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Abstract — Hydrogen concentration depth profiles in homoepitaxial Si(001) films grown from hyper-
thermal Si beams generated by ultrahigh vacuum (UHV) ion-beam sputtering have been measured by
nuclear reaction analyses as a function of film growth temperature and deposition rate. Bulk H concen-
trations Cyy in the crystalline Si layers were found to be below detection limits, =1x10' em™, with no
indication of significant H surface segregation at the crystalline/amorphous interface region. This is
quite different than the case for growth by molecular-beam epitaxy (MBE) where strong surface segre-
gation was observed for similar deposition conditions with average Cy values of =5x10' ¢m™ in the
crystalline/amorphous interface region and =10" e¢m™ in the amorphous overlayer. The markedly
decreased H concentrations in the present experiments are due primarily to hydrogen desorption by inci-
dent hyperthermal Si atoms. Reduced H surface coverages during growth combined with collisionally-
induced filling of interisland trenches and enhanced interlayer mass transport provide an increase in crit-

ical epitaxial thicknesses by up to an order of magnitude over previous MBE results.

L. Introduction

It has become well established over the past sev-
eral years that high-structural-quality epitaxial semi-
conductor layers can be grown at temperatures well
below those previously thought to be minimum val-
ues [1-4]. Critical epitaxial thicknesses t. ranging
from 7 nm at T, = 150°C to 120 nm at 300°C for
Si(001) growth by molecular-beam epitaxy (MBE)
with Rg; =0.07 nm-s™' [1] have been reported. The
use of energetic hyperthermal Si beams increases t,
substantially [4]. In all cases, however, continued
growth of epitaxial Si(001) or Ge(001) at low-tem-
peratures leads to an increasingly rough surface
with a locally abrupt non-reversible transition to
amorphous-layer deposition.

The primary models proposed to explain epitaxial
breakdown involve kinetic surface roughening [2, 5-
7] and impurity segregation [2, 8-9]. Interlayer
transport clearly plays a decisive role in determin-
ing surface roughening and the extent of epitaxy
during multilayer growth [6,7]. Eaglesham [2]
pointed out that explaining the observed relatively
rapid crystalline to amorphous transition based upon
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kinetic roughening during epitaxial growth in the
two-dimensional (2D) multilayer mode requires a
roughening exponent 3 (where the surface width w
varies with film thickness t as w o t*) greater than
0.5. Recent in-situ scanning tunneling microscopy
(STM) roughening studies of low-temperature (LT)
homoeptiaxial MBE Ge(001) yield a roughness
exponent of order of unity [6]. Lee et al., [7] using
atomic force microscopy (AFM) to determine the
surface morphological evolution of low-tempera-
ture Si(001) during film growth using hyperthermal
Si atoms, reported B values ranging from 0.6 for
epitaxial layers with t<t. to 1.3 at thicknesses near
epitaxial breakdown.

The presence of impurities such as H [2, 8, 9] and
Sb [10] has been shown to decrease t, for MBE and
ion-beam sputter deposited LT Si, respectively. Pre-
adsorbed H coverages of =1 ML on Si(001) sub-
strates inhibits epitaxy and degrades the quality of
as-deposited epitaxial layers [11, 12]. Intentional H
dosing at 2x107° ML-s"' during MBE Si(001)
growth at T, =310°C and R = 0.1 nm-s~" decreased
t. from 100 nm to 20 nm [9]. Indirect evidence for
H surface segregation affecting t. is also provided



140 Nae-Eung Lee

by experiments showing that repetitive rapid ther-
mal annealing (RTA) above the monohydride des-
orption temperature (=515°C) [13], prior to reaching
t,, extends epitaxial growth [8]. Nuclear reaction
analysis (NRA) measurements carried out on MBE
Si(001) films deposited at T, = 220°C with R = 0.02
nm-s~', followed by a 150 s RTA at 450°C (below
the monohydride desorption temperature), showed
that bulk H concentrations incorporated from the
ambient background during film growth were
=2x10% em™. However, Cy decreased to =3x10"
cm™ following a 150 s RTA at 650°C [§]. Even the
presence of small dopant concentrations during low-~
temperature Si(001) epitaxy also has been shown to
decrease t.. Sb doping with Cg, = 2x10" cm™ dur-
ing LT Si(001) growth at 0.1 nm-s™' reduced t. by
approximately a factor of two over the growth tem-
perature range T, = 250-300°C [10].

