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Creation and consumption of free Si atoms at the growth front of a CaF monolayer
on Si(111)7x7
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Intrinsic defects in a CaF monolayer grown on a Si(124y7surface have been observed using a scanning
tunneling microscope, and their locations with respect to thef Bubstrate lattice before the growth of the
CaF monolayer have been analyzed. We have found that the probability of the appearance of defects is smaller
in unfaulted, dimer, faulted, and corner-hole regions of the77unit cell, in this order. These results are
explained by considering the rearrangement of Si atoms from th& 7o 1X1 bulklike structure, which
involves the creation and consumption of free Si atoms at the growth front of the CaF monolayer. The
probability of the appearance of defects seems to be governed by the speed of the progress of the growth front
of CaF, which is different in each of the four regions mentioned above. This mechanism also explains the
shape of the CaF islandsS0163-182@08)05203-5

I. INTRODUCTION Il. EXPERIMENTAL

A Si(111)7X 7 substrate was prepared by a procedure

When growing thin films on semiconductor surfaces, adescribed elsewhefeThe substrate was kept at 600 °C dur-
reduction of the number of defects in the films is a technodng the growth of a CaF layérat a growth rate of about 0.15
logical requirement.In the case of calcium fluoride (CgF ML per minute. The kinetic growth conditions used here
on Si111), which is an extensively studied systénsuch  resulted in the formation of a typ@-chemisorbed CaF layer,
defects are classified into two types. The first type is disloin which Ca and F atoms occup§, and Hj sites,
cations which result from the mismatch between the latticéeSpectively.® The scanning tunneling microscope was op-
constants of Si and CaR0.6% at room temperatureAl- erated at room temperature in an ultrahigh vacuum better

_8 . .
though the Caf film grows without dislocations up to a than 1.3 10" ° Pa, with an electrochemically etched tung-

critical thickness, when it exceeds this thickness, a disloca§ten tip.
The sample was prepared such that the77and CaF

tion network starts to grow for strain relaxatidresulting in region red simultan V. This w ntial in our
a two-dimensional structural modulatiéiThe second type is €gions appeared simuitaneously. . S f‘s. essentia ou
experiments because the use of a “clean” tip that correctly

point defects that are inevitably created at the interface evel os a metallic current-voltage dependence for the77
if the film is only one monolayer thick® Such defects seem ° 9 P

- d h h hani £ th I regiont* was necessary. Using such a clean tip, we were able
to Of'g'”ate ue to the grom mechanism of the monolaye, optain STM images with atomic resolution reproducibly
[the first layer of Caf on Si(111) has the composition of ¢, Loth the 7< 7 and CaF regions.

CaF (Ref. 7] related to Si-atom rearrangement on the
Si(111)7x 7 substraté. Elimination of these intrinsic de-
fects is desired in creating nanoscale electronic devices
which require films thinner than the critical thickness. In A. Defect registration
addition, it is of interest to qualify the atomic processes in

d(_atall in the _|n|t|al stage of the _grovvth O_f eP'taX'a' films on registration of intrinsic defects. The upper and lower parts of
Si(111)7x7 in terms of energetics and kinetitslp to NOW,  Fig. 1 correspond to the CaF an&7 regions, respectively.
the complexity of the Si(111)%7 structuré has made it  Thjs image was obtained under a filled-state imaging condi-
difficult to perform these kinds of investigations. tion [a sample bias\(y) of —1.5 V, a tunnel currentl() of

In this paper, we propose a mechanism for the formatiorsog pA]. In the CaF region, the intrinsic defects are observed
of “intrinsic defects” in the growth of a CaF monolayer on (some of which are indicated by arrolin addition to very
Si(111)7x7, which involves the creation and consumptionshallow 1x 1 periodic depressions which coincide with the
of “free” Si atoms at the growth front of the CaF mono- periodicity of the CaF structure. The intrinsic defects are
layer, on the basis of scanning tunneling microsc6®YM)  classified into two type$One is small defects which have a
observations. The proposed mechanism has been derivediique triangular shape, the center of which is always lo-
from the analysis of the location of intrinsic defects with cated at anHj; site in the Si(111)X1 lattice at the
respect to the X7 substrate atomic lattice. interface® The other is large defects of various shapes. At

IIl. RESULTS AND DISCUSSION

Figure 1 shows an example of STM images used for the
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5nm FIG. 2. (8) The mesh used in Fig. 1. This mesh divides the

. . Si(111)7x 7 structure into four regions, i.e., unfaulted, dimer,
FIG. 1. STM image of the boundary between the Si(124y7 Jaulted, and corner-hole regiond) Positions of the interfacial Si

and CaF/Sil1]) structures. In the CaF region, defects are observe htoms (open circles after the growth of CaF with respect to the

as dark spots. Some of the elemental defects are indicated by ar- . : o . -
rows. The superimposed mesh represents the Btructure. mesh shown ir(@). Crosses inb) indicateH; sites of the Si sub

strate.

the edges of these large defects, however, traces of the sm@blated elemental defects were 60%, and a single complex
defect(part of the triangleare observed in most cases, indi- defect had an area 6.0 times larger than that of a single
cating that the large defects are complexes of the small oneslemental defect on average.

