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In a molecular beam epitaxy chamber (MBE), we have performed epitaxial growths
of iron on silicon (111) surface and homoepitaxial growths of silicon on silicon
(111) surface. The thicknesses of the grown films were typically 500A- 1000A. We
have observed a continuous and irreversible change of the Reflection High Energy
Electron Diffraction (RHEED) patterns during the growth of iron at room tem-
perature and of silicon at temperature below 400°C. This effect can be satisfactory
explained by an increasing roughness of the surface during the growth. Annealing
after growth leads in both cases to an irreversible flattening of the rough surface.
These are experimental evidences for the occurrence of a kinetic roughness during
epitaxial growth. In this article, a quantitative analysis of these RHEED pattern
changes during epitaxial growth of silicon and of iron is presented. In both cases,
the surface width s deduced from the RHEED patterns closely follows a power law
o oc h®. However the most reasonable values for 8 are around 0.25 for the growth
of iron on silicon and 8 = 1 for the homoepitaxial growth of silicon (111). These
results indicate that marked differences are found in the occurrence of kinetic
roughening for these two different systems: iron on Si{111) or Si/Si(111).

1. Introduction

A wide variety of applications in fields like optics or microelectronics relies on the
preparation and the control of thin films with thicknesses of about 100A- 10004. In
the past few years, the development of the MBE growth chambers for the preparation
of thin films by epitaxial growth from the vapour phase [1] and the characterisation of
the surface at an atomic level by high resolution direct space techniques like Scanning
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Tunnelling Microscopy (STM) [2] have largely improved both the quality of the grown

films and our understanding of the microscopic mechanisms involved in the epitaxia]

growth [3,4]. Subtle mechanisms of surface diffusion have been shown to be of a large
influence on the appearing surface morphology during the first stages of the epitaxia]
growth [5].

In the limit of thicker films, the roughness of the growth front has to be investigated
for both practical and fundamental reasons. For example, the quality of superlattices
relies at least for part of it on the sharpness of interfaces. Clearly an intrinsic roughness
appearing during the growth would then induce an alteration of the interface quality.
On the other hand, theoretical analysis [6,7] have described how random deposition
of atoms on surfaces triggers the development of a kinetic roughening during epitaxial
growth. One of the motivation for the theoretical studies of the surface morphologies
during epitaxial growth of thick films is the apparent lack of characteristic time and
length in the growth dynamics. This is thought to lead the surface roughness to exhibit
very general scaling relationships with time and space. A more complete theoretical
description of the kinetic roughening during growth may be found in other contributions
to this conference or in reference [6,7]. As the film grows, one expects the surface width
s to be described by:

oo h? (1)

where h is the film thickness. Depending on the underlying hypothesis on the adsorption
and the desorption of atoms or on the characteristics of the surface diffusion, various
theoretical descriptions have been developed. They lead to different description of the
surface morphology and to different values of the exponent 8. Both empirical and
theoretical analysis led to the conclusion that a detailed experimental investigation of
the surface morphology during the growth of thick films by vapour deposition is then
definitely required. Although a precise and reliable characterisation of slow processes
on long time scale and with space correlations over increasing distances is not an easy
experimental task, several experimental analysis of this problem have been produced in
the past few years [8-13]. The existence of a surface roughness specifically induced by
the growth has been clearly observed. However it is noticeable that the values of the
exponent [ approximately lie between 0.2 and 1. One may also add that even a ”supra
linear” behaviour has been recently reported [14].

