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Continuous and correlated nucleation during nonstandard island growth
at Ag/Si(111)-7X 7 heteroepitaxy
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We present a combined experimental and theoretical study of submonolayer heteroepitaxial growth of Ag on
Si(111)-7Xx 7 at temperatures from 420 K to 550 K when Ag atoms can easily diffuse on the surface and the
reconstruction ¥ 7 remains stable. Scanning tunneling microscopy measurements for coverages from 0.05
ML to 0.6 ML (ML—monolaye) show that there is an excess of smallest islgedsh of them fills up just one
half unit cell—HUQ in all stages of growth. Formation of a two-dimensiof#D) wetting layer proceeds by
continuous nucleation of the smallest islands in the proximity of larger 2D isléedsnded over several
HUC's) and following coalescence with them. Such a growth scenario is verified by kinetic Monte Carlo
simulation which uses a coarse-grained model based on a limited capacity of HUC and a mechanism which
increases nucleation probability in a neighborhood of already saturated Ho®@i®lated nucleation The
model provides a good fit for experimental dependences of the relative number of Ag-occupied HUC'’s and the
preference in occupation of faulted HUC’s on temperature and amount of deposited Ag. Parameters obtained
for the hopping of Ag adatoms between HUC'’s agree with those reported earlier for initial stages of growth.
The model provides two parameters—maximum number of Ag atoms inside HUC, and on HUC boundary.
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. INTRODUCTION the Ag growth for a deposited amourt0.1 ML (ML—
Monolaye) (1 ML~7.83x10* atoms/cr), both experi-
Heteroepitaxial growth of metals on silicon surfaces hasmentally and theoretically. We developed and used a simple
been studied for decades and morphologies of various growgoarse-grained model for the kinetic Monte Ca(lMC)
structures were reportéd? Reconstruction of oriented semi- simulations. Fitting of experimenta| data provided values
conductor surfaces determines the mobility of deposited ada_~E;=(0.75+0.10) eV,Er—E;<0.05 eV, and fre-
toms and substantially influences growth mechanism. Reqyency prefactors?~ ) =5x 1091 g7,

cently reported experimental studies on self-organized Recently, we extended our STM measurements to cover-
growth of arrays of ordered metal islands—quantumages up to 0.6 MIC.In this regime a discontinuous 2D film,
dots—on the §11)-7x7 surfacé’ stimulate need of de- \etting layerl® is formed. We observed large 2D islands
tailed understanding of mechanisms controlling the growthcompletely covering several HUC's. We did not observe any
Heteroepitaxy of Ag on the 8i11)-7x7 surface represents jsjand to overgrow the HUC boundaries at its perimeter. This
one of frequently studied problems due to nonreactivity ofresyits in triangularly jagged island shapes. There was a con-
Ag with the reconstructed surface, abrupt interface, and netiderable number of stable Ag clusters—each of them
ligible interdiffusion of both elements. The growth mode is fgrmed inside a HUC. We denoted such islands as 1-HUC

of the Stranski-Krastanov-type—three-dimensio(@D) is-  jslands. These islands were observed for coverages up to 0.6
lands are formed on a 2D Ag transition lay@retting layey ML and for high temperatureé540 K) as well. Statistical
grown on the K7 silicon surface. analysis of island population on the surface revealed a num-

Our initial scanning tunneling microscop$TM) study of  per of 1-HUC islands much higher than a value expected by
Ag/Si heteroepitaxy at low coverageshowed a growth the “standard” model of island film growtiin which island
mechanism affected by trapping Ag adatoms in trianguladensity saturates and then all adatoms are captured by exist-
units of the 77 reconstruction—nhalf unit cellsHUC's). ing islands.

The HUC's are of two types: “faulted,” FHUCcontaining a We suggested a possible growth mechanism compatible
structural fault according to the dimer-adatom-stacking faulwith our observations: A single 1-HUC island grows by ada-
modef) and “unfaulted,” UHUC. For deposited Ag atoms, tom capturing until a maximum number of adatoms which
the two types of HUC's represent potential wells with differ- can be accommodated in a HUC is reached—a 1-HUC island
ent depthE>E,. This leads to preferential nucleation in is saturated. The saturated and isolated island does not cap-
the FHUC's (the preferencePr is defined as a ratio of ture diffusing adatoms anymore. It leads to an increase of Ag
FHUC's containing Ag adatoms to all occupied HUC'®h ~ adatom concentration around such islands and results in en-
the successive wotkwe investigated processes of adatomhanced nucleation of new islands in proximity of saturated
diffusion, nucleation and island formation at the beginning ofHUC's (correlated nucleation Larger islands grow by coa-
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lescence of smaller saturated islands.

