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Atomic structure of the metastable c(4X4) reconstruction of Si(100)
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A c (4 X4) reconstruction can be formed on the clean Si(100) surface by special surface treatment tech-

niques. We have studied the atomic structure of this metastable phase, which is prepared by hydrogen

exposure and annealing, using scanning tunneling microscopy and first-principles total-energy calcula-

tions. A new model is derived which has two types of surface dimers oriented parallel and perpendicular

to the underlying 2X1 dimer rows. Our results are thus in disagreement with the missing dimer model

which has earlier been proposed in the literature.

The atomic structure of the clean Si(100) surface has
been the subject of many studies using a large number of
different characterization techniques. So far the main
effort has been concentrated on the 2 X 1 room-
temperature phase and the c (4 X2) phase obtained at low
temperatures. It is now well established that these recon-
structions of the Si(100) surface are due to dimerization
of the atoms in the first layer. Beside these well-known
and extensively studied reconstructions a c(4X4) recon-
struction has been repeatedly reported in the literature
for the clean Si(100) surface. ' s The four difFerent tech-
niques that have been used to obtain the c(4X4) surface
have one thing in common, i.e., the temperatures at
which the c(4X4) phase forms are confined to a rather
limited interval which is usually reported to be
=600—700'C. The earliest report of a c(4X4) recon-
struction is due to Thomas and Francombe. ' These au-
thors grew Si on Si(100) and found that a c (4X4) recon-
struction appeared when the growth temperature was be-
tween 650 and 700'C. A c (4X4) reconstruction was also
observed by Sakamoto et al. during Si growth. The
temperature interval reported by those authors was, how-
ever, higher (700—800'C). A second way of preparing
the c(4X4) surface was reported by Wang, Lin, and
Wang, who prepared the surface by cooling the sample
from 1100'C and keeping it at 600'C for 5 min. A third
preparation procedure has been presented by Kato
et al. , which involves hydrogen exposure followed by
annealing at temperatures between 570 and 690'C. Fi-
nally, the c(4X4) reconstruction was recently observed
during growth on Si(100) at temperatures between 645
and 775 'C using a disilane gas source. '

In some of the earlier studies it has been proposed
that the c(4X4}reconstruction is due to an ordering of
missing dimer defects. The simplest way of obtaining a
c(4X4) periodicity would be to place one missing dimer
defect at each corner of the c (4 X4) primitive cell. How-
ever, in a recent scanning tunneling microscopy (STM)
study by Ide and Mizutani of the c (4X4) surface it was
shown that the images were inconsistent with the simple
missing dimer model. The filled and empty state images
were instead interpreted in terms of a single Si dimer per
c (4X4}primitive cell forming the reconstruction. No in-
formation about the atomic structure between these di-

mers could, however, be derived in that STM study.
The STM results presented in this paper confirm the

basic results of Ref. 8, i.e., the existence of Si dimers ar-
ranged in a c (4X4) pattern and that the STM images are
inconsistent with the simple missing dimer model. Based
on our more detailed STM results and first-principles
total-energy calculations we present a new model for the
c(4X4) surface which shows similarities with the 2X2
parallel ad-dimer model recently established for Al, Ga,
and In overlayers on Si(100). A transformation is
achieved from the basic 2 X2 periodicity of parallel ad-
dimers, to a c(4X4) periodicity by breaking 50% of the
dimer bonds in the underlying 2 X 1 rows in an ordered
way and inserting dimers oriented perpendicular to the
2X1 dimers. This results in the structure we refer to as

FIG. 1. Low-energy electron-diffraction pattern from the
Si(100) c (4X4) surface. The primary beam energy was 58.0 eV.
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the mixed ad-dimer structure having both parallel and
perpendicular ad-dirners.