Hereafter, we refer to the small and large defects as elemen- When counting the number of elemental defects in
tal and complex defects, respectively. U, D, F, andC regions, the complex defects must be

As we already reportetione elemental defect seems to decomposed into the elemental defects. This can be done
involve one or three Si atoms, and we have not been able tanually for most complex defects smaller than about the
determine the atomic structure of the elemental defect in deaverage size. However, this decomposition is difficult for
tail. The incorporated Si atom or atoms will be located on thdarger complex defects, because they seem to have unknown
H; or T, site in the Si(111)X1 lattice, depending on e€xtended structures. Therefore, we estimate the number of
whether the elemental defect involves one or three Si atom&leémental defects in such a large defect from its area.
respectively. Although a Si adatom on the Si(11%)7 sur- When we denote the average number of the elemental
face is more stable at thg, site than at théi, site!*~3this ~ defects in a complex defect by, the relation between the
may not be the case when Ca-Si or F-Si bontfingays an
important role in the incorporation of Si atoms into the CaF
monolayer. In the following discussion, the atomic structure
of the elemental defect is not considered, and only the num-
ber of Si atoms in one elemental defect is taken into account.

In order to see positional correlations of these elemental
and complex defects with theX77 structure before the
growth of CaF, a mesh has been superimposed on the STM
image in Fig. 1. In Fig. @), the mesh in Fig. 1 is shown with
reference to the X 7 structure. We divide theX 7 structure
into four regions, i.e., unfaultedX), dimer (D), faulted ),
and corner-holeQ) regions, as indicated in Fig(&. In Fig.

2(b), the positions oH; sites(crossepand the interfacial Si
atoms(open circley after the growth of CaF are shown with
respect to the mesh in Fig(a.

Figures 3a) and 3b) show STM images of the elemental
defects on a magnified scale, together with the mesh de-
scribed above. The positions of the elemental defects in-
volved in these defects are depicted in Fig&k)&and 3d),
where the open circles show the interfacial Si atoms. The
elemental defects observed in Figéa)3and 3b) are located
in C and D regions, respectively. This kind of registration  FiG. 3. (a) and(b) magnified STM images of elemental defects.
was performed over many CaF regions, with the total aregc) and(d) schematic diagrams corresponding@pand(b), respec-
corresponding to 462 7x7 unit cells, which contained 19@ively. The defects ina) and (b) are classified as belonging ©
elemental and 132 complex defects. The number fraction cdndD regions, respectively.
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Using Eq.(1) and the values for, the complex defects
can be statistically decomposed into elemental defects. How-
ever, the positional correlations between elemental defects
involved in a complex defect and the<7 structure before
the growth of CaF are not derived in this case. Then we
assume that the positional correlation of such elemental de-
fects is identical to that of the isolated elemental defects
which are clearly correlated to thex77 structure, as shown
in Figs. 3a) and 3b).

The numbers of elemental defecldy, in U, D, F, and
C regions were estimated from the numbers of isolated el-
emental defectsny, in the respective regions. Using the
number ofH; sites (Ny) per 7x7 unit cell, which is readily
obtained from Figs. @) and Zc), we can derive the prob-

ber of Si , lex def | ability of the appearance of defects peg site (P) by cal-
defz:?\./vtic’;lwuhn;searnoarséﬁiti%rgz IIrrjlragecr0 tnk:gne;(heeeleé?;eAnfgIn;gf?ét is culating P=Nq/(462<Ny). In Table I,Ng, Ny, andP in
shown.(b) and(c) correspond to the cases that the complex defectU’ D, F, andC regions are given for=7.3 and 4.2P is

is composed of elemental defects with single and three Si atomssmaller inU, D, F, and C regions in this order. The C

respectively region exhibits a much large (12—20 % compared with
' the other three regions<(7.4%).

total number of elemental defectdl{) and the number of
isolated elemental defecta) is expressed as below, since
the number fraction of elemental defects is 60%:

