influence of beam ccherence on measurements of roughness in film growth
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Diffracted intensity oscillations in epitaxial growth are discussed in terms of the existing
roughness scale on the surface and the coherence length of the radiation used to measure them.
It is shown that for systems with unbounded interface width growth, the greater the coherence
fength, the more rapidly the oscillations damp out. On the other hand, oscillations can occur
and be persistent if the coherence length of the beam is much shorter than the characteristic
horizontal length scale for roughness, even in the case where unbounded growth is present.
This behavior is governed by the magnitude of the coherence length of the beam, relative to the
lateral length scale that characterizes the surface structure.

Oscillations in the diffracted intensity during experi-
ments of epitaxial deposition have been shown to provide a
measure of the growth mechanism and ar indication of how
the growth front roughens.'” When the substrate is infinite-
Iy large and the diffracting beam has perfect coherence, the
evolution of the roughness (the “interface width™) is char-
acterized by two length scales, one horizontal to the sub-
strate (determined by the diffusive properties of the adsor-
bate) and one vertical to the substrate (determined largely
by the deposition rate), as described in earlier articles.” The
interface width can be defined as the mean-square height
difference’ {({h(r,) — 2(7,)1?), where A(r) is the column
height at position ron the substrate. Epitaxial deposition can
be monitored by means of diffracted intensity oscillations. '
A simple interpretation of the observed results requires that
the osciflations damp out as the surface grows increasingly
rough. The diffracted intensity at the ocut-of-phase condition
is given in the kinematic approximation by

1) = [d*nartexpls, [(r) — hGr) T, (D

where 5, is evaluated at the conditions for maximum de-
structive interference between amplitudes scattered from ad-
jacent layers.

The interface width is either finite or infinite in the long-
time limit depending on whether surface diffusion is more or
less rapid, respectively, than the deposition rate. However,
the physical structure of the adlayer does not alone deter-
mine the qualitative behavior observed in the laboratory. In
the following paragraphs we will present arguments, includ-
ing reference to Monte Carlo simulation and recent experi-
mental data, that attempt to delineate those situations for
which intensity oscillations are characteristic of bounded in-
terface growth, and those for which the effect is largely due
to experimental limitations, rather than to bounded growth.
The major premise of this letter is that the coherence length
(hereafter referred to as &) of the diffracted beam relative to
the lateral length scale of the surface configurations must
also be considered when interpreting the results of diffrac-
tion experiments. Previous literature® has considered the
problem of the relative size of the beam with respect 1o the
coherence length. We will not take up this question, but con-
sider only the case of 2 beam made of a single coherent wave.

First consider 2 physical system observed with a perfect
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instrument. For very small deposition rate, there will exist
an mtermediate temperature range in which the interface
width remains finite even for very iong times.” Below the
equilibrium roughening temperature any surface fluctuation
must have a finite lifetime, and so if the deposition rate is
fower than this decay rate, it should be possible to deposit
without creating a rough surface. Thus, in Fig. 1, an adatom
must be able to diffuse a distance k in less time than it takes
for another adatom to be deposited.

Buring a diffraction experiment, the physical structure
of the deposit is prebed with a beam of finite coherence
length. In Fig. 1 we show two possible coberence lengths &£,
and &, of the diffracted beam. The larger of the two will be
used to describe the situation in which the diffracted beam
samples a sufficiently large horizontal iength of the substrate
so that the full vertical range is adequately represented. The
shorter of the two is meant to describe the case where the
true physical scale of lateral fiuctuations is much larger than
the coherence length, so that only a portion of the actual
vertical displacement is seen within a single zone of coher-
ence of the radiation used to probe the surface. The first case
{£,) is one in which the experiment should see accurately
the real character of the interface. If the physical interface is
rough, the experiment will observe the intensity osciilations

