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Instability of two-dimensional layers in the Stranski-Krastanov growth mode of Ge on S{111)
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The surface morphology of Ge on($11) was studied using scanning reflection electron microscopy and
energy dispersive x-ray spectroscopy. We found that in the Stranski-Krastanov growth mode, the nucleation of
three-dimensiongBD) Ge islands at coverages above 2.3 bilayBiss) initiates disintegration of about 1 BL
of a surface component of 2D Ge layers between the islands. Such a succession of structural transformation
mainly determines the island size at coverages close to the 2D-3D transition. In the absence of islands, the 2D
Ge layer at coverage between 1.5 and 2.3 BL remains thermally stable up to 500 °C. Annealing at higher
temperatures causes the transformation of the unstable surface component of the 2D layer it lardge
um in lateral dimensionflat islands. The surface morphology transforms through the generation of a super-
saturated adlayer around the islands, which is similar to Ostwald ripe80363-1828)03747-3

I. INTRODUCTION (RHEED) have shown the existence of 2D growth up to 6
ML.*® A comparison of the data known for Ge on(BI0)
The growth of highly strained semiconductor layers oftenRefs. 4 and 19 and obtained here for Ge o Hl) indicates
occurs under the Stranski-Krastant®K) growth mode in  that the intermediate 2D Ge layer on(HIQ is much less
which two-dimensional2D) growth is followed by forma- stable than that on G.lll)' The better' stability prowdes an
tion of 3D islands-~® The 3D islanding in the early stages of opportunity for the stimulated formation of 3D islards.

heteroepitaxy provides the dislocation-free lattice strain
relaxation®”® This transition from 2D to 3D growth was
recently offered as a unique mechanism for fabricating self- The experiments were carried out in an ultrahigh-vacuum
assembled quantum ddtsi® For Ge on Si, the SK growth (UHV) chamber with a base pressure of abowt10° Pa.
mode leads to the formation of rather large 3D islands withThe chamber was equipped with an UHV field-emission
lateral sizes between 30 and 100 nm ofL$1) Refs. 5 and ~ Scanning-electron-microscope gun, a microprobe reflection
11 or 3D islands with broadly distributed sizes between 3dligh-energy electron diffraction detector, a secondary-
and 600 nm on $100.*2 However, the effects of quantum €lectron detector, and an energy-dispersive x-(BpX)
carrier confinement in electronic devices can be achievedP€ctrometer. Scanning reflection ~electron microscope
when an island size is about 20 nm or 168% The depen- (SREM images were formed using ttié44) specular spot
dence of surface morphology on the growth temperature hgStensity in the RHEED pattern. The SREM images were
been observed for the 3D island formatfbht®>6 This de- taken from the sample at room temperature. The kinetic en-

pendence indicates the complicated competition between th%rgdy at?d (t:hgmeter of the t{hCllderE)t ilg;:trofn tEeam Weret 30r|](eV
growth kinetics and the thermodynamics of equilibrium syr-and about 2 nm, respectively. Detalls ot the apparatus have

face morphology. Understanding the surface instability in théaeen de.;,cribed elsewhgfﬂ';]e 1% 1-5?<h°-4'”?m samplle
formation of self-organized islands is therefore crucially im-WaS, cut from am-type (111) wafer wit a miscut angle
portant for reducing the island size. <1'" and a resistivity of 5-10) cm. C_Iean Si surfaces were
A pseudomorphic 2D Ge layer on a Si(11%7 surface prepared by flash direct-current heating at 1200 °C. A Knud-
forms at coverages of up to two bilayefBL's) and has a sen cell with a PBN crucible was used to deposit Ge. The

5X5 reconstruction. The transition from 2D to 3D growth ga_lglrzo[\)/v'tht rat$ Was." ctgllbrdate_d from dthe pe;'.OdG Ofl the
proceeds when Ge coverage exceeds 2Bt The 3D is- Intensity osciflation during pseudomorphic t5e-layer

: wth on the Sil1l) surfaces. In this calibration, 3D is-
lands are shaped like a frustum of a tetrahedron wittg) 9" . ~ o '
facets on the side walfsIn this work we show that the 3D Iandj appear on rt]he S surfa%es aﬂ'—4;3% c (\;vhze‘rlm gf
Ge-island nucleation leads to the self-induced growth of ther efpgs(:)'gzegi / esTcove[gget frtlwiﬁ.n k. an f tH G at a
islands. This process is supported by the disintegration of th e ot . S. 10 estimate the thickness ol (né e on

surface component of 2D layers between the islands. Thi _cal areas of the surface, the ratios of EDX signals of Ge to

feature mainly determines size of 3D islands at coverage i were obtained. The Ge thickness was calculated on the

near the transition from 2D to 3D growth. Such a successior’:?‘ssumption that this ratio for big areas of the surface corre-
of structural transformations in which a surface componen?‘ponds to the average Ge thickness calculated from the depo-

of a 2D layer is intermediate and disintegrates after 3D island'tion rate.
nucleation seems to be a general feature of the SK growth

mode of Ge on Si surfaces. In epitaxy of Ge ofil80), the

equilibrium layer has thickness of 3 ML} However,in situ The 3D Ge islands appear on the 2D Ge layer daS)
observations with reflection high-energy electron diffractionas small dark structures on the light background in the

