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Sb-surfactant-mediated growth of Si and Ge nanostructures
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We have used reflection high-energy electron diffraciBRMEED), atomic force microscopyAFM), and
high-resolution electron microscopildREM) to investigate Sb surfactant mediated grov8MG) of Ge on Si.
We show that SMG of $i,Ge, promotes the two-dimension&D) nucleation regime and increases the
critical thickness of the 2D-3D transition at 350 °C. At this temperature, thick defect free flat Ge layers can be
epitaxied on 1 ML Sbh-3%001) without formation of Ge islands. At higher temperat&s0 °Q Ge islands
nucleate after the growth of several 2D monolayers; SMG induces a dramatic reduction of the islands lateral
size on both Si111) and S{001). We show that the different SMG roles obtained at 350 and 550 °C are
explained by the conjunction of thermodynamic and kinetic effects. First we explain the substantial increase of
the 2D-3D transition critical thickness by the reduction of Sb induced surface energy. This surface energy
reduction has a stabilizing effect of flat;SiGe, layers (against island growjh Second, we attribute the
dramatic reduction of islands size to a lower Ge diffusion length on Sb rich surface. We suggest that this
reduced diffusion length is due to the competition between surface diffusion and exchange with subsurface Sb
atoms. In addition, Ge:Sh SMG on(801) is successfully used for two applications: the growth of flat layers
and the self-assembling of ultrasmall, dense and homogeneous Ge dots.
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I. INTRODUCTION ergies on the terraces and along the step edges.
In addition, it was also suggested that morphological

Several studies report on Sb surfactant mediated growtbhanges induced by SMG could depend on surface recon-
(SMG) of Si;_,Ge, on Si. Among the different effects of Sb struction. For example, Faltt al3 have shown that while
it was shown thati) coherent strained flat Ge layers can bethe Ga terminated 6:86.3 surface(obtained for Ga cover-
grown up to higher critical thickness without relaxation by age~0.8 ML) promotes 2D layer by layer growth of Ge, the
misfit dislocations;*? (i) dynamic Ge segregation during v3XVv3-terminated Sil11) surface(obtained for Ga cover-
growth is reducett™** and Si/Ge intermixing is age~1/3 ML) leads to islanding® In the latter case, it is
suppressett>1915-1&iji) Si,_, Ge, relaxed buffer layers of suggested that island nucleation takes place on surface areas
better crystalline quality can be obtainédwer density of locally free of Ga. Recently a work based upon ab initio
dislocations and lower surface rough@égslg—ﬂ More re- density functional theory calculations has given thermody-
cently, SMG has also been used for self-organization of G&amic evidence of the surfactant aided layer-by-layer
islandsZ In particular, some studies have evidenced a reducgrowth®” The analysis of energetic data of surface free en-
tion of Ge islands lateral sizes using Sb SKfG?°However, ergy as a function of chemical potential was shown to pro-
at high temperature, SMG of Ge follows a classical SKVvide a general theoretical signature of the growth mode.
regimé?® without noticeable influence of Sh. In this study, we compare the morphology of Ge strained

Although the microscopic mechanism of surfactant effectayers grown on Si surfaces terminated or not by Sb. We
is still under debate it is generally believed that the maindetermine the influence of growth temperatufg), depos-
influence of surfactants is to drive the growth in a diffusion-ited thicknesgh), Sb coveragé) and silicon substrate ori-
limited regime. In particular, Voigtiederet al?” have classi- entation. We find that the driving force of Sb SMG effect
fied surfactant elements in two categoriés:elements de- comes from the conjunction of thermodynamics and kinetics
creasing surface diffusioffs, Sb, Bi, Té and promoting flat Phenomena. Using basic energetic and kinetic considerations
surface and(ii) elements increasing surface diffusi¢gn, We show a good agreement between the experimental results
Pb, Ga, In and promoting island formation. Several and the calculated reduction of surface energy and of surface
theoreticad® 3% and experimental—32 works have been de- diffusion.
voted to the microscopic exchange process of Ge—surfactant

rather than to the explanation of the SMG mechanism. Most Il EXPERIMENTS
of them have shown that adatoms/surfactaits and Sb '
use dimmers for the site exchange mechanism.e6dl, > Si and Ge layers were grown on(@1) and S{111) sub-

