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Are bare surfaces detrimental in epitaxial growth?
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For growth of epitaxial silicon-germanium structures by hydride chemical vapor deposition
(CVD), the growth front is hydrogen-stabilized. Using medium energy ion scattering

to examine the abruptness of an embedded Ge film in a 8i(001) host, intermixing can be
direcily assessed. We have explored CVD films grown with varying bydrogen

coverages, and find that adsorbed hydrogen serves a beneficial role in maintaining the
abruptness of the interface. Embedded layers grown by molecular beam epitaxy are also more
abrupt when the surface is stabilized, in this case by an adsorbed passivant such as Sb or .
As. Growth in the presence of a surface active agent {(surfactant)-results in greater control of

constituents with no loss of epitaxial quality.

A long-standing challenge in materials research has
been tocontrol the fabrication of epitaxial films. Compet-
ing growth techniques such as molecular beam epitaxy
{MBE) and chemical vapor deposition (CVD) offer vari-
ous advantages, but are difficult to compare directly, and
may lead to films with differing physical and electronic
properiies. One significant difference is that with silicon
MBE, as traditionally practiced, the crystal growth front is
an atomically clean surface, terminated with dangling
bonds.. Low-temperature - growth from chemical sources
usually occurs with the surface saturated with reaction by-
products and/or, precursor molecules.'? To elucidate the
role of adsorbed species during growth, we have prepared
similar structures by both MBE and CVD, with and with-
out an adsorbed surface layer. Analysis of the samples by

the medium energy ion scattering (MEIS) reveals a strong _
correlation between the presence of an adsorbed surface -

species during growth and an abrupt silicon-germanium
interface. Interfaces prepared by growth with an adsorbate
present, be it hydrogen or a dopant species, remain sharper
at a higher growth temperature than interfaces prepared by
growth on a bare surface.

Previous studies on the effect of adsorbed As and Sb on

growth of GesSi(001) and Si/Ge/Si(001) detailed the

change in growth modes from island formation to layer-
by-layer growth.>* The samples were grown with satura-
tion coverages of the surfactant, which occurs at near 1
monolayer (ML) for As/Si(001) (1 ML = 6.78 X 10**/
em?). But for hydrogen, maintaining monolayer coverage

at the growth temperature of interest, 550 °C, is not exper- -

imentaily feasible on a Ge film, since the desorption tem-
perature is ~350 °C.% Lowering the temperature to keep a

saturation coverage would have the side effect of altering -

the Ge mobility, greatly complicating the interpretation of
results. Thus, the present study focuses on intermixing be-
tween_Si and Ge, rather than islanding of Ge/Si(001).
(We note that for samples where there is pronounced in-

termixing, surface germanjium may increase the rate of hy--

drogen desorption.®) As a benchmark structure, a filmof
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Ge several ML thick was deposited on $i(001). Subse-
quently, a capping layer of Si was deposited. Studies of
similar structures grown by MBE demonstraied a pro-
nounced intermixing between the embedded Ge and the Si
capping layer.” The intermixing takes place during growth.
For (3¢,8i; _ ,, layers embedded in silicon® surface Ga dur-
ing growth improved the interface characieristics.
Atomically clean Si(001) samples were prepared by a
lengtby degassing at 600 °C followed by light sputtering. A
40 s flash to 1040 °C removed the native oxide, leaving no
traces of oxygen or carbon visible by x-ray photoemission.
The cleaning and analysis were conducted in a stainless-
steel ultrahigh-vacuum system with a base pressure in the
10~ " Torr regime. The chamber was connected to a tur-
bopumped, cold-walled stainless-steel CVD cell, with a
base pressure of 6% 10~ '° Torr. High-purity disilane was
introduced to the system through a quartz capillary array
a few centimeters from the sample,” with the ion gauge
filament off. After dosing, the sample was directly trans-
ferred back into the analysis chamber, without exposure to
air at any stage. The samples were free of oxygen, and
showed a (1X2) low-energy electron diffraction pattern
characteristic of the reconstrucied 8i{001) surface. Ge
marker layers were prepared either by in situ MBE, or by
decomposition of germane, with no significant differences
found in samples prepared by the two methods. Growth
temperatures were measured by an infrared pyrometer.
The samples were analyzed by high-resolution
{MEIS), a technique that has been described in great de-
tail elsewhere.® For channeling spectra, the [111] axis of
the sample was aligned t6-a beam of 200 keV He *. Ran-
dom spectra were obtained by rotating the samples azi-
muthally by 12°, along with a polar rotation of 4°. Back~
scattered ions were energy analyzed with a toroidal
electrostatic analyzer with an energy resolution of AE/
E=12%x1077 Specira were integrated for an angular
range of =+ 1.6" about the chosenscattering angle, 51.4°
Due to the well-characterized nature of our experinien-
tal technique, interpretation of our data is straightforward.
With the sample aligned to a random incidence geometry,
ions are backscattered from the sample with a known Ru-
therford cross section. This can be used to determine the .
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FIG. 1. Ton backscattering spectra for Ge films embedded in Si(001)
grown by chemical vapor deposition. The Ge film has been buried under-
neath a capping layer of 40 A of Si. (a) At 520 °C, a narrow Ge peak can
be seen in the random spectrum, with no Ge visible in the channeling
spectrum. (b) At 560 °C, the Ge peak has broadened, and (¢) at 590 °C,
the Ge leading edge extends as far as the surface of the sample.