IIl. EXPERIMENT

Ill. EXPERIMENTAL RESULTS
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— by G j =480 °C, andb) the large flat islands appeared after Ge deposition
: o ‘ g atT~480 °C and postdeposition annealingrat 700 °C. The error
o b "% ‘. - o™ - bar reflects the difference in island density on different areas of the
- a . u b o surface
ol .
¢ ~.3"
- - 'S . ‘ This indicates that the thickness of the 2D Ge layer between
- J - ¢ * - . "l-j the islands decreases during annealing. This also indicates
’- t ’0-” ':" ‘ instability of the 2D layer. The island growth as a result of
' _g'-. = _— ‘ —— & ® q post deposition annealing was observed in this work at tem-
T a e e - e peratures down to 380 °C.
.T P -4 e ‘l—um J The thermal stability of the 2D layer depended on its
- B — e thickness. At coverages between 1.5 and 2 BL, the 2D Ge
q layers were thermally stable at temperatures up to 550 °C,

and the formation of a few of large flat islands was observed
after annealing at higher temperatufesarve (b) in Fig. 2].
The temperatures at which this transformation proceeded,
decreased as the Ge coverage increased. FigayeslBows
the islands on the surface covered with 2.2 BL of Ge after
annealing for 15 min at 510 °C. Since thicker areas of a 2D
layer have darker contrast in SREM images, the bright areas
- ’_.;' around the islands in Fig.(8 indicates the decrease of the
o W ‘ Ge thickness because of Ge diffusion to the islands. Further
'_r . J - L .‘ | li annealing at higher temperature caused the growth of the flat
o .‘ Tk islands up to 3um in lateral dimension and the formation of
b, Umj stripes along the atomic steps, as seen in Fig).3The
brighter stripes of the thinner 2D Ge layer were located on
FIG. 1. SREM images of the same surface area with 3D islandgna upper side of the atomic steps. The 2D layer at coverages
appeared on §l11) after (@) depositing approximately 2.4 BL of 5 t9 2.3 BL remains stable against the formation of the
Ge atT=480 °C, andb) subsequent annealing for 10 min &l |5146 flat islands under annealing for times longer than 10
Iﬁrezi;;n'gsaitstge ;i%ﬂzléirg%esgé“;' : rg'gﬂ'(selfmd at the right side ofi 4t temperatures below 500 °C. Ax% reconstruction
9 ' was observed with RHEED on the 2D Ge layers in each case.
This reconstruction is typical for 2D Ge layers on(19i1)
SREM images. Figure(4) shows the SREM image of the when the Ge coverage exceeds 1 BIhe surfaces with
surface covered with 3D Ge islands when sample heatingither the 3D islands or the large flat islands were thermally
was turned off in a few seconds after finishing of aboutstable and did not transform one into the other under anneal-
2.4-BL Ge deposition at a rate of 0.004 BL/s at 480 °C.ing up to 700 °C.
Curve (a) in Fig. 2 shows that 3D Ge islands appear when The decrease of the Ge thickness between the islands un-
Ge coverage exceeds 2 BL. This is in agreement with theler postdeposition annealing was measured with EDX. The
well-known data for Ge on §111).2>! Figure ib) shows turning-off of sample heating in a few seconds after a finish-
that postdeposition annealing for 10 min at 480 °C results iring of about 2.4-BL Ge deposition at a rate of 0.004 BL/s
growth of the islands while the number density of islands hasesults in the formation of an approximated 2.2-BL 2D Ge
not changed. The lateral dimension of islands increased moiayer between the 3D islands as shown by cunas-(c) in
than two times. The additional annealing caused the furtheFig. 4 at timet=0. The decrease of the thickness because of
insignificant growth of the islands as shown in Figc)LThe  annealing was faster at higher annealing temperatures. A
growth of islands during postdeposition annealing can onlywalue of about 1.4 BL characterizes the thickness of the equi-
occur due to Ge diffusion from areas surrounding the islanddibrium 2D Ge layer between the islands as seen in Fig. 4.
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(d) in Fig. 4 att=0. After annealing for 3 min at 670 °C, the
large flat islands were formed, and the thickness between 1.5
and 1.6 BL between the islands remained constant in subse-
quent annealing. A small difference in the Ge thickness be-
tween the 3D islands and the large flat islands is seen in Fig.
4. The 2D Ge layer between the islands has areas of different
thickness as shown in Fig(l3. Since dark fields in SREM
images correspond to areas of thicker Ge coverage, it might
be suggested that the amount of such areas is smaller be-
tween the 3D islands than that between the large flat islands.
It might be also suggested that the thickness of the equilib-
rium 2D Ge layer is slightly smaller between the 3D islands
of higher number density.

