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Abstract

of H bubbles in the Ge layers.

Hydrogenated multilayers (MLs) of a-Si/a-Ge have been analysed to establish the reasons of H release during
annealing that has been seen to bring about structural modifications even up to well-detectable surface
degradation. Analyses carried out on single layers of a-Si and a-Ge show that H is released from its bond to the
host lattice atom and that it escapes from the layer much more efficiently in a-Ge than in a-Si because of the
smaller binding energy of the H-Ge bond and probably of a greater weakness of the Ge lattice. This should
support the previous hypothesis that the structural degradation of a-Si/a-Ge MLs primary starts with the formation

Introduction
Hydrogenated a-Si and a-Ge layers are key materials for
employment in (nano) structures used, e.g., in the technol-
ogy of multi-junction solar cells as a-Ge acts as the low-
band gap absorber while a-Si acts as the high-band gap
one, thus allowing a better exploitation of the solar spec-
trum and the achievement of higher efficiencies [1]. How-
ever, the a-SiGe alloy is now the material of choice as the
low-band gap absorber [2-4]. It allows a higher degree of
freedom as regards the choice of the band gap, as the lat-
ter one can be tailored over some range by changing the
Si/Ge ratio [2,4]. The a-SiGe alloy can be realized from a
sequence of thin a-Si and a-Ge layers by intermixing them
[1,5,6], which is obtained by heat treatments. The latter
treatments are often also used for activating dopants.
Previous studies have shown that the hydrogen content
and annealing conditions can dramatically influence the
structural stability of the a-Si/a-Ge multilayers (MLs) pro-
duced by sputtering and then annealed to produce inter-
mixing [7-9]. It was reported that surface bumps formed,
size and height of which increased with increasing H con-
tent and/or annealing temperature and time [7-9] (see
Figure 1). Craters also formed subsequent to the explosion
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of the bumps. The bumps were ascribed to the formation
of bubbles of hydrogen in the MLs [7,8]. The formation of
H bubbles was also suggested by Acco et al. [10] in single
layers of a-Si. It was hypothesized that H could be first
released from the Ge layers because of the lower binding
energy of the Ge-H bond with respect to the Si-H one
[7,8]. To check this hypothesis, the MLs were additionally
investigated by IR absorbance and an analysis of the struc-
tural behaviour of single films of a-Si and a-Ge, submitted
to the same annealing as for the MLs previously studied,
was performed. The results are reported in this article.

Experiment

The investigated samples were MLs of alternating layers
of a-Si and a-Ge and single layers of a-Si and of a-Ge.
The latter ones had a thickness of 40 nm. In the former
structure, the 2 x 50 alternating layers were 3 nm thick
each. Both types were sputtered from high-purity crys-
talline silicon and germanium targets in a conventional
high-vacuum sputtering apparatus (Leybold Z400)
pumped to a base pressure better than 5 x 10 Pa. The
target was coupled to a RF generator (13.56 MHz) by a
network for impedance matching between the generator
and its load. As substrate, polished (100) Si wafers
mounted on a water-cooled stage 50 mm away from the
target were used. The substrate temperature was <60°C.
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Figure 1 Bumps height (dash blue line) and size (solid black
line) as a function of the H flow rate in a-Si/a-Ge ML samples
annealed at 350°C for 10 h.