The Si(100) samples used in this study were of two
types, i.e., As-doped (=5 mQcm) and P-doped (=10
m II crn). The As-doped samples were cleaned ex situ ac-
cording to the method by Ishizaka and Shiraki. ' The P-
doped samples were submerged in a 1:1solution of H2SO4
and H202 for 10 min. After rinsing in deionized water
they were dipped in HF for 30 sec and rinsed again. Fi-
nally, the P-doped samples were cleaned in an ozone-
cleaner for about 2 min. After insertion into the experi-

mental system, which has been described elsewhere, " the

samples were outgassed for several hours at 600 C. After
the final annealing [a few minutes at 930 C (As doped) or
1030'C (P doped)j the clean Si(100)2X1 surfaces were
characterized by low-energy electron difFraction (LEED),
x-ray photoelectron spectroscopy (XPS), and STM. In
order to obtain the c(4X4) reconstruction the samples
were typically exposed to 20000 L (1 L= 10 Torr sec)
of hydrogen in the presence of a hot ( =1700'C) tungsten
filament. After the exposure, the surfaces exhibited a
1X1 LEED pattern. The samples were then annealed at
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FIG. 2. (a) Filled state image of the Si(100) c (4X4) surface ( = 160X320 A ) obtained for a sample bias V,

t eously acquired empty state image of the same area as in (a) for V, =1.5 V. Typical features (3 —D}a e g

A i it 11 of the c(4X4) periodicity (2&2X2v'2-g45') is shown in the upper parts of the images. The arrows show a

of a row where features A and C are missing.
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increasing temperatures while the LEED pattern was in-

spected. The initial 1 X 1 pattern caused by the hydrogen
exposure changed to a 2X1 pattern at temperatures
around 500—550'C. At =600'C LEED spots of the
( —,', —,') type started to appear. At this stage the LEED
pattern thus shows a 2X2 periodicity. Further annealing
gave rise to LEED spots of the ( —,', —,

'
) type which are part

of the c(4X4) pattern (see Fig. 1). The c(4X4) surface,
once formed, was stable up to =730 C. Above this tem-
perature it transformed irreversibly to the 2X1 recon-
struction. The formation temperature of the c(4X4)
structure is significantly higher than the desorption tem-
perature for hydrogen from Si(100) as discussed in Ref. 5.
This together with the fact that the c(4X4) surface can
be obtained by Si growth on Si(100) (Refs. 1 and 2) im-

plies that the c(4X4) surface is free from hydrogen.
Further, Auger-electron spectroscopy studies verify
that the c(4X4) reconstruction corresponds to a
contamination-free surface. The results for the atomic
structure of the c(4X4) surface presented below are
based on STM images obtained on seven different samples
(both P and As doped). The STM images of the Si(100)
c(4X4) surface shown in this paper are raw data ob-
tained with a tunneling current of 100 pA. No compen-
sation has been made for thermal drift or systematic skew
of the images. Sample biases V, in the ranges 0.9 to 1.7
and —0.9 to —2.0 V were employed to image the sur-
face.

Figure 2 shows a dual-bias STM image of the Si(100)
c(4X4) surface. The left part shows the occupied states
and the right part the empty states at the same location
for a sample bias V, = —1.5 V and V, =1.5 V, respective-
ly. The typical features observed in the two images are
labeled A D. The em—pty state image, Fig. 2(b), is the
least complicated and we will start by describing it. The
image is dominated by a "square" array of white pro-
trusions which, at first glance, seem to be ordered in a
2 X 2 pattern by comparing to the small 2 X 1 area at the
rnid left part of the image. This appearance of the empty
states is very similar to what has been observed for
Si(100) 2X2:Al. ' However, by comparing the location
of the protrusions along the two perpendicular directions
x and y, we find that the pattern does not have a simple
2X2 periodicity. In the x direction the white features
form a straight chain while they form a zig-zag chain
along the y direction. The distance between two neigh-
boring features along x thus alternates between a "short"
and a "long" distance. This modification of the apparent
2X2 structure results in a c(4X4) periodicity. The two
closely spaced protrusions inside the c(4X4) cell are la-
beled D. A second type of feature (C) is observed in the
STM images at positions corresponding to the corners of
the primitive cell. The feature C is quite weak in Fig.
2(b). In Fig. 3(b) we show a close-up image of the empty
states where C is clearly seen. It consists of two closely
spaced oblong protrusions.

