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Thermal vibration amplitudes and structure of As on Si(001)
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Using the x-ray standing-wave method, we have measured directly the thermal vibration amplitudes
(u?) of symmetric As dimers on a Si(001)-(2X 1) surface. For sample temperatures in the range 300 K
< T <650 K, the results are Debye-like. Above 650 K {u2) varies more rapidly, indicating the onset of
defect-mediated processes. We also found that at room temperature the bond length of the As dimers is
2.58+0.04 A and that, independent of temperature, they sit 1.4010.01 A above the top bulk-
extrapolated silicon (004) plane. These results provide a critical test for theoretical structure calcula-

tions.

In measuring the thermal vibration amplitudes of Si
atoms at the Si(001) surface,’? one is confronted by the
fact that, in addition to the vibration amplitude of indivi-
dual atoms, there is superimposed a high-frequency (of
order 10'° Hz) switching motion®~® of the reconstructed
dimer pair at the surface. This switching motion occurs
because the energetics of the buckled dimer can be de-
scribed by a symmetric double-well potential where one
of the dimer atoms is either in an up or a down state. In
addition to the dimer motion, the average dimer separa-
tion is not fixed but seems to change with temperature.*

One means for simplifying the Si thermal vibration
measurement is to modify the surface with an impurity.
Such measurements have been performed with various
adsorbates on Si(111) (Refs. 9 and 10) and show a change
in the slope of the mean-square vibrational amplitude
{u?) versus temperature T in the vicinity of 600 K. For
adsorbates on the Si(001) surface, though, where dimeri-
zation is the dominant mechanism for reducing the num-
ber of dangling bonds, (u?) can easily be determined
only if the impurity produces stable dimers (preferably
symmetric) at the surface. One such possible isomor-
phous impurity is Ge. However, as we have shown ear-
lier® in conjunction with another Si(001) scanning tunnel-
ing microscopy (STM) result, this impurity produces
asymmetric dimers that have a large displacement and
are in a rapid switching motion at room temperature.
Arsenic, on the other hand, generates dimers at the
Si(001) surface that are similar to Si or Ge dimers but
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have the added virtue of being stable at room tempera-
ture.l!=13 In this study we report direct thermal-
vibration-amplitude measurements of As on Si(001) using
the x-ray standing-wave (XSW) method which is atom
specific and records only signals from the As atoms.
These measurements, in the temperature range 300
K < T <1000 K, are of interest not only as a fundamental
study of thermal motion at surfaces but also because of
the insight they provide into defect-mediated processes.
Our high-resolution measurements also determine the
bond length and location of the As dimer relative to the
Si lattice. :

The x-ray standing-wave experiments were performed
at the X15A beamline at the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory. Pol-
ished and Shiraki-etched Si(001) samples were inserted
into our UHV system, with a base pressure of 5X107!!
Torr. The samples were flashed at 925°C to remove the
thin protective oxide layer. After cooling, low-energy
electron diffraction (LEED) examination showed a two-
domain (2X1) pattern characteristic of a clean Si(001)
surface. The sample was then heated to 600°C and As
was deposited onto the silicon substrate with the As met-
al evaporator source at 250°C. During the 5-min deposi-
tion, the vapor pressure of As in the chamber rose to
1X107¢ Torr. The As effusion cell was then shut off and
the sample cooled to a holding temperature of 500°C un-
til the As was pumped away (generally about 2 h). This
prevented the residual As in the chamber from adsorbing
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onto a cold sample substrate. The LEED pattern showed
the same sharp (2X1) two-domain half-order spots as on
the clean surface but with a significantly reduced back-
ground. This method of preparation produces an As sat-
uration coverage of one monolayer.

The x-ray measurements were performed at an energy
of 17.5 keV and at different sample temperatures. In gen-
eral, uncertainties in the precise value of the feedback-
controlled temperature were less than 25°C. Whenever a
new sample was prepared, standing-wave measurements
were immediately recorded for the (004) and (022)
reflections.

Figure 1 shows the room-temperature-measured (004)
and (022) reflectivities as open squares and the corre-
sponding As Ka normalized fluorescence yields as open
circles. The solid lines are calculated from the dynamical
diffraction theory and fitted to the data. The two in-
dependent fitting parameters for each reflection, Py and
Fy, are called, the coherent position and coherent frac-
tion, respectively. These parameters are the amplitude
(Fg) and phase (Py) of the Hth Fourier coefficient for
the fluorescence-selected atom distribution and are deter-
mined by
2Py _ C % 2T, —r ) /] ’ 1)
e
where C is the ordered fraction, N is the number of
fluorescing atoms within the unit cell, H is the
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FIG. 1. The measured (004) and (022) reflectivity (open
squares) and the corresponding As K« normalized fluorescence
yields (open circles) for the saturation coverage of As/Si(001) at
room temperature. The solid lines are calculated from dynami-
cal diffraction theory and fit to the data. The coherent position
(P) and coherent fraction (F) have been determined from the
fit.
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reciprocal-lattice vector for the hkl diffraction planes
whose d spacing is dy, r, is the position of the nth atom,
and (u?) is the mean-squared vibration amplitude of the
nth atom in the H direction.

