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Conventional molecular-beam epitaxy of Si(001) at low temperatures proceeds epitaxially up to a finite
thickness followed by a crystalline-to-amorphous transition. Concurrent low-energy Ar* ion irradiation
during deposition results in an increase in epitaxial thickness. Surface smoothing is shown to be the pri-
mary effect of Ar* ion irradiation. A possible pathway to the formation of amorphous silicon is the nu-
cleation of twin boundaries on {111} planes. The intersection of a twin boundary with other {111} or
{001} planes results in the formation of five- and seven-member rings which leads to the crystalline-to-

amorphous transition.

The extension of silicon homoepitaxy to lower temper-
atures is both of fundamental and technological interest.
Low-temperature growth of Si on Si(001) proceeds epitax-
ially up to a finite thickness followed by a crystalline-to-
amorphous transition.! This breakdown of epitaxy has
been observed in a number of other systems, including Si
on Si(111) (Ref. 2) and GaAs on GaAs(001).> An elemen-
tal semiconductor such as Si(001) with a relatively simple
reconstruction provides an ideal system for the investiga-
tion of this transition. A variety of energetic beam tech-
niques such as sputter deposition,* direct ion-beam depo-
sition,” and ion-beam-assisted molecular-beam epitaxy
(IAMBE) (Ref. 6) have been successfully employed to ex-
tend the growth of defect-free crystalline silicon at low
temperatures. Despite all these advances, the cause of
the transition to deposition of amorphous silicon is not
known. In this Brief Report, we describe the structure
and the nature of defects in low-temperature Si films. We
consider the possible role of impurities, especially hydro-
gen, and the influence of surface roughness on the
crystalline-to-amorphous transition. A pathway to the
nucleation of amorphous silicon through the formation of
twin boundaries on {111} planes is discussed.

Si(001) wafers were cleaned using standard wet chemi-
cal techniques,” and terminated with a dihydride surface
by a 50-s dip in dilute HF solution (5% HF in H,0)
before transfer to the ultrahigh vacuum deposition
chamber. The details of the deposition system are de-
scribed elsewhere.® Silicon films were deposited using an
electron gun, and a Kaufman source was used to generate
Ar™ ions. Films were analyzed in situ by reflection high-
energy electron diffraction (RHEED) and ex situ by
transmission electron microscopy (TEM), atomic force
microscopy (AFM), secondary-ion-mass spectrometry
(SIMS), and Rutherford backscattering/channeling.

A TEM image of a 220-nm film deposited at 370°C by
conventional molecular-beam epitaxy (MBE) is shown in
Fig. 1(a). The growth rate was 0.09 nm/s. The film is ep-
itaxial up to a thickness of about 83 nm, following which
defects with increasing density are observed. Further
growth results in a complete transformation to amor-
phous film deposition. One measure of the quality of the
epitaxial film is the epitaxial thickness &.,. We take the
thickness up to which the film is defect free in a TEM im-
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age as our definition of h.,;. This is justified by the high
density of nucleation sites of amorphous Si within the
limited region observable by cross-section TEM. The
presence of twins can be inferred from the moiré fringes
with a period of three {111} lattice plane spacings. Oth-
er defects observed in the region include stacking faults
and “hydrogen platelets.” A through-focus series showed
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FIG. 1. (a) Bright field TEM image of a 220-nm film deposit-
ed at 370°C by conventional MBE, imaged in the {110) projec-
tion under multibeam conditions. (b) A channeling spectrum
from a 50-nm film deposited under conditions identical to (a),
giving Xy, =0.03. It is noted that about 75% of the signal from
the film falls within the surface peak.
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that some of the defects do not show the contrast of a
stacking fault or a dislocation. The defect contrast is
similar to the “hydrogen glatelets” reported in hydrogen
plasma etching of silicon.” Figure 1(b) shows a channel-
ing spectrum from a 50-nm film deposited under identical
conditions. The minimum yield y,;, of 0.03 indicates a
film with a low defect density. Plan-view TEM analysis
showed no defects in a 100-um? area of the sample, giving
a defect density of less than 10° cm™2. This establishes
the abrupt and local nature of the breakdown of epitaxy.
IAMBE films were deposited with 50-eV Ar* ions and an
ion-to-atom flux ratio of approximately 0.06. The ions
were incident at 45° to the surface normal. An IAMBE
film deposited at 370°C with a growth rate of 0.09 nm/s
showed an increased epitaxial thickness h.,; of 130 nm.
A channeling spectrum from an 80-nm film grown under
identical conditions also gave a X, value of 0.03, indi-
cating a film with a low defect density.