£,
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FIG. 1. Typical configuration labeling the scales of a surface fiuctuation.
The vertical and horizontal length scales are shown relative to two possible
diffracted-beam coherence lengths &, and &,.
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to decay monotonically as a function of dose. If the interface
is bounded the experiment will observe osciliations that
damp in peak intensity to a lower value, at which they be-
come persistent with an amplitude characteristic of the in-
terface widih. The second case (£, ) is more interesting, and
also more common. In this situation the beam does not sam-
ple the entire range of vertical values of the surface, and
hence it is possible that intensity oscillations persist even
though the interface width is growing without bound. The
different combinations can be summarized as follows:

{2} Bounded growth, &, , > k. This is the ideal case, os-
cilfations will persist, indicative of bounded growth. (In the
Emit of low deposition rate, the lateral motion of the atoms
will be rapid encugh to keep vertical fluctuations from grow-
ing without bound.)

(b) Bounded growth, £, <&, < 4. Bothshortandlong £
may vield persistent oscillations, with the shorter one being
the least attenuated. Figures 2(a) and 2(b) show Monie
Carlo calculations that demonstrate this effect. The smaller
£ produces longer iived osciliations.

(cy Unbounded growth, £, , > k. This is the ideal case,
osciliations decay, indicative of unbounded growth.

{&) Unbounded growth, &, < £, < k. The smalier £ will
show longer lived oscillations. In Figs. 2(2) and 2(b), we
present Monte Carlo calculations performed at two different
temperatures for the lattice gas model above a substrate. The
diagrams show the intensity osciliations produced with radi-
ation of two different coherence lengths. The data demon-
strate the influence of a probe that samples only a portion of
the full lateral scale, that is, the damping of the intensity for
the smaller lattice is less. The difference is less pronounced at
lower temperatures, for which the lateral scale to achieve the
same roughness is shorter. The conclusion of this study is
that when the diffracted beam coherence length £ is shorter
than the characteristic lateral length scale of the surface,
intensity oscillations may be observed even if the interface
width has grown without bound, since the beam is unable to
sample the entire range of vertical values described by the
interface.

This result is of practical relevance in the analysis of
diffracted intensity oscillations. As noted, a number of inten-
sity oscillation measurements have been made, showing
eventual complete damping, and are therefore correctly in-
terpreted in terms of an interface width that grows unbound-
ed. However, the rate at which this occurs cannot be inferred
from the data unless the coherence of the radiation used is
known. The instrument resolving power, i.e., the iaterai di-
mension over which the instrument acts as a correlation de-
tector, provides a lower limit to this coherence. The smaller
this distance is, the more slowly the oscillations will damp; in
other words a worse instrument may give more persistent
oscillations because it looks at less of the roughness. Mea-
surements with 2 worse instroment will also exhibit greater
dephasing if the osciilations persist.

Differences in intensity oscillations measured in differ-
ent laboratories or using different probe radiation may not
be due to different growth conditions, but possibly to differ-
ences in the coherence of the radiation. In particular, persis-
tent oscillations must be viewed with caution.” For example,
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FIG. 2. (a},(b} Monte Carlo runs at different temperatures showing the
effect to two different coherence lengths: (a) higher ternperature, (b) lower
temperature. In each, curve a is for a smaller coherence length and b for one
three times as large.

a very highly focused small beam that has a high conver-
gence may have a small coherence and therefore lead to “ar-
tificial” persistent oscillations. The effect of different coher-
ence of the probe radiation can be demonstrated, e.g., by
comparing reflection high-energy electron  diffraction
(RHEED) and x-ray diffraction measurements. Evidenceis
provided by the data for Ge on Ge (111) performed using
both x-ray diffraction and RHEED.® The x-ray diffraction
oscillations damp out more guickly, consistent with the
higher coherence of the photons.

A practical application of this effect is that if the coher-
ence length of the instrument is variable it gives one the op-
portunity to determine not only the vertical roughness scale
for the £ value corresponding 1o a particular instrument, but
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also a means of determining the lateral scale of the rough-
ness. In those cases where the instrument resolving power
can be externally controlled and for those physical circum-
stances in which it has already been determined that the
interface width is unbounded, a measure of the lateral scale
may be obtained by determining the value of £ for which
oscillations finally die out. Measurements to determine this
effect are under way.
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