In view of the different parameters involved in the MBE growth, this variety of
experimental results may not appear too surprising. Presumably a universal and over-
simplified description of the surface response to the random deposition of atoms oﬁ:wﬁ,,ﬁ
reliably describe all the experimental findings. Indeed one has to take into account the
detailed mechanisms of the surface diffusion and also the nucleation rate of atomic is-
lands and their growth kinetics. As recently experimentally shown [4,5], different growth
conditions can lead to very different shapes of the atomic islands nucleated during the
growth on the surface. This is of importance as it has also been shown that the mass
transport between terraces of different heights can depend upon the shape of the terrace
edge [4,5]. The complexity of these surface processes suggests that depending on the

exact experimental conditions, a variety of experimental results in the characterisation .

of growth front of thick films should be expected [15,16]. An experimental example of
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this wealth of behaviour seems to be found in the recent observation [13] of the vari-
ation of b with the temperature during the homoepitaxial growth of Cu on Cu(100).
Finally silicon growth provides an example of the spectacular effects which can appear
as further motivations for the study of the surface morphology of thick growing films.
Indeed it is well known that a spontaneous amorphisation of silicon takes place when
grown at low temperature (around room temperature) whereas at higher temperature
(for Si(111), a reasonnable high temperature is 600°C - 700°C), a perfect growth with a
flat surface can be performed for thicknesses up to several microns. Although this has
been widely reported [1], a detailed analysis of this behaviour remains to be established.

2. Experimental

Silicon and iron growths on (111) oriented silicon wafers (two inch diameter) were
performed in an MBE machine equipped with a silicon and an iron evaporation cell and
a 10 kV electron gun for RHEED experiments. The base pressure of the MBE chamber
at room temperature was between 1 x 1071% and 2 x 107'° torr. Cleaning of the initial
silicon surface was based on two stages: i) an ex situ chemical etching based on the
classical Shiraki procedure, ii) a desorption of the native oxide by heating the wafer
at 800°C associated with an atomic beam of silicon directed onto the surface. Such a
treatment ended up in a reproducible, clear 7 x 7 reconstructed silicon surface.

Our electron diffractometer is a conventional instrument comparable to many sys-
tems used to characterise epitaxial growth. The measurements presented here have
been made possible owing to a systematic video acquisition of diffraction patterns. The
camera we have used to record the RHEED patterns on the phosphorescent screen has
a sensibility of 0.3 lux. Digitalisation of the video signal is done throngh an 8-bit com-
puter card {Optiscan from Neotech), which means that the dynamic of this detector
is limited to 256 grey levels. During the measurements, great care has been taken to
avoid saturation either on the screen or during picture acquisition. The grazing angle
of the electron beam with the surface was about one degree. The camera periodically
took pictures of the RHEED patterns (the acquisition period could be changed from 1
picture/sec up to 1 picture/day) which were stored in the computer. Image analysis was
then performed. Both intensities of diffraction spots and their widths (perpendicular
and parallel to the sample surface) are numerically extracted. The complete digitali-
sation of diffraction patterns enabled us to analyse the position and the shape of the
Bragg peaks.

During silicon growth, measurements of RHEED oscillations have been performed
by a selective record of the reflected specular beam. The periodic changes of intensity
of this small area in the RHEED screen could clearly be seen with bare eyes. One
may notice that such a large variation was not observed in another part of the screen.
Compared to the average reflectivity during growth, the variation of intensity during
oscillations could be as large as 25% without any correction for the background. Figure
1 reports the RHEED oscillations measured during the silicon growth on a (111) silicon
surface with a substrate temperature of T ~ 350°C. Analysis of 10 periods leads to
a silicon flux of about 1 bilayer per minute (more precisely an increase of thickness
a9//3 = 3.13Aevery 65 seconds). Observation of large amplitude RHEED oscillations
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Fig. 1. RHEED oscillations observed by  Fig. 2. Roughness perpendicular to the sus:

recording intensity of the specular beam dur-
ing silicon growth at T' = 350°C on (111) sil-
icon surface

face deduced from AG. (FWHM of diffrae’
tion Bragg peaks measured perpendicular to
the surface) during the iron mnoﬁsﬂ;lﬁrm
solid line is the calculated surface width witk
B = 0.25 (see text)