The most common components of the residual gas dur-
ing deposition are C, H, and O containing species such as
atomic H and O, H,, CO, H,0, CO,, and CH,.. Figure 2
shows the SIMS profile of carbon and oxygen in the films
deposited by conventional MBE and IAMBE described
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FIG. 2. SIMS depth profiles of carbon, oxygen, and hydrogen
from (a) a conventional MBE and (b) an IAMBE film. C and O
profiles were obtained with a 10.5-keV Cs* beam; the H profile
was obtained with a 14.5-keV O, beam. A relatively high base
pressure of 1076 Pa in the SIMS analysis chamber limited the H
and O sensitivity. Note that the background levels of H and O
are different for (a) and (b).
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above. A relatively high base pressure of 107° Pa in the
SIMS analysis chamber limited the sensitivity of the
method. The background levels of H and O in Fig. 2(a)
are about 2X 10" cm™3 and 1X 10" cm ™3, respectively.
The two peaks in the C and O profiles correspond to the
film-buffer-layer and the buffer-layer—substrate inter-
face. In the conventional MBE film, about 0.005 mono-
layer (ML) of C and 0.02 ML of O was accumulated in
the elapsed time between buffer layer growth and com-
mencement of low-temperature growth. This layer of im-
purities gives rise to the contrast at the interface in TEM
cross section images. In the IAMBE film, C and O con-
centrations in the low-temperature film are higher com-
pared to the buffer layer. This is believed to be due to
contaminants in the ion beam. The rise in C and O con-
centrations toward the surface coincides with the obser-
vation of defects in the film. Carbon or oxygen contam-
ination, however, is unlikely to be the cause of break-
down of epitaxy. This is seen from an annealing experi-
ment first reported in Ref. 1. It is found that by repeat-
ing the cycle of (a) deposition up to h,; at the low tem-
perature, and (b) a 1-min anneal (no film growth) at
T ,=500°C, one can grow crystalline silicon indefinitely.
We found that a 10-min anneal at 450°C produces the
same effect. The annealing temperature T ,, however, is
too low for desorption of either C or O, and indeed the
ability to grow thick single-crystal silicon layers at 500°C
gives further support to this conclusion. Amorphous sil-
icon has a high density of dangling bonds, which gives
rise to the high C and O concentrations observed near the
surface in Fig. 2 once amorphous Si deposition has be-
gun. Alternatively, C and O could have diffused into
amorphous silicon after exposure to atmosphere. The an-
nealing temperature T , is sufficiently high to desorb hy-
drogen. Observation of a RHEED pattern during the an-
nealing revealed a remarkable smoothing of the surface.
We now turn to these two aspects, namely hydrogen con-
tamination and surface roughness.

Hydrogen adsorption on Si(001) at room temperature
results in a (1X1) dihydride-terminated surface. The
surface transforms to a (2X1) reconstructed monohy-
dride following partial hydrogen desorption at
350-400°C, and complete hydrogen desorption occurs at
450-500°C.° Conventional MBE on an initially dihy-
dride surface results in an amorphous film as shown in
Fig. 3(a). Epitaxial growth has been reported at 370°C
on an initially monohydride surface with a thermal Si
beam!® and at 210°C on an initially dihydride surface
with an energetic Si beam.* A SIMS profile of hydrogen
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FIG. 3. (a) High-resolution cross-section TEM image of
amorphous film growth on an initially dihydride surface at
190°C. (b) Film growth proceeds epitaxially on a similar sur-
face following Ar* ion beam-induced reconstruction at 190°C.
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is shown in Fig. 2. We see a high concentration toward
the surface, and this is a result of the high density of dan-
gling bonds in amorphous silicon and the formation of
platelet defects. Hydrogen platelet defects have been re-
ported to cause a lattice dilation of 20-30%.% It was
found that 50-eV Ar™ ion irradiation (incidence angle 65°
with respect to the surface normal) at 100°C on an initial-
ly dihydride-terminated Si(001)-1X1 surface results in a
reconstructed Si(001)-2X 1 surface. Growth on such sub-
strates proceeds epitaxially; an example of a substrate
prepared at 190°C is shown in Fig. 3(b). Low-energy
Ar™ ion irradiation can thus sputter hydrogen from the
surface.