B. Mechanism of defect formation

The growth of the CaF monolayer on the Si(11¥)7
substrate requires rearrangement of Si atoms in the top three
layers of the X 7 structure into the two outermost Si layers,
XNg=aXng. with a bulklike 1x 1 structure at the interfadeDuring this

(1) structural change, the Si adatoms in the first lajfédled
circles in Fig. Za)] are ejected from their positions and the Si
atoms in the second and third layétarge and small open
circles, respectively, in Fig.(8)] are rearranged. Since the

Xn+nyg=

2n
—+1

XNy 3

\ _(1—0.60
a1 0.60

Let us consider the complex defect shown in Fi@) Awhich

has an ared? times larger than that of the elemental defect, . _ _
as an example. In the case of the elemental defect with umber of Si atoms in the second and third layers of the

single Si atom, the number of Si atoms in this complex de- X7 structure is smaller than that in the two outermost lay-
fect is ning[see Fig. 4b)], which corresponds to 9 elemental ers in Fhe JXl bulklike structure, a certain number of Si
defects. In the case of the elemental defect with three SHO™MS IS _reqmred to complete the rea_rrangement. We there-
atoms, the number is 14ee Fig. 4c)], which corresonds to ore gonS|der th? Process in the f(_)llowmg three stépsthe
1_47 elemental defects. We have considered possibi§iection of the Si adatoms in the first layé2) the rearrange-

shapes for many sizes of complex defects, and calculated tHEent of tlhe fSihatoms in(;hse_ second and third layers, @nd
average number of Si atoms involved in the defects. ThdN€ Supply of the ejected Si atoms.

average size of complex defects was 6.0 times larger than th Figléreg $a)h—5(f) explain how tr]lesgbove th'r:(_ee step;qéake
size of the elemental defect, as already described, and t@aoe uring the rearrangement of Si atoms. Figutes

ber of el tal defects | lex defes (b) show side and top views of theX77 structure, respec-
number of elemental defects in one complex defext was tively, and step(1) results in the structure presented in Fig.

estimated to_ be 9'5. or 4.8 on average, depending on tr@(c). The Si atoms with arrows in Fig(& must be displaced
number of Si atoms In one elemental defect. Therefares [step(2)] in order to proceed rearranging thex7 structure
calculated to be 7.3n(=9.5, one Si atom in one elemental jnto the 1x 1 structure. The direction of the atomic displace-
defec} or 4.2 (n=4.8, three Si atoms in one elemental de-ment indicated by the arrows is one of the possibilities. As a
fect) using Eq.(1). result of this displacement, there are eight atomic vacancies

TABLE |. Results of registration of elemental defects.

(a=7.3) Unfaulted Q) Dimer (D) Faulted F) Corner hole C)
Ng 204+ 23 745+82 204+23 27730

Ny 10 30 6 3

P 0.044+0.005 0.054-0.006 0.074:0.008 0.206:0.022
(a=4.2)

Ng 118+13 428+ 47 118+13 159+17

Ny 10 30 6 3

P 0.026+0.003 0.0310.003 0.0430.005 0.1150.013
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(a) 7x7 structure (f) 1x1 structure

20 nm

s 383388
FIG. 6. STM image of a CaF island grown on a Si(11X)7
substrate. The island is surrounded by two types of growth frénts,
andB. Note that theA-type growth front is smooth and short, while

the B-type growth front is rough and long.

FIG. 5. Atomic rearrangement of the Si(112J7 structure.
The 7X 7 structure{(a) and (b)] is rearranged into theX 1 struc-
ture[(e) and (f)] through three stepil), (2), and(3) which corre-
spond to the structural changes fr¢b to (c), (c) to (d), and(d) to
(e), respectively. case judging from the following two experimental findirfgs:

(i) the density of elemental defects agrees well with that of
per 7x7 unit area, as indicated by crossings in Figd)s the excess Si atoms created during the growth of CaF, and
Finally, as shown in Figs.(8) and f), these vacancies are (ii) all the elemental defects are the same in shape, size,

repaired by the Si atoms ejected at the beginning of the reQrientation, and site. Therefore, we propose the following
arrangemenistep(3)]. mechanism for defect creation.