From Figure 2 we can see the relevant geometry where
the Si atoms (open circles) are presented in ideal bulklike
positions and the As atoms (solid circles) are shown in a
projected view. Thus, our measured coherent position of
Py =1.03 (Fig. 1) indicates that the position of the
center of mass of tlle As atoms, relative to the (004)
planes, is 3% (0.04 A) of a d spacing above these bulk-
extrapolated planes (dgy, =1.36 A). Since there is a re-
laxation of the top Si layer,'!™!3 our P values cannot be
used to directly obtain the backbond distances between
the Si and As atoms.

Using our four experimentally determined values
(Pgos =1.0310.01, Fyy,=0.801£0.01, Py, =1.031£0.01,
and Fy,, =0.47%0.02), Eq. (1), and symmetry considera-
tions of the dimer, we were able to uniquely determine by
triangulation the As atom positions and dimer bond
length. From an analysis of the data we find the dimer
bond length L=2.58+0.04 A for symmetric As
dimers and these dimers sit Z=1.40%0.01 A above the
top (004) bulk-extrapolated plane.

Table I compares our results to a surface x-ray
diffraction measurement!® and to theoretically calculated
model predictions for the As dimer bond length and the
As dimer height above the bulk-extrapolated (004) silicon
plane. For the height Z of the As dimer, our result lies in
closer agreement with the recent works of Kruger and
Pollmann!® and Tang and Freeman.!? The theoretical ap-
proach of Ref. 13, while being similar in some details to
Uhrberg et al.,'! is sufficiently different to account for
the calculated dimer height discrepancies in Table I.

As Dimer on Si(001)~(2x1)
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FIG. 2. Sideview of the projected As dimer (solid circles),
with bond length L, sitting atop Si atoms (open circles) in ideal
bulklike positions. The size of the circles are indicative of the
different Si layers going into the page and away from the viewer.
Shown are the relevant lattice spacings d for the (004) and (022)
reflections.
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TABLE I. Experimental and theoretical comparisons of the bond length (L) and height (Z) of the
As dimer above the bulk-extrapolated Si(004) plane.

7485

Experiment and theory L (A) Z)A)
Our results, XSW 2.58+0.04 1.40£0.01
Jedrecy (Ref. 15) XRD 2.55+0.01
Uhrberg et al. (Ref. 11) 2.55 1.32
Tang and Freeman (Ref. 12) 2.52 1.37
Kruger and Pollmann (Ref. 13) 2.52 1.40

These differences mainly involve silicon atom relaxations
under the As dimer and, in fact, if the downward relaxa-
tion of 0.09 A of the silicon atoms in Ref. 11 were ig-
nored, agreement between theory and experiment would
be exact. We trust that our position measurement for the
As dimer will stimulate a critical examination of the
different theoretical approaches and provide a standard
for future comparisons with theory.

These results were also found to be independent of ini-
tial deposition temperatures in the range 500°C-700°C.
However, for growth temperatures around 400°C, Fy,
decreased to 0.57 (although Py, remained the same at
1.03), indicating an increase in surface disorder. These
conclusions are consistent with a previous STM study'*
and are similar to an earlier standing-wave result!®
(Pgos=1.04) of As/Si(001) samples measured under am-
bient conditions.

In a general XSW analysis, the measured coherent
fraction [from Eq. (1)] is given by

FH CaHDH N (2)

where C (an ordered fraction), ay (a geometrical factor),
and Dy (a Debye-Waller factor) are the three contribut-
ing factors.!” We have assumed that, for a given H direc-
tion, {u2) is the same for each atom in the unit cell so
that D=exp(—27*(u?)/d?). Since ag,=1 and
Fo,=0.80 for the As dimer, CDg,=0.80 [see Eq. (2)].
From a previous STM study'* it seems clear that the
dimerized surface is highly ordered and therefore we as-
sume C=1. We thus obtain a room-temperature root-
mean-square thermal displacement 1/ {u2y, ) of 0.14 A.
This is close to 0.12 A, a value established for a variety of
adsorbates on Si(111) surfaces.! It is also close to values
calculated for the Si dimer configuration on Si(001) and
the Si(111)-(2X 1) surface.»? If we assume these smaller
values for the thermal displacement, we can obtain limits
of only a few percent on the possible amount of As disor-
der (i.e., 1—C).

Assuming a Gaussian distribution for the thermal
motion of the symmetric As dimer atoms, we have ob-
tained (u2y, ) directly from the normalized Foy, values.
A plot of the (004) (solid circles) and (022) {open circles)
components of the mean-square vibration amplitude of
the As atoms as a function of temperature in degrees Kel-
vin is shown in Fig. 3. The solid line through the points
is a linear least-squares fit to the {u 2y ) versus T data for
T <650 K. For T>650K a second-order polynomial
term was added though only to improve the goodness of
the fit. The dashed line is a theoretical vibration-

amplitude result from Mazur and Pollmann for the aver-
aged (004) component (i.e., normal component) of the Si
d1mers on Si(001).2 The Alerhand, Joannopulos, and
Mele! theoretical results (not shown) have a slope slightly
less than that predicted by Ref. 2.