coverage in situ. Furthermore, the ions slow down while
traversing the sample, allowing the use of fabulated stop-
ping powers to assign an accurate depth scale to the energy
spectra. In a channeling geometry, atoms that occupy lat-
tice sites within the crystal are shadowed from the incident
ions by atoms that are closer to the surface. Thus, an em-
bedded epitaxial film will be nearly invisible in a channel-
ing spectrum. Combining information from channeling and
random spectra gives a detailed picture of the depth distri-
bution, areal density, and crystal quality of a film.

A series of samples with Ge films of ~1.5 ML thick-
ness were capped with CVD Si. The samples were given
isothermal exposures at constant pressure, with growth
temperatures (7)) varying from 520 to 625 °C and disilane
pressures at the sample position between 0.2 and 2 mTorr.
Backscattering spectra showed a significant change in Ge
depth distribution over the temperature range examined
(Fig. 1) . For T, = 520°C, a narrow Ge peak appears in
the random spectrum, with little or no Ge visible in the
channeling spectrum. At a slightly higher T, an asymmet-
ric broadening of the Ge peak can be seen, indicating in-
terdiffusion into the Si capping layer. Finally, for T,
== 590 °C, not only is the Ge peak noticeably broader, but
significant quantities of surface Ge can be seen. At high
temperatures there is an increase in the background of the
channeling spectra, characteristic of poor epitaxy. The dif-
ference in the crystal quality is not due to variations in the
growth rate, since the pressure was adjusted to give iden-
tical growth rates (0.2 ML/s) for the samples in Figs. 1(b)
and 1(c). Indeed, one would expect better crystal quality
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at higher temperatures. Ultimately, at the highest temper-
atures examined, 625 °C, the Ge peak broadens towards
lower energies, suggesting that the morphology of the cap-
ping layer was degraded.

Structures grown by MBE were prepared ex situ,
transferred in air,and analyzed using MEIF. The samples
were prepared with growth rates of 0.1 ML/s, which is
slightly lower than the growth rates of the CVD films. The
data has been reported earlier,” and indicate that abrupt
interfaces can only be obtained for 7T,<250°C. For
Ty =350 °C, the Ge profile broadened to resemble spectra
as shown in Fig. 1(b), prepared by CVD at 560 °C.

To prepare abrupt structures at temperatures above
520 °C, one must terminate the surface with an adsorbate
that does not desorb as readily as hydrogen. Consequently,
we use antimony as a surfactant. A sample was prepared
using the same cleaning process as the CVD samples, but
followed with deposition of 1 ML layer of Sb at 625 °C.
The sample was then exposed to disilane at 625 °C, and a
thin Si capping layer of 20 ML was deposited. The sample
exhibited a sharp Ge peak, especially surprising consider-
ing the relatively high 7. Since hydrogen has an extremely
short surface residence time of 625 °C, the lack of inter-
mixing must be attributed to the presence of Sb, rather
than the influence of surface hydrogen. Indeed, samples
prepared with silicon MBE using a monolayer of arsenic as
a surfactant at 550 °C have abrupt profiles as well.®