proposed an atomic pushing-out mechanism, which explainstrates in a Riber molecular beam epitalBE) system,

the locking of Ge atoms in sub surface sites. This phenomwith a base pressure typically 10! Torr. Si flux was ob-
enon is shown to be responsible of the leveling of Ge island$ained from an electron beam evaporator. Ge and Sb were
during Sb SMG on Si. Kandel and Kaxifdfave shown that evaporated from effusion Knudsen cells. Si wafers of nomi-
surfactants of column V induce a complete passivation of Sinal orientation (miscut 0.2°) wereex situcleaned and pro-
SMG effect is then explained by the different adsorption entected by an oxide layer as a final step. This oxide layer was
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VWWWWWVWWVWVW Si(111) growth regimes with the temperature.
with 1ML Sb
(d) 590°C evidenced by the total absence of RHEED oscillatifgfig.
1(c), Tg=590 °C]. In this regime, the surface diffusion of Si
adatoms is larger than the terrace length and Si adatoms stick
to the step edges. Growth proceeds by advancement of the
FIG. 1. Variations of the RHEED specular beam intensity duringstep edges. The temperature of transition between 2D nucle-
the growth of Si/Si111) (a)—(c) and Si/1 ML Sb-Si111) (d). ation and step-flow is commonly related to the disappearance
of the RHEED oscillations. It corresponds to the temperature
subsequently removed into the growth chamber by flashingt which the diffusion length of adatoms becomes larger than
the substrate at 900 °C before performing growth. Reproducthe terraces.
ible surface is obtained by depositing 50-nm-thick Si buffer Figure 2 gives a schematic representation of the three
layer. Cleanliness of the surface was systematically checkegrowth regimes evidenced by RHEED during the deposition
by the observation of reflection high-energy electron diffrac-of Si/Sb-S{111) and Si/S{111) as a function of temperature.
tion (RHEED) patterns of the X1 and 7x 7 surface recon- We first observe a temperature shift towards higher tempera-
struction[on Si001) and Si111), respectively. Si and Ge tures of the three growth regimes for SMG. This means that
were deposited at a rate about 0.3 A/s and 0.063 A/s, respethe transitions from kinetic roughening to 2D nucleation and
tively, directly on the substrate or after the deposition on thdrom 2D nucleation to step-flow occur at higher temperatures
surface of a submonolayer coverage of Sk<@<1). The for this system. Since these two transitions are directly re-
calibration of the Sb flux was done using the surface recontated to critical surface diffusion lengths of adatoms, we de-
struction change from the Si(0pI12x1) pattern [or duce that Sb induces a decrease of the surface diffusion
Si(111)-(7x7)] to the (1x1) pattern at 1 ML Sb length. Second, we note that step flow growth regime starts
coverage?® Calibration using secondary ion mass spectrosat about 525 °C for normal Si growth while it starts at 725 °C
copy (SIMS) depth profiles of~1 ML Sb buried in Si layers for SMG. Experimental proof of these results is given by the
was also performed. The morphology of the surface waslisappearance of RHEED oscillations at temperatures higher
qualitatively determined during growth by RHEED. Growth than 525 and 725 °C during Si on($11) deposition and
regimes were deduced from the RHEED specular beam inSMG, respectively. Figures(d) and Xd) show for example
tensity variations during growth. After growth, atomic force the comparison of RHEED oscillations for Si/Si and SMG,
microscopy(AFM) and high-resolution transmission electron respectively, at 590 °C. We must remark that for SMG, the
microscopy(HRTEM-JEOL 4000 EX were used for mor- step-flow regime starts at a temperat(re5 °Q which cor-
phological and structural characterization of the depositedesponds to the peak of thermodesorption of Sb from the Si

RHEED intensity (arb. units.)