Silicon film growth at low temperatures proceeds by
formation of three-dimensional islands. Both {111} and
{311} facets are observable at the growing front in TEM
images.® The evolution of surface morphology was stud-
ied by atomic force microscopy. AFM was performed ex
situ and the samples were dipped in dilute HF just prior
to imaging. Films of different thicknesses were deposited
side by side at 240 and 325 °C by conventional MBE. The
growth rate was 0.09 nm/s. The images obtained from
the films at 325°C are shown in Figs. 4(a)—4(d). Island
coalescence and an increase in surface roughness with
film thickness can be readily inferred from the images.
IAMBE films were also deposited at 325°C and 0.09
nm/s using 50-eV Ar* ions. These films were deposited
separately, as it was not possible to simultaneously block
the ion and growth fluxes in different regions. As a
consequence, some sample variation is expected. Figure
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4(e) shows the surface of an IAMBE film after 40-nm
deposition. Comparison with Fig. 4(b) clearly shows that
Ar™-ion bombardment leads to surface smoothing. The
epitaxial thicknesses are estimated to be 20 and 50 nm at
240 and 325°C, respectively, for the conventional MBE
films, and 140 nm for the IAMBE film. The rms surface
roughness R, was measured over a 300X 300-nm? region
at three separate points on each specimen, and is shown
as a function of film thickness in Fig. 5. We see that R,
at the breakdown of epitaxy is different for different
growth conditions. This shows that rms surface rough-
ness is not a global parameter for describing the break-
down of epitaxy.

Based on the above results, we can make some observa-
tions regarding the influence of various parameters on the
crystal-to-amorphous transition. One possible viewpoint
is that hydrogen alone is responsible for this transition.
Hydrogen atoms could saturate the bonds of silicon sur-
face atoms, leaving the incoming Si atoms without a lat-
tice to conform to. Indeed, conventional MBE on a dihy-
dride surface results in an amorphous layer. However,
there is a difficulty with this viewpoint because hydrogen
desorption is negligible below 350 °C on the time scale of
film growth; but k., is observed to exhibit a strong
dependence on temperature.”® Consider roughness alone
as a cause of breakdown of epitaxy. Surface roughness
has a positive correlation with the temperature depen-
dence of h.,. We have also observed that concurrent
low-energy Ar*-ion irradiation during deposition results
in surface smoothing. It is plausible to speculate that

FIG. 4. AFM images after (a) 20-, (b) 40-, (c) 60-, and (d) 80-nm film deposited at 325°C. The growth rate was 0.09 nm/s. (¢) AFM
image of an IAMBE film after 40-nm deposition at 325°C. 50-eV Ar* ions and an ion-to-atom flux ratio of about 0.06 were used. The
horizontal and vertical scales are 100 nm/division and 2.5 nm/division, respectively.



