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Surface X-Ray Scattering during Crystal Growth: Ge on Ge(111)
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The growth of Ge on Ge(111) has been monitored by in situ x-ray reflectivity and diffraction. For
suitably chosen geometries, the scattered x-ray intensity is extremely sensitive to atomic-scale surface
morphology; dramatic intensity changes occur upon deposition of a fraction of a monolayer. For sub-
strate temperatures up to 200 °C oscillations are observed in the scattered intensity, indicating growth by
two-dimensional nucleation. Reflectivity curves reveal the detailed surface atomic geometry. All obser-
vations can be quantitatively understood by use of kinematical diffraction theory.

PACS numbers: 68.55.Bd, 61.10.Lx, 68.55.Jk

With the emergence of synchrotron radiation sources,
x-ray diffraction has found an increasing use in the
determination of surface structures.! This technique
may also be employed to study atomic-scale surface mor-
phology. In this Letter we report the first x-ray scatter-
ing study of the growth of a crystal by molecular-beam
epitaxy. Unlike electron diffraction, for x rays multiple
scattering is negligible (except very close to a bulk Bragg
peak) and intensities can be computed by use of
kinematical theory. This can be used to great advantage,
because it allows a straightforward interpretation, not
only of relative intensity changes during deposition, but
also of absolute intensities needed to derive atomic posi-
tions.

The experiments were performed in the surface
diffraction station of the wiggler beam line at the Syn-
chrotron Radiation Source in Daresbury, with use of
monochromatic radiation with A =1.38 A. The setup
consists of an ultrahigh-vacuum chamber coupled to a
five-circle diffractometer.>? The Ge(111) sample (8x8
x 1.5 mm?, < 0.05° miscut) was cleaned by repeated cy-
cles of sputtering (4x10' Ar* cm 72, 800 eV) and an-
nealing (700°C, 15 min). After this treatment a sharp
c(2x8) diffraction pattern is observed with the in situ
reflection high-energy electron diffraction (RHEED) fa-
cility. A Knudsen effusion cell is used for Ge deposition
with a deposition rate of 5.8x10'> atoms cm ~2 min ™!
(calibrated by Rutherford backscattering).

The intensity of the specularly reflected x-ray beam
was measured during Ge deposition. The angle of in-
cidence was 6°, corresponding to destructive interference
between an island on the surface and the lower-lying
plane, as shown schematically in Fig. 1. In this way
maximum sensitivity for islands is obtained. The data
were taken for different substrate temperatures and are
shown in Fig. 2. They are scaled to a starting intensity

of 100. At an angle of incidence of 6°, which is 21 times
the critical angle for total reflection, the maximum
reflected intensity is a factor of ~107 smaller than that
of the incident beam.? Typical count rates are 10 s !,
with a background of 0.2s ™!,

The behavior can be understood qualitatively on the
basis of temperature-dependent growth modes.* At
room temperature (RT), the growth starts by nucleation
on a flat surface. If half the surface is covered by is-
lands, the intensity goes to zero. When deposition is con-
tinued, the intensity increases again. The period of the
oscillation corresponds to the growth of one bilayer of
the (111) surface (1.4x10'° atoms cm ~2). At a certain
temperature, the diffusion length is sufficiently high for
the arriving atoms to move to steps on the surface and
growth proceeds by step flow. With our deposition rate
this happens at 240 °C and oscillations are no longer ob-
served.

The reflected beam can be labeled as a point (kk/) in
reciprocal space. We employ a hexagonal unit cell which

FIG. 1. Schematic showing the experimental geometry for
the reflectivity measurements during Ge deposition on
Ge(111). The angle of incidence is such that there is destruc-
tive interference between islands on the surface and the lower-
lying plane.
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FIG. 2. The reflected signal from Ge(111) during Ge depo-
sition. Shown are a set of curves corresponding to different
substrate temperatures. The curves are normalized to a start-
ing signal of 100 and are given vertical offsets of 100 units.

is related in reciprocal space to the conventional cubic
cell by (100)hex = 7 (224)cup, (010)hex= 5 (242)cuv, and
(001)pex=(111)cyp. Momentum transfer in the perpen-
dicular direction is now represented by the pure index /
and the specular beam at 6° angle of incidence is the
(00 %) reflection.