In this work, the concentration of unintentinally
incorporated hydrogen in the films was measured in
order to investigate the epitaxial breakdown mecha-
nisms in the present experiments. The film growth
experiments were carried out as a function of T,
(80-300°C) and Rg; (0.008-0.1 nm-s™'). Hydrogen
concentration depth profiles and t, were determined
by NRA and cross-sectional transmission electron
microscopy (XTEM), respectively.

II. Experimental procedure

All film growth experiments were conducted in a
three-chamber load-locked ultra-high vacuum (UHV)
system [14,15]. The growth chamber is cryo-
pumped with a base pressure of =1x10™'" Torr and
contains facilities for in-situ reflection high-energy
electron diffraction (RHEED) and residual gas anal-
ysis. The ion-pumped analytical chamber is
equipped with an Auger electron spectrometer
(AES). Sputtering is carried out using a UHV dou-
ble-grid multi-aperture broad ion-beam source with
provisions for in-situ spatial adjustment [14]. High
purity hyperthermal Si beams, with average ener-
gies (Eg;) = 18 eV per atom [15], were generated by
bombarding a 10-cm-diameter undoped float-zone
Si(001) wafer using a 1 keV ultra-high-purity Kr*
ion beam. The design of the system geometry, sin-
gle-crystal Si apertures, and the use of higher mass
Kr* ions, rather than Ar", minimized kinetic-energy

transfer to the growth surface from backscattered
ions. Incorporated metallic impurity concentrations
were below secondary ion mass spectrometry detec-
tion limits (1x10'>-10'® cm™). The presence of four
hot W filaments (two in the ion gun, one in an ion
gauge, and one in the substrate heater) during depo-
sition should result in atomic H fluxes at the film
growth surface which are at least of the order of
those experienced during Si MBE.

The substrates used in these experiments were
nominally-singular Si(001)2x1 wafers with miscut
of 0.16” toward [{10] as measured by high-resolu-
tion x-ray diffraction corresponding to an average
terrace width of 50 nm. Substrate preparation con-
sisted of degreasing followed by a UV ozone treat-
ment, H passivation in dilute HF, degassing in UHV
at 200°C for 1 h, hydrogen desorption at 650°C for
10 s, and the growth of 100-nm-thick Si buffer lay-
ers at 650°C in order to obtain comparably smooth
starting surfaces with nearly equal root-mean-square
surface widths =0.07 nm, as determined by atomic
force microscopy measurements. TEM and XTEM
analyses of as-deposited films were performed using
Philips CM-12 and Hitachi 9000 microscopes oper-
ated at 120 and 300 kV, respectively. Average total
epitaxial thicknesses t., defined as the midpoint of
the transition (i.e., the average position of the fluctu-
ating crystalline/amorphous interface) were deter-
mined from XTEM micrographs using observations
from more than 20 different regions in each sample.

Cy depth profiles were measured by the "N
nuclear resonance analysis (NRA) method, in which
the yield of characteristic y-rays created through the
resonance reaction

N + H — C + *He + yray (443 MeV) (1)

is proportional to the H concentration [16]. The
reaction cross-section at the "N resonance energy of
6.385 MeV is four orders of magnitude larger than
the off-resonance cross-section. Thus, H depth pro-
files can be obtained by varying the incident '*N
energy, whose range in the present experiments is
6.3-7.0 MeV. The hydrogen detection limit is
~1x10" cm™ with a depth resolution of =100 A.

II1. Results and discussion

Figure 1 shows typical H depth profiles from LT
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Fig. 1. Typical H depth profiles through Si(001) epitax-
ial films grown from hyperthermal beams to a thickness
past epitaxial breakdown. The deposition rate R was 0.1

nm-s .

