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STM study of the C-induced S{100)-c(4X 4)reconstruction
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We report a direct and reliable way to produce thel@d)-c(4X4) reconstruction by submonolayer depo-
sition from a SiC source and subsequent annealing. Auger electron spectroscopy, low-energy electron diffrac-
tion, and scanning tunneling microscop8TM) investigations reveal that a C amount equivalent to 0.07
monolayers(ML's) is sufficient to obtain full coverage of thg(4 X 4)reconstruction. A deposition of 0.035
ML's C produces a(4X4)coverage of only 19%, indicating that C is not only present inc#x 4)areas,
but also in the X 1 areas. There is not enough C to make it a regular part of(##& 4) reconstruction and
we therefore conclude that the4 < 4) reconstruction is strain induced. We find that a combination of the
mixed ad-dimer and buckled ad-dimer models explains all main features observed in the STM images. Images
of freshly prepareat(4Xx4) surfaces exhibit a decoration of approximately 50% of the unit cells, which is
attributed to perpendicular ad-dimers. Long exposure2(q h) to the UHV background gas quench these
features and the(4x4) reconstruction appears as if more homogeneous.
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I. INTRODUCTION relate it to the deposited amount of C.
In this paper we present a reliable and direct way to pro-
The Si{100-c(4x4) reconstruction was originally dis- duce the Sil00-c(4Xx4) reconstruction and show that a

covered by Thomas and Francorba early low-energy small amount of carbon is sufficient for its formation. We
electron diffraction(LEED) experiments on Si surfaces pre- have determined an upper limit for the amount of carbon
pared by molecular beam epitax¥BE). This was repro- needed to get a full coverage and conclude that this is not
duced by Sakamotet al.? and later Miler et al® reported  enough for having one C atom per each unit cell such that
that this reconstruction also appeared when a cle&t08i  the C atoms would be a regular part of the reconstruction.
surface was annealed in vacuum. It turns out that this reconFhe processes of forming the surface, as well as the changes
struction has been formed with a wealth of methods; Sif the surface when exposed to the residual gas of the UHV
depositiont?*® C depositio?*' Ge depositiot? H  system, are discussed. We also discuss the models proposed
exposurd®1° C,H, and GH, treatment®2* SiH,/Si,H,  for the reconstruction and find that a combination of the
growth,zs_29 annealing in va(:uun?]?o_36 B depositiorﬁ7_3g mixed ad-dimer model and the parallel ad-dimer model fits
and O or S treatmeff~*?Several models for the reconstruc- the data best.
tion gg\ig been propgfsed: Pandey’s—boigded defect
model;™*° missing dimer;*° parallel ad-dimer; and mixed
ad-dimet® models, and it has been debated whether it is a Il EXPERIMENTAL DETAILS
pure Si reconstruction or if it contains any foreign species. The combined scanning tunnel microscof§TM) and
There were some Auger electron spectrosc@iiS) inves-  molecular beam epitaxfMBE) system used consists mainly
tigations reporting a clean surf&éé®*? while others re- of three sections; the preparation chamber, the MBE cham-
ported traces of C present on the surf&t®In recent years ber, and the STM chamber, separated by UHV valves. It sits
most investigations seem to support the idea that the recomn top of a support that has no contact with the laboratory
struction is C related®!°???4and there have been some floor to avoid vibrations. The MBE chamber contains an Au-
attempts to estimate the carbon concentratibh?®?’Some  ger electron spectrometefcylindrical mirror analyzer,
have argued for reconstruction models containing an intege€MA), a rear-view LEED optics and several thermal evapo-
number of C atoms per unit cell while others claim thatration sources, and its background pressure <%
subsurface C and/or surface C produces the reconstruction10 ! Torr. When doing quantitative measurements of the
indirectly—by strain or otherwise. Very recently models C coverage with AES, the sensitivity is sufficient to detect
based on simple dimer rows with substitutional C atoms inapproximately 1% of a monolayegiML). Throughout this
various surface and subsurface positions were investigatguhper, 1 ML of atoms corresponds to the density of atoms on
theoretically** Miki et al® estimated the carbon concentra- an unreconstructed @00) surface, i.e., 6.7810"* cm 2.
tion with secondary-ion mass spectromei®/MS) and con-  An IR pyrometer was used to measure the temperature of the
cluded that it was not large enough to have C atoms as eesistively heated samples. All the depositions in this study
regular part of the reconstruction model, i.e., it correspondesvere done using thermal sources, described elsevhaiee
to less than one C atom pef4x4) unit cell. Since they background pressure in the chamber containing the home-
used reflection high-energy electron diffractiGRHEED) to  built STM, was below X 10 !° Torr and the STM itself is
monitor the reconstruction, there was, however, no determisuspended in a two-level spring system, using eddy-current
nation of how large the fraction was of the surface that waslamping®® When necessary, some image processing was ap-
c(4X4) reconstructed. By using scanning tunneling microsplied to improve the quality of the STM images. A least
copy (STM) one can easily obtain this fraction and thus cor-mean-square fitted plane was subtracted to produce flat im-
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ages and averaging was occasionally applied to produce re-
liable line profiles. Usually, the averaging procedure used
between 4 and 25 data poinfeken from the same image
frame and the physical size of the area that these points
were taken from was always less than half the characteristic
features of the images. All images were taken in constant
current mode with Pt/Ir tips, as cut from a 0.4-mm wire.
Phosphorus-doped1.7—2.3 {1 cm) Si(100 substrates
were used. They were prepared by chemical etching accord-
ing to the Ishizaka-Shiraki proceduteThe samples were
then inserted into the preparation chamber and heated to
600 °C for several hours to remove any water or any other
volatile species adsorbed onto the sample and sample holder.
After this initial degassing, the samples were annealed using
a procedure controlled by a computer to ensure low pressure
and high reproducibility. The annealing cycles started at
650 °C(in periods with a maximum annealing duration of 60
s) while the pressure was kept below<10 ° Torr. The FIG. 1. Filled state STM image of a @00 surface with
temperature was increased stepwise up to 950 °C. The dura-0-07 ML C depositedV;,=2.0 V, =210 pA, 670<670 A2
tion of the current pulses was adjusted to keep the pressufi$% coverage of(4x4).

