Effect of hydrogen on surface roughening during Si homoepitaxial growth
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Hydrogen is shown to have a strong influence on the evolution of surface morphology during-
low temperature (310°C) Si(100) homoepitaxy. Molecular beam epitaxy growth in the
presence of deuterium shows a surface roughness within the epitaxial film that increases rapidly
until the Si film exhibits a crystalline to amorphous transition. The rate at which the surface
roughens depends critically on the partial pressure of deuterium. Although the kinetics of
growth are sensitive to small pressures (43 10~% Torr) of D, it appears that the breakdown of
epitaxy does not result from a “critical” D concentration at the surface. This work suggests that
the crystalline to amorphous transition, instead, results from increased roughening during

epitaxy.

Low temperature { <500 °C) Si molecular beam epi-
taxy (MBE) is of potential interest for the development of
low temperature processes and for novel device structures
which consist of monolayer doping profiles.! Utilization of
low temperature growth, however, requires a complete un-
derstanding of the kinetics of Si layer growth and its rela-
tion to film microstructure. In the past, a great deal of
work has been directed at understanding Si adatom diffu-
sion on clean, reconstructed (100) surfaces. Both theoret-
ical and experimental studies have been used to determine
the activation energies for Si adatom diffusion along differ-
ent directions.>> However, it was not until recently that the
microstructure of Si(100) films grown by MBE at low
temperatures was investigated and correctly characterized
_in terms of a crystalline to amorphous transition.* Initially,
Si forms as single-crystal material, but at a critical thick-
ness, designated the epitaxial height (%), the epitaxial
layer turns amorphous. Defining 4,; as the midpoint of the
crystalline to amorphous transition, the epitaxial thickness
was shown to increase with substrate temperature in an
Arrhenius fashion (E,,=0.5 ¢V).* However, the mecha-
nism (s) responsible for the breakdown of epitaxy were not
fully understood.>® In the present study, a more complete

examination of the epitaxial thickness phenomenon in-

cludes the effects of impurities and the evolution of surface
morphology. It is clear that hydrogen can play a strong
role in determining the epitaxial thickness. More recently,
hepi was shown to decrease with increasing H partial pres-
sure following a relation, Ae=Ay —k In P (Py is the par-
tial pressure of hydrogen).’ This showed, e.g., that the
presence of only 10~2 Torr of hydrogen reduced the thick-
ness to breakdown by a factor of 2 for a substrate temper-
ature of 300°C. In this letter, we show that the kinetic
effect of hydrogen during low temperature Si epitaxy
(MBE) is to increase surface roughness. The change in
surface morphology during low temperature growth is

*'Work done, in part, at AT&T Bell Laboratories, 600 Mountain Ave.,
Murray Hill, NJ 07974.