The images of the occupied states look quite different
[see Figs. 2(a) and 3(a)]. Two kinds of features dominate
these images. There are bright features ( A ) which locally
form a square pattern showing the c(4X4) periodicity.
The c (4 X4) unit cell outlined in the unoccupied states

image in Fig. 2(b) is reproduced in the image of the occu-
pied states for comparison. The bright spots A are locat-
ed at the corners of this primitive cell which is the same
position as for feature C in the unoccupied state image.
Between two bright spots in the x direction there is a
closely spaced pair of protrusions (B) which appear less

bright in the image. The feature 8 is most evident in the
regions where feature A is missing (e.g., between the ar-
rows in Fig. 2). Due to pairing the features B also form a
c (4 X4) pattern. The position of B coincides with the po-
sition of D in the image of the unoccupied states.

In Fig. 4 we have schematically drawn the appearance
of the filled and empty state images. Feature A on the
occupied side splits into two protrusions labeled C for the
unoccupied states. In contrast, 8 and D show just a small
difference between the filled and empty state images. The
dumbbell-shaped feature 8 in the filled state image splits
into two "circular" ones in the empty state image. This
difference is very clear in Fig. 2. The appearance of the
different features varies, however, somewhat depending

'
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FIG. 3. Same as Fig. 2'but for a smaller area {=75 X75 A ).
A unit cell of the c {4X4) reconstruction is sho~n inside the cir-
cle.
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FIG. 4. Schematic drawing of the typical STM features
( A -D) observed for filled (a) and empty states (b).

on the experimental conditions. In Fig. 3, for instance,
we find a much smaller difference between features 8 and
D. Although some variations are observed, the schematic
drawings in Fig. 4 summarize what we have observed for
the seven samples investigated.

As can be seen from Fig. 2, the STM images of the
c(4X4) reconstruction are dominated by features B and
D. The number of missing protrusions of type 8 and D in
the images is generally much less than is observed for A

and C. In Fig. 2 about 13% of the protrusions corre-
sponding to 8 or D are missing while the number for A
or C is as high as 45%. This difference in defect density
suggests that the structural elements corresponding to 8
and D are more basic to the c(4X4) reconstruction than
those corresponding to A and C. Further, the appear-
ance of the empty state image in Fig. 2(b) indicates that
the c (4 X4) reconstruction may be obtained by modifying
a more fundamental 2 X 2 reconstruction.

Total energy and electronic structure calculations were
performed for several possible c (4X4) structures. Three
c(4X4) structures were analyzed: the missing dimer
model, the parallel ad-dimer model, and the mixed ad-
dimer model. These structures are shown in Fig. 5. In
these calculations we employed the first-principles pseu-
dopotential method' and the local-density approxirna-
tion. ' The electronic wave functions were expanded in a
basis set consisting of plane waves having kinetic energies
less than 8 Ry. The summations over the Brillouin zones
included two special k points in the irreducible Brillouin
zone. A centrosymmetric supercell containing 12 Si lay-
ers was employed and forces were used to determine the
atomic coordinates for each atom in the supercell except
for the atoms in the innermost two layers, which were
kept at the bulk positions. The calculated total energies
are shown in Table I. These energies are in agreement
with experiment in the sense that all three c (4X4) struc-
tures are higher in energy than the 2 X 1 buckled dimer
structure. It is notable that although these structures
have very different dangling-bond densities, their surface
energies are equal to within =0. 1 eV per 1 X 1 cell.

The missing dimer model [Fig. 5(a)j has a lower surface
energy than any of the other c(4X4) structures but is
still 0.37 eV per c (4X4) cell higher than the 2 X 1 buck-
led dimer. This result may be compared with the calcula-
tions reported by Roberts and Needs. ' They found that a
2X4 missing dimer model was 0.28 eV per 2X4 cell
higher than the 2 X 1 symmetric dimer model. The
structural parameters obtained for the missing dimer
model in the two calculations are very similar. Here we
find bond lengths of 2.19 and 2.21 A for the surface di-
mers and 2.72 A for the strained subsurface dimers.

Missing dimer Parallel ad-dimer (buckled) Mixed ad-dimer

2.19 2.72 2.21 2.60 2.35 2.53 2.23 2.21 2.40

FIG. 5. Schematic models with c(4X4) periodicity: (a) Missing dimer model. (b) Parallel ad-dimer model. (c) Mixed ad-dimer

model. Solid circles are used to highlight the surface atoms. The square outlines a c(4X4) primitive cell. The bond lengths, in A,
were obtained from a total-energy calculation described in the text.
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TABLE I. Energies of three c(4X4) structures relative to the 2X1 buckled dimer model. Energies
are given in eV per 1 X 1 ce11.