during growth is a good indication that the cleaning procedure, the sample _umbm:.lm
and the growth conditions are reasonable. o
.wmmam RHEED oscillations, a second important effect is observed with bare ow.dm
m.:.::m silicon growth. Starting with the typical RHEED pattern of a flat ordered
mEn.os surface, the condensation of diffraction streaks into conventional Bragg mvo?
of silicon occurs. The same behaviour is observed during the growth of a thick iron
film on silicon. In that case, the positions of Bragg peaks can be analysed in a é,w.w
very much comparable to what is done for diffraction pattern produced by Transmission
Electron Microscopy. This continuous change from a typical two dimensional &m_a,m..om\.om
pattern to a three dimensional pattern is a clear evidence for the occurrence of surface
G:mruwmm. Indeed at the very beginning of the growth, the streaks observed in t w
m&mwmo?ou pattern are the well known evidence that electron diffraction at wz_waw
incidence is a surface technique. In the reciprocal space, the length of Bragg vmwwm

perpendicular to the surface is primarily determined by the short penetration mnvar of .
the electron beam. If the surface becomes rough with typical roughness scales m&u:wm. 3

than the mz.o_mmsn mean free path of electron, then the surface width characteristic o,mw S
roughness is the effective sample size experienced by the electron beam. In the direction

in ARG

.@m%m;&o:_mﬁ to the surface, this imposes a length to the Bragg peaks. For the most:
important part, this is what determines the experimentally observed condensation om :

.wmmmm peaks during growth. The general fact that the width of the diffracted peak i
mversely proportional to the size of the diffracting object provide a direct nm_msmu,dmr_v
between the perpendicular Full Width at Half Maximum of Bragg peaks, 1, Al

the surface width, o:

AGy =27C/o

Q .wm a calibration constant that is determined using the distance between the l:%
m:_nw: streaks. In our particular case, the quantitative use of this relationship relies7on
two important approximations. A first important approximation is that the intensity:
along the diffraction streak is primarily determined by the surface structure and not.by.
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an instrumental effect. In the case of a clean and well ordered surface before growth,
this is certainly far from to be correct. This has been shown in details {17]. For a
very flat and ordered surface, the length of diffraction streaks is essentially determined
by the intersection of the Ewald sphere and the weakly modulated RHEED streaks
in the reciprocal space. In the case of very flat and ordered surfaces observed with a
narrow beam of very small divergence, the streaks are very close to circular spots. For
the results presented here, this has two main consequences: 1) it is quite difficult to
quantitatively estimate the initial roughness on the surface; ii) one has to make sure
that during the growth, the apparent shape of RHEED streaks is dominated by the
sample itself and not by the intersection with the Ewald sphere.

A second important approximation is that no other effect influences the perpendic-
ular length of the diffraction peaks and that the measure of AG is directly related to
the surface width. In the case of a perfect but rough crystal, this would be quite clear.
In our RHEED patterns, a characterisation of the crystalline quality lies in the width
of Bragg peaks parallel to the surface as there is no relaxation of the Bragg condition in
this direction due to the limited penetration of electron. The lateral broadening of the
Bragg peaks observed certainly means an equivalent broadening in all directions of the
Bragg peaks. As the strong reduction of Bragg peak length, AG |, cannot be due to the
crystal disorder, it clearly remains that the decrease of AG is strongly associated with
the occurrence of surface roughness. Quantitatively it may appear difficult to separate
the effect of roughness which tends to shorten the Bragg peaks and the appearance of a
poor crystalline quality which gives rise to a broadening of Bragg peaks. Indeed in the
final stage of the growth, the Bragg peaks are nearly circular. In that case, it would be
difficult to safely separate the contribution of surface roughness and of atomic disorder
from the peak width. This is only when one contribution is dominant that it is possible
to quantitatively analyse the streak shape. The criterion we have used is that the streak
length perpendicular to the surface must be much longer than the peak width parallel
to the surface which is primarily determined by the crystalline quality. Therefore this
is only between the two extreme regimes described here that one can use AG, as a
quantitative signature of the surface width.

