PHYSICAL REVIEW B

VOLUME 37, NUMBER 5

RAPID COMMUNICATIONS

15 FEBRUARY 1988-1

Structure of Si—Ge amorphous-semiconductor heterojunctions

F. Sette
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974

B. Abeles and L. Yang
Exxon Research and Engineering Co., Annandale, New Jersey 08801

A. A. Mac Dowell, C. H. Richardson, and D. Norman
SERC Daresbury Laboratory, Warrington WA4-4AD, United Kingdom
(Received 29 October 1987)

We determined by extended x-ray-absorption fine structure (EXAFS) that the interfaces in hy-
drogenated amorphous Si—Ge superlattices are atomically abrupt and the interface atoms are

bound on average to two Si and two Ge atoms.

The Si—Ge interface bond distance is

2.40£0.02 A, equal to the average of the bulk distance values for Si and Ge. The experiment
was performed at the Si K edge and the EXAFS was monitored by Si Ka soft x-ray fluorescence
detection. This innovative approach allows for EXAFS studies of buried and oriented interfaces
and offers new opportunities in structural studies of interfaces.

The observation of new electronic phenomena in amor-
phous semiconductor superlattices such as quantum size
effects,! enhanced photoluminescence,? and electroabsorp-
tion,> has focused a large experimental effort to under-
stand the properties of these systems and their dependence
on the details of the potential across the quantum well.*
A strong dependence of the optoelectronic properties of
these materials on the growth parameters has attracted in-
terest on the possibility of tailoring the amorphous semi-
conductor superlattice to match particular device applica-
tions. Moreover, the growth mechanism has been widely
recognized as important in determining the interface mor-
phology and the nature of the defects across the superlat-
tice. Further advances in the fundamental understanding
and in the application of amorphous superlattices to de-
vices requires detailed knowledge of the atomic structure
of the interface. We report results of extended x-ray-
absorption fine-structure (EXAFS) experiments on the in-
terface structure of hydrogenated amorphous Si—Ge
semiconductor multilayers. We find the Si—Ge interface
to be atomically abrupt. This result, directly derived from
our microscopic structural analysis, substantiates the in-
terpretation of the optoelectronic properties of these su-
perlattices.

Our study was performed at the Si K edge absorption
threshold and the EXAFS signal was measured monitor-
ing the Si Ka soft-x-ray fluorescence yield (SXFY). This
novel approach to study interface structures by EXAFS,
has various innovations with respect to previous attempts
carried out by Auger-electron detection.>® In particular,
by monitoring the SXFY signal the detection sensitivity is
increased’ and the experiment is not surface sensitive.®
Accordingly, this technique allows the study of buried in-
terfaces, does not require sample growth and characteri-
zation tools in the spectroscopy chamber, and there are no
interface structure alterations, as in surface sensitive mea-
surements, induced by the proximity of the surface to the
interface (surface contamination or reconstruction). Fur-
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thermore, by detecting photons, there is no exponential
decay of the interface signal on the same scale of distances
of typical interface thicknesses as in the case of electron
detection. This property allows for a direct and quantita-
tive analysis of the amplitudes of different atom pairs and
enables a precise description of the interface morphology
in terms of bond counting. Such an improvement on EX-
AFS studies of interfaces is of general character and of
critical importance in deriving the conclusions described
here on the amorphous Si—Ge interface.

The EXAFS experiments were performed on the sur-
face EXAFS (SEXAFS) beam line at the Daresbury syn-
chrotron radiation facility.® The double-crystal mono-
chromator used InSb(111) crystals. The Si Ka signal was
measured with a custom-made proportional counter.'?
The hydrogenated amorphous Si—Ge superlattices were
grown by plasma-assisted chemical vapor deposition’ us-
ing SiHy4 gas for the a-Si:H layers and 10% GeHy in H;
for the a-Ge:H layers. The plasma was interrupted for
several seconds after the completion of each layer to allow
sufficient time for the gas exchange. The substrates were
¢-Ge covered with 200 A of a-Ge:H and the superlattices
were terminated with a 200-A a-Ge:H top layer to pre-
vent contamination. In our multilayers the a-Ge:H film
thickness was kept constant at 7 A and each sample had a
different a-Si:H layer thickness (1.05, 2.10, 4.20, and
20.0 A.) The total amount of @-Si:H varied between 50
and 60 A. The sample growth was monitored with in situ
optical reflectance methods.!! The H concentration in the
superlattices was 10% in atomic content.