0 50 100 150 200 250 300 350 400
t(s)

layers. surface®® This means that Si growth proceeds by 2D nucle-
ation on Sb-Sil11) up to almost complete desorption of Sh.
Il. RESULTS We conclude that Sb SMG of Si inducéb a reduction of
the Si adatom diffusion length arf@) the inhibition of step-
A. Si growth flow growth. Similar results have been obtained for other

The typical variations of RHEED specular beam intensitySMG systems. For instance, Tromp and Réfitave never
as a function of the temperature were recorded during th@Pserved the step-flow regime during the growth of Ge on
growth of Si/S{111) and Si/Sb-Si111). We find that in the the As-terminated Si surface.
two cases, three main growth regimes can be distinguished:

(1) Kinetic roughening at low temperatures. This regime is B. Ge growth

characterized by an important damping of RHEED oscilla- _

tions [Fig. 1(a), Tg=2325°C], which is attributed to an in- 1. On Si(111) substrate

crease of surface roughneéSsThe latter is induced by the The variations of the RHEED specular beam intensity
low surface diffusion of Si adatoms in this growth regime. have been recorded at two temperatu®@s0 and 550 °C

(2) 2D nucleation(layer-by-layer growth at intermediate during the growth of Ge/Si and Ge/Sb-Si. All the experi-
temperatures. This regime is characterized by RHEED oscilments have been stopped after the growth-Gf ML (~2.2
lations without damping[Fig. 1(b), T;=460°C for Si nm) in order to analyze the RHEED patterns and the mor-
growth and Fig. 1d) Ts=590°C for SMJ. Growth pro- phology of the as grown surfaces.

ceeds by nucleation of 2D islands on the terraces that col- At 350 °C during the growth of Ge/Si, three oscillations
lapse up to the ML's completion, before the growth of thecan be observefFig. 3@]. They are attributed to the layer-
next ML. (3) Step flow at high temperatures. This regime isby-layer growth of Ge during 3 ML's~1 nm) followed by
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FIG. 3. Variations of the RHEED intensity during the growth of
Ge/Si11)) (a), (b) and Ge/l ML Sb-SiL11) (c), (d).

3D growth of islands. This growth p.rocess.of Ge/Si is al- FIG. 5. AFM images of the surface after deposition of Ge/
ready well known. Moreover, formation of islands is con- Si(111) at Tg=350°C (a) and Te=550 °C (b) and Ge/1 ML Sb-
firmed by the transformation from streaks to spots observed;111) atT,=350°C(c) andTs=550 °C(d). At 350 °C 2D layers

on the RHEED pattern at the end of the growth experimengre obtainedscan of the image is 22 um?) while at 550 °C is-
[Fig. 4@]. At 550°C, we can note the total absence ofjands have formedscan size of the images is@ um?).

RHEED oscillationgFig. 3(b)]. This is consistent with the

step flow growth regime expected at this temperature. Aftel -, images presented in Fig. 5. Table | summarizes the

the growth, the RHEED pattern presents the typicald 04 features of the different morphologies deduced from
reconstruction of Ge deposits on(E11) (Ref. 23 [Fig.  AFM observations. After the growth of7 ML's of Ge, we
4(b)]..The R!—|EED pattern e_wdence; a flat _surface, althougl”(u)bserve at 350 °C small Ge islands on[Big. 5&] and an
we WI|| see in the next secuon_that it consists of very 'argeatomically flat surface on Sb-$Fig. 5c)]; the regular train
flat islands. This discrepancy is due to the low coherencey piatomic steps resulting from the small mis¢tt0.19 of
length of RHEED which prevents to distinguish islands e jnjtial surface is in particular still visible. At higher tem-
when they are large and. flat anci a totally flat surface.  heraturg550 °Q, we observe very large flat Ge islands on Si
During Sb SMG of Ge: at 350 °C, six RHEED oscillations [rjq 51)] and much smaller islandsize ~20 times smaller
are now observefFig. 3(c)]. They are attnbuted_ to the layer- 44 density~500 times largeron Sb-SiFig. 5d)]. RHEED
by-layer growth of 6 ML's Ge(~1.9 nm): two times larger  ijjations(not shown hereconfirm the AFM results. It is
than without Sh. The 2D growth is confirmed by the pres-yoquced that Sb SMG of Ge induces an increasen of

ence of streaks on the RHEED pattern at the end of thep_ap ransition and a decrease of the adatoms surface dif-
growth [Fig. 4(c)]. At 550 °C three oscillations are observed ¢ ,qiqn length.