3. Results.

A Growth of Fe on Si(111) at room temperature:

The deposition of iron on a Si(111) surface at room temperature in Ultra High
Vacuum leads to the growth of an oriented but relaxed iron film. The characteristics of
this epitaxial growth are described in reference [11]. In figure 2 is reported the variation
of the surface width measured by RHEED following equation (2) during growth of iron
on a Si(111) surface. This curve quantitatively shows the continuous effect of Bragg
peak condensation observed in the RHEED pattern. Beside this basic result, one notices
that a roughness in the nanometer range is found after the growth of an iron film of
about 800A. Although this roughness appears rather limited, the change of the RHEED
during the growth is a strong effect and this result is reproducible. As mentioned in
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the previous section, it is unlikely that one can extract some information about the in
plane structure of the roughness. It may only be possible to say that the inelastic mean
free path known to be in the range of 100Aat the electron energy of 10keV, indicates an
upper limit of the typical lateral scale of the observed surface roughness. The second
point is the shape of the measured curved. The solid line follows the equation (1) with
B8 = 0.25. For different measurements, the description of the experimental results using
equation (1) is satisfactory and the adjusted exponent g is between 0.22 and 0.3.

In order to further characterise the roughened surface, we have followed the evolution
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Fig. 5. do/dh versus 1/T. The straigth line is given by ¢ = Aexp(Es/kT)h where A ~
4.6 x 107 and Ef ~ 0.65eV.

of the RHEED pattern during a controlled annealing. This is what appears in figure
3. The most important feature is an irreversible increase of the length of Bragg peaks.
This occurs at a temperature which is quite consistent with the thermal activation of
the iron surface diffusion. This means that the surface just after the growth is in a non
equilibrium state. As atoms on the surface are thermally allowed to move, one observes
a flattening of the surface.

All together the two points presented in figures 2 and 3 provide an experimental
evidence for the occurrence of a rough surface in a non equilibrium state during the
growth of iron on silicon. Also as shown in reference [11], we have further investigated
how general is this behaviour. After a first annealing, it is possible to make subsequent
cycles of iron growth and annealing. A clear feature is the reproducible condensation of
Bragg spots during deposition and the increase of their length during each annealing.

B Growth of Si on Si(111) at different temperatures:

The variation of the surface width, o = 2rC/AG |, versus the film thickness during
homoepitaxy of silicon on Si(111) is presented in figure 4 for two different temperatures.
For a total film thickness of about 5004, this roughness is in the nanometer range.
This is quite comparable to what has been observed for the iron epitaxial growth.
Furthermore the importance of substrate temperature definitely appears in figure 4. At
a growth temperature of T = 400°C, the occurrence of roughness is rather limited and
this is even the limit we have been able to investigate by RHEED. At T' = 300°C, the
change of the surface is much faster and the kinetic roughening develops much more
rapidly. Strictly looking at the experimental results in this range of film thicknesses, the
best fit for the plot s versus h is obtained at all temperatures with a linear dependence
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of the roughness with the film thickness. This linear behaviour is only approximate byt
this is a clear difference with the behaviour measured during the growth of iron .

Although the same kinetic roughening develops during epitaxial growth for two dif.
ferent systems like iron and silicon, clear differences are experimentally observed in
details using the same RHEED technique and the same analysis of RHEED patterns, -
These differences in the development of kinetic roughening are also quite consistent
with others studies [9,10,13] using different techniques. All these experimental _.omczm.
emphasize the fact that the occurrence of kinetic roughening during low temperature
epitaxial growth is a general effect, but they also suggest that a unique and simple ana);
ysis for all surfaces does not seem to exist. A description of the microscopic mechanisms
responsible for this difference is beyond the grasp of our experimental results. However
they directly lead to the evidence that, depending of the systems, the surface diffusion
and nucleation can relax the surface morphology ( this corresponds to an apparent
exponent 3 lower than 0.5) or amplify the surface roughness as shown by a measured
exponent 7 larger than 0.5.