It was estimated from measurements of the shift of the
emission spectra of InP or GaAs during the deposition
of AR (anti reflection) coating for laserdiode, carried out
under identical conditions as those used here, by apply-
ing the rule 4 nm = 10°C. The temperature increase was
always <40°C. Sputtering was done with a mixture of
high-purity argon and hydrogen gases. No pressure fluc-
tuation was observed. Plasma pressure of 2 Pa and a
1500 V dc wall potential were applied to sputter the tar-
gets, yielding a sputtering rate of 6.3 and 13.5 nm/min
for a-Si and a-Ge, respectively. Hydrogenation was car-
ried out by letting hydrogen flow into the deposition
chamber at flow rates of 0.4, 0.8 and 1.5 ml/min. These
values correspond to the measured 0.38, 0.78 and 1.46%
partial of total pressure, respectively (all gauge readings
were corrected by gas-sensitivity factors). The samples
were annealed in high-purity (99.999%) argon at 350 or
400°C for 1, 4 and 10 h. The choice of such tempera-
tures as the optimal ones for the purpose of this experi-
ment was suggested by the findings of previous studies
[7-9]. In fact, it was observed that annealing at 450°C
causes such a great degradation of the surface that
nearly 53% of it was covered by bumps and craters as
large as 9 um, with the craters as deep as the whole ML
[7,8]. On the other hand, for annealing temperature of
250°C the formation of the craters rarely occurs only for
very high H flow rate (6 ml/min) [7,8], thus making it
difficult to evaluate whether the decrease of H content
in the samples can be associated with craters for the
lower H flow rates considered here. No crater was ever
detected for annealing temperatures lower than 250°C.
Non-hydrogenated samples were also sputtered to use
as reference samples; they were annealed under the
same conditions as the hydrogenated ones.

The samples were analysed by elastic recoil detection
analysis (ERDA), atomic force microscopy (AFM), infrared
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(IR) absorption and Makyoh topography (MT). For ERDA,
the 1.6 MeV *He* beam available at the 5 MeV Van de
Graaff accelerator (Research Institute for Nuclear and Par-
ticles Physics, Budapest, Hungary) had been applied to
measure the hydrogen in the samples. The hydrogen
recoiled from the sample by He ions was collected by sur-
face-biased Si detector placed at a detecting angle of 10°
with regard to the beam direction, while the sample was
tilted to 85° from the normal. Mylar foil with thickness of
6 um was placed in front of the ERDA detector to stop the
forward-scattered He ions. Therefore, the ERDA spectra of
the H are almost background-free. Low ion current (ca. 6
nA) has been used to avoid beam heating, i.e. the escape
of H from the sample at a high temperature. Evaluation of
ERDA spectra was done by the RBX program developed
by Kétai [11]. The in-depth spatial resolution of ERDA is
approximately 20 nm [12]. Since ERDA is applied here
only to the single layers and the Si substrates do not con-
tain H, such error on the depth where the ERDA signal
comes from does not impair the results regarding the pre-
sence and concentration of H. The region between chan-
nels 120 and 100 (see next section) corresponds to a depth
of 40 nm from the surface. The relative error on concen-
tration is a few per cent. Therefore, the method is suitable
with regard to detecting the tendency of the H change in
the samples as presented in the next section. However, the
absolute error is worse because of the lack of a calibration
sample having a well-known H content. A carbon layer
containing H was thus used as a calibration sample.
Owing to the small cross section of C for He ion, the error
on the absolute H content calculated by this method is
about 25%. As stated earlier, it should be noticed that such
an error on the absolute concentration does not affect any
interpretation of the tendency of the H changes. A
VEECO Dimension 3100 in tapping mode was employed
for the AFM analysis. IR absorbance gave information on
how H bonds to Si and Ge before and after annealing. An
Oriel Cornerstone instrument was used. Makyoh topogra-
phy [13] was employed to measure the mean curvature
radius of the films to evaluate their stress status using the
Stoney formula [13-15]. A Young’s modulus and Poisson
ratio of 130 GPa [16,17] and 0.28 [16,17], respectively,
were assumed for the (100) Si wafer.

