PHYSICAL REVIEW B VOLUME 58, NUMBER 24 15 DECEMBER 1998-I

Diffusion mechanisms and the nature of Si ad-dimers on G@®01)
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The thermal motion of Si ad-dimers on B861) has been studied with scanning tunneling microscopy. At
room temperature the Si ad-dimers residing on top of the substrate dimer rows perform a one-dimensional
random walk along the substrate dimer rows. The activation barrier for the diffusion process is estimated to be
0.83 eV. Although the preferential diffusion direction is along the substrate dimer rows, also diffusion across
the rows has been observed. The latter diffusion process consists of two separate events: a jump of a Si
ad-dimer from an on-top position to a position in the trough between the substrate dimer rows and a hop from
a trough position to an on-top positiof50163-1828)02448-3

With the advent of the scanning tunneling microscopesition of only a few percent of a monolayer Si on (G@l)
(STM), it has become possible to study important surfacesuggests that Si atoms must be very mobile at room tempera-
processes, such as surface diffusion and thermal step fluctuére. In Fig 1 a schematic diagram of the various adsorption
tions, in real space with atomic resolution. Despite extensivéites for a Si ad-dimer and a Si monomer is shown. In order
experimental and theoretical studies, many fundamentdP compare our results with the model system $0&1), we
questions remain open even about relatively simple profirst briefly summarize the dynamics of Si on(@2). A
cesses. In this paper, we will focus on the dynamics of Slow-temperature STM studyhas revealed that isolated Si
ad-dimers on the G801) surface. The Si on G&01) system adatoms on $001) are located at nonepitaxial sites and are
has been studied in less detail than the systems Si@0Bi €ven mobile at temperatures as low as 160 K. After a depo-
and Ge on $D01). This is remarkable because knowledgesition of 0.02 monolayers of Si, roughly half of the deposited
about the kinetic processes during growth of Ge on Si as wefidatoms at 160 K eventually form ad-dimers situated on top
as Si on Ge are of equal importance for understanding thef the substrate dimer rows. At room temperature adatoms
epitaxial growth of the technologically important Si/Ge het- quickly form ad-dimers, but these are then hindered to form
erostructures. Recently, however, we have studied the dyarger structures due to the large barrier for ad-dimer diffu-
namics and energetics of this system at room temperatureSion. At temperatures near and above room temperature, dif-
Various dynamic events, such as diffusion of Si ad-dimerdusion and rotation of Si ad-dimers on(801) have been
along and across substrate dimer rows, have been observé&dudied in detail by several groups’ The first study of the

Here, we present a more detailed analysis of those dynami@ffusion of ad-dimers on $001) was reported by Dijkkamp,
events including the determination of their activation enervan Loenen, and Elswijk. These authors showed that ad-

gies. dimers situated on top of the substrate dimer rows diffuse

The experiments are performed in an ultrahigh-vacuunpreferentially along the dimer rows with a diffusion barrier
system equipped with a scanning tunneling microscope. Thef 1+0.1eV and an attempt frequency of'i®iz. A few
nominally flat n-type G&001) samples are nearly intrinsic years later, SwartzentruSeused the atom-tracking tech-
(34-60Q cm). Crystal cleaning involves resistive heating to Nique to directly follow the diffusion of ad-dimers. From the
800 K for 24 h, followed by several cycles of 800 eV'Ar hopping rates measured at various temperatures, he extracted
ion bombardment and subsequent annealing at 1100 K. The diffusion barrier of 0.940.09eV and a prefactor of
samples are either radiation quenched or slowly codled 10"®*®Hz. Recently, a rotational transition of a Si ad-
K/s) to room temperature. Samples cleaned in this way typidimers located on top of the substrate dimer rows (@Gl
cally contain 0.02—0.5 % surface defects. Si was deposite@as found to occur at room temperature on a time scale of
from a resistively heated crystal while the Ge substrate wa§econds:” Two configurations for a Si ad-dimer situated on
kept at room temperature. After the deposition, the samples
were transferredh situ to the STM for imaging.