In this paper, we verify the above nonstandard growth
scenario by a combined experimental and theoretical study.
We performed STM experiments in a temperature range
when Ag atoms can easily diffuse on the surface and the
structure X7 remains stable. We measured dependences of
several structure related quantitiesbject densities, prefer-
ences of occupation, island size distribujimn deposited
amount, substrate temperature and deposition flux. We show
that the results of measurements can be explained by KMC
simulation using a modified coarse-grained model developed
from the one we used for low coverage groWtlihe new
model, which takes into account limited capacity of HUC's
and correlated nucleation, explains both morphological and
statistical properties of island growth and coalescence on the
reconstructed $111)-7 X 7 surface.

II. EXPERIMENTS

Series of samples with various amounts of deposited Ag
from 0.05 ML to 0.6 ML were prepared at temperatures from
420 K to 550 K at deposition raté;=0.011 MLs . An-
other series with Ag amounts from 0.05 ML to 0.3 ML were
deposited atT=(492+10) K and deposition rateF,
=0.0005 ML s . Ag was evaporated from a tungsten fila-
ment in an ultrahigh vacuum chamber, the deposited amount
was measured by a quartz thickness monitor with an absolute
accuracy of=10%. Sb doped $L11) substrates with a mis-
cut of £0.1° and resistivity of 0.005-0.01 cm were heated
by passing dc currertemperature calibrated with accuracy  FIG. 1. (&) STM image of island morphology—white objects are
of =10 K). Other experimental detailsubstrate treatment, Ag islands, with the exception of the smallest détspurities,
thickness monitor, and temperature calibration, Jetmve ~ 35%35 nnf area, evaporated amoudt=(0.5+0.1) ML at tem-
been already reported elsewh@®@.Before STM measure- PeratureT=490 K and fluxF=0.0005 MLs *. (b) Detail of is-
ments, deposited films relaxed at leash atroom tempera-  !and morphology, 16 16 nnf area: A, the 1-HUC island grown in
ture (RT). Experimental procedures were performed at presg HUC adjacent to a larger island; B, two larger separated islands.
sure <2x10 8 Pa. We used a STM of our design and
construction with electrochemically polished tungsten tips.

illustrated in Fig. 2 which shows the island size distribution
for different coverages$see also Fig. 1 and Fig. 2 in Ref)..6
The basic size unit is an area of one HUC. The 1-HUC
islands clearly dominate in all distributions.

Figure 1a shows an example of morphology of Ag is- The 1-HUC islands grow preferentialy in FHUC’s and in
lands grown at substrate temperature 490 K as observed proximity of larger islands rather than in vacant areas of the
STM. Following morphological features have been found by
analysis of a large number of images taken from various

Ill. EXPERIMENTAL RESULTS

samples. § g'ﬁ' 5 g-?gm::
(i) Ag forms 2D islands of various sizes bordered always 5 0.030- 028M.

by dimer rows of the K 7 reconstruction. The dimer rows at & 50251

island boundary are not filled by Ag atoms, dimer rows in- 2 0,020

side larger islands are fille@vergrown by Ag atoms—see 2 0'015_

detail A on Fig. 1b). B Lot
(i) We often observed islands covering adjacent HUC's s 1

but clearly separated by the dimer row—see detail B in Fig. o U005 iF

1(b). =1 00 G
(iii) Triangular shapes of larger islands follow the orien- island size [number of HUCs]

tation of FHUC's[see Fig. 1a) and Ref. 6.

(iv) An important feature is excess of 1-HUC islands in  FIG. 2. Island size distribution for three different coverages.
island size distribution even at very low deposition ratesSamples were prepared at temperature 490 K and at deposition rate
higher temperatures, and coverages up to 0.6#This is  0.011 MLs ..
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8 0'8.0 0:2 0:4 0:6 IV. SIMULATION MODELS
g, 06l W A. Original model
-g 04/ preference ] A coarse-grained KMC model with an algorithm derived
s sl from Ref. 15 was successfully applied for simulation of early
& total coverage | stages of nucleatiohThe model uses HUC's as basic units
> 00 10.08 of the surface. Events included in the model correspond to
S _ M Bicd the following growth scenario: Ag atoms arrive at the surface
3 1-HUC coverage " 1000 in random positions with a rate given by flix Diffusion of
o 00 02 04 06 Ag adatoms on the Si substrate is modeled by thermally
d[ML] activated hops to neighboring HUC's. Depending on the
8 o 400 450 50 550 HUC type, th.ere are two Qiﬁerent contributions to activation
g W e energy fr(_)m interaction W|th the_ §ubstrate. A frequency pref-
o % actor vy is assumed(for simplicity) to be the same for
o 06 FHUC's and UHUC's. The transient mobility of impinging
2 total coverage Ag adatoms was included into the model to explain and
S 04r . . : ;
< g simulate the short-range ordering of Ag objects and the low
O 02 S value of the total coverage at temperatures too low for suf-
g ™M™ 1.HUC coverage 192 ficient adatom mobility between HUCRefs. 16 and 17
3 ‘ “’ = ~ s a) g-; (however, in a temperature range, when Ag atoms can easily
5] 400 450 500 550 diffuse on the surface, this mechanism is not much important
TIK] for the grown morphologigs Hopping adatoms can create

