgrown on a SjgGey g function of Ge content in strained and relaxed layérsan-

buffer) is presented. The incorporated quantity is signifi-not be deduced from the SIMS profiles for layers with
>0 due to the desorption of Sb during the deposition of

Q Q . layer (d').° For the calculation of on Fig. 8b), 6 was

107 se8 inc :::gog chosen equal to the value measured by SIMS in Si. The error
£ o sB0°C bars on Fig. &) correspond to the maximum error on the
3 measurement of using the SIMS spectra performed in
51019‘ Si; _,Geg, layers grown at 350 °Cno desorption of Sband
B in Si.
£ 10" In strained layers the incorporation coefficient decreases
::; ! with increasing Ge content. Consequently, it can be deduced
2 1,le " Jwv that the combined effects of Ge composition and induced
010 , , . . ‘RJ&?, , compressive stress is to increase Sb segregation.

o 25 5°Dept{15(nm)1°° 125 150 In relaxed layers, the incorporation coefficient is larger for

Si;_,Ge, than for pure Si. It reaches a value close-td
FIG. 6. Sb redistribution profiles in Si epitaxial layers on (full incorporation as soon ag=0.09. The further evolution
Si(100) grown, respectively, at 350, 450, and 550@@e 1). Qinc with Ge concentration cannot be analyzed at this low tem-
corresponds to the Sb incorporated quantity @ag,to the segre-  perature. However one can infer that the intrinsic effect of
gated quantity. Ge addition is a decrease of Sb segregation.
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a) ture, and neglecting desorption, the segregation is deter-
mined by E¢q, the equilibrium energy difference between
surface and bulk. At lower temperatures, the segregation is
kinetically limited and dominated by thE,4 term. These
models predict that in the range of temperatures used in our
experiments, the segregation is kinetically limited, which is

in agreement with our experimental results showing an in-
crease of segregation as the temperature increases. The varia-
tions of the Sb segregation with Ge composition and stress
should thus be analyzed on the basis of this kinetic limita-

%)

? 20 | Surface
10 (Si cap)

Concentration of Sb (cm
=

b ) 0 50 100 150 200 tion. Providing that an analogy is made between the varia-
Arbitrary scale of depth (nm)

tions of the kinetic term in the vicinity of the surface and that
observed in the volume, we can deduce the modifications of
the activation energy for diffusion with Ge composition and
stress from experimental data available in the literature.
These data show thdt) the Sb lattice diffusion coefficient
increases with Ge content for compressively stressed
Si,_Ge, layers[for epitaxy on(100)Si],%"*>(ii) this in-
crease is due to the additive effects of Ge composition and
compressive biaxial stre§<:'7 If we now assume, that the
segregation enthalpyE(.9 is constant, such variations of
diffusion should lead to an increase of Sb segregation with
Ge composition, both in relaxed and compressed layers. This
agrees with the results obtained in compressed layers but not
in relaxed layers. In that last case, Sb segregation decreases

FIG. 8. (a) Comparison of the Sb concentration profiles obtainedwith Ge addition which implies that the Sb segregation en-
from a compressively strainde-) (type 2 and relaxedO) (type 3 thalpy should decrease with Ge addition.
Sip.g5&.18 layer. The profiles are superimposed by referring to the  This is consistent with the characteristics of the Sb-Si-Ge
position of the incorporated Sb peak and not the free sulfioee  ternary system. If one analyzes the three main components of
the Si surface cap was only deposited on the strained )lag®r equilibrium surface segregati% (parameters affecting
Variation of the i_ncorporation coefficier_1t of Sli{.=Qinc/6) at Eseg, Namely, (i) the difference in surface energy between
200 °(_: asa functlon of _the Ge conten} in relaxed(®) and com-  ¢q|jte (Sb and solvent (Si_,Ge), (i) the difference in
pressively strainedl) Si;_,Ge layers. atomic size? (iii) the tendency towards phase separation

(mixing energy, one finds the following.
V- INTERPRETATION (i) Ge has a lower surface energy than Si; its addition will

This analysis shows that during the growth of Si/SiGe,  decrease the alloy surface energy and thus the tendency for
heterostructures, Sb segregation increases with temperatus® to segregate. Moreover, Ge segregates o(R8is. 20,
in the 350-550 °C temperature range. Moreover, at 200 °@1) which should amplify this phenomenon.
the Sbh segregatioii) increases with Ge content in compres- (i) Ge has a larger atomic size; its addition increases the
sively stressed layersii) decreases with Ge content in un- alloy lattice parameter and thus decreases the steric effect.
stressed layers, ar(di) increases with compressive stress at (i) Sb-Ge interactions are repulsi¥ewhich means that
constant Ge composition. Thus, it appears that the variatiothere should not be any synergetic effect between Ge and Sb
of the segregation of Sh with Ge composition in stressed  surface segregation.
layers results from the combination of two opposite effects: a Consequently, the behavior of Sb segregation in relaxed
decrease due to Ge addition, an increase due to compressilayers leads to the conclusion that the variation of Ge con-
stress. centration has a more effective influence on the energy of

In order to understand these results, one has to consideegregationE.y than on the energy of diffusiorE). In
the flux of Sh segregating to the surface during growth. Thighe case of stressed layers, the magnitude of the decrease of
flux is proportional to the product of the Sb kinetic mobility Egx due to the increase of Ge concentration is expected to be
close to the surfacéelated to the activation energy for dif- more important than in relaxed layers due to the addition of
fusion: E4¢) and the thermodynamic driving force for seg- the stress effect to the composition effect. The behavior of
regation(related to the enthalpy of segregatidfy.). One  Eseqis less obvious and two scenarios can be considered.
has to remark that these two components follow an opposit€onsidering that the minimization of the surface energy is
behavior versus the temperature: the mobility increases witthe main driving force for surface segregation, one expects
the temperature, even though the surface segregation drivirthat E¢4 still decreases as the Ge concentration increases in
force decreases as the temperature increaSgg 4ndE.,,  Stressed layers. In this case, the increase of the Sb segrega-
have opposite signThis situation has been modeled by sev-tion during growth is attributed to the decreaseHyf; and
eral groups on the basis of direct atomic exchange betweelhe stress effect is found having a more effective influence on
surface and subsurface layéts™*At high growth tempera-  Egi than onEgeq. The second scenario consists in consider-

1.0
0.8

0.6
0.4
0.2
0.0+

Incorporation coefficient of Sb
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ing that the driving force for surface segregation in stressedompressive stregsand (iii) decreases with Ge concentra-
layers is the minimization of the strain energy of the totaltion in relaxed layers.

system. In this case, one can expEgtyincreasing with Ge We analyze these variations on the basis of a kinetic limi-
composition and the increase of the Sb surface segregationfigtion of Sb segregation, which is well illustrated by the tem-
attributed to both an increase of the mobility and an increas@erature dependence. The contrasting behaviors observed as
of the thermodynamic driving force for segregation. One hag function of Ge content in stressed and relaxed layers can
to notice that the surface energy minimization is generallyfnus be explained by an increase of diffusion in stressed lay-
expected being the predominant driving force for surface's combined with a decrease of the segregation energy due
segregation, which would favor the first scenario. to Ge addition.
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