The results show that the stable surface morphology con-
tains the 3D Ge islands and the 2D Ge layer that is approxi-
mately 1.4 BL thick between the islands. Therefore, about 1
BL of the surface component of the 2D Ge layer disinte-
grates after 3D island nucleation under the deposition flux at
coverages between 2.3 and 2.4 BL. Note that the transition
from 2D to 3D growth for Ge on $111) has been charac-
terized as “abrupt’®!! This is also seen in Fig. Pcurve
(a)]. Our data show that the enhanced growth of 3D islands,
which is not proportional to a deposition flux, takes place
because Ge atoms appear from disintegration of the surface
component of 2D layers. This self-induced island growth ini-
tiated by the island nucleation gives the impression of
“abrupt” island formation.

FIG. 3. SREM images of large flat Ge islands appedagdfter
depositing approximately 2.2 BL of Ge @t=510 °C and subse-
quent annealing for 15 min at the same temperature,(Rnéfter
additional annealing for 10 min at~650 °C.

IV. DISCUSSION

The surface morphology determined by growth kinetics
under the Ge flux transforms to the equilibrium shape in

The evolution of the Ge thickness under high-temperatur§ubseguent annealing. This transformation occurs through
annealing in the case of the formation of the large flat island:ghe generation of adatoms. The dlsm_tegratlon of the surfa_ce
is shown by curvéd) in Fig. 4. After deposition of about 1.9 component of 2D Iayers_ after nucl_eatlon Of. the 3D |§Iands IS
BL of Ge at 480 °C, no islands were observed on the surfaces.'m'lar to Ostwald ripening, in which the difference in ada-

This corresponds to the average Ge thickness shown in cur am density between areas around smaII' and large SD islands
eads to the growth of large islands, while the small islands

decrease in size and disapp&aThe intermediate formation

M s of the unstable 2D layer before nucleation of the 3D Ge
22 | LN islands probably arises from the existence of the large critical
3 r ] & 718°C 3D Ge islands, i.e., the islands that have a high probability of
a 2 '% b growing after the attachment of one more Ge adatom. By
g 18N () ] measuring the flux dependence of the density of the 3D Ge
g oo - ] islands, we determined the size of the critical islands to be
E 16 f A\a—’——a\@g ] about nine atoms for Ge on(%iL1).2 The formation of such
8 14 - °'~‘o~.-.:A_-__-._-_;._-__-__-_.-__-__-_'-"-_.-"-__-__--------tl-)j ------- ~}_— Iarge critical islands rgqu?res a high density of adatoms. 'I_'his
s © 2 ] might create a high kinetic barrier for new phase nucleation.
12 F 3 The 3D islands nucleated under the Ge flux are coherently
9 . o . ] strained when not grown much beyond 100 hffiin the
1 ) = '500' — '1000‘ 1500 2000 2500 absence of Ge flux, the adatom density thermally generated

by the unstable 2D layer is insufficient to nucleate the 3D Ge
islands, and Ge coverage up to 2.3 BL remains as a 2D layer
FIG. 4. Thickness of Ge measured with EDX between islands a8t temperature_s below 500 °C. At hlgher tem_pe_ratl_Jres, u_nder
a function of postdeposition annealing time at various temperature§.he lattice strain between Ge anq Si, the_ mISfIt_ dlslqcatlons
Curves(a), (b), and(c) were obtained for surfaces covered with 3D Pecome easy to forr?. The formation of dislocations is ac-
Ge islands. The islands were formed under the Ge flux after depo&Ompanied by growth of the flat islands which are character-
iting approximately 2.4 BL at temperaturds) 445 °C, andb) and  ized by a low aspect ratio, i.e., height divided by base
(c) 480 °C. Curve(d) was obtained for large flat islands appeared length™?>?This process does not require a high density of
after depositing approximately 1.9 BL of Ge B&480 °C(time t adatoms.
=0) and subsequent annealing for 3 minTat 670 °C. Our results show that the most stable formation of Ge on

