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Abstract — Epitaxial thickness 7.(7;) of Si films grown at the substrate temperature 7, = 80~300"C by ultra-high
vacuum ion-beam sputter deposition onto nominally-singular, [100]-, and [110]-miscut Si(001) was measured.
1.(T,) values of films grown on vicinal Si(001) substrates were decreased compared to those of films grown on
nominally-singular Si(001). Evolution of surface roughness measured by atomic force microscopy of films
grown at 300°C showed that the increased step density in vicinal substrates increases the tendency toward unsta-
ble growth resulting in larger surface roughness, which in turn decreases ¢,.
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1. Introduction

Thin film applications demand ever lower growth
temperatures in order to, for example, obtain abrupt
interfaces in multilayer devices, minimize alloy and
dopant interlayer diffusion, and inhibit phase transi-
tions in metastable materials. Epitaxy at very low tem-
perature proceeds under conditions where a significant
fraction of adatoms condensing on the tops of islands
cannot cross step edges to lower terraces before being
joined by another adatom and nucleating a new higher-
level island. As growth continues in the low adatom
mobility two-dimensional (2D) multilayer mode, the
roughness of growth front gradually increases.

Since continued growth at very low growth tempera-
ture leads to an increasingly rough surface with a non-
reversible transition to amorphous-layer deposition [1-
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4], the roughening rate of growth front clearly plays a
decisive role in determining the extent of epitaxy dur-
ing multilayer growth. Increased surface roughening
rate caused by the presence of impurities such as H
[1,5] and Sb [6], for example, has been shown to
decrease f, for MBE and ion-beam sputter deposited
low-temperature Si, respectively. Therefore, smoothen-
ing of growth fronts is expected to increase epitaxial
thickness #,.

An initiative of the experiments presented in this
experiment was to increase £, by reducing the roughen-
ing rate by the use of vicinal substrates with smaller
average terrace width A because reduced A is expected
to facilitate the smooth film growth in the layer-by-
layer or in the step-flow growth regime [7]. Contrary to
the expectation, however, #, of Si layers on [100]- and
[110]-miscut Si(001) substrates was decreased com-
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pared to that of Si layers on nominally-singular Si(001)
substrate. The surface roughness evolution of Si(001)
layers grown on substrates with different miscut angles
at 300°C by atomic force microscopy (AFM) measure-
ments showed increased surface roughening rate in the
layers grown on miscut Si(001) substrates than on
nominally-singular Si(001) substrate and, in turn,
decreased epitaxial thickness, f,.

2. Experiment

All film growth experiments were conducted in a
three-chamber load-locked 1x107'° Torr UHV system
with facilities for reflection high energy electron dif-
fraction (RHEED), residual gas analysis, and Auger
electron spectroscopy (AES). Sputtering was carried
out using an UHV double-grid multi-aperture broad
ion-beam source with the extracted beam focused by a
postextraction unipotential electrostatic ion lens. High-
purity energetic Si beams, with average Si atom ener-
gies of ~18 eV, were generated by bombarding an
undoped 10-cm-diameter float-zone Si(001) wafer
using a 1 keV ultra-high purity Ki* ion beam [4]. Incor-
porated metallic impurity concentrations were below
secondary ion mass spectrometry detection limits
(~1x107-10" em™).

The primary substrates used in these experiments
were Si(001) 2X1 wafers either nominally-singular,
with miscuts as measured by high-resolution x-ray dif-
fraction of 0.16° toward [110] corresponding to an
average terrace width of S0 nm, or vicinal with miscuts
of 4° toward [110] (A=2 nm) and 4° toward [100]
(A=2 nm). The Si(001)-4" [100] surface consists of
terraces bounded by single-atom height steps com-
posed of equal fractions of A- and B-type edges. Sub-
strate preparation consisted of degreasing followed by
a UV ozone treatment, H passivation in dilute HF,
degassing in UHV at 200°C for | h, oxide desorption at
700°C for 10 sec, and the growth of 100-nm-thick Si
buffer layers. Buffer layer growth temperatures were
chosen to be 650°C on singular and Si(001)-4° [110]
substrates and 600°C on Si(001)-4° [100] substrate in
order to obtain comparably smooth starting surfaces
with nearly equal short-range roughnesses as judged by
AFM measurements. No residual C or O was detected
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by AES. AFM measurements were carried out in air
using a Digital Instruments Nanoscope II with oxide-
sharpened Si;N, tips whose radii were 5-40 nm. Trans-
mission electron microscopy (TEM) and cross-sec-
tional TEM (XTEM) analyses were performed using
Philips CM-12 and Hitachi 9000 microscopes operated
at 120 and 300 kV, respectively.