8486 BRIEF REPORTS 49

15 I 1 1 T T
~1 a MBE, 240°C 7
o MBE, 325°C
= |AMBE, 325°C
1.0} é i
Lo ." ..'.
£ U{"
£ b
o e
Xosf -
SE ]
AA- ........... n
el
00 g
1 | | 1 1
0 50 100 150 200

Thickness h (nm)

FIG. 5. The rms surface roughness R, vs film thickness for
different growth conditions. The roughness was measured over
a 300X 300-nm? region at three separate points for each film
thickness. Conventional MBE at (a) 4, 240°C and (b) @, 325°C,
and JAMBE at (c) B, 325°C. The arrows indicate the approxi-
mate epitaxial thickness. The dashed line is the measured
roughness of a high-temperature buffer layer.

amorphous silicon nucleates at a nonplanar crystallo-
graphic feature such as a reentrant corner on the surface.
It is noted that the h, values reported by different
groups®!! differ by an order of magnitude for similar
growth conditions. The presence of microvoids, or
volume defects, has been mentioned as a cause of break-
down of epitaxy.'"!? In our experiments, the crystalline-
to-amorphous transition was observed to occur without
microvoids. This agrees with the results of Ref. 13,
where the point defect density in the crystalline layer was
shown to be too low to account for the crystalline-to-
amorphous transition. Finally, another viewpoint is that
a combination of hydrogen adsorption and increase in
surface roughness lead to the breakdown of epitaxy. The
formation of hydrogen platelets on {111} planes and the
smoothing of the surface in the annealing experiment de-
scribed above support this notion.

A possible pathway to the nucleation of amorphous sil-
icon could be as follows. The continuous random net-

work models of amorphous silicon show that besides six-
member rings, it consists of five- and seven-member rings.
At low temperatures, growth on Si(001) surfaces leads to
an increase in surface roughness and the formation of
{111} facets. Due to the lower diffusivity of Si adatoms
at low temperatures, twin boundaries can form on such
planes as they cost relatively little energy. When a twin
boundary formed on one particular {111} plane meets
other {111} or {001} planes, it inevitably leads to the for-
mation of five- and seven-member rings. At very low
temperatures (7 < 150°C) this rapidly leads to a transfor-
mation to amorphous film deposition. At more moderate
temperatures (150 < T <450°C), a crystalline film contin-
ues to grow after the formation of a grain boundary be-
cause a crystalline network with defects still has lower
energy than an amorphous network. Eventually the den-
sity of the defects grows very high, leading to a transition
to amorphous silicon deposition. In fact, molecular-
dynamics simulations of epitaxy on Si(111) have shown
that the breakdown of epitaxy occurs at the edge of a
stacking fault.> The role of impurities could simply be to
accelerate the roughness of the film by tying up growth
sites.

In conclusion, we have observed that concurrent low-
energy Ar " -ion irradiation during Si molecular-beam epi-
taxy results in both hydrogen desorption and surface
smoothing. Observations of the hydrogen sputtering rate
are consistent with the notion that surface smoothing is
the more important effect of low-energy Ar*'-ion bom-
bardment on the crystal-to-amorphous transition. Epi-
taxy is possible at temperatures as low as 100°C on sub-
strates prepared by Ar‘-ion-beam-induced reconstruc-
tion. A pathway to the formation of amorphous silicon
could be the nucleation of twin boundaries on {111}
planes. The intersection of the twin with other {111} or
{001} planes results in the formation of five- and seven-
member rings which leads to the crystalline-to-
amorphous transition.
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FIG. 1. (a) Bright field TEM image of a 220-nm film deposit-
ed at 370°C by conventional MBE, imaged in the {110) projec-
tion under multibeam conditions. (b) A channeling spectrum
from a 50-nm film deposited under conditions identical to (a),

BIVING ¥min=0.03. It is noted that about 75% of the signal from
the film falls within the surface peak.
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FIG. 3. (a) High-resolution cross-section TEM image of

amorphous film growth on an initially dihydride surface at

190°C. (b) Film growth proceeds epitaxially on a similar sur-
face following Ar™ ion beam-induced reconstruction at 190°C.




FIG. 4. AFM images after (a) 20-, (b) 40-, (c) 60-, and (d) 80-nm film deposited at 325°C. The growth rate was 0.09 nm/s. (e) AFM
image of an IAMBE film after 40-nm deposition at 325°C. 50-eV Ar" ions and an ion-to-atom flux ratio of about 0.06 were used. The
horizontal and vertical scales are 100 nm/division and 2.5 nm/division, respectively.