Annealing time (s)
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Si(111) is the 2D layer up to 1.4 BL thick. This layer is temperatures as low as 375 2¥instead of unstable 2D lay-
stabilized by a %5 reconstruction. At larger coverage, the ers, the intermediate phase of the “hut” clusters, which pre-
amount of Ge over 1.4 BL is unstable and is expended ircedes the formation of the equilibrium “macroscopic” clus-
growth of islands after their nucleation. At temperatures beters, has been fourfdThe existence of this intermediate
low 500 °C, the density and size of the coherent 3D islandphase has been considered to be a result of the competition
nucleated at coverages above 2.3 BL strongly depend on tHeetween kinetics and thermodynamics; that is, the hut clus-
substrate temperature and Ge deposition 7afes a result, ters form easily and hence preferentially form before the en-
the stable surface morphology is determined by the growtkergetically preferable but slowly growing macroscopic
kinetics. At T>500 °C, the formation of flat dislocated is- clusters' The easy formation of the hut clusters explains
lands relates to the generation of dislocations on the interfacehy the unstable 2D layer has not been observed after Ge
between the Ge and the Si. The resulting surface morphologgeposition on 3100 in many studies=*"?*2%n the epi-
is independent of external growth conditions. taxy of Ge on Si113 Ref. 15 and probably on &15),1® the

In epitaxy of strained and nonstrained layers, growth ofthickness of the 2D Ge layers at which 3D islands appeared
islands, occurring right after nucleation, proceeds by incorunder the deposition flux, decreased when the growth tem-
porating adatoms from the supersaturated adlayer usuallyerature increased. Such a dependence is similar to that pre-
created by the deposition fl#k. This growth is rapid and viously shown by Mareet al? in a phase diagram of Ge on
therefore makes impossible the controllable fabrication ofSi(111) and was related here to the existence of unstable 2D
very small islands of a size not much greater than the criticalayers. Because the thickness of equilibrium 2D layers be-
nucleus, even if the deposition flux is interrupted. Disintegratween 3D islands is expected to be independent of tempera-
tion of the unstable surface component of the 2D layer in theure, this dependence indicates the intermediate formation of
SK growth mode supports the further uncontrollable growthunstable 2D layers at low deposition temperatures in the
of 3D islands in the absence of deposition flux during sub-cases of Ge on &i13) and S{015).
sequent annealing for stable surface morphology. We have
recently shown that a stable structure of very small 3D is-
lands can be formed when the oxidized silicon surface con-
taining open Sil11) surface windows is used as a substrate In contrast to the intermediate phase of the hut clusters in
for Ge depositiorf’ In this case the opposite sequence, bethe epitaxy of Ge on $100),* we found the intermediate
tween formation of a 2D layer and 3D islands or{13il), formation of 2D layers in the case of Ge on(Hil). Ap-
takes place during annealing for thermal decomposition offroximately 1 BL of the 2D Ge layer disintegrates after 3D
the oxidized layer covered with Ge. In the early period of theGe island nucleation under the deposition flux at coverages
annealing, the conditions for nucleation of 3D islands ap-above 2.3 BL. This process supports the growth of the is-
peared in the $111) windows due to Ge diffusion to the lands, even if the deposition flux is interrupted. The stable
windows from surrounding oxidized areas. Then, after comsurface morphology contains the 3D islands and approxi-
plete decomposition of the rest of oxidized layer, the 2D Gemately 1.4 BL of the 2D Ge layer between the islands. At
layer was formed on areas between the islands. The 3D isoverages between 1.5 and 2.3 BL, the 2D Ge layer remains
lands decreased in size and were able to be completely dihermally stable at temperatures below 500 °C in the absence
solved into the 2D layer in the following period of annealing of 3D islands. Annealing this layer at higher temperatures
if the deposited Ge coverage was less than 1.¥BAs a  results in the appearance of large flat islands and an inhomo-
result, 3D Ge islands of less than 20 nm in lateral dimensiomeneous 2D layer that is approximately 1.5 BL thick between
were formed on $111) surfaces when the Ge coverage wasthe islands. Formation of intermediate phases seems to be an
only slightly thicker than the equilibrium 2D Ge layer be- integral feature of the SK growth mode of Ge on Si. This
tween the islands. feature arises from the competition between the kinetics of

Germanium on $1L00) has been considered as a systemisland nucleation and the formation of stable surface mor-
in which the intermediate formation of unstable 2D Ge layersgphology.
precedes the appearance of 3D islafid§Indeed, the thick-
ness of tr11%equn|br|um 2D Ge layer on(800) is known to ACKNOWLEDGMENTS
be 3 ML,"*" whereas the 2D growth up to 6 ML has been
observedn situ with RHEED in the wide temperature range  This work, partly supported by the New Energy and In-
between 350 and 600 °t8 However, the data obtained using dustrial Technology Development OrganizatigNEDO),
scanning transmission electron microscopy have only indiwas carried out at JRCAT under the joint research agreement
cated that the intermediate 2D layer has not grown muclibetween the National Institute for Advanced Interdiscipli-
beyond 3 ML, even when the growth was carried out atnary Research and ATP.
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