within range, and the time between the annealing pulses was . RESULTS
always at minimum 60 s—and prolonged if the pressure was ) -
too high, i.e., higher than>210"° Torr. A. SIC deposition

We measured the Si and SiC fluxes from the sources by By depositimg 1 A from the SiC source and thus obtaining
using a thickness monitor. The rates used were in the rangen equivalent amount of 0.07 ML C, we could get 98% sur-
0.01-0.03 A/s and the deposition time was in the order oface coverage of the(4x 4) reconstruction. The remaining
minutes. The background pressure during deposition fron2% of the surface was covered by4 reconstructed parts
the Si and SiC sources was2x 10 8 Torr and the sample residing mainly at step edges or forming small islands, as
was held at room temperature in all cases. Subsequent aseen in Fig. 1. The bright patches at the bottom and at the
nealing was applied to form thef4 X 4) reconstruction, usu- right side of Fig. 1 are(4X4) reconstructed areas on one
ally 600 °C for less than 3 min. To vary the C concentrationatomic layer high terraces. In the inset in Fig. 1 there is a
in the material flux, the Si and SiC sources were concurrentlylow resolutior) close-up showing the two main types of
depositing Si and Si/C. The C atomic fraction in the fluxc(4Xx4) unit cells,« and 3, on this surface. In filled state
from the SiC source was about 10%. images, thex cell seems to be occupied by a structural ele-

The C surface coverage was determined by usingrthe ment in the center, while thg cell is unoccupied. There is
situAES where the C/Si peak-height ratio, the electron mearalso a small fraction o&5% of the unit cells on this rela-
free path and the C and Si sensitivity factors were taken intdively freshly prepared surface that shows an intermediate
account. The carbon concentration in the flux from the SiCcontrast. This image was taken2 h after the preparation
source was determined by depositihi A on aclean Ge by annealing.
substrate and performing a quantitative AES analysis on the Beside the major differences between the central region of
C, Si, and Ge peaks. The amount of C deposited was detethe @ andg cells, there is an underlying height variation near
mined to be 0.020.01 ML when depositing 1-A Si/C from the cell boundaries that seems to be the same for both types
the SiC source. The amount of C deposited during the Si/Si®f cells. This will be further described below in connection
co-deposition was confirmedy AES measurementso be  with high-resolution measurements.
half (i.e., 0.035-0.01 ML) for half the time of deposition The main characteristic of the{(4<X4) reconstruction is
and the same rates for Si and SiC sources. These prepathat there is a highly ordered underlyin¢4 x 4) periodicity.
tions resulted in oxygen-free surfaces as verified by the AESuperimposed on this, there is a “decoration” of approxi-
measurements. mately 50% of the unit cells which are occupied by some-