monitored for a range of H partial pressures.
~ In this experiment, Si was grown on Si(100) substrates
in a MBE apparatus (base pressures <1%x107? Torr).
Substrates were cleaned, prior to loading, using a buffered
(dilute, 100:1) HF dip and then placed into the chamber
apparatus. After thorough outgassing, approximately 450-
A-thick Si buffer layers were grown (T'=660°C) in order
to bury residual impurities. Substrates were then cooled
quickly and equilibrated at the growth temperature. One
substrate temperature (310 °C=£25 °C, calibrated using an
optical pyrometer and thermocouple) was used for low
temperature growth. Silicon was deposited using an elec-
tron beam evaporator at a single rate of 1 A/s, while a
deuterium source, consisting of an UHV leak valve, a Ta
tube, and a hot (~ 1850 °C) tungsten filament located ap-
proximately 6 in. from the Si substrate (with line of sight
to the wafer surface) was used to dose the Si surface con-
tinuously during low temperature growth.” Deuterium is
used instead of hydrogen because the two are easily distin-
guished using secondary ion mass spectrometry (SIMS).
Also, the thermal desorption and reaction kinetics of deu-
terium at silicon surfaces have been studied in detail and
are similar to those of hydrogen.” Homoepitaxial growth of
Si(100) at 310 °C, without deliberate introduction of deu-
terium, was conducted only after allowing the vacuum sys-
tem to recover for long periods of time after closing the D
source. Each deposition with deuterium dosing involved a
single, constant deuterium partial pressure. The effects of
different amounts of D on the microstructiire were studied
using a range (10~%-10~° Torr) of D partial pressures.
Germanium marker layers [1/4 monolayer (ML), cal-
ibrated using Rutherford backscattering spectrometry]
were used to mark the Si surface at different stages of
growth. Marker layers were deposited during very brief
interruptions at approximately 125 A intervals of Si
growth. Cross-sectional transmission electron microscopy
(TEM) samples were prepared by mechanical thinning to
50 pm, followed by ion milling (3 kV Ar) to perforation.
Cross-section TEM was used to distinguish the Ge mark-
ers, tilting only in the plane of the Si surface around the
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" FIG. 1. Cross-section TEM image of a Si layer grown at 310 °C under
“clean” UHV conditions (ambient hydrogen partial pressure). Ge
marker layers (1/4 ML) show little change in surface roughness.

{110). A 400 symmetric three-beam image was used for all
measurements. Careful control experiments showed that
the spread in Ge marker contrast was not due to D en-
hanced diffusion, but instead was representative of the
roughness of the Si surface.® Microdensitometry was used
to quantify the roughness of the surface by scanning di-
rectly from TEM micrographs. Measured roughness
(herein referred to as surface width) at a particular film
thickness was taken to be the full width at half-maximum
of the spread in the Ge marker layer. Surface roughness
was characterized by comparing linescans over small and
large (1 pm) regions of all mlcrographs to ensure an ac-
curate measurement, and the magnitude (in A) of the sur-
face width was calibrated using the fringe spacing of the Si
lattice. In addition, control experiments have shown that
thin Ge layers do not change the epitaxial thickness of Si
grown at low temperatures.*

Figure 1 shows a cross-sectional TEM image of a Si
film grown at low temperature without deliberately intro-
ducing atomic deuterium. Growth was terminated at a
thickness of 2200 A (before the crystalline to amorphous
transition). Ge marker layers spaced at 125 A intervals
show that the surface width did not change appreciably
over several thousands of A. In fact, for this film, only
small changes in the spread of the Ge marker layer could
be detected using TEM. In contrast, very iocalized (not
often found on thick buffer layers grown at high tempera-
tures, marked with an arrow in Fig. 1) areas of initially

rough (~75 A at the buifer layer surface) material exhib-

ited a different scaling behavior. The surface width in-
creased dramatically. After 2200 A of epitaxial growth, the
roughness in the localized region was approximately 200
A. Growth characterized by a rapid roughening rate is
quite interesting, for such areas were the first to exhibit a
breakdown in epitaxy.
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FIG. 2. TEM images of Si layers grown at 310 °C under a partial pressure
of (a) 1.5%10~7 Torr and (b) 5.0% 10~7 Torr, respectively. Ge layers
mark the increase in roughness before the breakdown of epitaxy.

Figure 2 shows the eﬁ'ects of D partial pressures of
1% 107 Torr (estimated to be ~ 10~* ML/s from SIMS)’
and 5% 107 Torr during Si MBE, at a temperature iden-
tical to that in Fig. 1. As can be seen from the three mi-
crographs, the presence of deuterium dramatically changed
the surface morphology of the Si layer by increasing the
surface roughening rate. For each of the films grown in the
presence of deuterium, the surface width increased to ap-
proximately 3050 A before exhibiting a breakdown in ep-
itaxy. The effects of a range of D partial pressures are
shown in Fig. 3. Surface roughness scaled sharply with film
thickness for the entire range of pressures tested. Curve fits
suggest that a power law dependence of surface width (w)
as a function of thickness (#), w=a#’, most closely
matched the data if the roughening exponent, B, is greater
than 1. It was, however, difficult to distinguish between a
power law (perhaps 8=2) and an exponential as a best fit
for the various curves. It was also indicated in the micro-
graphs that the larger partial pressures of D lowered the
epitaxial thickness, Ay . A, Was measured to decrease
with increasing D partial pressure, following the previously
determined relation, A.,=ho—k In P (Pp is the partial
pressure of deuterium).
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FIG. 3. Surface roughness developed during Si MBE in the presence of -

different deuterium partial pressures.