We have analyzed a large number of STM images taken
after room-temperature deposition of a few percent of a
monolayer of Si and have found no evidence for the exis-
tence of Si monomers. The smallest observed features turn
out to be Si ad-dimers. Conventional wisdom among Si/Ge
crystal growers holds that a thermal silicon source produces
only atoms. Analysis of a thermal silicon source similar to
the one used here by HoRiglemonstrated an output of  FIG. 1. Schematic diagram of the various adsorption sites for Si
nearly 100% Si atoms. The observation of Si ad-dimers andd-dimers. Black dumbells: Ge dimers; gray dumbells: adsorbed Si
even larger clusters of Si atoms after room temperature depaimers; gray atom: adsorbed Si adatom.
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FIG. 3. Four subsequent filled-state STM images of pinned Si
ad-dimers. Image size 210>480 A. Sample bias- 1.6 V and tun-
neling current 0.4 nA.

dimer bond, has a lower energy. Room-temperature STM
experiments'? revealed that both states do occur at room
temperature with a distinct preference for stBteFrom the

FIG. 2. Scanning tunneling microscopy image of(BX) after  relative occupations of both states, an energy difference of
deposition of 0.01 monolayer Si at room temperature. Structureg0+ 10 meV was found:’ Moreover, a rotational transition
A/B and D refer to various adsorption sites for Si ad-dimers. from stateA to stateB and vice versa was found to occur on
refers to epitaxial islands consisting of an arrayfandB ad- 3 time scale of seconds at room temperaﬁ]rg For Si ad-
dimers.'CC_structures_ consistc(t_features which are aligned along dimers residing at on-top positions of ®61) substrate
(130 directions. (@) Filled-state image. Sample bias1.6 V, tun-  gimer rows, the situation turns out to be somewhat different.
neling current 1 nA, and image size 380220 A. (b) Empty- Quite frequently, Si ad-dimers attached to surface defects
state image. Sample bias1.6 V, tunneling current 1 nA, and im- o, o missing dimer defects are found. The majority of
age size 380 4220 A. . . : . ;

these Si ad-dimers are found in configurat®rand are im-
mobile (Fig. 3). The on-top Si ad-dimers that are not at-

top of the substrate dimer rows, denot&dand B, respec- tached to surface defects are mobile at room temperature and
tively, are identified. The A (B) state has its dimer bond exhibit a frizzy round appearance. Because this frizzy round
aligned paralle(perpendicularto the substrate dimer bonds. appearance makes it impossible for us to discriminate be-
The rotational barrier for thé& to A (A to B) state was tween an ad-dimer in stat® and stateB, we label these
measured to be 0.740.01eV (0.6&0.01eV)./ Finally, ad-dimers a#\/B dimers(Fig. 4. The A/B dimers are de-
Borovsky, Krueger, and Gafizhave reported a diffusion forming during the relatively short period of time that they
pathway for Si ad-dimers across substrate dimer rows ofire scanned by the tip, resulting in a frizzy appearaiece
Si(001). They showed that at a temperature of 450 K the Sistatistical analysis of several films and knowledge of the dif-
ad-dimer situated at an on-top site occasionally hops to &usion barrier forA/B dimers along the substrate dimer rows
position in between the substrate dimer rows, i.e., a trougheveals that the changes of tAéB dimer can hardly be due
position. The activation barrier for the cross channel diffu-to thermal motion or displacement by the tip along the sub-
sion was measured to be 1:86.06 eV. Moreover, these strate dimer rows The field of the tip appears not to be a
authors argued that a dissociation process of the Si ad-dimelominant factor here, as changing the field strength and more
cannot be responsible for the ad-dimer diffusion across ther less frequent scanning over the same dimer does not
substrate dimer rows. change the results significantly. On the average, there are