The amount of C adsorbed from the background gasething appearing like a protrusion in the filled state images.
during depositior{25% CO, 2.5% C@ and the rest k) was By modifying the annealing procedure we have tried to
estimated by doing a dummy deposition on a clean Si samplachieve a phase separation betweeand 8 unit cells. This
with all parameters kept the same as for the real depositiorhas not been possible and the lateral distribution of the unit
but with the sample facing away from the source. No ad-<ells is close to random, with some tendency to form rows of
sorbed C was detected, as far as the AES could tell. Whethe same type of cell alon@10) directions.
the c(4Xx4) samples were exposed to the background pres- We point out that the underlying(4x4) reconstruction
sure in the MBE chamber for periods extending up to daysextends coherently over large areas. The main defects are
nothing but the ion gauge, the ion- and turbopumps werelomain boundaries which in most cases are just 3.8 A wide,
running. i.e., the same width as a line of missing dimers on the 2
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FIG. 2. Filled state STM image of a @00 surface with FIG. 3. Filled state STM image of a (@00 surface with 0.07
~0.035 MLC deposited. V;,=2.0 V, 1=210 pA, 670 ML C deposited, stored in UHV (8 10~ * Torr) for 24 h. Viip
X670 A2. Thec(4x4) phase covers 19% of the surface. =1.3 V,1=100 pA, 536<536 A2.

X1 reconstructed surface. The arrows A in Fig. 1 point to C. Annealing

domain boundaries of the underlyieg4 < 4) reconstruction
that extend in th¢011] direction. The aged samples can be regenerated to show a surface

Using half the amount of carbd®.035 ML in a 1-A-thick with the as-grown characteristics by annealing at 730°C, as
Si layej in the deposition resulted in a surface with approxi-SNOWn in Fig. 5. Our studies show that the aging process is
mately 19% coverage of the{4 x 4) phase; see Fig. 2. This reversible and that the original4x4) reconstruction can
surface gives a much more fractured impression. The ared completely restored, i.e., essentially only containing oc-
with c(4X 4) are small and they are not very well ordered,¢UPied and unoccupied sites of nearly equal numbers.

and the surface contains to a larger extent islands and depres-Annealing at 750°C, on the other hand, results in large
sions, reflecting an increased roughness. As pointed out if@nges in the surface structure as shown in Fig. 6. One can
the image, there arex21 areas also on islands and in de- observe the formation of some islands. Moreover, large parts
pressions. of the surface have developed &2 reconstruction. This is

In reference experiments we also studied the effects ofonsistent with the results in, e.g., Refs. 15, 27, and 42, that
deposition 61 A pure Si. Annealing of this surface did not the ¢(4x4) reconstruction disappears irreversibly at about
result in any changes of thex2L reconstruction intac(4 ~ 730-750°C. Detailed studies of the islands show that their
X 4) reconstructed parts. The amount of C on the surfactdteral sizes are smaller than the white areas in Fig. 6 which
was in this case less than the AES detection limit. Just reflect the size of high level Si terraces. The actual is-
lands are approximately 10—-20 A high and 100—200 A wide.

B. Aging

When thec(4 X 4) reconstructed surfaces were left in the
UHV system for a long timg24 h up to three daystheir
appearances changed. The underlya{g X 4) reconstruc-
tion did not disappear, but the amount of occupied sités (
had seemingly decreased to only a fraction of the original
50%. In the example in Fig. 3, the unit cells correspond to
only ~9% of the surface. The domain boundaries were still
present on the aged surfaces and did not disappear with sub-
sequent annealing.

