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Surface dynamics of monoatomic steps on Si(001) studied 
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A recently developed, thermally stable scanning tunneling microscope (STM) allows the observation of surfaces at elevated 
temperatures, up to at least 850 K. We used this STM to study the dynamic behaviour of monoatomic steps on vicinal Si(001). Steps 
are pinned at surface defects. At unpinned positions, kinks in the step edges change on a time scale of seconds at a temperature of 
725 K. We deduce a value of 2.0 eV for the kink detachment energy of the free kinks. Images with dimer-row resolution of Si(001) 
are obtained for temperatures up to 725 K. Above 850 K the images of the surface steps become fuzzy because of their motion 
during image acquisition. 

1. Introduction 

The atomic scale structure of the Si(001) sur- 
face at room temperature has been studied with 
various experimental techniques, e.g., scanning 
tunneling microscopy (STM) [1], low energy elec- 
tron diffraction (LEED) [2,3] and medium energy 
ion scattering (MEIS) [4]. Many different models 
for this surface such as the dimer model [2,5], the 
vacancy model [6-8] and the conjugated chain 
model [9-11] have been proposed as the ground 
state for this surface. It is now well accepted that 
the Si(001) surface reconstructs by forming sur- 
face dimers that are arranged in parallel rows. 
The dimers can be oriented along two possible 
directions, depending on the plane where the 
crystal is cut. Whether the dimers are symmetric 
or rapidly changing between two possible buckled 
(asymmetric) configurations at room temperature 
is still a matter of debate. At temperatures below 
200 K, however, an asym:~etric c(4 × 2) dimer 
reconstrcution is observed. Almost all the STM 
studies of the Si(001) surface are performed at 
room temperature, mainly due to the high ther- 
mal stability required for these measurements. 
However, it is clear that many interesting phe- 

nomena emerge at elevated temperatures, e.g., 
diffusion of surface atoms, motion of the ste9 
edges and changes in the electronic and geomet- 
ric structure of the surface. Especially the config- 
uration of the steps is strongly related to several 
important surface phenomena like the chemical 
reactivity of surfaces and the nature of the growth 
of epitaxial overlaytrs. The behaviour of the 
Si(001) surface at elevated temperatures has been 
studied in a recent paper [12]. Up to tempera- 
tures of aboat 575 K the surface is stable, at least 
no changes in a series of successive images have 
been observed. Far from defects symmetric (non- 
buckled) dimers are observed, while asymmetric 
(buckled) dimers are often observed near step 
edges and defects [12], comparable with STM 
images taken at room temperature. In this paper 
we will present STM images of a vicinal Si(001) 
surface with changing step edges at a tempera- 
ture of about 725 K. 

2. Experimental 

Recently we [12] developed a UHV (ultra high 
vacuum) STM with the possibility to observe Si 
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surfaces at elevated temperatures. The general 
design of this instrument and its modifications 
are described elsewhere [52,13]. All STM images 
were taken with a sample bias of - 1.5 or - 2  V 
and a tunneling current of 0.5 nA. The 5 × 20 
mm 2 Si(001) substrates were cut from commer- 
cially available wafers (Wacker, FZ, B-doped 8-12 
g~ era) and ultrasonically rinsed in ethanol before 
loading into the vacuum system. The misorienta- 
tion of the surface with respect to [001], as deter- 
mined by X-ray diffraction, is about 0.5 ° in the 
[510] direction and 0.1 ° in the ~10] direction. 
Inside the chamber the samples were heated re- 
sistively. Temperatures were measured with an 
infrared pyrometer (calibrated against a NiCr-  
NiAI thermocouple) with an absolute accuracy of 
about 25 K. After outgassing the sample and the 
holder during several hours the sample was ther- 
mally cleaned at 1500 K during several seconds. 
This procedure results in a (2 × 1) reconstructed 
atomically clean Si(001) surface as described in 
detail elsewhere [14]. 