nuclei inside HUC's. Letn be a nhumber of Ag atoms in a

FIG. 3. Dependence of total coverage, 1-HUC coverage, antHUC. The model assumes existence of a critical nucleus size
preference on amount of deposited AgTat 490 K (upper panel  n*. Nuclei of more tham* Ag atoms are stable. Nuclei with
and on substrate temperature fa=0.3 ML (lower panel.  the sizen<n* can decay with activation energy proportional
Symbols—experimental data, lines—best fit using the model withto n. Hopping rate of an Ag atom out of a HUC is approxi-
center and boundarylareas. All samples were prepared at depositigRgted aSvﬁ’U= nvy exp{—[Eru+(n—1)ElksT}, WhereE,
rateF,=0.011 MLs™. represents effective Ag-Ag interaction akglis Boltzmann’s
constant. The valuegr~E_;=(0.75=0.10) eV, Er—E
<0.05 eV, E;~0.05 eV, critical nucleus size* =5, and
the frequency prefactor for hopping out of HUC'83=5
x 1009 571 were obtained in the Ref. 9. The original
model has been used only for low coverages where real lim-
its of capacity of HUC’s cannot be reached. HUC’s were
treated like potential wells with unlimited capacity. When

The following quantities were obtained by statistical higher amount of Ag is deposited this simplification has to be
analysis of STM images: preferen€, island size distri- replaced by a certain restriction.
bution(island size is measured in numbers of HUC's covered
by the island, total coverageg)—the relative number of oc-
cupied HUC's(ratio of the occupied HUC's to the all HUC’s
on the surfacg and 1-HUC coverag#,_,yc—the relative The simplest way how to introduce a limitation of capac-
number of 1-HUC island&defined similarly. Ag objects are ity is its direct implementation within a “standard” growth
nonempty HUC'’s as well as islands larger than a HUC.scenarié' for growth simulations. At the beginning of
When no Ag islands larger than a HUC are presént growth the density of Ag nuclei reaches a saturated value and
=Npg, Whereny,, is density of Ag objectgnumber of ob-  the islands grow simply by capturing hopping adatoms. Each
jects normalized to the number of all HUC'’s on the surface HUC can accommodatey Ag atoms at the most and the
The preferencé reflects existence of two different poten- next deposited or diffusing atom is forced to sit to the nearest
tial wells Er>E on the surface. HUC occupied by less than, Ag atoms. Hence, an island

We measured dependencesPef, @ and 8, _,c on depos-  containing more thamy adatoms overgrows HUC bound-
ited amountd (upper panel in Fig. Band substrate tempera- aries and extends over neighboring HUC's.
ture (lower panel in Fig. 3 In the studied range of deposi-  We tried to fit experimental data using the above simple
tion parameters the total coverageis proportional to the modification. The same model and parameter values as in
deposited amount of Ag and decreases only slightly with thdRef. 9 were used, only limited capacity of a HUG, , was
increasing substrate temperature. When islands larger thancluded. The valuey was determined by fitting the experi-
1-HUC begin to grow, preferend@- decreases with both the mentally obtained dependence of the relative number of oc-
deposited amount and the substrate temperature. However ctipied HUC's, 6, on deposited amourdt. The fit provided
remains larger than 0.6 due to continuous nucleation of newthe value ofn,=45+=5. However, the morphology obtained
1-HUC islands preferably in FHUC's. by using “standard” mechanism differs from the experimen-

surface[Fig. 1(@]. The formation of the wetting layer pro-
ceeds as continuous nucleation of new 1-HUC islands.

(v) STM imaging at room temperature does not allow to
distinguish number of Ag atoms contained in the 2D Ag
island* with exception of the smallest objects—HUC'’s con-
taining one or two atoms.