At first glance thec(4X4) reconstruction seems more
homogeneous after aging, but a closer examination, see Fig.
4, shows that there are now four types of unit cells. They are
a, cells of the original occupied type that decrease in number
by aging;B, the so-called unoccupied cells that seem to stay
constant in numbersy, asymmetric unit cells in two vari-
ants, which appear to be half occupies; unit cells with FIG. 4. Filled state STM image of a @00 surface with 0.07
center height in between occupied and unoccupied ones. L C deposited, stored in UHV (810" Torr) for 24 h. Viip
order to unambiguously identify a unit cell as being of type =2.0 V,1=90 pA, 144x132 A2. The featuresy, B, v, andé are
or &, high resolution STM images are required. discussed in the text.
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dency for C to stay at or near the surface. Furthermore, the C
bulk diffusion at the temperatures used in our experiments is
negligible®®

Option (jii ) can be ruled out too, since there is evidénce
that SiC islands do not start to form below 730°C. This is
also consistent with our observation that islands, assigned to
be SiC, are formed by annealing at 750 °C. Since we do not
see any SiC islands below 750 °C, we must conclude that the
major part of the deposited C is found near the surface and is
shared between thg{4X 4)and the X 1 areas. It is reason-
able that the C concentration is higher in t{@ < 4) areas,
but the question is if there is a complete depletion of C in the
2X 1 reconstructed areas.

Our results indicate that there is a substantial amount of C
FIG. 5. Filled state STM image of a (@00 surface with 0.07 in the 2xX1 regions. Under the assumption that 0.07 ML is
ML C deposited, stored in UHV for 24 h and annealed to 730 °C.precisely enough to get a complete coverage over the surface

Vip=2.0 V,1=260 pA, 353281 A% and that there is no C outside thé4x4) areas, 0.035 ML

should generate a coverage of 50% if there was a complete C
Under the assumption that these islands consist of SiC, theeparation. Anything less than 50% indicates that not all C is
corresponding amount of carbon was estimated to be apmctive in the formation of th&(4x4) reconstruction. Our
proximately 0.10 ML, which is close to the deposited observation that 19% of the surface we&x4) recon-
amount. structed thus indicates that there is an equivalent coverage of
0.027 ML C in the 2<1 reconstructed areas.

IV. DISCUSSION
B. Models

It is not clear how the deposited carbon is shared between There have beer_1 a.t least fqur models p;oposed gi?r the
thec(4x4) and the X 1 areas. It has been reported that thec(4><4) reconstruction: Pandey’s-bonded defect modet,

feai ; ,13,49 i 5 ;
concentration needed to get a complete coverage(df missing Sdlmerg, parallel. a_d dimef and_ mixed
x4) is : or 1 ML.7® We have now determined that an ad-dimer*® There are schematic views of the various models

. . in Fig. 7.
amount equivalent to 0.07 ML is enough to get full coverage Based on our result that 0.07 ML is a sufficient C cover-

of the c(4X4) reconstruction, while 0.035 ML of C only e for a completely(4x 4) covered surface, we can rule
19% . Th i ibl - ’
gave 19% coverage e deposited carbon can possibly ut the possibility that the C atoms are a regular part of the

Into four regions:(i) into thec(4x4) areas{ii) into the 2 reconstruction. With one C atom per unit cell, the necessary

X 1 areasfiii) into SiC islands; andiv) into the bulk. Going
into the bulk can be dismissed by the results of Butz anoC coverage would be 0.125 ML' From the lack of asymmetry
In the images ofe and B unit cells, and the fact that all

Luth,” Stoffel et al.2* and others who reported a strong ten- : .
P 9 models suggested so far are based on surface dimers, it

would be necessary to have an even number of C atoms per
unit cell if they were localized in the dimers, i.e., corre-
sponding to at least 0.25 ML of C. Even with the assumption
that either onlya or only B cells contain the C atoms in
dimers, there are not enough C atoms to explain how 0.07
ML can give a complete coverage of the observed 50-50
mixture of & and B unit cells.

The role of C must thus be different. There are enough C
atoms to have one C atom in either eaclor in eachg cell.
If these atoms are in some subsurface sites, it can result in
symmetric unit cells. Since still approximately 50% of the
unit cells do not contain any C atoms, it is reasonable to
attribute the overall reconstruction to the long-range effect of
strain, induced by the C atoms. Thus we support the conclu-
sions drawn by Mikiet al® that this is an impurity-induced
Si reconstruction.

