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Abstract

Elastic recoil detection in conjunction with time-of-flight spectroscopy (ERD-TOF) has been used to simultaneously
depth profile all elements in thin SiGeC films on Si (0 0 1). Ge-rich Si,_,_,Ge,C, (0.025 < (I — x - y) < 0.08 and
0.026 < y < 0.216) films were grown by ultra-high vacuum ion beam sputter deposition. X-ray diffraction and trans-
mission electron microscopy (TEM) showed that samples with low carbon concentration (typically, y < 0.07) were sin-
gle crystals with stacking faults and twins while films with 0.07 < y < 0.15 were polycrystalline. Samples with y > 0.15
were amorphous. There was no evidence of SiC precipitates. Ge depth profiles were obtained from the recoil spectra as
well as from the Rutherford scattered Cl spectra in the same ERD-geometry. The H concentration was determined si-
multaneously by selective-absorber ERD. Films with C concentrations approaching a fraction of an at.%, and Si con-
centrations as low as ~1 at.%, could be routinely depth profiled in a single experiment even in the presence of relatively
strong surface contamination. © 1998 Elsevier Science B.V.
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1. Introduction ic devices compatible with Si-based integrated
circuit technology [1,2]. However, the equilibrium

Interest in C-based alloys of group IV elements solid solubility of C in Si and Ge is extremely
has been growing in recent years due to their po- low (10" and 10® cm™3, respectively) [3,4]. Growth
tential for band gap engineering and optoelectron- of these alloys has been reported using chemical

vapour deposition (CVD), ultra high vacuum
UHYV (UHV-CVD) and combined ion and molec-

* Corresponding author. Tel.: +1 514 343 6111 (ext. 4206); ular beam' deposition (CIMD) [.1_14]- The. key is-
fax: +1 514 343 6215; e-mail: gujrathi@lps.umontreal.ca. sue remains to control the incorporation on
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substitutional sites. Substitutional C concentra-
tions for molecular beam epitaxial (MBE) layers
have typically been limited to ~1 at.% [5,6].

In optimizing Si;_,_,Ge,C, growth and proper-
ties, an accurate measurement of C incorporation
is essential. For this application, Rutherford Back-
Scattering Spectrometry (RBS) cannot be used
since the C-spectrum is lost in the Ge-signal (the
scattering cross-section increases with Z2). The
2C(a1,0)'2C elastic reaction in RBS [15,16] has a
resonance at 4.295 MeV which is 128 times larger
than the Rutherford scattering cross-section [17]
and this can be used to distinguish the C-signal
from the Ge-background. However, quantification
of the C concentration using the resonance tech-
nique requires a well defined (within 5 keV [15]) in-
cident ion energy. In addition, quantitative results
depend on an assumed peak shape for the reso-
nance cross-section curve. Other practical limita-
tions of the resonance technique are related to its
relatively poor depth resolution (~100 nm in rou-
tine RBS geometry) and strong interference from
surface carbon [16].

Recently, Bair et al. [18] compared C concen-
tration measurements from (o,o) resonance with
those from elastic recoil detection (ERD) with a
selective absorber, using Sij_,_,Ge,C, (0.25 < x
< 0.37 and 0.01 < y < 0.12) samples. They con-
cluded that ERD yielded more reliable results.
However, the use of a 12 um selective absorber
to suppress forward-scattered heavy elements and
probing beam ions (24 MeV Si**) deteriorated
the C surface depth resolution to more than 40
nm due to energy loss straggling and multiple scat-
tering. In addition, films thicker than ~100 nm
could not be reliably studied due to overlap with
the H signals. In all ion beam analysis experiments
on Si;_,_,Ge,C, alloys reported in the literature,
separate 2 MeV RBS measurements were required
to determine the Ge and Si fractions.

In the present investigation, Ge-rich
Sij_—,Ge,C, films were deposited by UHV ion
beam sputter deposition (IBSD) [19,20]. ERD in
conjuction with time-of-flight (TOF) spectroscopy
was used to simultaneously depth profile all ele-
ments in a single experiment. The Rutherford for-
ward-scattered Cl spectrum was also used to
provide an additional measure of the Ge concen-

tration. Film crystallinity and microstructure, de-
termined by transmission electron microscopy
(TEM) and X-ray diffraction (XRD), were corre-
lated with the C concentration measured by ERD.