Structure

2X1 buckled dimer
Missing dimer
Parallel ad-dimer (buckled)
Mixed ad-dimer

Energy

0.0
0.04
0.09
0.11

Dangling-bond density

1

0.75
0.50
0.75

Roberts and Needs' reported 2.19 A for the surface di-
mers and 2.71 A for the subsurface dimers. The reduced
dangling-bond density for the missing dimer model is
offset by the strain induced in the subsurface dimers,
which are strained by 0.37 A.

The parallel ad-dimer model shown in Fig. 5(b)
originated from studies of the bonding of the group-III
atoms Al, Ga, and In to the Si(100) surface. Our calcu-
lations indicate that the Si ad-dimer structure is less than
0.1 eV per 1 X 1 cell higher in energy than the buckled di-
mer model. For Si ad-dimers, the m states are filled while
the m' states are empty, and a buckling relaxation of the
parallel dimers (0.4 A} gives rise to charge transfer from
the down atom to the up atom. This relaxation reduces
the symmetry from 2X2 to c(4X4). The subsurface di-
mers, which have bond lengths of 2.53 and 2.60 A, are
highly strained.

The mixed ad-dimer model, illustrated in Fig. 5(c), is
obtained by adding one perpendicular ad-dimer to each
unit cell of the parallel ad-dimer structure. The addition
of the perpendicular dimers releases some of the aniso-
tropic strain in the subsurface dimers, which now exhibit
bond lengths of 2.40 A. The total-energy calculations in-
dicate that this structure is very close in energy to the
parallel ad-dimer model. It is possible that a 50-50 mix-
ture of the parallel ad-dimer and mixed ad-dimer struc-
tures could have a lower energy than either of the two
pure structures.

The STM images are consistent with the mixed ad-
dimer structure, but with many of the perpendicular ad-
dimers absent. The perpendicular dimers correspond to
features A and C in Figs. 2, 3, and 4. These dimers are
symmetric and we thus expect them to give rise to a
bean-shaped feature in the filled state image and to two
separated maxima for the empty states, ' which is in
good agreement with the STM results. The parallel
(buckled) dimers are displaced parallel to the x direction.
As a consequence the parallel dimers form a zig-zag
chain along the y direction which corresponds to the zig-
zag structure observed for feature D and the pairing ob-
served for feature 8. The occupied and empty state elec-
tron densities for the mixed ad-dimer model are shown in
Fig. 6. Each of the features of the STM data can be ex-
plained in terms of the occupied m. states or empty m*

states of the parallel and perpendicular dimers.
It is likely that the preparation conditions which pro-

duce the c(4X4) structure act to "freeze in" an average
atom density which is too low to allow formation of a lo-
cally com.piete layer of the 2X1 dimer structure. If the
surface atom density were just a few percent less than a
full monolayer the deficiency could be accommodated

easily by creating missing dimer defects in the 2 X 1 struc-
ture. Indeed it has been suggested that the minimum en-

ergy state of the Si(100) surface consists of an ordered ar-
ray of missing dimers, ' but with a maximum deficit in
the surface atom density less than 25%.' Here we con-
jecture that for larger deficits, between 25% and 50%, it
becomes energetically unfavorable to accommodate the
deficit simply by incorporating missing dimer defects. In-
stead the surface exhibits a structure having both parallel
and perpendicular ad-dimers. We know that the c (4 X 4}
structure is a metastable structure which results from
special preparation techniques and is observed to be high-
ly defective. Given the metastability two of the experi-

FIG. 6. Contour plot of electron densities in a plane approxi-
0

mately 2 A above the surface. (a) Plot of occupied states with
energies within = 1 eV of EF. (b) Plot of empty states with ener-
gies within =1 eV of EF.



10 256 UHRBERG, NORTHRUP, BIEGELSEN, BRINGANS, AND SVfARTZ

mental observations need to be understood. First is that
long-range order seems to occur despite a necessarily
shorter range adatom diffusion length, and second is that
adatom density fluctuations are easily accommodated.
The latter point follows from the near equality of energies
for various ad-dimer structures. The long range of the
c(4X4) symmetric regions presumably follows the long

range of the strain 6eld associated with surface dimeriza-
tion.
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