This work confirms that hydrogen has a strong influ-

ence on Ay but demonstrates that the effect of hydrogen

during low temperature growth is to increase the rough-
ness before breakdown. Past work showed that the pres-
sure dependence of 4, could not be explained by a thresh-
old H concentration (via segregation) and suggested that
the crystalline to amorphous transition was therefore more
likely due to some intrinsic property of low temperature
growth.’ Since the roughness was shown to scale in a con-
sistent manner with the decrease in 4, with increasing
amounts of deuterium, it is most likely that the breakdown
of epitaxy occurs as a result of roughening. Additional
evidence supports the model in which a large surface
roughness intrinsically leads to the crystalline to amor-
phous transition.” Growth under clean, UHV conditions
showed that regions of the film exhibiting large roughening
rates (relative to initially smooth areas of the surface) were
the first to exhibit the crystalline to amorphous transition.

The preliminary roughening data (shown in Fig. 3) for
growth in the presence of deuterium is markedly different
than that predicted by theory. Several models have been
used to predict the dynamic evolution of amplitude fluctu-
ations (surface roughness) for a growing interface.'*12
The surface width, w, is thought to follow a power law
dependence with layer thickness, ¢ (ie., w=a). It is
estimated that for the case of limited, yet nonzero diffusion,
the roughening exponent, 3, is equal to 0.22-0.25,1%14 g].
though it is expected that the details of the surface (e.g.,
defect concentration) may change this slightly.’® In the
ballistic regime (zero diffusion limit), 8 is thought to be
0.50, and the morphology is described by a random depo-
sition model.'® Nevertheless, only a small amount of ex-
perimental work has explored kinetic roughening behavior
during thin film growth.!” According to Kardar, Parisi,
and Zhang11 and others, !® the deposition of atoms onto an
initially clean, flat surface should lead to a roughness that
. increases very slowly with thickness, 3~0.3. The rough-
ening rates suggested by this work more closely follows a
nonlinear relation in which f3 is greater than 1. In addition,
if increasing the D partial pressure is changing the kinetics
by reducing the Si surface diffusion length, then according
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to theory, B should approach 0.5 (ballistic regime).!® As

shown in Fig. 3, the roughening rate does not approach
this zero diffusion limit but tends to increase with 8 much
greater than 0.5. Further study will be necessary to pre-
cisely determine the role of hydrogen in changing the ki-

" netics during Si layer growth, It would not be surprising if

hydrogen in some way plays a role in limiting surface dif-
fusion lengths, as atomic H readily bonds with the dimer-

ized Si(100) surface.'® The role of hydrogen in low tem-

perature MBE may be explained by a scenario in which H
acts as a barrier to diffusion while saturating the Si dan-
gling bonds.

In summary, this study has shown that the presence of
small amounts of hydrogen, during low temperature Si
MBE, strongly affects the film microstructure by increas-
ing the surface roughness. Si films roughen more rapidly
when grown in the presence of larger doses of D. The
surface roughness of each film became large (up to 50 A)
before exhibiting the crystalline to amorphous transition.
This evidence supports a model in which the crystalline to
amorphous transition is a result of increased roughening
within the epitaxial portion of the film. In addition, the
roughening rate of Si in the presence of deuterium does not
follow that predicted by various models on clean surfaces.
Surface roughness scales with a superlinear dependence
with film thickness. ‘
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