Results and discussion

The calibration of the sputtering apparatus as regards
the incorporation of H was done using ERDA by means
of the single layers of a-Si and a-Ge. Figure 2a shows
the ERDA spectra for the non-annealed a-Si layers
hydrogenated at different flow rates. The signal of the
recoiled H atoms from the sample surface locates at
channel 120. Behind the surface, the distribution of H
seems to be reasonably homogeneous in the whole
layer. Small peaks at channels 97 and 120 can be
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Figure 2 Calibration of H incorporation with ERDA. (a) 1.6 MeV
“He" ERDA spectra of H in the a-Si single layers hydrogenated at
flow rates of 04, 0.8 and 1.5 ml/min (#4, #8 and #15, respectively, in
the plot). (b) Total H concentration in a-Si (solid black line) and a-
Ge (dash blue line) layers as a function of the H flow rate as
determined by ERDA.

associated with the contamination at the surface either of
the deposited layer or of the substrate. The tail behind
the H peak is due to the multiple scattering, which the
RBX code is not yet able to simulate. Similar spectra
were obtained for a-Ge. By using the simulation program
of ref. [11], the calibration curves of Figure 2b giving the
incorporated at.% of H as a function of the H flow rate
were obtained. The increase in H concentration in a-Si
already tends to slow down significantly between 1 and
1.5 ml/min flow rate (0.78 and 1.46% partial of total pres-
sure), reaching a maximum value of 17 at.%. In a-Ge, the
same slowing down trend is observed for the same flow
rate values reaching a maximum value of only about 7 at.
% (Figure 2b).

A typical set of IR absorbance spectra in the stretching
mode range of the wave number is shown in Figure 3.
The spectra refer to MLs hydrogenated with a H flow
rate of 0.8 ml/min: Bl is the spectrum of the as-depos-
ited layer, B2 the spectrum of the ML annealed at 400°C
for 1 h and B3 the one of the sample annealed at 400°C

Si-H :
0.24 ; Si-H2 2
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Figure 3 IR absorbance spectra in the stretching mode range
of the wave number for a-Si/a-Ge MLs sputtered under H flow
rate of 0.8 ml/min. B1 is the spectrum of the as-deposited layer, B2
the spectrum after annealing at 400°C for 1 h and B3 the one after

annealing at 400°C for 10 h.

for 10 h. Spectrum B1 shows the peaks at 1880 and at
2010 cm™', which are the fingerprints of the monohy-
dride bonds of H to Ge and Si, respectively [10,18-20].
The shape of the Si-H peak indicates that the peak of
the Si di-hydride bond, Si-H,, at about 2140 cm™ could
also exist hidden in the tail of the Si-H peak at high
wave numbers. The shift with respect to the standard
value of 2100 cm™ can be due to the presence of (Si-
H,),, poly-hydrides [10,18] or to a possible contamina-
tion of the hydrides by oxygen [18]. The latter contami-
nation, if any, may come from oxygen residues in the
sputtering chamber. The presence of the Ge di-hydride
on the high wave number side of the Ge-H peak is not
certain. The possible existence of Si-H, bonds could be
suggested by spectrum B2 also showing a peak around
2140 cm™. Figure 3 shows that, upon annealing, the Si-
H and Ge-H bonds break with consequent release of H.
H has totally been released from Ge already after 1 h
annealing, while it still remains somewhat bound to Si
as mono- and di-hydride. After 10 h annealing, H is
totally released from Si as well.

The different release efficiencies of H in a-Si and a-Ge
were also studied with ERDA by using the 40-nm-thick
single films. The results are summarized in Figure 4 for
the case of annealing at 350°C for times of 1 and 4 h.
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Figure 4 H concentration, as determined with ERDA, as a
function of the H flow rate in a-Si and a-Ge single layers
before and after annealing at 350°C for 1 and 4 h.

Irrespective of the initial H content (i.e. H flow rate) in
the as-deposited films, a decrease in the H concentration
upon annealing is observed, which is greater for longer
annealing time. However, such a decrease is more effec-
tive in the case of the a-Ge film, as can be seen in Figure
5 that compares the decreases in H concentration in the
two types of material (sputtered with H flow rate of 0.8
ml/min) as a function of the annealing time at 350°C. In
a-Ge, the decrease is 85% with respect to the non-
annealed reference sample (from 5.5 to 0.8 at.%) just
after 1 h, whereas it is only 35% for a-Si (from 14.7 to 9.6
at.%). By annealing for 4 h only a small further decrease
in the H concentration of 3-4% is observed in both Si
and Ge. This indicates that the release of H in the a-Ge
layer was highly effective, and that its escape from the
layer was very fast. Evidence for this is given in Figure 6
which shows the surface morphology of the two types of
layer after annealing. For the same annealing time, either
1 or 4 h, the Si layer mainly exhibits surface bumps after

-
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Figure 5 H concentration, extracted from Figure 4, as a
function of the annealing time at 350°C in a-Si (solid black
line) and a-Ge (dash blue line) single layers hydrogenated at
0.8 ml/min.