Si(001) layers grown at different substrate tempera-
tures with Rg;=0.1 nm-s™' together with the posi-
tions of the amorphous/crystalline and the crystalline/
substrate interface. The total film thickness is larger
than the critical epitaxial thickness t, and the upper
sublayer is amorphous. The high H concentrations
observed at all sample surfaces are the result of air-
exposure and primarily attributable to adsorbed
H,0. Cy decreases rapidly with sample depth to a
value of =1.5x10" cm™, just larger than the detec-
tion limit, in the amorphous overlayer before fall-
ing below the background level, 1x10" em™, in the
epitaxial layer. There is no indication of excess H
accumulation at the crystalline/amorphous interface
region as was reported for secondary ion mass spec-
trometry (SIMS) depth profiles through LT MBE
Si(001) layers [9]. In the latter case, the authors
interpreted the H accumulation at the crystalline/
amorphous (c/a) interface region as an indication of
H surface segregation leading to significant surface
coverages during LT Si(001) epitaxy. Previous NRA
profiles of LT MBE Si(001) layers grown at 220°C
with t<t. also show evidence for H surface segre-
gation and, moreover, the LT epitaxial layers con-
tain rather large H concentrations, Cyy = 2.5x10%
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Fig. 2. Critical epitaxial thicknesses t. of Si(001) epitax-
ial films grown as a function of T, using (Eg;) = 18 eV Si
beams. Bulk hydrogen concentrations Cy in the amor-

phous overlayers are also plotted. The deposition rate R

was 0.1 nm-s™",

cm™ [8].

H accumulation at the c/a interface region during
LT MBE occurs due to the combination of H surface
segregation during growth of the epitaxial sublayer
and interface trapping since the H incorporation
probability is substantially higher in the amorphous
than in the epitaxial sublayer [9]. Based upon our
results showing Cy less than detection limits, 1x10"
em™, with no evidence for H surface segregation,
we conclude that H surface coverages in the present
hyperthermal beam experiments remain low during
epitaxial growth. Rather than H accumulation at the
c/a interface, we find that Cy increases gradually
from a value less than the detection limit in the epi-
taxial sublayer to a constant value just above the
detection limit in the amorphous sublayer. The
nature of this gradual increase is due to the statisti-
cal nature of kinetic roughening (see discussion in
refs. 5-7) giving rise to a transition zone thickness
At over which the layers evolve from being fully
epitaxial to fully amorphous. At in the present
experiments is ~30-35% of the total epitaxial thick-
ness t,, consistent with what has been reported for
LT MBE Si [1] and Ge {3].

Measured Cy values in the amorphous sublayers
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are plotted in Fig. 2 together with epitaxial thick-
nesses t. obtained from LT hyperthermal Si(001)
films grown as a function of T, (75 to 300°C) with a
constant deposition rate, R =0.1 nm-s™'. There is
clearly no correlation between Cy and t.. Critical
thicknesses in the present experiments range from
50 to 1200 nm while the steady state H concentra-
tion in the amorphous sublayers remains essentially
constant at =1.5x10" cm™. These results should be
compared to the MBE case in which, with very sim-
ilar film growth rates, t, is up to an order of magni-
tude smaller [1] while Cy, as measured by NRA,
was more than an order of magnitude larger [8]. The
large increase in t. observed for low-temperature
Si(001) film growth from hyperthermal compared to
thermal beams has previously been attributed pri-
marily to collisional effects leading to continuous
filling of interisland trenches formed during 2D
multilayer growth [4]. A decrease in the slope of
In(t,) vs -1/T; at T, < 225°C was explained in terms
of changes in average island sizes giving rise to cor-
responding changes in interlayer mass transport [4].

The present results suggest that the incident
hyperthermal Si atoms play an additional role dur-
ing film growth in collisionally desorbing surface H,
thus maintaining low steady-state surface cover-
ages and bulk H concentrations. Previous molecu-
lar-dynamic simulations gave a threshold energy for
collisionally-induced H desorption from Si(001) by
incident energetic Si particles of =7.4 eV [17] and a
yield of =0.2 for 15 eV Si [18, 19]. Although quan-
titative prediction is difficult to be made because,
depending upon impact parameters, forward scatter-
ing and recoil trapping of H atom in the lattice are
also possible, it is nevertheless clear that LT Si(001)
growth by hyperthermal Si beams with an average
kinetic energy (Eg;) = 18 eV/atom can give rise to
collisionally-induced desorption of surface H. The
relatively low H concentrations in our amorphous
sublayers provide further evidence for the effi-
ciency of this effect and are consistent with previ-
ous results reported for low-energy ion-irradiation-
induced H desorption during reactive magnetron
sputter deposition of amorphous Si:H [20].

All the previous observations of epitaxial break-
down in LT Si(001) and Ge(001), whether grown by
MBE [1, 3] or from hyperthermal beams [4], exhibit
a direct correlation with surface roughening [5-7].

