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We have observed the development of the surfaces during gas-source growth of silicon and
germanium in an elevated temperature ultrahigh vacuum scanning tunneling micr¢Sddyy,

with near-atomic resolution under a range of temperature and flux, which are the two dominant
parameters, and applied atomistic modeling to the structures seen by STM to enable us to give
confident interpretation of the results. A key role in the growth of silicon and germaniun{@oi5i

from disilane and germane, respectively, is played by the surface hydrogen. The growth of
germanium follows a similar path to that of silicon for the first few monolayers, after which the
strain becomes relieved by periodic trenches, and eventually by a combination of faceted pits and
clusters, both of which nucleate heterogeneously at surface defects. Understanding these processes
is crucial to controlling the self-assembled Ge/Si quantum structuresl998 American Vacuum
Society[S0734-210(198)56903-5

I. INTRODUCTION silicon surfacepis known to reduce the undesired effects of
Due to it tibilit ih il technol th Ge segregation and Si—Ge intermixihdgn previous work,
ue 1o 1is compatibllity with stiicon technology, e o naye studied by real-time elevated-temperature scanning

Si—Ge alloy system is highly attractive for the fabrication Oftunneling microscopy nucleation processes of small isinds

semlcoqductgr devices, 9., 1n the field of h|gh-§pe¢d hetémd, at a larger scale, the effect of hydrogen on the growth
erojunction bipolar transistors. However, full exploitation of

2 . o ’ modes of silicon(Ref. 11 and germanium?~* Mo and
epitaxially grown SiGe alloys on Si in planar device technoI-Laga”y15 were the first to show that in the low-coverage

ogy is hindered by the mismatch strain in this system, Whid]imit the MBE growth of Ge is very similar to that of Si.

g{:ufsest_ th;eg-ccj;m?rr:siorlﬁBD)h r%UQtT]neZSI‘D ?ndtlor mif]f_ith However, the presence of hydrogen on the surface has a
Islocations. = ©On the other hand, the eatures Which i, 4sound effect not only as a diffusion blocker**16 put

arise during roughening are self-assembled, and thus can lg‘igso as a possible surfactant, which can bind to island and
useful in low-dimensional quantum-confined devi¢ésor '

L step edges! promoting various instabiliti€$ and different
any uses it is invaluable to be able to control the morpholog;gCaling laws® and thus GSMBE growth could, in principle
of the interface at the atomic scale. ' ' '

Si on S(001) i del svstem for | by-| it yield a different comparison. Our previous work has never-
_ Sion S{001) is a model system for layer-by-layer epitax- y,qje55 qemonstrated many similarities between the Ge and
ial growth, whereas Ge on ®01) is a model system for the

St Ki_Krast h h the initial  t Si growth patterns at the low-coverage/low-temperature
ranski—rrastanow  growth, —wnere the -nitial - o= ;.15 14 The present work expands on our previous work

d|m_en5|onal(_2D) wetting layer grows pse_udomorphmally_ demonstrating that there are also differences between Ge and
until the strain due to the 4.2% of lattice mismatch is elastl—Si in the kinetics of nucleation of 2D islands

cally relaxed via the formation of 3D island$,or ripples®
In this work, we make a comparison between silicon and
germanium growth. The mismatch between the epitaxial Gel- EXPERIMENTAL AND THEORETICAL METHODS
layer and the Si substrate, and the 50 °C difference in hydro- Detailed descriptions of our experimental and theoretical
gen desorption temperature betweeri081) and G€001)  methods can be found elsewhéeeg., see Refs. 10 and )14
(Ref. 6 affect the kinetics of nucleation, and the growth Briefly, following ex vacuochemical treatment the Si sub-
modes of Ge/$001). We, therefore, investigate these two strates were degassed in UHV, flashed at 1150 °C, and
systems to learn about strained-layer growth in general, anslowly cooled to the desired temperature. A JEOL JSTM-
to achieve a better control over the growth of SiGe /Si  4500XT capable of operation up to 1200 °C was used to
alloys, in particular. monitor the growthin situ, by separately exposing the