It is apparent from Fig. 3 that the v1brat10na1 ampli-
tude shows a different behavior above roughly 650 K.
From 300 K to 650 K, (u%m> versus 7T is linear with a
slope of

(6.3+0.3)X107% A%2/K ,

which extrapolates to about zero at T=0 K (neglectm%
the small zero-point oscillations of order 0.003

from Mazur and Pollmann?). This follows the well-
known harmonic behavior predicted by Debye and we
refer to the behavior in this regime as Debye-like
Theoretical results predict a 11near behavior in this re-
gime with a slope of 3.6 X 10~ 5 A%/K.2 Note that our re-
sults are for As adatoms and not Si adatoms. Above 650
K, {uZy ) varies much more rapidly with temperature.
We emphasize that the high-temperature behavior is not
due to the onset of anharmonicity. If anharmonic effects
were significant, we should observe a change in the
coherent-position (Pyy, ) values. Within the experimental

Thermal Vibration Amplitudes for As on Si(001)
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FIG. 3. The mean-square and root-mean-square vibration
amplitudes as a function of temperature in degrees Kelvin. The
{u?) values from the (004) and (022) reflections are shown with
their corresponding uncertainties as solid circles and open cir-
cles, respectively. The solid line is a least-squares fit to the (004)
data and the dashed line is a theoretical result for Si dimers on
Si(001)-(2X 1) (Ref. 2).
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uncertainty, no such change was observed although the
coherent fraction (Fyy,) varied by a factor of 2 in the
same temperature range. In addition, since the relative
coherent position did not change as a function of temper-
ature, the thermal coefficient of expansion of the surface
structure in the [001] direction is not significantly
different from that of bulk silicon.

Why then do we observe these two different regimes in
{u2y, ) versus T? Theoretical calculations"? have been
limited to the harmonic approximation and would pre-
dict a linear region extending beyond 650 K. Recently,
however, it has become increasingly evident that for Si at
temperatures around 600 K there is an appreciable mo-
bility of atoms at the surface. For instance, it is possible
to grow good-quality epitaxial silicon at 600 K (Ref. 18)
compared to the usual growth temperature around 1000
K. We anticipate that the thermal vibration amplitudes
at surfaces could be enhanced due to the presence of de-
fects created by the mobility of Si atoms around 600 K.
Atoms in the vicinity of such defects could vibrate with
large thermal vibration amplitudes, thus accounting for
the enhanced (u2y,). Other defect-related scenarios,
which could account for the decreased coherent fraction
at higher temperatures, involve either enhanced strain-
induced buckling of the As dimers or induced As disor-
der. In the latter scenario a simple calculation places the
amount of As disorder around 20% for a temperature of
900 K. Again, we point out that the defect production
process does not change the average relative position (P)
values since these remain constant in the temperature
range studied. .

We now turn to the question of the anisotropy of the
normal and in-plane measurements of the thermal vibra-
tion amplitudes on the Si(001) surface. For the Si(001)-
(2X1) surface, a convenient off-normal reciprocal-lattice
vector is the (022), which is inclined at 45° to the (001)
surface. The projection of the normal component of the
thermal vibration amplitude along (022) is substantial
and, if the anisotropy is small,"»? it will be difficult to
separate the normal and in-plane components of {u?2).
We find that the anisotropy [i.e., the (022) component in
Fig. 3] is indeed rather small since the (004) and (022)
values follow each other closely. Our results are in agree-
ment with the theoretically calculated anisotropy for the
Si(001)-(2X 1) surface which is about 6% at room tem-
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perature increasing to 10% at 450 K.? This is in contrast
to the Si(111) surface were we have observed a marked
anisotropy for Ga and As absorbed species®'? as a func-
tion of temperature.

It is not clear at present that, using the standing-wave
technique and the instruments developed by us at NSLS,
we can succeed in measuring such small differences.
Perhaps higher-order reflections, with reciprocal-lattice
vectors inclined at small angles to the surface, could in
principle determine the small anisotropy exhibited on the
Si(001) surface. In this case, however, the intensities will
be substantially smaller than those for the lower-order
Bragg reflections that we measured. It would appear that
wiggler or undulator radiation from third-generation syn-
chrotron sources such as European Synchrotron Radia-
tion Facility, Advanced Photon Source, and Spring-8
would be ideal for such delicate measurements.

In conclusion, we have directly measured the mean-
square thermal-vibration amplitude {2) as a function of
temperature for the symmetric As dimers on a Si(001)-
(2X1) surface. From 300 K to 650 K, the behavior of
(u?) was Debye-like with a slope greater than that pre-
dicted theoretically for Si dimers on the Si(001)surface.
Above 650 K (u?) increased dramatically, suggesting
the onset of enhanced surface-atom mobility and defect-
mediated processes. In addition, and as predicted by
theory, the amount of anisotropy between the measured
normal and in-plane {u2) components was small. Our
measured height of the As dimers above the bulk-
extrapolated Si(004) plane provides a critical test of
theoretical structure calculations.
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