B. Model with a simple constraint
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FHUC D> separating adjacent HUQ'sare filled by Ag atoms. The
o maximum number of atoms in a HUC with all the boundary
areas filled is themg+ 3Xng. Therefore, in the computer
model, each HUC is formally divided into one center and
. . & - three boundary areas. The boundary area can accept Ag at-
&4 . | oms if the center areas of both adjacent HUC's are
W Sahbq saturated—each containsg Ag atoms (i.e., a saturated
AP 1-HUC island.

o . B TN Each hopping event in the computer model is selected
with probability determined by activation energy calculated
with respect to a number of Ag atoms at a given position
(HUC). We started with simulations in which the hopping
probability was not affected by occupancy of a destination
site (HUC). These simulations provided high population of
1-HUC islands but fitting of model parameters failed in
achieving quantitative agreement with the experimentally
simulated layer. A statistical analysis of the experimental remeasured dependences. The concentration of 1-HUC islands

sults reveals excess of 1-HUC islands in comparison with th@Ptained by the simulations was much higher than the ex-
simulated growth, Fig. 5. Therefore, the concept of limitedP€rimentally observed value. The experimentally observed
capacity needs to be implemented in a more subtle way taﬂncrease of 1-HUC island density in proximity of larger is-
ing into account the role of 1-HUC islands in agreement with/@"ds was not reproduced by the model.

the scenario suggested in Ref. 6 and detailed experimental '€ e€nhanced nucleation of a new island in proximity of
observations presented in Sec. Il. the saturated onéin an adjacent HUC can be explained

physically by an increase of time spent by a diffusing Ag
) ] adatom in the close neighborhood of saturated HUC. This
C. Model with center and boundary areas—final model might be caused by an interaction of Ag adatom with Ag
During the growth a 1-HUC island captures more andatoms in saturated HUC. Another reason may be a change of
more diffusing adatoms until its size reaches a saturatethe barrier for diffusion over the boundary of saturated HUC
value ng given by the limited capacity of the HUC. The due to relaxation of Si atoms. The effect is modeled by de-
saturated 1-HUC Ag island cannot further grow by adatoncrease of the barrier for hopping into the saturated HUC by
capture. The valuag is assumed to be the same for islandsAEs. It increases probability of nucleation near the saturated
in both types of HUC's. When a diffusing adatom meets theisland. The correlated nucleation would also imply decrease
saturated HUC, it hops fast out leaving dimer row unoccu-of the concentration of 1-HUC islands because during further
pied. This event is simulated by means of setting the energgrowth more 1-HUC islands will join larger islands. This
barrier for hopping out of saturated HUC'’s close to zeromodification implies the need to use a model with hopping
value. rates depending on a final position. The introduction of an-
Larger islands grow by coalescence with 1-HUC islandgsotropy for hopping makes the code technically a bit more
only by the following mechanism: Boundaries between adjacomplicated(a hop-oriented code has to be employed
cent HUC’s can be filled only if the cells are saturated. Such
two HUC's can coalesce with assistance of a certain number V. SIMULATION RESULTS AND DISCUSSION
of hopping adatoms)z , completing each HUC. In the simu-
lation, the adjacent saturated HUC’s can incorporate new Simulations with the final modeglthe model with center
adatoms until the boundary areas in HUG@mer rows and boundary areaseproduce well growth morphologies
observed in the experiment. Figure@6and Gb) show ex-

FIG. 4. (8 STM image of 35 35 nn? area, deposited amount
d=(0.50+0.05) ML at temperatureT=490 K and flux F
=0.011 MLs %; (b) layer simulated under the same conditions us-
ing “standard” 2D growth scenaridmodel with a simple con-
straind.

tal data, Fig. 4. Only a few 1-HUC islands are visible in the

© 0.14 - amples of real and simulated growth morphologies for two
% o experimental data _ -
£ 0.124 e model with a simple tgr_nperature§—490 K, T=550 K_and for the rate of_dep_o-
e ] constraint sition F;=0.011 ML s *. Comparison of corresponding fig-
g 0101 ,%,_ ° bmo‘fjdnﬂ;”r;,tgf:ans"e and ures shows that an excess of 1-HUC islands is well repro-
B 0087 °p . duced for both temperatures.
S 0.06 9°o o, F‘%’“ We carefully fitted the experimental data presented in Fig.
K] 0.04] . + ®o 3. To simplify the fitting, we assumea* =5 and E,
Q . o =0.05 eV as obtained in the previous wé/e varied three
2 0021 ... %: T parametersig, ng, andAEg and at the same time we were
- 0.000 R ’0.'3"0‘.4° YRR changing value&r andE, within error bars of the previous

) T Mg ' ' work to find the best fit.