The growth of silicon using gas-source molecular beansample mounted in the STM stage to disilane and germane in
epitaxy (GSMBE) from silane (SiH) (Ref. 7) and disilane the room-temperaturg RT)—450 °C K temperature and
(Si,Hg) (Ref. 8 has previously been studied using room-10"'—10° Pa pressure ranges. The STM imaging was per-
temperature scanning tunneling microscdyfM) after an-  formed at+ 3V sample bias and 0.1 nA tunneling current.
nealing; GSMBE was chosen since in G&IBil) growth the The calculations were performed using the density func-
hydrogen(which is inherent to the hydride decomposition ontional theory in the local density approximati¢nDA), and

the density matrix method of tight bindi@B). The details

¥Electronic mail: ilan.goldfarb@materials.ox.ac.uk of the calculations can be found elsewhézey., Ref. 10
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Fic. 1. Schematic diagram of the reaction pathway from disilane to silicon
dimer rows. The disilane dissociates upon adsorption, as twe @ibups,
which rapidly break up into Sigland adsorbed H. The SjHyroups can  FIG. 2. Empty states STM image of the(@01) surface after exposure to a
diffuse and form monohydride ad-dimers, which lose their hydrogen andmall dose of disilane at 200 °C. In empty states, dimers have a distinctive
rotate to form isolated epitaxial dimers. The square structures are formeB0de, which makes them easier to identify than in filled states. The square

from two nonrotated dimers, which may then either form the “2” structure Structures are marked with “SQ,” “NRT" refers to a nonrotated dimer,
with a high barrier, or attach an epitaxial dimer, and form a length-3 string.Wh'Ch has lost its hydrogen, but is oriented parallel to the substrate dimers,
and “SED” refers to a silicon epitaxial dimer. Some of the Sigroups

have not reacted at this temperature. “5” refers to the length of a dimer
string which has formed.

IIl. RESULTS AND DISCUSSION
A. Nucleation of Si and Ge dimer rows

The reaction pathway to island formation from disilane
(Ref. 10 is shown schematically in Fig. 1. The,Hg mol-
ecules break up on impact into Sjlgroups, which decay to
form SiH,+H at room temperaturéThese SiH groups dif-
fuse together and form nonepitaxial monohydride ad-dimers,
which lose their hydrogen at 150 °C, forming nonrotated ad-
dimers. Most of these ad-dimers become mobile at around
200 °C (Refs. 19 and 20and react together to form a
“square” structuré’! which is the nucleus of a dimer string.
A typical image of the surface after a dose of disilane at
around 200 °C is shown in Fig. 2. Some Sigroups have
still not reacted, but mostly the surface features are single
dimers and squares. Growth of Gd®i1l) from germane
appears to follow a very similar pathwa$.

Above 250-300 °C(Fig. 3) higher hydrides are rarely
seen. Virtually all the dimers have formed into “condensed”
or “diluted” (usually made of trench dimers in neighboring
sites, marked with dofsows. Dimer rows are not stable at
this temperature, one may be seen “condensing”into a com-
plete dimer row between A and B, while its neighbor has
broken up. Thus, island nucleation is not an irreversible
process. The vast majority of dimer strings will terminate
in a trench dimer, as this maintains the rebonded
configuration %22

This reaction pathway is quite different to that proposed
for MBE.?®23-%|n that case, adatoms attract one another,
forming ad-atom-dimer complexes variously termed and
“diluted” dimer rows?* (with the dimer bonds in the nonepi-
taxial direction, “crosses,”®® and “stealth” dimersl®  Fie. 3. Typical empty-states STM image of(@) surface after a short
These siructures have nover been seen in our experimenfiPess 02 1 1 el 1210, T posiors o e diere b e
which we believe to be due to the fact that a monohydride congenses” into a complete dimer stririg) and a smaller “condensed”
ad-dimer is not attractive to SiHgroups in the way that dimer row, labeled “B” in (a), breaks up.
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Fic. 5. Confinement of the deposited germanium to the space outlined by
DVL'’s and DRV's, shown by the arrows. Note that while the DVL's are one
dimer space wide, i.eg,=4 A, the DRV’s are twice as wide, correspond-
ing to the width of one dimer row, i.e..&3=8 A. Together they form an

(M X N) mesh, the unit cell of which is outlined.