Table Il is a “yes-no” list showing which of the steps At the growth front of the CaF monolayer, the Si adatoms
mentioned above are required to rearrablgeD, F, andC  Of the 7X7 structure are ejected and become free Si atoms
regions. In theC region, there are no Si adatoms at thenear the growth front. Although most of the free Si atoms are
beginning[see Fig. 23)]. Nevertheless, stefl) is required ~ Uused to complete the rearrangement into thellstructure,
because this region cannot be rearranged intd without ~ €xcess Si atoms still exist. They are captured at the CaF/
ejection of surrounding Si adatoms. In addition, stgpsand ~ Si(111) interface, where the rearrangement into the 11
(3) are required in this region. Also, in tiferegion, not only ~ Structure has already been completed, and result in the de-
step(1) but also step$2) and(3) are required, although step fects. It should be noted that the speed of the progress of the
(2) in this region occurs much more easily than in the  9rowth front of CaF is reduced in a region where the rear-
region. In theD region, only stepgl) and (2) are required, 'angement of Si atoms is dlffI.Cu|t, or the growth front stays
and step(3) is unnecessary. Finally, the region requires N such a region for a longer time. Theref_ore, the pr(_)bab|llty
only step(1); steps(2) and(3) are unnecessary. We therefore of t_he captur_e o_f the excess Si atoms increases in sgch a
conclude that the ease of rearrangement of Si atoms if€9ion, resulting in an increase Bf as seen in Table 1. This
creases iU, D, F, andC regions in this order. The present mechanism can gzxplam all the experimental results in the
argument is, of course, too simplified, since each step is ndifésent and previous wofk.
necessarily independent of other steps and the existence of
Ca and F atoms must be taken into consideration. However,
this simple argument can explain our experimental results What we discussed in Sec. Il B is also consistent with the
summarized in Table |. That is, the probability of the ap-shapes of the CaF islands, an example of which is shown in
pearance of defect®, is smaller inU, D, F, andC regions  Fig. 6. The CaF islands have two types of growth froht,
in this order. andB. The A-type growth front is smooth, while thB-type

From these results, one may think that the defects argrowth front is rough, the former being shorter than the lat-
created as a result of incomplete rearrangement of Si atonter. TheA-type growth front is always in th€ region, while
into the X1 bulklike structure. However, this is not the the B-type growth front is in the front of th€ region.

C. Shapes of CaF islands

TABLE Il. Requirements for rearranging thex7/ structure.

Unfaulted U) Dimer (D) Faulted F) Corner-hole C)

(1) Ejection of Si adatoms Yes Yes Yes Yes
(2) Rearrangement of Si atoms No Yes Yes Yes
(3) Supply of ejected Si atoms No No Yes Yes
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In order for theA-type growth front to move forward, the atoms into the X1 bulklike structure. Therefore, the-type
rearrangement of Si atoms occurs first in theegion, then  growth front moves faster than thigtype growth front, re-
in the F region, and finally in th& region U—F—C). For  sulting in elongation of thé&-type growth front.
the B-type growth front, it occurs first in th€ region, then
in the F region, and finally in theJ region C—F—U). IV. SUMMARY
Since the rearrangement in tBeregion is common to both We h d hanism for the f " fi
cases, it is omitted for simplicity. These different sequences . '€ have proposed a mechanism for the formation ot in-
of the rearrangement of Si atoms result in different densitieg'.nSIC defects in the growth of a CaF monglayer on the
of the free Si atoms near the two growth fronts, causing th i(111)7<7 substrate. At the growth front of the CaF

different edge shapesmooth and roughseen in Fig. 6, as monolayer, free Si atoms are created in the process of the
follows - rearrangement of Si atoms from the<7 structure to the

In the case of theA-type growth front, the ejected Si 1X1 bulklike structure. Most of these Si atoms are used to
adatoms in théJ region are kept free until the growth front c_omplete the rearrangement, but the rest of them form intrin-
starts to rearrange Si atoms in tReregion into the 1 sic defects. The probability of the appearance of defects var-

bulklike structure. In the case of titype growth front, the ies according to the regions in the<7 structure, indicating
free Si atoms are required to rearrgr?geg Si atoms inGhe that the speed of the progress of the growth front of the CaF

region in the first step, but they are not created yet. Thereforg;gtg?]lfyvirh ?ﬁgquzeﬂ gﬁ dlocraet\'/?(;LSTg)'(s gﬁgﬁgfgsﬁl t(;OTI;
the B-type growth front moves forward to tHeregion, as if P P P '

the growth front avoids the region. This is why thd@-type addition, it can explain the features of the edges of the CaF

growth front is rougher than tha-type growth front. More- islands.
over, theF region itself requires free Si atoms, so some of

the created free Si atoms are immediately used there. As a
result, the density of the free Si atoms near dype This work was partially supported by the Program of Core
growth front is lower than that near tlfetype growth front  Research for Evolutional Science and Technol@@REST),
when they are required to complete the rearrangement of Siapan Science and Technology Corporation.
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