[Fig. 3(d)]. This suggests the growth of 3 ML's by 2D nucle-
ation followed by the growth of 3D islands. Formation of
islands is confirmed by the presence of spots on the RHEED
pattern at the end of the growflrig. 4(d)]. At this growth In this part we focus on the morphological evolution of
temperature, in the case of Ge deposition without Sh, we diée layers with growth temperaturé{), deposited thickness
not observed 2D nucleation. We then deduce that this growtth), and Sb coveragé)).
regime results from SMG on the Sh-terminated surface. It is Evolution with T . Figure 6 shows the morphology of Ge
attributed to a reduced surface diffusion length of Ge adalayers obtained at three growth temperatufgs= 350, 550,
toms. Consequently, from this set of experiments we find thaand 750 °C, foro=1 andh~13 ML (~1.8 nm. At 350 °C
Sb SMG of Ge induces$l) a decrease of Ge adatom diffu- [Fig. 6(a)], the surface is flat with a root mean square rough-
sion length and2) an increase of the critical thicknesis.f) ness r.m.s-0.5 nm. HRTEM observationgFig. 6(d)] evi-
of the 2D-3D transition; at 350 °@\,~6 ML's for Ge/Sbh-Si  dence an atomically flat film, free of dislocations and fully
instead ofh,~3 ML's for Ge/Si. strained to the Si substrate. At 550 fEig. 6(b)], the layer
Regarding now the morphology of the as-grown surfacesgonsists of ultrasmall islandsZ(~30 nmh~1 nmd~1.5
they are strongly different when Ge is deposited ofi®) X 10'Ycn¥?) free of dislocations. They are closely packed
and when it is deposited on Sh¢8l1) as can be seen on the but not in contact with each othémean distance between

2. On Si(001) substrate

FIG. 4. RHEED patterns after
deposition of Ge/$l11) at Tg
=350°C(a) and Tg=550°C (b)
and Ge/l ML Sb-3111) at Tg
=350°C(c) andTg=550°C(d).

In all cases deposited thickness of
Ge is~7.5 ML.
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TABLE I. Typical features of Ge surface morphologies obtainedpapers:*~4"a bimodal size distribution of islands is obtained
at 350 and 500 °C on Si and Sb-Si surfaces. r.m.s. represents tlﬁeig, 10@)]. The islands consist of “huts” wit{105} facets
root mean square roughness of the 2D laylersJ, andd represent  gnd “domes” with mainly{111} and{113 facets. The{105
the height, diameter, and density of the 3D islands. facets are clearly identified by TEM cross-section observa-
tions [Fig. 10c)]. While huts are straine¢ho dislocation,

350°C 550°C most of the domes are relaxed. When Ge is deposited on
GelSi 2D rough layer 3D islands Sb-Si, a dramatic change of island shape is obsefiegl
rm.s~1nm h=10nm, &=1500 nm,d~2.10/cn?  10(0)]. First, only one type of island free of dislocations with
Ge/Sb-Si 2D layer 3D islands a rounded shape is now observed. Second, the islands no
rms~02nm h=5nm,J=80nm,d~9.1¢/cn? longer present a visible facet on their top or their sigeg.

10(d)]. This suggests that surface energy anisotropy of Ge is

also modified by Sb adsorption.

island edges~5 nm) as can be seen on the TEM cross- _ N Summary, we have shown in this part that Sb SMG of

section imagdFig. 66)]. At 750 °C[Fig. 6c)] low density G_e induces a change of island ShE(Mh in pargcular the.

of large dislocated Ge islands with rounded shape is obdisappearance of facgtand a dramatic reduction of their

served (~230nm, h~60nm, and d~3x10%/cn?). Ieteral size accompameo_l by the increase of their density. At

These islands are usually called “domes” and are frequentl)y"gh temperature, there is no surfactant effect because of Sb

observed during the growth of Ge on S$without Sb desorption.

coverage*?*3A typical TEM cross-section image of such an

island is presented in Fig.(6. The similarity of Ge island

morphology when Ge is deposited on Sb-Si and on Si sub-

strates at this growth temperature is explained by the absence In this study we have performed growth experiments on

of Sb on the surface due to the desorption of Sb-@00°C  both Si{111) and S{100 in order to determine the role of