It is instructive to compare the temperature depen-
dence of the Ge intermixing for films grown using different
techniques. To this end, the lineshapes from Fig. 1 were
analyzed assuming that the Ge concentration exponentially
decays towards the surface. The depth distribution was
convolved with the detector resolution and ion energy
straggling before comparing with the data. On a physical
level, the decay constant can be derived from a model
where for every ML of deposited Si, there is a constant
probability that the surface Ge will “float” along the
growth front (Pg.,;). Thus, the concentration in a given
layer is proportional to the concentration in the next deep-
est layer. A minor inadequacy in this model concerns dif-
fusion when growing Si on a Ge film more than 1 ML
thick. No provision is made for differences in Py,,; between
the first layer and subsurface Ge. Nonetheless, the data
could be fit quite well with this model. Due to limits in the
depth resolution of MEIS, the measurement is most accu-
rate for samples with Pg,,; > 0.7.

The behavior of Py,,; shows drastically different tem-
perature dependencies for the crystal growth methods ex-
amined (Fig. 2). First, let us examine the data for MBE
films. Between 250 and 350 °C, Py, increases to about 0.9
with some small increase at higher T,. In the presence of a
free surface, Ge atoms must become highly mobile at rel-
atively low temperatures. Since the dechanneling of ions is
quite large for films grown at 250 °C, these films are not
good enough crystals for most practical purposes.

Films prepared with CVD retain a low Py, at much
higher temperatures than MBE films. There is a steep in-
crease in Pg.,, between 520 and 625 °C. This temperature
span overlaps the hydrogen desorption temperature from
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FIG. 2. Temperature dependence of the probability of Ge floating to the
surface during growth. Data is shown for MBE, CVD, and surfactant
grown samples. A low value of the floating probability (Py,,) indicates a
more abrupt interface. Simulated jon scattering spectra for various values
of Py, are included to indicate the sensitivity of the experimental probe.

Si{001). The trend from growth on hydrogen-rich to bare
surfaces was exaggerated in the data by the choice of dis-
ilane pressure, which was selected so that samples prepared
at higher temperatures were grown at lower pressures, This
was done to reduce the variation in growth rates for the
different samples. To sort out the influence of hydrogen
coverage (fy) as opposed to growth rate, it was necessary
to model the hydrogen coverage. The model was based on
published values of the desorptlon rate (Ryesorp) from
Si(001) in a reactor environment.? Assuming that the 6y is
constant during growth, desorption must be balanced by
the rate of incoming hydrogen, which is proportional to the
growth rate. We can assume that relatively little hydrogen
incorporates~into the film, since a substantial hydrogen
content would have disrupted the lattice, and resulted in
dechanneling of ions. Thus, for first-order desorption ki- -
netics,

dGH -
"th_:kRgrowth " 26I-I‘Rdesm'p

HH = (kRgrowth)/(ZRdesorb) B

where Rgrou is the growth rate, and the constant & is the
amount of surface hydrogen donated by each adsorbed dis-
ilane molecule. Using an activation energy of 47 kcal/mol,
and a constant of 2.9 10'/s for Rdesom:z and assuming
that k is of order unity, we can approximate 6y for any -
combination of temperature and pressure. (This model ne-
glects any increase in Ryegor, due to surface Ge:) The ab-
sence of surface hydrogen correlates with high values of.
Proa plotted in Fig. 3. Therefore, we conclude that the
dominant factor in determining interface abruptness in
CVD growth is the quantity of surface hydrogen during
growth.

v
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FIG. 3. Probability of Ge floating towards the surface during growth
{Pyoy} as a function of surface hydrogen: concentration. The surface hy-
drogen concentration was modeled from the observed growth rate and the
hydrogen desorption rate.

The microscopic basis for the intermixing observed in
samples grown with bare surfaces is fairly well understood.
Current models of Ge,Si; _, surfaces predict that a Ge
termination is the most stable, which may drive segrega-
tion during growth.'® Furthermore, strain could enhance
the segregation. The role of adsorbed species during-
growth is less clear. Substantial quantities of surface hy--
drogen are required to effectively suppress Ge segregation.
Thus, it would seem unlikely thai the mechanism involves
decoration of defect sites or steps: It is more plausible that
mobility of surface atoms is curtailed in the presence of an
adsorbate, decreasing intermixing at the growth front.!!

The present study has highlighted the importance of
the crystal surface in the synthesis of silicon germanium
structures. A free, unterminated surface permits intermix-
ing during growth. But if-the surface is terminated with
either a dopant, or hydrogen, a far more precise control
can be maintained.
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