In filled- and empty-state STM imagésee Fig. 2, vari-  typically two to three changes of th&/B features during
ous types of Si ad-clusters—small features on top of subscanning of theA/B feature(typically 100 mg, resulting in
strate dimer rows B,A/B), small features between dimer an activation energy of the rate limiting step of 0.7 @s-
rows (D), and larger features extending over several dimesuming a prefactor of 1§ Hz).
rows (CC,l)—can be identified. Thé structures are aligned Besides the rotational mode of Si ad-dimers in on-top
perpendicular to the substrate dimer rows and consist of apositions, these mobile dimers also perform a random walk
array of dimers inBD registry. The CC structures are along the substrate dimer rows. Yamasaki, Uda, and
aligned along (130) directions and consist of features Terakura®found an upper bound of the activation energy of
(ad-dimers or atom paired unitd) that are positioned in the 1.45 eV for diffusion of a Si ad-dimer along the top of a
trough between the substrate rows. Small features residingi(001) substrate dimer rowGoringe and Bowléf studied
on top of the substrate dimer rows can be divided into twatheoretically the trough diffusion of a Si ad-dimer on
categories: immobile ad-dimers which are attached to surfac8i(001).] In Fig. 5, the diffusion of an on-top dimeA(B)
defects or impurities and mobile ad-dimers which are dealong the substrate dimer row is displayed. In Fig. 3) a
noted A/B ad-dimers. Two stable configurations for the Sidimer first diffuses in the trough before it jumps to an on-top
ad-dimer residing on top of a dimer row of (801) were  position[Fig. 5(c)]. At the on-top position the ad-dimer dif-
predicted by Brocks, Kelly, and Cat,who carried outab  fuses rapidly along the substrate dimer row. Since many Si
initio calculations. They found a preference for st#tg  ad-dimers situated at on-top sites are immobile because they
where the ad-dimer bond is aligned along the substrate dimere attached to surface defects, we have ignored these immo-
bond. Zhanget al® carried out calculations using the empiri- bile ad-dimers in the determination of the diffusion barrier.
cal Stillinger-Weber potential and found that st8ewhere In Fig. 6, the mean-square displacement versus time of a
the ad-dimer bond is aligned perpendicular to the substratmobile A/B ad-dimer is displayed. The diffusing ad-dimer is
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FIG. 5. Four subsequent STM images of a diffusing Si ad-
dimer. Image size 160 X80 A. (a) Sample bias-1.6 V and tun-
FIG. 4. Four subsequent STM imagdsnage size 70 A  neling current 0.4 nA(b)—(d) Sample biast+ 1.6 V and tunneling
X 75 A). Time lapse between the images is 150a%. (b), and(d) current 0.4 nA. The Si ad-dimer in th2 state[images(a) and(b)]
Sample bias- 1.6 V and tunneling current 0.4 nAc) Sample bias  converts to arA/B ad-dimer[images(c) and (d)].
+1.6 V and tunneling current 0.4 nA.

+0.01 Hz at room temperature, which translates into a dif-

trapped between two surface defects and therefore perfornigsion barrier £, of 0.83+0.05 eV assuming an attempt fre-
a restricted random walk. The mean-square displacement §U€ncy,vo, of 101 Hz.

an unrestricted one-dimensional random walker scales lin- L€t us now discuss the structures lying in between sub-
early with time strate dimer rows. The only small and isolated feature posi-

tioned in the trough can be identified aPadimer (see Fig.
(x?)=2Dt, (1) 7). Annealing at 350 K for five minutes results in a signifi-
cant increase in the number of dimers having Eherienta-
whereD = 3a?y anda(=4 A) is the spacing between neigh- tion while the amount of dimers in all the other configura-
boring lattice sites. It must be noted that on the small linetions is reduced.This indicates that this structure is the most
segments available here an ad-dimer cannot perform an ustable Si ad-dimer on G@01). Recently, Qin and Lagally
restricted one-dimensional random walk. Sooner or later thbave shown that Ge atoms adsorbed on tH&05) surface
ad-dimer will collide with one of the surface defects. Unlike near room temperature form chainlike structures that consist
the mean-square displacement of an ad-dimer in an unre- 60
stricted random walk, the mean-square displacement on ¢
finite line segment is dependent upon the point at which the .
ad-dimer starts its random walk. This complication can beeg= |, |- o oviriiio i T e
. . s 40 -
addressed by averaging the displacements over all possibl
starting positions of the line segment under study. This has 4
been done for a one-dimensional random walk obeying a~/
Gaussian distribution along a line of length® For a re- v
flecting boundary the mean-square displacement, average
over all initial positions, can be approximated'by

T T T T 1
4 [ADt 0 100 200 300 400 500 600
1_\':’>_L T | @ diffusion time [s]
For infinitely long line segments the original formula for  FIG. 6. Mean-square displacemerik?), in units of a (a

unrestricted random walk is recovered. The rate of the diffu=4 A) of a Si on-top ad-dimer versus timé € 16a). Eventually
sion process of the ad-dimer=wv, exp(—E/KT), is 0.10  the mean-square displacement will saturaté la.

((x?))~2Dt
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FIG. 7. High-resolution filled- { 1.6 V) state STM image of FIG. 9. (a) and(b) High-resolution empty-{ 1.6 V) and filled-

0.01 monolayer Si deposited on B81). Structured andD indi- (— 1.6 V) state scanning tunneling microscopy image of an epitax-
cate epitaxial islands and dimers, respectively. Image size ial island obtained with a tunneling current of 0.4 nA. Image size
150 Ax120 A. 70 Ax 100 A.