We found that the fitting of experimental data using the

FIG. 5. Comparison of the dependence of 1-HUC island coverfinal model gives values,=(5x10°*1) s7! and Ec~E,
age on deposited amount at temperatlire490 K and flux F =(0.68+0.10) eV (at the fixed valuery=5x10° s~ ! the
=0.011 ML s * in experiment and in two different models. valuesEg ,Ey can be determined with an accuracy of 0.02
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FIG. 6. Examples of experimentédeft column and simulated (b) island size [number of HUCs]
(right column morphology of films withd=(0.32+0.03) ML ob-
tained by deposition at two temperatures and two deposition rates FIG. 7. Comparison of experimentédymbolg and simulated
(@ T=490K, F;=0.011MLs?'; (b T=550K. F, (lines—best fit using the model with center and boundary areas
=0.011 MLs%; (c) T=490 K, F,=0.0005 MLs!. Area 35 data for films prepared at low deposition r&te=0.0005 ML st
% 20 nnf. The model with center and boundary areas was used. at temperaturd =490 K. (a) dependence of coverages and prefer-

ence on deposited amouth) island size distribution.

eV) and the differenceEr—E;=(0.03* 0.01) eV. The
values are in a good agreement with our previous resuits. metal but it allows to assess the structural properties of fill-
addition the model provided energy related to effective intering individual HUC's.
action with saturated HUCAEg=(0.10+0.05) eV, and
numbers of Ag atomag=21+6, andng=5*2. Maximum
number of Ag atoms accommodated in a HUC with all three
boundary areas filled is 368. It is larger than a rough esti- Combined study of submonolayer growth of Ag on
mate reported in Ref. 6compare also with a value of 45 Si(111)-(7X7) by series of STM measurements and kinetic
+5 resulted from the “standard” growth modelThe value  Monte Carlo simulations allowed to determine microscopic
of ng is consistent with a number of potential minima in a mechanism of growth in the regime of island coalescence.
HUC—18—proposed in Ref. 18. The surface reconstruction strongly affects nucleation and

The validity of the final model and the values of the pa-growth of islands. Islands do not extend laterally but by fast
rameters were further tested for quite different growth con-connection of preformed blocks—saturated HUC's—by fill-
dition, very low deposition raté,=0.0005 MLs*. STM  ing dimer rows. Key feature of growth is slow andntinu-
image in left part of Fig. &) shows that there is excess of ousnucleation of new small nuclei occupying the inner parts
1-HUC's even in this regime. Morphology obtained by simu-of HUC preferably in proximity of already saturated HUC's.
lation under the same growth conditions in right part of Fig. Both surface morphologies and quantitative measure-
6(c) has similar features. A series of samples provided dements can be reproduced by KMC simulations using a model
pendencefsee Fig. 7a)] similar to those shown in Fig. 3. In extending the coarse-grained model utilized for simulation of
the same figure, we show results obtained by calculation usnitial stages of growth. It turned out that it was necessary to
ing the final model with the parameters given above. Thergesolve the inner part of HUC and its boundary. Comparison
was no additional fitting. We can see that the agreement iwith experiment confirmed the applicability of this model for
quite good. The model explains well excess of 1-HUC is-interpretation of growth for a large range of deposition pa-
lands in the size distribution also for this much lower depo-rameters(temperature, deposition rate, tijnend for depos-
sition rate—see a reasonable agreement between experimeted amount up to 0.6 ML. Correlated nucleation in proxim-
tal data and simulatiofFig. 7(b)]. ity of saturated HUC's is obtained by introduction of

STM images of layers grown at various conditions showeffective interactiordecreasingenergy barrier for a hop into
that a mean size of large irregular Ag islands is limited.the saturated HUC byAEg=(0.10+0.05) eV. The model
During further growth the islands connect into a network—can be used for simulations up to the coverage when epitax-
the wetting layer. The morphology of the irregular islandsial strain significantly influences growth of larger islands.
and wetting layer depend on growth temperdtifend are The model allowed to assess maximum numbers of Ag
driven by epitaxial strain. The current model does not takeatoms per HUC in a 2D island: for an isolated 1-HUC island
into account the strain which plays an important role in theng=21+6; for a larger island(covering =2 HUC's) the
formation of wetting layer. Therefore, the model cannot besaturated number of Ag atoms filling one of the three bound-
used for simulation of growth above 0.6 ML of depositedary areas i;ig=5*2 and the maximum number of Ag at-

VI. CONCLUSIONS
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oms per HUC is 368 (ng+3Xng). ACKNOWLEDGMENTS
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