3. Results and Discussion

A series of Si layers with different film thicknesses
was grown at T, =80~300°C with R=0.1 nm-s™ on
the substrates with different miscut angles. XTEM
micrographs of the films grown on vicinal substrates
exhibit the same general features as those from the
samples grown on nominally-singular Si(001) substrate
over the entire temperature range as previously shown
elsewhere [4]. The transition region between the defec-
tive epitaxial region and the amorphous phase is rough,
consisting of truncated rectangular islands with facets,
primarily {111}. Average total epitaxial thicknesses z,
which are the mean value of film thicknesses measured
from the substrate/film interface to the midpoint of the
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Fig. 1. Epitaxial thickness t. of Si(001) films, grown on the

substrates with different miscut angles using (E)s; ~18 eV Si
beams, as a function of T, with R =0.1 nm-s™'.
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crystalline-amorphous transition region were deter-
mined from XTEM or high-resolution XTEM micro-
graphs, using observations from more than 20 different
regions of each sample. Data for 7,(7T}) are plotted for
films grown on different substrates in Fig. 1. A
decrease in the slope of In(z.) vs - 1/7 at T, < 225°C was
explained in terms of changes in average island sizes
giving rise to corresponding changes in interlayer mass
transport [4]. 1, values of films on vicinal substrates
were decreased, for example, to ~500 nm on Si(001)-4°
[110] and ~800 nm on Si(001)-4° {100] from ~1200 nm
on nominally-singular T, =300°C.
Decrease in ¢, of films on Si(001)-4° [ 110} compared to
t, of those on singular substrate was observed for the
entire growth temperature range investigated. These
results are quite surprising because reduced terrace
width of vicinal substrates is expected to facilitate
smooth film growth due to reduced growth temperature
required for step-flow growth [7].

substrate  at

To elucidate the effect of higher step density in vici-
nal substrates on surface roughening affecting t, over
the temperature range investigated in these experi-
ments, surface roughness evolution with film thickness
t was investigated for films grown on different sub-
strates at 7, = 300°C. AFM images (not shown here) of
the Si(001) surfaces of films grown on singular and
vicinal Si(001) substrates showed the gradual develop-
ment of features, from linearly anisotropic along [110]
to compact mound or pyramid-like structures [6,8,13)
with film thickness ¢ increasing. The initiation of fea-
ture development is faster on the [100]- and [110]-mis-
cut vicinal substrates. The behavior on the [110]-miscut
surface is similar to that on the [100]-miscut surface
except that the mounds exhibit a strong shape anisot-
ropy along the initial [110] step direction.

To obtain the root-mean squared (rms) surface rough-
ness w, the height difference correlation function G(p,
D ={lh{j, O - hii, DIY* where p is the separation of posi-
tions 7 and j, was first calculated from raw AFM data.
Saturated root-mean squared correlated height-differ-
ence [G(p — o, N]" is related to rms surface rough-
ness w, [G(p — oo, H]"* ~ (W), where w = [h? - (h)? |2
[91. [G(p — e, N]'? is defined here as the average of all
measured G values obtained for p larger than that cor-
responding to the intersection of best-fit straight lines
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Fig. 2. Root-mean correlated height-difference [G(p, N)'* vs
the separation p of positions i and j on the surfaces of Si films
grown at 300°C with thicknesses t on Si(001)-4°[110] sub-
strates.