nucleating, almost exclusively on the B-type antiphase
boundariegAPBs).11?’ At this temperature, no step adsorp-
tion occurs despite the obvious terrace diffusion, because the
Fic. 4. Evolution of silicon surface with exposure to % in different ~ hydrogen saturates the edges of the fast-growing B-type
growth modes(a) Si(001) surfapg prior to growth(b) surface morphology steps, passivating theff.In general, the balance between
resulting from exposure fo disilane at 300 °@) at 340 °C, and(d) at ;1404 and step-flow growth modes is determined by the ratio
400 °C. The disilane pressure is T0OPa at each temperatureT,” is the . . . . L
A-type terrace, on which the dimer rows are parallel to the down-step edgd?€tween the diffusion length and terrace width, which is in-
and similarly “Tg" is the B-type terrace, on which the dimer rows are deed seen in MBE® In our experiments, the passivation of
perpendicular to the down-step edge. “"APB” stands for antiphase boundstep edges with hydrogen introduces another factor into the
ary. equations. Raising the substrate temperature by a further
60 °C, above the temperature at which hydrogen desorbs

adatoms are. Nor have we observed trimer precursors fsom this step-edge site, leads to a transition to the step-flow

nucleation and310-oriented rows, recently reported to take 9roWwth mode, in which the size of type-B terraces increases
place in MBE experiments at ReF. at the expense of type-A terraces, producing a tendency for a

To summarize, at the low-coverage limit, no differencesSingle-domain surface as shown in Figd# The transition

between silicon and germanium growth have been found© the step-flow regime is quite perfect as no islands are

The nucleation mechanism in GSMBE is very different fromoObserved at this temperature. However, a transition back to
that seen for MBE, however. the island mode may be observed at this temperature by in-

creasing the gas pressufe.

B. 2D growth modes: Silicon

An intermediate growth mode of silicon from solid- C. 2D growth modes: Germanium

source, transitional between island growth at low tempera- We have previously shown that Ge growth from germane
tures and true step-flow mode at high temperatures, has beé@nthe low-coverage 2D limit, in principle, follows the same
very recently found by Voigtlader and co-worker® Al- three growth modes in which Si grows from disilane, i.e.,
though these results well agree with our findings for growthH-limited growth, island growth, and step-flow growfthin

from gas sources;*the presence of surface hydrogen im-the presence of Ge, however, the tendency to stick at the
poses restriction on the minimal growth temperature. For exedges of steps and islands is increased due to the increased
ample, at 300 °C, where Voigtideret al?® observed island hydrogen desorption from there, so that the appearance of
growth, a high density of nuclei is seffig. 4(b)], but these  growth is that of a mixed mod®, where island growth and
are unable to grow because the adsorbed hydrogen blocksep-flow growth modes coexist for the temperature at which
diffusion, and after higher exposures, the surface becomeSi grows in the purely island mode. This means that at a
saturated in hydrogen. Raising the temperature by only 40 °@mperature sufficient to allow diffusion across the terraces,
at the same deposition pressure sufficiently activates surfageis also sufficient to allow step-edge adsorption, unlike the
diffusion and thus island growthsee Fig. 4c)]. The first  silicon case, and therefore, there is a change in growth mor-
layer has been completed, and second-layer islands aphology from island growth to mixed-mode growth.
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Fic. 6. The beginning of the pitcluster transition during growth at 420 °C.
Note the split appearance of the subcritical nuclei.

Growth beyond the first monolayer and the resulting
stress relaxation by the formation of dimer vacancy lines
(DVL’s) in a (2XN) structure, followed by dimer row va-
canciesDRV’s) in a (M X N) structuret***has two interre-
lated implications on the growth kinetics of Ge(®1). In Fic. 7. Nucleation and growth of a hut cluster during Ge growth at 350 °C.

d with th ical dicti f . d b. . Note the split appearance of the subcritical nucleus. The flat appearance of
a_ccor_ with theoretica ggg _|ct|ons of an increase arrier t%e clustenwhich is actually faceteds caused by the high contrast condi-
diffusion across DVL'S>?°films at these stages of growth tions.
demonstrate a marked reluctance to propagate the dimer
rows across both defect types even at a temperature as high
as 420°C. Such a confinement on the Ge/Si(001)-