During epitaxial growth at different temperatures, the analysis of the surface mor- -
phology can provide further insights on the influence of surface mass transport in the
development of kinetic roughening. The curves o versus h measured at different tem-
peratures present the same shape. This means that we can reliably extract the m_ov,w
do/dh at different growth temperatures. This is essentially what is reported in figure 5.
The plot log(de/dh) versus 1/T, the inverse of the growth temperature, strongly indi- -
.om;mm that the general equation which describes the increasing roughness during growth
is: ;,

o = Aexp(E; [kT)h ®

with E; ~ 0.65eV. Essentially this experimentally shows that, in the particular case of
silicon, the appearance of the roughness during growth at low temperature is controlled
by a thermally activated process on the surface. The thermally activated processes
on surfaces one can think about during epitaxial growth, are basically the diffusion of .
silicon adatoms on a flat silicon surface and the nucleation of islands. The moﬁ?m,&mm
energy directly yielded by our analysis of roughness on the silicon (111) face is close
to the measured activation energy E, ~ 0.67eV reported in reference [3] for surface
diffusion of adatoms on the (100) silicon face. Also recent measurements have Rwogmm ;
an activation energy F, ~ 0.7eV for surface diffusion of adatoms on the (111) silicon
surface [18]. However, the identification of E; with the activation energy E, of adatom
M&_ﬁ?mmos on silicon (111) surface cannot be reliably done at this point. Indeed an
important experimental parameter in the control of the MBE growth process is.the ;
atomic flux on the surface. The influence of the silicon flux in the development -of
surface roughness during growth is not described by our results. This means that we do
not know if whether or not Ef depends on the atomic flux. However a direct conclusion
is that kinetic roughening is experimentally observed in a temperature regime where,
large mobility of adatoms on a flat silicon surface clearly exists. ,
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4. Conclusion

Although it is a general and characteristic behaviour of the surface morphology dur-
ing epitaxial growth at low temperature, the specific and in situ investigations of kinetic
roughening during growth of thick films (several hundred angstroms) are not numerous.
It is however a central problem of molecular beam epitaxy seen as a dynamical pro-
cess. For semiconductors, it can lead to specific and spectacular effects like progressive
disordering or amorphisation which to our knowledge have not received a satisfactory
explanation although they have been repeatedly observed.

In this paper by means of analysis of RHEED patterns, we have described the
systematic occurrence of a roughness during the MBE growth of both iron on Si(111)
and silicon on Si(111). Within the limits of the RHEED technique in the analysis
of the surface roughness, we have determined some characteristics of this roughness.
During the homoepitaxial growth of silicon on the Si(111) face, our experimental results
indicate that the surface width vary linearly with the film thickness. This dependence
of surface roughness with the film thickness is in marked difference with the results
on the iron growth which have been obtained using exactly the same experimental
method. This suggests that the details of mass transport mechanisms on the surface
play an important role in the subsequent development of this roughness. Furthermore
silicon homoepitaxy performed at different temperatures indicate that the developing
roughness is controlled by a thermally activated mechanism. This activation energy is
E, ~ 0.65eV. The identification of the mechanism responsible for this activation energy
cannot be inferred from these experimental results.

Finally for two different systems, we have shown that systematic acquisition and
quantitative analysis of RHEED patterns reveal some major effects appearing during
the epitaxial growth of thick films at low temperature. However many points have been
left open due to the intrinsic limits of this technique. They certainly require further
experimental investigations using different experimental methods. This is the case for
the direct and in situ analysis of the crystal-amorphous transition during silicon growth,
for the detailed description of roughness development in these two different regimes of
growth and certainly also for the study of defect nucleation during silicon growth.
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