The in-plane crystalline quality of the deposited layers
was investigated by our repeating the experiments for the
(11%) reflection, for which there is also momentum
transfer parallel to the surface. The same qualitative be-
havior was found: at low temperatures growth by nu-
cleation, changing to step flow around 240°C. In Fig. 3
the result for RT growth is shown, together with data
taken at an / value of 0.3. A difference with the (00 )
data is that after opening of the shutter, there is a delay
before the signal decreases. Apparently, the first arriv-
ing atoms are not located at lattice positions and only
after continued deposition, a partly crystalline overlayer
is formed. This is confirmed by the fact that the signal
does not go to zero, again in contrast with the (003 )
data. The delay for the (11§ ) data becomes less for in-
creasing temperature, indicating a better crystallinity.

The results can be understood quantitatively by apply-
ing the kinematical theory of diffraction to rough sur-
faces. The simplest model is a one-dimensional (1D)
surface with two levels for which only the contributions
from the surface atoms are considered.® In general, the
diffracted intensity consists of two contributions: a sharp
(Bragg) peak and a diffuse peak. X rays have a large
penetration depth and the result for the single surface
scatterer has to be multiplied by the so-called crystal
truncation rod, the structure factor of which is
| Fetr | = % sin(x!).%7 Ignoring constant prefactors, the
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FIG. 3. The intensity of the (11/) reflection during Ge
deposition for two values of the perpendicular momentum
transfer /. The data are normalized to a starting signal of 100,
the upper data are given a vertical offset of 50 units. The solid
curves are fits to the data with use of the n-level model.

result of the two-level model for x rays is
Is=|F,Fcrr |11 —26(1 —0)[1 —cos (2711} 8(qy), (1)
Ip=|F,Fcr|?26(1 —9)

x[1—cosQaDzL(L "2 +gH)]1~", ()

where F, is the unit cell structure factor, 6 is the cover-
age of the upper level, g, is the momentum transfer
parallel to the 1D surface, and L is the correlation
length. Equations (1) and (2) have to be convoluted
with the reciprocal lattice, which is equivalent to our tak-
ing, for gy, the distance to the nearest bulk Bragg peak.

The experimental in-plane momentum transfer is
two-dimensional and can be denoted by q;. The intensity
is integrated over the component of q; which is perpen-
dicular to the scattered beam. This effectively reduces
the problem to that of a 1D surface as in Egs. (1) and
(2). The other component of q; can then be identified
with ¢g,. In this direction a momentum interval
Ag,=3%x10"% A~! is accepted (for /=0.5), which is
sufficiently large to measure I completely, and small
enough to collect only a small part of Ip.

As a function of 8, Eq. (1) predicts, for / =0.5, a pa-
rabola for Ig, which is repeated after a layer is complet-
ed (=1 corresponds to a complete bilayer). None of
the measured curves shows exactly this behavior, but the
first oscillation at 7=200°C is very close to this. For
6=0.5 and /=0.5 the Bragg intensity is zero, but the
diffuse intensity has its maximum. For the RT data the
intensity goes to zero, meaning that only a very small
fraction of the diffuse peak is measured. Thus the corre-
lation length and the islands on the surface are small.
At higher temperatures the Ge atoms will form larger is-
lands, corresponding to larger correlation lengths, and a
larger fraction of the diffuse intensity will be collected.
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The relative intensity in the first minimum of the curves
for 150°C and 200°C is ~15%. This corresponds to a
correlation length of ~150 A.

The two-level model does not explain the observed
damping of the oscillations. Damping can only be ex-

plained if one takes more levels into account. Here we |

21242001 —0(1 —N1U — £) *[cos2nl) — f1

will use a simple n-level model. Assume that the cover-
age of a certain level is a fraction f of the coverage of
the previous level.” If the total coverage is 6, then the
coverage of level n is given by 6,=6(1—f)f""!. We
will apply this model only for RT deposition for which
only the sharp Bragg peak needs to be considered. The
intensity is obtained by summing over all levels:

Ig= |F,,FCTR|2{[1 —6(1 —f)]2+ o —f

The distribution over the various layers is governed by f.
This distribution will be a function of the total deposition
and one can take as a model £ =6/(6yar+ 0), where By
indicates the total deposition at which the surface is very
rough. The lower solid curve of Fig. 3 is fitted to the
data of the (113 ) reflection for RT deposition by use of
the n-level model with Op,r=3.3. Because of the delay
in the data as discussed previously, the time origin was
shifted in the fit. Also a fit for / =0.3 is shown, obtained
by our taking the same value for 6,,¢ and only changing
the / value. Thus the model gives a satisfactory descrip-
tion of the damping and the / dependence of the data.
The deposition rate from the fits, however, is ~40%
higher than the experimental value. This discrepancy re-
lates to our assumption that the factor f is constant.
More realistic models are currently being investigated.
The distribution of heights on the surface can be de-
rived in more detail by the measurement of the scattered
intensity along the (00/) rod. The result for a freshly
sputtered and annealed sample is shown by the upper
points in Fig. 4. The measured intensities are multiplied
by /2 in order to account for the / dependence of the il-
luminated surface area and of the solid angle accepted
by the detector. The solid curve through the data points
in Fig. 4 is a fit with Eq. (1) with a scale factor and
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FIG. 4. The (00/) rod for a freshly sputtered and annealed
Ge(111) sample (filled dots), and after deposition of half a bi-
layer (open dots). The curves are theoretical predictions for
different structure models, see text.

1+ f%2—2f cos(2nl)

}6(qx). )

keeping 6 fixed at zero. Thus the sample is almost per-
fectly flat.

We subsequently deposited at RT Ge on the clean
sample until, in the scattering geometry of Fig. 1, the
first minimum in the intensity was reached (at about half
a bilayer). The resulting (00/) rod is shown by the lower
points in Fig. 4. The dash-dotted curve is the prediction
of Eq. (1) with 6=0.5 and with the same scale factor as
for the annealed sample. With respect to this curve, the
data are shifted to a higher / value, indicating that the
effective distance of the deposited bilayer to the surface
is smaller than the bulk distance. This corresponds to ei-
ther a contraction of the layer spacing or to a system
with both monolayer and bilayer islands. Though a con-
traction of the layer spacing of 5% does describe the
data, it is ruled out because the same contraction should
occur for the last bilayer of the clean sample, contrary to
observation. The system with both monolayer and bi-
layer islands is modeled by assigning nonequal fractional
coverages 0; and 0y to the lower and upper half of the bi-
layer, respectively. We then get a three-level system:
the flat bulk lattice with two layers on top. The layers
are shifted with respect to each other, which can be de-
scribed by the assignment of a different structure factor
to each layer. The intensity is obtained by the addition
of the amplitudes for the three layers and our squaring

Ig=| (1= 6)F, pux+ (6, = 64)F, 1+ 6,F, ;| >
x| Fcrr|?6(gn.  (4)

With the same scale factor as for the clean sample, the
data for the deposited sample can be described by Eq.
(4) with 6, and 6, as the fitting parameters. Note that
the (00/)-rod data are not sensitive to the in-plane posi-
tions of the deposited atoms. The best fit is shown in
Fig. 4 by the dashed curve through the data points and is
obtained for §,=0.75 and 6; =0.35.% Thus only half of
the islands are bilayers and RT growth does not, in fact,
proceed in bilayers. Clearly, the diffusivity is too small
for the surface to reach its equilibrium state.

The occurrence of intensity oscillations in the specular
beam during growth is well known in RHEED.>!® The
origin of the RHEED oscillations is still a matter of con-
siderable debate. There is no doubt that multiple scatter-
ing is important in RHEED'! and that absolute intensi-
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ties can only be derived with use of dynamical theory.'?
Therefore, one interpretation is that the oscillations are
caused by multiple scattering effects from a varying
step-edge density.!> Lent and Cohen'# assert that multi-
ple scattering effects can be minimized by using special
experimental geometries and interpret the oscillations
based on diffraction from step terraces using kinematical
theory.’

The present observation of oscillations with x rays may
seem to give support to the kinematical interpretation of
RHEED oscillations, but it has to be stressed that im-
portant differences occur. Aarts and Larsen? studied the
growth of Ge on Ge(111) using RHEED (at a much
higher deposition rate). They found oscillations with
monolayer period for substrate temperatures up to
180°C, changing to bilayer period up to 240°C. This is
in contrast with our x-ray data, where only the bilayer
period was observed. With use of an equation based on
Eq. (4), it is possible to compute the intensity for pure
monolayer growth on Ge(111). Even in this extreme
case the kinematical theory cannot describe the mono-
layer amplitudes in the RHEED data.

In summary, x-ray diffraction is very sensitive to
atomic-scale surface morphology, despite the large
penetration depth of x rays. Provided a suitable scatter-
ing geometry is chosen, intensity changes as large as 2
orders of magnitude can be observed upon deposition of
only one monolayer. Because of the applicability of
kinematical theory, x-ray diffraction allows a detailed
analysis of growth mode, surface morphology, and atom-
ic geometry.
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