2. Experimental procedure

All Si;_,_,Ge,C, alloys were grown in a UHV
(base pressure 1 x 107'° Torr) multi-chamber
IBSD system with facilities for in situ reflection
high energy electron diffraction, residual gas anal-
ysis, and Auger electron spectroscopy [19,20].
Sputtering was carried out using two independent
double-grid multi-aperture broad beam ion sourc-
es with provisions for in situ spatial adjustment.
The ion beam is focused by a post-extraction uni-
potential electrostatic ion lens which also acts as a
mirror to prevent electron backscattering from the
beam-neutralization device. High-purity energetic
Si, Ge, and C beams were generated by bombard-
ing the targets with 1 keV Kr* ions. The use of the
higher-mass Kr instead of Ar together with the
system geometry described in Ref. [20] dramatical-
ly decreased the flux of energetic backreflected par-
ticles. One ion gun was used to sputter a high
purity Ge target while the other Krt ion beam
was positioned to sputter adjacent Si and C tar-
gets. The film composition was controlled through
the choice of beam currents. All films were depos-
ited at relatively low growth temperatures,
T, =300-500°C, to reduce strain-induced surface
roughening [21].

The substrates were 15 x 15 x 0.5 mm?® plates
cleaved from p-type Si (0 0 1) wafers. Substrate
cleaning consisted of degreasing [20] followed by
a UV ozone treatment [22]. The wafers were then
H-passivated by dipping in dilute HF [23] and im-
mediately inserted into the vacuum system. Final
substrate preparation consisted of degassing at
200°C for 30 min followed by oxide desorption
at 590°C for 2 min. A 1.5 nm Ge buffer layer
was grown immediately prior to Sij_,_,Ge,C,
deposition.

The microstructure of the layers was deter-
mined using XRD, plan-view TEM and cross-sec-
tion TEM (XTEM). The XRD measurements were
performed with Mo K, radiation using a four-axis
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diffractometer capable of positioning samples to
within 0.00025°. TEM and XTEM examinations
were carried out using a Philips CM 12 microscope
operated at 120 kV. Sample preparation for TEM
and XTEM consisted of mechanical grinding fol-
lowed by Ar™ ion milling [24].

Elemental depth profiles were obtained with a
30 MeV 3CI>* beam incident at 75° from the sur-
face normal. The detection system [25-28] is
placed at an angle of —75° from the surface nor-
mal, thus recoils and ions scattered over 30° can
be detected, and ingoing and outgoing paths have
equal length. Two Si surface barrier detectors
(SSBD), each having a 100 mm? circular cross-sec-
tion and cooled to —10°C, were at distances of ~65
cm from the 10 pg/cm? carbon foil in front of a
microchannel plate (MCP) detector, resulting in
0.12 msr solid angles with the sample. The SSBD
detector provides both an energy signal and a tim-
ing signal (stop) while the secondary electrons
emitted by the carbon foil upon passage of an
ion are detected by the MCP providing the other
timing signal (start). Data were stored in an
event-by-event mode and analyzed using an itera-
tive depth profile analysis program [29]. The ener-
gy loss parameters required for the analyses were
obtained from TRIM 95 which incorporates recent
fine-tuning of heavy ion stopping powers [30].

The quantitative accuracy of ERD is well
known [31]. The experimental setup and analysis
procedure employed for the experiments described
here were verified with known standards of hydro-
genated Si3Ny, SiO,, and stoichiometric SiC. Com-
mercial Ge doped silica glass with known Ge
compositions were also used to validate the data
collection and analysis. In all cases, the elemental
concentrations and the film widths deduced from
the depth profile plots agreed with the expected re-
sults within 2—5%.

3. Results
3.1. ERD depth profiles
An example of an ERD flight-time/energy coin-

cidence spectrum is shown in Fig. 1 (top panel).
Each coincidence event is shown as a single dot.

Time (ns)

I H
v C
0 __.___MWWMWMMM%M]LA_

20
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5 10 15 26 25
Energy (MeV)

Fig. 1. (a) Flight-time vs. energy coincidence spectrum of sam-
ple 5. (b) Mass separated energy spectra obtained from data
shown in (a). In addition, the H spectrum obtained from absor-
ber ERD is shown.

Most dots fall along parabolic curves, where each
curve corresponds to recoils of a certain mass.
Dots that are not on such curves are mostly due
to background, which determines the detection
limits of impurities. The detection limit depends
amongst other factors on the required depth infor-
mation and in these samples amounts to approxi-
mately 0.1 at.% for C and 1.0 at.% for Si.
Inspection of the curves and knowledge of the
sample history shows that all target elements in-
cluding surface O and C impurities due to air ex-
posure are well resolved. Quantitative interpre-
tation of such plots requires further analysis. All
recoil events are sorted according to mass. The da-
ta can then be represented as a series of energy
spectra such as those shown in Fig. 1 (bottom pan-
els). The arrows indicate the energy of recoils orig-
inating from the free surface; counts at lower
energies correspond to recoils originating from be-
low the surface. The shape of each energy spec-
trum is a function of the depth distribution of
each component together with its recoil cross-sec-
tion and stopping power. In addition, the shape
also depends on the depth distribution of the other
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constituents with their respective cross-sections
and stopping powers. The exception to this is the
ClI spectrum, which is a standard RBS signal. In
the geometry used here, only Cl scattered from Si
or Ge atoms enters the detector. However, lighter
species do modify the spectrum through their stop-
ping powers.