(Ref. 40 from Gg001). surface reconstruction on Sb SMG. Indeed, it is kndffin
Evolution with h We have then investigated the morpho- that the reconstructions stabilized at the SB®1) and Sb-

logical evolution of Ge layers with the deposited thickness aSi(111) surfaces are different despite thex1 RHEED pat-

550 °C for#=1. AFM images of Ge layers with thicknesses tern observed after 1 ML Sb deposition in the two cases.

of (@ 0.9 nm,(b) 1.2 nm,(c) 1.8 nm, and(d) 2.7 nm are We have found similar effects of submonolayer coverages

presented in Fig. 7. The growth processes can be divided iof Sb on the growth of Si and of Ge. These effects have been

three steps(1) layer-by-layer growth up téi~0.9 nm, (2)  evidenced for two different surface reconstructibms (111)

nucleation of 3D islandgand increase of island densityp ~ and on (001)] and in two different growth regime§2D

to h~1.8 nm, and3) coalescence of islands. The maximum nucleation and step flow

IV. DISCUSSION

of islands density is obtained ht-1.8 nm(Fig. 8. One can All the Ge layers investigated on (801 were free of
also note the almost constant size of islands up to the merglislocations(in the limit of sensitivity of TEM measure-
ing step (25 nn=@=<30 nm). mentg and were consequently completely strained up to a

Evolution with 6. We have compared the morphology of thickness of 1.8 nn§13 ML). We then can conclude that the
Ge layers 13-ML thick obtained at 550 °C fér=0, 0.5, and critical thickness ) is higher than 13 ML for Sb SMG on
1. We observe a strong reduction of island g@ecompanied Si(001).
by a higher density of islanglsvhen increasing (Fig. 9); We have evidenced different effects of Sb SMG depend-
this is clearly visible on the AFM imagéd§&igs. 1Qa), 10(b), ing on the temperature: at low temperature, delay of the
and 7c) for #=0, 0.5, and 1, respectivdlyOne can also 2D-3D growth transition and inhibition of the step-flow
notice the effect of Sb predeposition on Ge island shapegrowth regime; at high temperature, a dramatic reduction of
Regarding first Ge/Si growth, as already described in severdbe island size accompanied by an increase of their density

FIG. 6. Images of the surface
after the growth of 13 ML Ge/l
ML Sb-Si(001) at 350 °C(a) and
(d), 550 °C(b) and(e), and 750 °C
(o) and (f). (@—(c) images are
AFM images andd)—(f) are TEM
cross-section images. In(a),
(b) the scan of the images is
1X1um? in (c) scan size is
5% 5 um?.
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FIG. 7. AFM images of Ge/l
ML Sb-Si(001) obtained at 550 °C
for deposited thicknesses df)
9 A (b) 12 A, (c) 18 A, and(d)
27 A [scan size of the images is
1X1 pum?].

and by a modification of island shapeith in particular the A. Thermodynamic driving force
absence of visible facetsWe suggest that these effects can

be interpreted. a234 g;e combination of two driving fOFC@fS: sponds to the minimisation of the total free energy of the
thermodynamié;**3’the decrease of_surface energy mducedsys,[em (E). By approximation, ifE only consists of two
by Sb submonolayer coverages which promotes 2D growtlgerms, surface energy) and elastic energyH,), thenh,

and (ii) kinetic, the decreases of adatoms diffusion length,esn0nds to the thickness at which the reduction of elastic

due to the competition between surface diffusion and ex'energy induced by relaxation at step edges in the islands

change with Sh atoms of the subsurface which reduces thg,omes |arger than the excess of surface energy induced by

The critical thickness of 2D-3D transitionh{) corre-

island size. the larger surface developed by the islands. Now if we com-
. pare the cases of a Ge layer in epitaxy on a Si substrate
£
% 10" /’\ T T v
: — ] [ ] 15 O
PR o 2 : £ @
+ 1071 > 5 o ° =
< = o £ N 601, () <
2 Fy 8 2 2 2
@ 10°] o £ ] T 0. L (b)— {10 2,
< o - £ 8 N g -
L} > . [
° & 5 =2 X )
T 10% @ § 40 2
© o g AAAAAA ™Y 15 %
2 , : “ : 304 e~ * 3
a 10 T T y T T " T T T ' T r =
“ 00 05 10 15 20 25 3.0 00 02 04 06 08 1.0
Deposited thickness h (nm) Sb coverage (ML)