That is, low- and high-resolution XTEM micro-
graphs of crystalline/amorphous interface regions in
all three cases are essentially identical even though
t. values vary by up to an order of magnitude. The
same is true for the growth of LT Si(001):Sb [10].
Even though steady-state Sb surface coverages of
only 4x10~° ML during film growth reduced t. by a
factor of two, the Sb had no apparent effect on the
surface morphology at epitaxial breakdown. Simi-
larly, the dramatic increase in film roughening rates
observed during LT Si(001) homoepitaxy on 4°
toward [100] and [110] miscut substrates resulted in
corresponding decreases in critical epitaxial thick-
nesses [7]. Thus, the data suggests that, at least for
covalent semiconductors, epitaxial breakdown is
directly related to the surface roughness and any-
thing that affects the roughening rate -- e.g., con-
tamination, surface vicinality, substrate material,
etc. -- affects the critical thickness accordingly.

The above argument suggests that the primary
role of low coverages of surface H atom during LT
Si(001) and Ge(001) growth is to inhibit adatom dif-
fusivity as has been shown both experimentally
[21], and through first principles total energy calcu-
lations [22, 23], for Si(001) homoepitaxy. Lower
adatom migration velocities lead to reduced mean
free paths which thereby increase the surface rough-
ening rate by augmenting the island nucleation rate
on terraces and, hence, causing a more rapid pro-
gression to 2D multilayer growth. This, in turn,
leads directly to a decrease in t.. The important
point to note, however, is that the presence of sur-
face H accelerates epitaxial breakdown through an
indirect route, the inhibition of adatom mobilities,
rather than being a direct cause of breakdown.

As a final test of the above hypotheses, we vary
another kinetic parameter, the film deposition rate
R, during LT hyperthermal-beam Si(001) film
growth at constant T,. The deposition temperature
was maintained at 150°C, in the lowest temperature
regime shown in Fig. 1, with R ranging from 0.008
to 0.1 nm-s™'. Initial decrease in R from 0.1 to 0.06
nm-s~' results in t. increasing from 50 to 80 nm.
This, we ascribe to increased adatom diffusion
lengths at lower R values giving rise to higher step
crossing probabilities and decreased surface rough-
ness. Zhang and Lagally [24] predicted that the sur-
face roughness should vary as R®°. However,
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Fig. 3. Critical epitaxial thicknesses t. ot Si(001) epitax-
ial films grown as a function of the deposition rate R
using (Eg;) = 18 eV Si beams. Bulk hydrogen concentra-
tions Cy in the amorphous overlayers are also plotted. The
growth temperature T, was 150°C.

décreasing R at constant T; also leads to larger ada-
tom mean free paths and, hence, increased island
sizes which, as discussed above, tends to increase
surface roughness. Thus, t, in the experiments sum-
marized in Fig. 3 is determined by the competition
between these two kinetic processes resulting in a
maximum in t, vs R. The most important point to
note, however, is that even though t, varies strongly
with Rg;, Cy in the amorphous sublayer remains
approximately constant at =1.5x10'" ¢m™ (Fig. 3)
while it is below the detection limit in the epitaxial
sublayers. NRA H depth profiles from these sam-
ples are very similar to those shown in Fig. | with
no indication of H accumulation in the crystalline/
amorphous interface region. Thus, there is again no
evidence that H surface coverage during low-tem-
perature epitaxial growth is the rate limiting step for
epitaxial breakdown.

IV. Conclusions

The results show that bulk H concentrations Cy in
the epitaxial layers were below detection limits,
~1x10" cm™. Even in the amorphous overlayer, Cy
was <2x10' ¢cm™. The absence of measurable H
accumulation at the crystalline/amorphous interface
region indicates that there was no significant H sur-

face coverage during growth of the epitaxial sub-
layer. Finally, although critical epitaxial thickness
values were factors of 5-10 higher than previous
MBE results [1, 2], we did not observe any correla-
tion between Cy and t.. We attribute the low H con-
centrations in the present layers, compared to
reported values for MBE Si(001) films [, 2], as
being due to hyperthermal-irradiation-induced hydro-
gen desorption during film growth. These results
demonstrate that adsorption, surface segregation,
and build-up of a critical H surface concentration is
not the rate limiting step, in general, for epitaxial
breakdown. Rather, epitaxial breakdown occurs
even in the absence of significant H coverages. Any
process -- including the use of hyperthermal beams,
surface contamination, and substrate miscut --
which changes the rate of surface roughening,
affects t, disproportionately.
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