All energy spectra were converted into depth
profiles using an iterative program [29] accounting
for stopping powers and recoil cross-sections.
Fig. 2 shows composite depth profiles of two sam-
ples, Sio05Ge0.924Co.026 and SigosGeoss3Coos7. The
H profile was obtained from ERD with a 4.5 mg/
cm? Al absorber during the same experiment. Note
that H and O are present only in the near-surface re-
gion. Surface C is also well resolved and distinct
from the bulk C signal in the as-deposited film.
While the bulk C concentration profile in the sam-
ple shown in the upper panel of Fig. 2 exhibits an
increase at the film—substrate interface, the results
in the lower panel establish that the C concentra-
tion is less variable in the Sio3Gepss3Coo67 alloy.
The bulk Si and Ge depth profiles remain flat
throughout both samples. Table 1 summarizes the
average film compositions obtained by ERD to-
gether with the XRD and TEM/XTEM microstruc-
tural information discussed in the next section.

The Ge depth profile from Sig o5 Ge.g53Co.067 Ob-
tained using the RBS Cl spectrum (GeRBS) is

Table 1
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Fig. 2. Depth profiles of H, C, O, Si, and Ge of sample 5 (upper
panel) and 10 (lower panel).

compared with the one deduced from the corre-
sponding ERD spectrum (GeERD) in Fig. 3.
The GeRBS profile has better depth resolution
near the film—substrate interface since outgoing
Cl ions suffer less energy broadening due to multi-
ple scattering than outgoing Ge recoils. All sam-
ples exhibited very uniform GeRBS profiles
while the corresponding GeERD profiles, which

ERD and RBS compositions together with microstructural characteristics determined by TEM/XTEM and XRD. Average film den-

sities were determined from ERD, RBS, and TEM results

Sample T, (°C) Thickness  Surface C(%) Si(%)  Si thickness  Ge thickness Average film Microstructure
(nm) £5%  roughness (ng/em?) (ng/cm?) density
(nm) (g/em’)*
5@ 350 430 +10 2.6 5.0 210 £ 3 212+3 491 Polycrystal
6 500 150 +40 4.1 4.8 69 1 71 %1 4.67 Single crystal
7 450 110 ® 3.6 4.2 68 + 1 68 + 1 Single crystal
9 450 280 ° 6.0 6.0 157+ 2 1572 Single crystal
10 400 275 +5 6.7 8.0 149 + 2 147 £ 2 5.38 Single crystal
14 400 300 +10 9.2 3.7 148 £ 2 146 £ 2 4.90 Polycrystal
15 400 280 ° 12.7 6.7 145+ 2 145+ 2 Polycrystal
12 300 280 19.1 2.5 133£2 133+ 2 Amorphous
13 400 110 +12.5 21.6 3.0 42 + 1 41 £ 1 3.74 Amorphous

2 Sample grown without Ge buffer layer.
® Thickness estimated from the growth rates calibrated by TEM.

¢ Computed using measured Si, Ge, and C layer thickness.
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Fig. 3. Ge depth profile of sample 10 as measured by Ge ERD
(open triangles) and Cl RBS (solid circles).

agreed to within 5% in the near-surface region,
showed gradually decreasing apparent Ge concen-
trations and much deteriorated interface depth
resolution. The decrease in apparent GeERD Ge
concentration was about 20% at large depth
(>150 pg/cm?). This decrease, together with the
apparent GeERD increase in film width compared
to the corresponding GeRBS results is attributed
to the larger multiple scattering effects of Ge re-
coils in the target as well as in the C foil (effective
thickness ~20 pg/cm?). Another source of error
may be wrong stopping power data for the slow
Ge recoils. The concentrations of Ge in standard
samples deduced using the RBS Cl spectrum were
in good agreement with known results. In addi-
tion, the thickness of deposited films, obtained
from depth profiles of Si recoils was in close agree-
ment with the results from GeRBS. Again, the Si
recoils suffer less energy broadening on the way
out than do the Ge recoils which comprise the
GeERD spectrum. Therefore, all the Ge con-
centrations given in Table 1 are from GeRBS an-
alyses.