(M XN) surface inducega) island nucleation and growth _ . ) )
between these periodic defe¢see Fig. 5 on one hand, but step edges on which the subcritical nucleus is formed, i.e.,
(b) hinders the formation of APB's by greatly reducing the [010 left and[100] bottom edges, in Fig.(@). Here, we also
likelihood of islands meeting[ie., relative to the want to draw attention to another interesting feature of clus-
Si(001)—(2x1) surfacd on the other hand. Next germa- ter nucleation: the first 3D feature, defined by us as a “sub-
nium ad-dimers/adatoms have to “climb” on top of such citical 3D nucleus,” appears to be created in a split configu-
confined islands, promoting rough growth, unlike the siliconration, from both sides of an existing vacancy line, as can be
case, where as soon as two islands meet at an APB, a nei@en in Figs. 6 and (@. At the next stage these two

island nucleates, giving layer-by-layer growttt’ triangular-based halves unite to produce a square-based pyra-
mid, which we define as a “critical 3D nucleugsee Fig.
D. 3D growth 7(b)], from which the cluster grows spontaneously, as shown

in Fig. 7(c). At present, we cannot propose a complete ex-
strain can no longer be accommodated by the periodiﬁlanation for this interesting trench-mediated nucleation;
DVL's and DRV's2%4 The presence of hydrogen has the owever, it is not inconceivable that the strain relief at the

effect of increasing the 2D layer thickness in GSMBE, attrench_ helps to compensatg the |n|t|a_I increase in surface en-
ergy, i.e., before the elastic relaxation at the cluster apex

sufficiently high growth temperatures, up to 7—8 MLin ; N g
which case strain relief by pyramidés01}-faceted pits is ©CCurs Being gble to_measure the growth kinetics of indi-
favored(rather than by similarly faceted hut clusteras has vidual cIL_Jsters in real time, we have found the dependence of
been theoretically predicted by Tersoff and LeGdtemd  Cluster size on time to obey a simple power Hwects (see
experimentally shown by Goldfarét al'2 However, the pit Fig. 8. Such a low exponent, as well as the large scatter in
growth leads to a replacement of pits by clusters, since ithe absolute growth constants deduced from measurements
requires material expulsion from the pit outwards onto thedVer several clusters, is inconsistent with a nucleation-
interpit layer, where this material immediately forms controlled growth modé® The growth proceeds by material
clusterst? Two such events of cluster nucleation from pits addition to strained501} cluster facets, and in the past was
are shown in Fig. 6. A nonpit mediated cluster nucleation aBssumed to be controlled by the nucleation barrier on the
the step edge at a lower temperature, and its growth, arf@cet, since incomplete facets were never obsetvéd.
shown in Fig. 7. We have previously described the speciaHowever, real-time observations frequently reveal only
kind of heterogeneous cluster nucleation on various surfacpartly completed facet€ such as those shown in Fig. 9,
irregularities, the edges of which transform in{@00)- inconsistent with the nucleation-limited model in which once
oriented segments as a precurSoNote the short straight the nucleation step is completed the layer covers the facet

The 2D=3D growth transition starts when the mismatch

JVST A - Vacuum, Surfaces, and Films
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Fic. 8. Growth rate curve of the hut cluster shown in Fig. 7, in the linear g g Growth of hut clusters by facet nucleatiéincomplete layers are
representation. The full circles are the experimental measurements of the; ked by “F"). The image was filtered for edge enhancement.

fifth power of cluster size at different timedrom the growth film at

350 °0, and the full line is the linear data fit. The fitting equation and

kinetic parameters, such as the critical cluster sizand the growth rate , . . .

constank are given in the inset.t;" denotes the time to appearance of the APB’S. However, they present a barrier to diffusion to the

subcritical nucleus. step edges, and so favor island nucleation on terraces, whose
growth is then restricted by the vacancy lines.
Unlike Si, Ge growth beyond a few monolayers results in
very rapidly, but rather supports the model of diffusion- nucleation of small and coherent three-dimensional clusters
controlled growth in accordance with the low growth expo-hounded by{501} facets; at higher temperatures and thicker

nent. 2D layers(due to the surfactant effect of surface hydrogen
pyramidal pits precede the clusters. The clusters nucleate
IV. CONCLUSIONS heterogeneously on thd00)-oriented edges of the existing

surface defects by first forming subcritical nuclei split by the
periodic trench defect, and then critical ones, from which the
clusters grow spontaneously. The cluster growth obeys a
ower-law dependence on time, with the exponent around
. i ~“Yone-fifth. Such a low exponent, combined with the large
ers, as follows from real-time STM observations durlngscatter of growth rate constants, and observation of partially

g_rowth. _In god,ﬂt'onhto s?uareb- med:ja;cje?d nuclelatlo.n Offcompleted facets suggests diffusion-limited, rather than the
imer strings,~“we have also observed direct nucleation o commonly assumed nucleation-limited, growth.

epitaxial islands from the interaction between “diluted”
dimer strings.
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