In Fig. 1 we report the Si K-edge EXAFS signal after
background subtraction and transformation in momentum
space, measured in Si—Ge superlattices of different Si
film thicknesses. The experimental data for different sam-
ples show a noticeable variation with Si film thickness.
For the thin (=1 A) Si film, the spectrum shows a broad
envelope with a maximum at k=7 A ~! whereas the 20-
A-thick sample shows a reduced amplitude with increased
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FIG. 1. Si K edge k2x(k) (EXAFS) data after background
removal and transformation in momentum space for a-Si:H/a-
Ge:H superlattices of periods 1.05 A Si+7 A Ge, 2.1 ASi+7 A
Ge, 4.20 A Si+7 A Ge, and 20.0 A Si+7 A Ge, respectively.
The data have been fitted (smooth line) with a linear combina-
tion of Si—Si and Si—Ge bonds using the parameters of Table I
as explained in the text.

intensity in the lower-k region of our data range. The
spectra of Fig. 1 also show a noticeable variation in the
phase of the leading frequency with Si film thickness.
Both observations are direct evidence of changes in the
relative concentration of the atomic species bound to Si.
It is expected that at small Si film thicknesses (dg;=1 A)
most of the Si atoms are bound to Ge while the Si—Si
bond concentration becomes dominant in samples with
larger Si layer thicknesses (ds; > 4 A). The above experi-
mental observations are consistent with the calculated
differences in the total phase-shift and amplitude function
of Si—Si and Si—Ge atom pairs. 12

The substantial changes between the backscattering
properties of Si and Ge atoms allow for a very good fit of
the EXAFS data and provide a reliable deconvolution of
the relative fractions of the Si—Ge and Si—Si bonds in
the different samples. Using standard Fourier filtering
procedures, it is possible to isolate the signal arising from
the first-neighbor shell of the Si atom. !> This oscillation is

TABLE I. Summary of EXAFS results for Si—Ge superlat-
tices.

dsi (A) Rsi_si (A) Nsi_si Rsi_ge (A) Nsi-Ge
1.05 2341003 05%0.1 2401+0.02 3.6+0.2
2.10 2.34+0.03 1.1£0.1 240002 29+0.2
4.20 2354002 20%0.2 239%+0.02 21%+0.2

20.0 235+002 36*x02 240*+0.03 05%0.1
oo 2.35+0.01 4.0%+0.2

fitted with a linear combination of two oscillations rep-
resenting the Si—Si and the Si—Ge bonds which are ob-
tained, respectively, from the experimental first-shell EX-
AFS data of Si in bulk Si and P in bulk GaP.!* After the
determination of the distances and Debye-Waller factor
differences between the standards and our samples, the
two parameters which are different in the fit of different
Si—Ge superlattices are the amounts of the Si—Si and
Si—Ge bond fractions compared to the respective stan-
dard.