3. Results and discussion 

Real time observations of a step edge of the 
Si(001) surface at a temperature of about 525 K 
[12] showed no detectable changes in the mor- 
phology of step edges, resulting in a lower limit of 
the kink detachment energy of about 1.9 eV. 
Experiments shown below indicate that the kink 
detachment energy has a value of 2.0 + 0.5 cV, 
assuming an atomic vibration frequency of 5013 
Hz. 5n figs. l a - l d  successive images of approxi- 
mately the same area on the Si(001) surface kept 
at a temperature of 725 K are displayed. The 
time period between image b -c  and image c -d  is 
69 s and 134 s, respectively. The images of fig. 1 
contain a spit of land of a B-type ([16]) step edge 
with . . . .  ' ~ .. . .  ,.-_,. _: . . . . . . . . .  . . . . . . .  ~ t .~ , . t .  s e v e r a l  l i e u  lt~llllk b l l . r~3 a 3  vvl , . ,u  a s  S ~ v v i c t L  al~mt,~ 

sites attached to missing-dimer defects on the 
lower terrace. Fig. 2 is a diagram of the spit of 
land of the B-type step edge in fig. 5, fig. 2a 
shows the difference between image b-c  and fig. 
2b that between image c-d.  Several interesting 
features in figs. 1 and 2 emerge: 

(1) The free kink sites change their position, 
while the kink sites attached to a missing-dimer 
defect on the lower terrace do not. 

(2) A kink site always ends with a complete 
dimer. In principle there are two different B-type 
step edges which can occur depending on whether 
the atoms forming the lower step edge also par- 
ticipate in dimer bonding, or the dimer bonding 
starts at the next atomic row. Both kinds of 
B-type step edges have been observed on Si(005) 
[1] at room temperature. Energy calculations per- 
formed by Chadi [16] show that one kind of 
B-type step edge (the one with rebonding) is 
significantly lower in energy (0.16 e V / a )  than the 
other kind of B-type step edge (the nonbonded 
configm'ation). At room temperature [17] and at 
725 K the kinks in the step edges tend to offset 
the step edge in a direction perpendicular to the 
step edge by 2a (a = 3.84 A), the width of a 
dimer row. This observation suggest that one kind 
of B-t~ne step dominates on the Si(001) surface. 
Our images at 725 are not of high enough quality 
to distinguish between the two ~ossible orienta- 
tions. But the differences between our STM im- 
ages at 725 K indicate that kinks are four.d on a 
(2 × 2) lattice and accordingly the changes in the 
free kink sites are even in the number of dhners. 
With x being the change of the position of one 
kink site measured in units of dimers perpendicu- 
lar to the step edge we find for the absolute 
positional change, Ix l, averaged over all free 
kinks in fig. 2, 5 + 1 for fig. 2a and 6 + 1 for fig. 
2b (the error is given by the statistical (Trn) error). 
The positional change, x, averaged over all free 
kinks in fig. 2 is close to zero (image 5b-ld). 
H e n c e ,  we can conclude that the probability of 
attachment or detachment of dimers at a free 
kink site is roughly the same (i.e., the step edge is 
in equilibrium with the adatom concentration on 
the terrace). 

{':t1 T h o  r n i ~ i n e , - r t i r n e r  d e f e c t s  and the small 
islands (all of them are attached t~ missing-direct 
defects) are stable on a time scale of minmcs at 
this temperature. 

In order to understand the. changes in the 
images of fig. 1, we have assumed for simplicity; 
that the event of attachment or detachment to a 
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free kink site has equal probability (and has the 
value of 1/2). Consider that in a certain period 
N events occur, say M times attachment of a 
dimer to a kink site aad thus N -  M times de- 
tachment of a dimer to a kink site. The expecta- 

tion value of the absolute displacelaent, ( I x  I), 
of a free kink sitc is given by: 

N N! 
< l x l ) =  ~ I N - 2 M I  ( 1 / 2 )  x. 