To support the discussion about the geometry ofate
X 4) reconstruction, Fig. 8 shows filled and empty state im-

FIG. 6. Filled state STM image of a (@00 surface with 0.07 ages of a part with botk(4x4)and 2<1 reconstructed ar-
ML C deposited and annealed to 750°C/;,=1.3 V, | eas. Height profiles along two lines in the filled state image
=100 pA, 700700 A2, show the relative height of various observed features. Figure

A. C concentration vs coverage of thec(4X4) reconstruction
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plausible that the-120-pm difference between the occupied
and unoccupied sites is a pure electronic effect, especially as
there is no voltage dependence at all and the distance is not
far from the S{1000 monolayer distance of 136 pm. This
justifies the notions of occupied and unoccupied sites, since
there are probably atoms missing on the unoccupied sites.

Based on the above observations we must rule out Pan-
dey’s m-bonded defect mod¢Fig. 7(a)]. In particular, we do
not observe any features corresponding to the cross-linked
dimers, it cannot explain why the corner region should only
be 35-40 pm lowefand not~136 pm) and it provides no
clue to observatiorvii).

Concerning the missing dimer model, one could argue
that the first observationgi) and (ii)] could be explained.
Still, the STM images are not like that of &2 surface with
every fourth dimer missing. In Ref. 9, a modification of the
missing dimer model containin6 C atoms per unit cell was
suggested. This model must also be ruled out since it re-
quires a C coverage of 0.75 ML for a complet¢4x4)
reconstruction.

The buckled parallel ad-dimer modgFig. 7(c)] misses
the bright, splitting features of the unit cells, but it can
explain all features found in thg-cell regions, e.g., it ex-
plains observatioriiv). Since the pairs discussed (iiv) are
attributed(in this modeJ to a pair of dimers aligned along
the pair axis, it is clear that these should not split perpen-
dicular to the their axes in empty states images. The lateral
alignment of thec(4X4) and 2< 1 reconstructed aregsb-
servation(vi)] can easily be explained in terms of the buck-
led parallel ad-dimer model since it is essentially & 2
reconstruction with two added dimers pe@ X 4) unit cell
9 shows high-resolution filled and empty state images wheréorming the pair structure in the unit-cell corners.

(a) (b)

parallel perpendicular

FIG. 7. Models for thec(4x4) reconstruction(a) Pandey’s
m-bonded defect mode(lb) the missing dimer modelc) the buck-
led parallel ad-dimer model, arld) the mixed ad-dimer model.

some internal structure of the units is easily observed. The mixed ad-dimer moddlFig. 7(d)] can explain the
By studying the STM images one can make the followingobserved features related to theunit cells. There are two
observations: types of dimergparallel and perpendiculethat can give rise

(i) The occupied sitegin « unit cellg are of approxi- to the different leveldobservation(iii)], the perpendicular
mately the same height as the<2 dimer rows(within 20 and parallel ad-dimers should be on approximately the same

pm) in filled state image$Figs. 8c) and 8d)]. level as the X1 rows[observationgi) and (iii)]. The per-
(if) The occupied sites split in the empty state images juspendicular ad-dimergat the unit cell centerare expected to
as 2x 1 dimers ddFig. 8b)]. split in the same manner as th&2 rows|[observatiorii)].

(iii) The regions near the corners of the unit cells areFurthermore, Fig. 9 shows that at the corners of the unit cells
about 35—40 pm lower than the occupied sitEgys. 8c)  there is a pair structurfobservation(iv)] which is inter-
and §d)]. preted as the two parallel ad-dimers in the model. According

(iv) The feature at the corners of unit cells consists of ao the electron-density calculations in Ref. 15, unlike for the
pair, which does not split perpendicular to the pair axis in theperpendicular ad-dimers, one should not see a splitting of

empty state imageg-igs. 9a) and 9b)]. parallel ad-dimers in the empty state STM images, which is
(v) The unoccupied site§n B unit celly are~120 pm  consistent with the experimental observatidiis and (iv).
lower than occupied sitd$igs. 8c) and &d)]. More support for the model comes from the fact that these