3.2. SiGeC film microstructure

XRD, TEM, and XTEM were used to investi-
gate the microstructure of Sij_,_,Ge,C, layers
grown on a thin (~1.5 nm) Ge buffer layer on Si
(0 0 1). Increasing the C fraction from y=0.026
to 0.216, while keeping a low Si concentration, be-
tween 0.026 and 0.080, resulted in increased defect
concentrations. Samples with y < 0.07 are single

crystals whereas those with 0.07 < y < 0.15 are
polycrystalline as judged by XRD and selected-
area electron diffraction (SAED) in TEM. Alloy
films containing C fractions larger than 0.15 are
amorphous. When grown directly on Si (0 0 1),
even alloy films with C concentrations as low as
0.026 were polycrystalline due to initial reactions
between C and Si as discussed below.

An XTEM bright field image, obtained using
two-beam diffraction conditions with diffraction
vector g =004, from a 275 nm thick SiysGeggss
Co.067 epitaxial layer grown at Ty =400°C is shown
in Fig. 4(a). The film/buffer-layer interface is
smooth and abrupt with no indication of the for-
mation of an interfacial phase. The sample surface
is also relatively smooth with a roughness
amplitude of ~5 nm. However, the film contains
a high density of 1 1 I stacking faults and twins.
Further evidence of twinning is observed in the
SAED pattern (Fig. 4(b)) — note the partial order
1/3111and 2/31 1 1 reflections — obtained from
the film with the electron beam along the [1 1 0]
zone axis.

An example of a polycrystalline alloy film
grown on Ge/Si (0 0 1) is shown in Fig. 4(c), a
bright field, g=220, XTEM image from a 300
nm thick Sij037Gegs71Cooo2 alloy grown at
T, =400°C. The average grain size increases from
~11 to 34 nm with increasing film thickness and
the surface roughness amplitude is ~10 nm. The
corresponding SAED pattern in Fig. 4(d), ob-
tained along [1 1 0], exhibits diffraction rings com-
posed of discrete spots.

Fig. 4(e) is a 001 bright-field plan-view TEM
image from a 280 nm thick Sio.o(ﬁGeo.goeCO'ly sam-
ple grown at T;=400°C. The film was thinned
from the backside, thus the primary contrast ob-
served is related to surface roughness with ampli-
tude ~10 nm. All expected diffraction rings in
the SAED pattern (Fig. 4(f)) are present indicating
the absence of preferred orientation in the growth
direction. Small intensity modulations along the
rings indicate a slight tendency toward a preferen-
tial in-plane orientation.

Elemental depth profiles from all alloy films,
except sample 5 (nominally Siy osGe.924Co.026) Were
found to be quite uniform. However, the ERD
profile from sample 5 exhibits a significant increase
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Fig. 4. (a) A bright-field (g=004 near [1 1 0]) XTEM micro-
graph from Sij0sGeos53Co.067 (Sample 10). (b) A [1 1 0] SAED
pattern from the same sample. (c) A bright-field (g=220 near
[1 10]) XTEM micrograph from Siy37Geos71Con92 (Sample
14). (d) A [110] SAED pattern from the sample shown in
(c). (e) A bright-field plan-view TEM image obtained from
the upper region of a nominally 200 nm thick Sig s7Ge.806Co.127
film (Sample 15). (f) SAED pattern from the sample shown in
(e). The rings visible on the pattern, starting from the center
are: 111, 220, 311, 422, 511, 440, 531.

in C concentration at the film/substrate interface.
We believe that this excess is due to the fact that
no Ge buffer layer was used in this case, leading
to the formation of interfacial SiC which would
also explain why this film was polycrystalline even
though the bulk C concentration was low.

4. Conclusions

The elemental concentrations in Ge-rich
Sij_y_,Ge,C, films grown by UHV-IBSD have
been measured by ERD-TOF. Experimentally de-
termined absolute C and Si concentrations were 2—
22% and 2.5-8.0%, respectively. In contrast to o-
particle backscattering resonance, data analyses
did not require modelling or simulations. Surface
C contamination was easily separated from bulk
C due to good near-surface depth resolution, bet-
ter than 10 nm. Unlike the case for (a,o) resonance
detection, films thinner than 100 nm could be in-
vestigated even in the presence of strong surface
contamination.

Film compositions deduced from ion flux mea-
surements during the film growth were found to be
in good agreement with the quantitative ERD re-
sults. Microstructural investigations using XTEM
and XRD showed that samples with low C concen-
trations (y < 0.07) were single crystals with (1 1 1)
stacking faults. Alloys with 0.07 < y < 0.15 were
polycrystalline while those with y > 0.15 were
amorphous. No SiC precipitates were found.

In conclusion, ERD with TOF and simulta-
neous RBS has been demonstrated to be a very
powerful technique for depth profiling all
elements, including impurities, in as-deposited
Sij_,—,Ge,C, films with good depth resolution.
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