FIG. 8. Evolution of the 3D islands density with the Ge depos- FIG. 9. Evolution of the mean lateral size of islar@s and of
ited thickness for growth at 550 °C on 1 ML Sh{@1). their surface densityb) with Sb coverage.
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FIG. 10. AFM (a), (b) and TEM(c), (d) im-
ages of 13 ML Ge&J ML Sb-Si(001) obtained at
550 °C with #=0 (a) and(c), §=1/2 (b), and #
=1 (d).

(Ge/S) and of a Ge layer covered with a submonolayer of Sb However, at higher temperatuf®50 °0), some discrepan-
(Sh:Ge/S), at the 2D-3D transition the total critical free en- cies exist a9~ 1, between the estimation bf~ 17 ML (on
ergy (Ec) is the same in the two casAE.(h;)=0]. We  001) and the experimental value that we have foutd (

can write at constant temperature ~7 ML). Also, Horn-von Hoegenet al?* (Tg=700°C),
\Voigtlander and Zinnér®® (Tg>600°C) and Pengt al?®
Ay(6)+AEg(he)=0, (1) (Tg=550°C) have evidenced the formation of islands at

. much lowerh.. We suggest that Sb partial desorption during
whereAy(0) andAE(hc) are the surface energy and elastic growth of Ge is responsible of this effect. Indeed, it has been

energy differences between Ge/Si and Sb:Ge/Si structureshown that Sb desorption during growth of, e, at
The variations of the volume and of the chemical potential of550 °C is much larger than those predicted by the thermody—
the crystal are neglected in E€l) as the silicon substrate naomic datd%4 In Ref. 49 we measured a desorption rate
can be considerate as semi-infinite. Neglecting the possiblgd~6_3>< 10 3s! during the growth of SiGey, at
changes of the microscopic surface statarface reconstruc- g5 oc |f we assume that Sb desorption from SiGe and Ge is
tion, roughness, etg.it is reasonable to assume that the SUrof the same ordefas shown in Ref. 40 we deduce that
face energy follows a Vegard’s law with Sb coverdgg ~1/3 (instead of 1 at the end of the Sb SMG of Ge at

550 °C. Taking into account this desorption, we now find a
good agreement betwedn,~8 ML (estimated atd~ 1/3)
and the experimentsh{~7 ML). In consequence, we ex-
plain the formation of islands at;=550°C on Sh:§D01)
and Sh:Si111) by the partial desorption of Sb.

In summary, at low temperature, when there is no Sb de-

y(0)=0y>+(1—0)y°¢ )

with ¥ and y°® the surface energy of Sb and Ge.
The elastic energyH,)) stored in the flat Ge layer epitax-
ied on the Si substrate is calculated using the classical equ

tion , . S .
sorption the experimentdl,. is in good agreement with the
1401 calculated v:_;llues. At higher temperature, the s_mauemea— _
Eel(h)=2M1_V82V with V=Sh ©) sured experimentally is explained by Sb partial desorption.
whereu andv are the shear modulus and the Poisson’s ratio 18 (a) .
of Ge; ¢ is the lattice misfit between Ge and Sf;is the ) 161 Si(001) ™~
volume of the Ge layer anfithe surface area of the crystal. 2 v
Again the influence of the microscopic surface state is ne- @ el '
glected inEyg. E 124 X
We experimentally measuretl,=3 ML for #=0 on 2 101 v.m
Si(112) at 350°C. From Egs(2) and (3) (and considering f 8- ‘,.'. :
ySi(001)y 4,811 1 as found experimenta)lywe deduced S ! g S'(r:1
h.=4 ML for §=0 on S{001). Using these values we have E 4l . Q)
calculatedh, versusé. The results are presented on Fig. 11. o ) kT

We can see a good agreement between the calculations and 00 02 04 06 08 10
the experimental results of Katayaratal? on Si001) and
our experimental results ofi1l) at low temperature. This
description explains the increase of the critical thickness for FIG. 11. Evolution of the critical thickness of the 2D-3D growth
the 2D-3D transition observed experimentally at low tem-transition with Sb coverage on(8D1) (a) and on Si111) (b). Up
perature during Sb SMG. and down triangles represent experimental values.