This procedure allows for proper and independent
determination of the Si—Si and Si—Ge distances, the to-
tal Si coordination, and the Si—Si and Si—Ge bond frac-
tions (NVsi_si,/Nsi—ge) in the various superlattices. Results
are reported in Table I and the best fit (sum of Si—Si and
Si—Ge contributions) is superimposed to the EXAFS
data of Fig. 1. The absolute values of the Si—Ge interface
bond distance and of the Si—Si bond distance are, respec-
tively, Rsi_ge=2.40+0.02 A and Rs;_si=2.35+0.02 A.
The difference AR between Rsi_ge and Rsgj_s; is deter-
mined to a higher precision where AR =0.05£0.015 A.
No changes in distance are observed at different Si layer
thicknesses. The Si—Ge bond distance corresponds to the
average between the Ge—Ge and Si—Si bonds in bulk Ge
(2.45 A) and in bulk Si (2.35 A). Such simple relations
between the observed Rs;_ge and Rs;_s; distances and the
corresponding bulk values highlights the local nature of
the Si—Ge and Si—Si covalent bonds in the amorphous
network, where each bond distance is not visibly affected
by the nature of the remaining atoms bound to the con-
sidered Si atom. This result is similar to the findings of a
Ge K-edge EXAFS study in a large range of bulk hydro-
genated Ge,Si; -, alloys, where the Ge—Si distance was
measured to be 2.38 A. 1

The Si atoms of our samples have a total coordination
of 4 £0.3 first neighbors. The fraction of Si—Si and Si—
Ge bonds observed at different Si layer thicknesses and re-
ported in Table I are shown in Fig. 2 as a function of nom-
inal Si layer thickness ds; and ds; !. These data show that
for dsi=4 A, the Si atoms have, on average, an equal
number of Si and Ge neighbors. This film thickness corre-
sponds to a total amount of Si approximately equal to two
monolayers. Therefore an equal number of Si homobonds
and heterobonds at this Si film thickness directly implies
that the Si—Ge interface is atomically abrupt. Accord-
ingly, any Si—Si clustering or Si—Ge alloying can be
ruled out because it would result in a larger fraction of
Si—Si or Si—Ge bonds. Our interpretation is substantiat-
ed by the further observation that the Si bond fractions
are linear in dg; for d;<4 A, and in dg! for Si film
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FIG. 2. Interpolation of the Nsi_si (open circles) and Nsi—e
(solid circles) data of Table I obtained using Eq. (1) with
D=2 A and x=0.5 as a function of dsi and ds;' (solid lines).
Dashed lines are obtained allowing % 20% variation on the best
values of the slopes.

thicknesses larger then 4 A. This linear behavior can be
understood with an interface continuum model where Si
and Ge amorphous layers are separated by an interface
region of composition Si,Ge; —x and thickness D. Within
this model, pictorically shown in Fig. 2, variations of
Nsi_si and Nsi_ge with the Si film thickness ds; are ex-

Nsi_Ge™=4— Nsi_si .

According to Eq. (1), it is possible from our data to esti-
mate D and x by determining the slopes in the two data
regions, which are linear in ds; and dsi 1. Allowing for a
=+ 20% variation in the slope determinations (dashed lines
in Fig. 2), we derive D=210.5 A and x=0.52+0.15.
These two values confirm our previous conclusions and de-
scribe the abruptness of the interface by a monolayer re-
gion of Si atoms (D =2 A) coordinated, on average, with
two Si and two Ge atoms (x =0.5). This result relies on
the ability of the present SXFY technique to directly mea-
sure the absolute fraction of bonds in different samples.
In particular, the linearity observed in Fig. 2 shows that
the interface region EXAFS signal is homogeneously
weighted, and effects associated with short escape dis-
tances, as in the case of electron detection, are not impor-
tant.

In the present study we demonstrated that in our Si—
Ge amorphous interfaces the material discontinuity is
atomically abrupt. This result is in agreement with previ-
ous conclusions reached from the interpretation of Raman
scattering experiments on Si—Ge superlattices.!> This
has important implications for amorphous semiconductor
superlattice applications because it confirms the possibili-
ty of synthesizing superlattices with short periods. The
ability of controlling the interface stoichiometry at the
monolayer level allows for tailoring of the energy gap of
the superlattice. The results presented here were obtained
by an innovative approach on EXAFS experiments which
is well suited for studies of buried interfaces in amorphous
and crystalline materials with absorption lines in the soft
X-ray region.
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