(vi) The features at the centers and the corners ofathe ad-dimers should, according to the model, be separated with
and B unit cells (as defined in Fig. JLare laterally aligned alternating large and small distances on adjacent rows and
with the dimer rows at the same height lejelg., along line this is exactly what we see, both in the empty and filled state
Ain Fig. 8(a)]. They are also aligned with the surrounding images. Note that this structural element is common for the
segments of dimer rows at the level belprigs. 8a) and  buckled parallel ad-dimer and the mixed ad-dimer model and
8(b)]. the corresponding feature is observed in batland 8 unit

(vii) The fresh surface has approximately an equal amountells in the STM images.
of occupied and nonoccupied sites, ordered in nearly random To summarize, we find that the mixed ad-dimer explains
fashion(Fig. 1). all observations related to the-unit cells. If the perpendicu-

First we note that the 20-pm and 35-40-pm differencedar ad-dimers are removed we get the buckled parallel ad-
are small enough to be electronic effects. However, it is notlimer model, which explains the features of {Beunit cells
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FIG. 8. Filled (a) and empty
state(b) STM imagesV;;,=*1.5
V, =150 pA, 190< 190 R. (0
and(d) are the line profiles A and
B in the filled state image.

Line profile A (left-right) Line profile B (down—up)

T
2x1 TOW

Occupied sites

L Occupied sites 2xLzow 150

Height [pm]
Height [pm]

Unit cell
corners

P B
w
[=}

Unoccupied site

Unoccupwd sites

0 50 00 Ts50 ""5'0"0"100'
Length [A] Length [A]

() (d)

and this is also consistent with the height difference betweeproximately the same when strain is introduced by the car-
the center ofa and B unit cells[observation(v)]. In agree- bon atoms and if they both have a lower energy than the
ment with previous studié3 we find that it has not been correspondingly strained>2L surface, we will get a mixture
possible to observe more than approximately 50% of the unigf the mixed ad-dimer and the buckled parallel ad-dimer re-
cells of « type, while the rest are essentiayunit cells. construction. If one then considers the high temperatures at
In total -energy calculations af(4<4) models without C  which thec(4Xx 4) reconstruction is formed, there will be a
atoms,” the mixed ad-dimer model and buckled parallel ad-certain amount of disorder explaining the mixture of the oc-
dimer model both end up with a higher energy than thd2  cupied and unoccupied perpendicular dimer sites found in
buckled dimer surface, by 0.11 and 0.09 eV pefllunit  the images. The observation that the annealing does not sepa-
cell, respectively. If their relative energy difference stays aprate thec(4x4) areas into two phasegsvith and without
perpendicular dimejssupports the idea that the experimen-
tally realizedc(4X4) reconstruction is a mixture of two
structures which are very close in energy. It is also possible
that there is a local strain compensation by the two types of
unit cells resulting in a reduced energy of the mixture. En-
ergy calculations for surfaces with various levels of strain
may give more information to whether this proposal is cor-
rect or not, and may provide hints to why there seems to be
a weak ordering of the perpendicular ad-dimers.
Concerning the very recently suggested dimer row-based
model4* with substitutional C atoms giving the{4 X 4) pe-
riodicity we must conclude that, despite the low energies

FIG. 9. Filled (@) and empty statgb) STM images,V;,= reported for some of these structures, there is no support for
+1.3 V,1=100 pA, 92x90 A2 Arrows point to corner positions these models in the STM images. Since we find a total near-
of c(4x4) unit cells. surface concentration that is less than one C atomcpér
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x4) unit cell, there is no basis for a model where an ordered Electron irradiation(90 eV-2 keV} modifies the surface
distribution of C atoms is the origin of the(4x 4) period- and causes a(4x 4) reconstruction*

icity. For disordered distributions of C atoms that also are The only case where there is no surface reordering of any
treated in Ref. 44 it is not at all clear what should be thesort, besides the diffusion, is the pure UHV-annealing cases.

reason for maintaining a(4x4) periodicity. It is interesting to note that the preparation times for the
reported cases are very long, from “a few houts* up to
C. Aging 220 h*®

. . . N Since our results indicate that only a few percent of a
The increasing numbers ofand § unit cells with time in y b