drawn through the steeply rising and saturation regions
of [G(p, H]"* vs p data as seen in Fig. 2. As an exam-
ple, [G(p, ] vs p plot for [110]-miscut surfaces are
presented in Fig. 2.
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Fig. 3. Root-mean squared surface roughness w vs film
thickness 7 for St films grown at 7, = 300°C on nominally-sin-
gular Si(001), Si(001)-4° [100], and Si(001)-4° {110] sub-
strates.
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Calculated rms surface roughness w is plotted as a
function of film thickness ¢ in Fig. 3 together with epi-
taxial thickness #, values at T, = 300°C. Temporal evo-
lution of surface roughnesses roughly follows a power-
law dependence, w ~ *, rather than a linear depen-
dence, where P is close to ~0.6-0.7. Other measure-
ments of surface roughness evolution during Si(001)
low-temperature epitaxy using MBE showed a power-
law dependence from the roughness measurements by
XTEM {10] and RHEED [11] or a linear dependence
by RHEED ({12]. The discrepancies between different
experimental measurements including these results are
not clearly understood at this point because of the use
of different growth techniques, measurement methods,
film thickness and growth temperature range investi-
gated. An additional observation is that rms surface
roughness w of films grown on vicinal substrates is
larger compared to those on singular substrate at a
given comparable film thickness 7 as seen in Fig. 3. In
addition, epitaxial thickness f, is disproportionately
decreased with rms surface roughness w increasing as
indicated in the Fig. 3. From these results, decreased ¢,
values of films on vicinal substrates are primarily
attributed to increased surface roughening rate of films
grown on vicinal substrates by the earlier development
of mound structures caused by instability of growing
film surface.

The use of vicinal substrates in these experiments, in
which the average terrace width A is of the order of
adatom mean free paths (estimated, based upon data in
reference 14, to be 2-3 nm at 300°C), would be
expected to lead toward stable step-flow growth mode
rather than to the growth instabilities leading to surface
roughening. However, mechanisms determining the
growth instability condition are complicated due to the
presence of a diffusion bias during growth caused by
the asymmetry in interlayer transport across step edges
[15,16]. For example, preferred incorporation of ada-
toms at the ascending steps rather than at the descend-
ing steps in the step-flow mode is predicted to stabilize
a vicinal surface due to a uphill diffusion current while
destabilize a singular surface by the onset of terrace
nucleation leading to the production of mound or pyr-
amid-like structures [15,16]. Instabilities leading to the
roughening of surface have also been reported during
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low-temperature MBE of Ge [13] and Cu {17] in the
2D multilayer growth mode on near-singular (001)
substrates. However, the role of steps in influencing the
evolution of surface roughening in this 2D multilayer
growth mode, where high terrace nucleation rates are
expected, has not been addressed.

The primary source of the growth instability during
low-temperature Si deposition on singular and miscut
Si(001) surfaces is believed to stem from the anisotropy
in diffusion along and across dimer rows [14] com-
bined with adatom trapping [18] or a strong reflection
barrier [19] near descending A-step edges leading to
enhanced extrinsic island nucleation. In the case of the
miscut substrates, where the step density is high, we
expect that extrinsic island nucleation rates will far
exceed the rate of infrinsic random terrace nucleation
resulting in a larger roughness and in turn a smaller epi-
taxial thickness .. This tendency is consistent with
these experimental results that, surprisingly, and con-
trary to the high temperature step-flow case, the use of
vicinal substrates with higher step densities during low
temperature epitaxy of Si(001) enhances growth insta-
bilities leading to larger surface roughness w and, in
turn, reduced epitaxial thickness #,.

4. Conclusion

Epitaxial thickness #,(T;) of Si films grown at the sub-
strate temperature 7; = 80~300°C by UHV ion-beam
sputter deposition onto Si(001) with different miscuts
was measured. 1,(T;) values of films grown on miscut
Si(001) substrates were decreased compared to those of
films grown on nominally-singular Si(001). The results
suggest that decrease in f, is correlated to the increased
surface roughening rate of Si films on vicinal substrates
caused by the increased tendency toward unstable
growth in the presence of larger substrate vicinality.
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