M=0 M ! ( b r - M )  ! 
(1) 

Fig. 1. (a) STM image of the Si(001) surface at a temperature of 725 K. Sample voltage is - 1.5 V, the tunneling current is 0.5 nA 
and the scan area is 60 × 60 nm-'. (b)-(d) Three subsequent images of the Si(001) surface (30 × 30 nm 2) kept a t ,  temperature of 
725 K containing a B-type step edge. Time period between image b-c  and c -d  is 69 s and 134 s, respectively. Sample voltage is 

- 1.5 V and the tunneling current is 0.5 hA. 
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For large N eq. (1) reduces to <Ix I> = 
(4Ot/Tr) 1/2 where t is the time measured from 
the original starting position and D is the diffu- 
sion constant. The value of Ix i, averaged over 
the free kink sites, is determined from fig. 2. (I x I 
is 5 + 1 for fig. 2a and I xl is 6 5:1 for fig. 2b.) 
Since all the changes in positions of the 1rink sites 
in figs. l b - l d  are approximately multiplies of 2a, 
the width of a dimer row, we consider a block of 
two dimers as our unit block. Now the values of 
I xl are 2.5 5:0.5 and 3 5: 0.5, respectively, result- 

ing in approximately 10 and 16 events (N) be- 
tween fig. 2a and fig. 2b using formula (1). We 
have assumed that the event of attachment or 
detachment has equal probability, so the number 
of events N has to be divided by 2 to obtain the 
number of detachments ( N / 2 )  and attachments 
(N/2) .  Per second the number of detachments 

(attachments) is given by 5/69 = 0.07 for fig. 2a 
and 8/134 = 0.06 for fig. 2b which is equal to 
pin=Pout=f exp(-Ek/kT). Assuming a typical 
atomic vibration frequency, f ,  of 10 ~3 I-iz, a value 
of the kink energy, Ek, of 2.0 eV is obtained for 
the kink detachment energy of a block of two 
dimers. As already mentioned before the temper- 
ature is determined with an accuracy of 25 K 
resulting in a lower limit and upper limit of 1.9 
and 2.1 eV respectively. We have analyzed sev- 
eral more successive images cf Si(001) at 725 K. 
In all cases the kink energy, Ek, lies between 1.9 
and 2.1 eV. (An error in I xl of _ 0.5 results only 
in a very small deviation of Ek.) We have ob- 
tained STM images of mo~=oatomic steps of the 
Si(001) surface ke:-t at a temperature of about 
850 K but due to the e~=ormous motion of the 
free kink sit-s (about 15 detachments per secor, d) 
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Fig. 2. Schematic representation ef the ci~anges of the B-type step edge in fig. 1. (a) shows the diff,.fence between image b and c of 
fig. 1 and (b) sho~,s the difference be~ 'een  image c and d of fig. I. 
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during image acquisition the step edges become 
vet5, fuzzy at this temperature and dimer-row 
resolution is not obtained. [1] 

The value of 2.0 + 0.1 eV obtained in this 
analysis is lower than the value of  2.4 eV re- [21 
ported by Sakamoto et al. [15]. Sakamoto et al. 
[15] determined this energy value from an Arrhe- [31 
nius plot for the recovery time Of an almost single [41 
domain Si(001) surface back to a two domain 
surface at elevated temperatures. They state that [5] 
a type B-step (using Chadi's notation [16]) has [6] 
much more kink sites compared with a A-type 
step, resulting in a higher concentration of 
adatoms near a B-type step than near a A-type [7] 
step. The difference between these two concen- [81 
trations should be responsible for the recovery. [9] 
We believe however that this explanation is not [10] 

[111 
correct because a larger amount of kink sites in a 
step will not result in a higher density of adatoms [12] 
on the terrace, it is only the energy difference 
between an atom in a kink site and on a terrace 
that determines the concentration of adatoms on 
the terrace in equilibrium [18]. 

4. Concluding remarks 

In this paper the behaviour of monoatomic 
steps at a Si(001) surface is investigated at a 
temperature of about 725 K using a high-temper- 
ature STM. A kink detachment energy of  2.0 + 0.1 
eV for free kink sites is obtained assuming a 
typical atomic vibration frequency of 10 ~3 Hz. 
Kink sites pinned at missing-dimer defects and 
missing-dimer defects are stable on a time scale 
of minutes at this temperature. 
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