Sb coverage (ML)
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Indeed, the Iinear increase of surface.energy with Sb desorp- Eex— Eg% (1-6) Eex— ESE, 12
tion [as described in Eq2)] promotes island formation. We N =a+2Z4 ex + ex
" kT 0 kT
then conclude that above a critical Sb coverage, the Ge layer
relaxes strain directly by nucleating dislocations without for-
mation of 3D islands. This is what we observe at low tem-In the case oW=1, Eq.(8) gives
perature. This interpretation is based on purely macroscopic b\ 11
thermodynamic arguments. It permits us to explain the mor- —ay2Z. Eex—Esp 9
phology evolution of Ge layers versus growth temperature, A=ay2Zy ex KT ©
as well as the decrease of the wetting layer thickness when _ _
the temperature increases. We can reasonably assume that the energetic barriers of the
Ge surface diffusion and of the Sb surface segregation are in
B. Kinetic driving force the same range WitlE,=EZD (the barrier of interplan

atomic exchanges is expected to be larger than the barrier of
atomic jump on the surfageln the limit case ofEq,= Egt[’,
(at #=1) we obtain the minimal value of =a\/2Z from
—E Eqg. (9).
D~a’Zv exp( —) (4) The evolution of\ in Eq. (8) explains the reduction of Ge
island size when Sb coverage increases: wheatecreases

Z, a, v, E, k, andT are the number of neighbor sites, the the diffusion length increaseghe second term oh in-
distance between neighbor sites, the Debye frequency, th@eases At =1, the diffusion length is directly related to
activation energy, the Boltzmann constant, and the temperds,,— EE% [see Eqg.(9)]: lower is the activation energy of
ture, respectively. We express the mean surface diffusion caxchange, lower is. and consequently lower is the island

The coefficient of diffusionD) for a cubic lattice can be
written

efficient (Dgp) of Ge adatoms as size. In conclusion, considering equilibrium thermodynamics
b G or kinetics, the island formation at 550 °C is explained by the
~Esp —-Esp partial desorption of Sb during growth
Dsp=a’Zgvs| 6 ex +(1— 6)ex , '
kT kT
(5 V. CONCLUSION

where Egt} and ESp are the activation energies of the Ge e have shown that the predeposition of a submonolayer
adatom diffusion on a Sb and a Ge surface, respectively. of Sp pefore Ge MBE growth permits us (o at low tem-
Because of the dynamic segregation of Sb during growthyeratyre (350 °Q, increase the critical thickness of the

another mechanism has to be considered: the two sites e¥p.3p growth transition and(ii) at higher temperature
change between adatoms and Sb atoms located in the s 0°0), to control Ge island size, shape and den6ityluc-

surface layer. As a consequence, when an atom is depositgdy, of islands size, increase of surface density and modifi-
on the surface, it can either diffuse, or exchang(_a with SRuation of shape We explain these two effects by the de-
subsurface atoms. The exchange ratg)( can be defined as rease of both the surface energy and the surface diffusion

E length during Sb SMG of Ge. We have shown that both

L= 0v, ex;{ - _ex) ) (6) equiliprium (surface energy/elastic en_eﬂgmq kinetics(sur—

kT face diffusion/surface segregatjaronsiderations explain the
Considering that the phonon vibrations at the surface aréland formation at 550 °C by the partial desorption of Sb.
generally twice as important as the bulk ones<£2v,), the ~ The Sb:Ge SMG process developed in this study can be used
diffusion time (7) of Ge adatoms before to exchange with Sbfor two applications: the growth of highly concentrated
subsurface atoms is then Si,_«Ge flat layers in epitaxy on Si, or the self-assembling

of very small Ge dots with a high surface density.

1 2 F{Eex)
T=—=—eXxp =]|. (7)
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