. . . monolayer of C is required on the surface to createci¥e
the UHV system is atiributed to adsorption from the back_-X 4) reconstruction, it might be that several of the methods

glrountorll gta..:,.. By co;rllp?hnng lnjtage”s tt)ﬁf(t)re an(;lfaftterdat?mt% "t13hove that do not employ deposition of carbon directly, may
clear that 1t Is mostly ther-unit Cells that are attected by e g4 iy olve a small amount of C by some indirect contami-
contamination. The transformation focells results in asym- nation process

metric filled state images and empty state images showing a It is clear from our experiments that it is not sufficient to

spl_it structure, very similar to the cell. In the case of thé only deposit Si on the surface and anneal. To get a uniform
unit cells it is not so cl_gar that they also correspond iells distribution ofc(4X4) it is required to have some sort of Si

that have been modified by the background gas. The eVig,iangement and C deposition. It might be that surface re-
dence is indirect, since we do not find a decrease in theyering or amorphization helps the C atoms to diffuse into

number of unit cells with time. , favorable positions in the subsurface layers while the Si at-
Due to the gradual disappearance of thenit cells, the < m1ove around to find low-energy sites.

filled state images of aged surfaces appear more and more rhare \were B-exposure experiments that reportedly
homogeneous. It is interesting to note that STM images SiMizqijad? creating thec(4X 4) reconstruction using elemental
lar to our aged surfaces have been reported before, by Leiy but succeeded when a H-containing carfier® such as

eld et al.” but they made no statement about the time NB,He, was used. Given the results above, the dissociated
vacuum before the STM image was taken. hydrogen in the latter experiment might have assisted the B
atoms in finding subsurface substitutional sites by making
D. Dynamic process of creatingc(4X4) the Si atoms more mobile, and thus giving the B atoms the
There are many ways to prepare thé18D) surface to opportuni_ty of creating the strain needed to produce the re-
obtain thec(4x4) reconstruction. Our experiments show construction.
that presence of carbon can induce the reconstruction and
that it is sufficient with even less than one C atom per unit
cell. It is plausible that this is a strain-induced reconstruction,
coming from the tensile strain when C atoms are sitting in The formation of the $100)c(4x4) reconstruction has
substitutional sites in the Si subsurface layers. If this is truebeen studied in experiments using co-deposition of Si and C
the reconstruction is not tied to C as a species, but to thatoms and post-annealing. It has been determined that 0.07
smaller size of the carbon atom. Thus other atoms, smalleviL of C is enough to get &(4 X 4) reconstruction over the
than Si, that occupy substitutional sites, may also inducavhole surface. This excludes the possibility that there is one
c(4x4) reconstructions. B is such an element and interestor more C atoms pez(4Xx4) unit cell. The freshly prepared
ingly, it is reported to cause a(4Xx4) reconstruction on c(4X4) surface contains a blend of mainly two types of unit
Si(100).3773° cells. The features observed in STM images are consistent
Reordering in one form or another appears, in many of thavith an underlying buckled parallel ad-dimer model that is
reported procedures, to be essential for the formation of thisecorated with perpendicular ad-dimers in approximately
reconstruction: 50% of the unit cells. Thus our results are not compatible
The H experiments used atomic hydrogen to create a With, and do not support, either the missing dimer model or
X 1 surface, or exposed hot samplap to 700°C) to H. In  the dimer row-based model with substitutional C atoms.
the latter case, the hydrogen may start to act as an etchant, From studies of surfaces with less than 0.07 ML of C it is
removing Si from the surface*° found that the X 1 reconstruction can be maintained with
In the Si-MBE and SH, experiments growth changes the approximately 0.03 ML C. The formation of thg(4Xx4)
surface structure over time:*525-29 reconstruction is attributed to the increased tensile strain
The hydrocarbon compounds {i€, and GH,) crack at  with increasing C coverage. We have not found any evidence
Si surfaces at elevated temperatures and leaves atomic hijrat the C atoms are in the topmost layer and this is consis-
drogen to modify the surfac@:-* tent with theoretical predictions that the C atoms at low con-
Oxygen treatment has also been used and when the Si@ntrations prefer subsurface sifés2°31t is likely that the
and/or SiQ leaves the surface, its morphology is c(4X4) reconstruction is induced by the tensile strain of C
changed!#? atoms in a way that also would explain why thé4x4)
Argon sputtering seems to help formieg4 x 4) 310 reconstruction can be induced by B atoms as well.

V. CONCLUSIONS
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