of building units of adatom pairs. These adatom pairs, whictthe six end positions of the epitaxial islandg (n Fig. 7

are also observed as isolated entitigshains” of length ~ resemble theD structures(the most left epitaxial island in
one, are reported to be significantly different from ad- Fig. 7 terminates at the bottom side witlBalimer instead of
dimers, i.e., stable clusters of two adatoms held together by@D dimen. This is further substantiated by the empty- and
lateral bond between the atoms. Similar structures had earliéfled-state images of an epitaxial islariflig. 9. The two
been observed for Si on (@00 (Ref. 17 and Si on G&L00) end dimers of the right side of the epitaxial island in Fig. 9
(Ref. 1) but were not interpreted in terms of a new type of are visible in the empty-state image, whereas they are nearly
adatom pair. Qin and Lagally suggest in their report that theifnvisible in the filled-state image. Therefore, we must con-
new interpretation also holds for these systems: “Our owrclude that theD structure consists of an ordinary dimer po-
experiments for Si on 8100 confirm our picture and from a sitioned in the trough with its dimer bond aligned along the
careful analysis of the data we conclude that the same is trugubstrate dimer-row directiorD( dimer). This is also in ac-

for Si on G&100) as well.”*° Here, we show that the latter cordance with the high thermal stability of tiestructures.
general statement is not correct: the smallest chainlike strud=urther support in favor of this identification comes from
ture (two adatomgfor Si on G&100) is not the type of ada- Vvarious diffusion events that we have observed at room tem-
tom pair observed for Ge on (@00 but can clearly be iden- perature. We have observed that occasionally dimers located
tified as an ad-dimer. In Fig. 7, a filled-state scanningat an on-top position hop to a trough position and vice Versa
tunneling microscopySTM) image of 0.01 monolayer of Si  (see Fig. 1D
deposited on G€01 at room temperature is shown. Two

different features, labele® andl, are identified. The epi-

taxial islands () consist of dimers positioned alternatingly at

on-top B) and trough D) positions. In accordance with Ge

on Si001), theD structurgFig. 1(a) from Ref. 1] appears in

a filled-state image as a ringlike feature with a faint intensity

in the middle[Fig. 8@a)]. However, in contrast to the obser-

vations for Ge on $001) by Qin and Lagally® our D struc-

ture is elongated along the substrate dimer-row direction in

the empty-state imadéig. 8b)] ruling out the possibility of

a two-atom unit positioned in neighborirg sites. Five of

FIG. 8. (a) and(b) High-resolution filled- (1.6 V) and empty- FIG. 10. Four subsequent filled-state STM images. AASB
(+1.6 V) state scanning tunneling microscopy image &f atruc-  ad-dimer residing on top jumps to a trough positi@hand (b). In
ture obtained with a tunneling current of 0.4 nA. Image size 35 Aimages(c) and(d) it jumps back to an on-top position. Sample bias
X100 A. —1.6 V and tunneling current 0.4 nA. Image size 166 80 A.
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In Fig. 10 a sequence of STM images of the same area dbr the former process is 1 eV assuming an attempt fre-
the G001 substrate after deposition 8£0.01 monolayer quency of 16° Hz, whereas the activation barrier for the
Si is shown. In Figs. 1@)—-10(d), the diffusion of a dimer latter process is slightly higher. Si ad-dimers residing on top
situated on top of a substrate dimer r¢ftig. 10a)] to a  of substrate dimer rows at room temperature exhibit a rota-
trough position[Fig. 10b)] is shown. In Figs. 1@) and tional mode between two configurations where the dimer
10(d), the dimer in the trough position jumps back to anbond is aligned along and parallel to the substrate dimer
on-top position. Two of these diffusion events may lead tobond direction, respectively. The rate limiting activation bar-
slow diffusion in a direction perpendicular to the substraterier for this process is estimated to be 0.7 eV assuming a
dimer rows. The frequency of this event where a dimer hopgreexponential of 1§ Hz. The preferential diffusion direc-
from an on-top position to a trough position at room tem-tion for Si ad-dimers residing on top of the substrate dimer
perature is~10* hops per second, which translates into anrows is parallel to the dimer rows. The diffusion barrier is
activation barrier of about 1 eV assuming an attempt facto0.83+0.05eV (assuming an attempt frequency of
of 10" Hz. Using dual bias imaging we have identified the 10'3*1 Hz).
various adsorption sites for Si ad-dimers on(@X). The
energetically most stable adsorption site for a Si ad-dimer is
in the trough between the substrate dimer-rows with the H.J.W.Z and E.Z. acknowledge support from the Nether-
dimer bond of the ad-dimer aligned along the substratdands Organization for Scientific Resear®iVO) and G.R.
dimer-row direction. At room temperature, Si ad-dimers oc-acknowledges support by the Deutsche Forschungsgemein-
casionally jump from a position on top of the substrate dimeischaft(DFG) and by the Dutch Foundation for Fundamental
row to a trough position or vice versa. The activation barrierResearch on MattgiFOM).
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