Page 4 of 6

annealing, indicating that H is still in the film, though
partially gathered in bubbles, whilst the Ge layer exhibits
mostly craters, i.e. exploded H bubbles, as deep as the
layer, suggesting that nearly all H has escaped in agree-
ment with the ERDA results (Figures 4 and 5). The Si
film also contains some broken bumps (one is visible in
Figure 6a) which would explain the 35-38% decrease of
the H concentration detected by ERDA.

The structure degradation that produces craters is
caused by two mechanisms in succession. First, the
release of H and the formation of the H bubbles. Sec-
ond, the creation of craters if the initial H content is
very high and/or the annealing conditions are very
severe [7-9]. As to the release of H, the above men-
tioned results are evidence that it is more efficient and
faster in the a-Ge layers. This is in agreement with the
previous literature according to which the binding
energy of the Ge-H bond is smaller than that of the Si-
H bond [4,21-24]. In particular, Tsu et al. [24] found
that it is 69 kcal/mole for Ge-H and 76 kal/mole for Si-
H. The faster release of H in a-Ge would cause a faster
increase in the size of the H bubbles to the critical value
for their explosion and formation of craters. The results
of this study would confirm that the origin of the struc-
tural degradation of the MLs of a-Si/a-Ge observed in
previous studies (Figure 1 and refs. [7-9]) very likely pri-
marily starts in the Ge layers mostly because of the
lower binding energy of H-Ge with respect to H-Si
bonds.

It should be noticed that crater formation could also
be favoured by intrinsic stresses. The sample stress as
measured by MT was always compressive, as found by
others [25-27], with values of about 1, 0.15 and 0.33
GPa for as-deposited, non-hydrogenated single layers of
a-Si, a-Ge and a-Si/a-Ge MLs, respectively. For a-Si, this
result is in reasonable agreement with the literature data
[27,28]. Not much is known for a-Ge. As expected, the
stress for the MLs is in between those of the single
layers. Nickel and Jackson [29] have speculated that the
strain released as a consequence of the break of the H-
host atom bonds can be re-created by its propagation
through the amorphous network to the neighbouring
atoms and reconstruction of strained Si-Si bonds. They
concluded that the average network strain remains inde-
pendent of the H concentration and annealing as well
[29]. It might thus be assumed that the annealed hydro-
genated samples do not change their stress significantly
with respect to that measured in the as-deposited ones.
Other findings suggest that annealing causes stress
relieve in hydrogenated amorphous Si/Ge MLs [30].
Should there be changes in these samples, it is very
likely that the intrinsic stress of a-Ge always remains
smaller than the one of a-Si upon annealing owing to
the great difference between the values of the as-
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Figure 6 AFM amplitude image of (a) a-Si and (b) a-Ge single layer after annealing at 350°C for 4 h. H flow rate 1.5 ml/min. In (@) bumps
(close bubbles with H still inside) are predominant (only one is broken). In (b) large craters, i.e. exploded bumps with escape of H, are by far

500.0 m¥

[ 1
0.0 25.0 gm

deposited samples. The contribution of stress should
thus play a minor role in differentiating the formation
rate of the craters in a-Si and a-Ge. Further investiga-
tions are underway to better clarify this point.

Abbreviations
AFM: atomic force microscopy; ERDA: elastic recoil detection analysis; IR:
infrared; MLs: multilayers; MT: Makyoh topography.
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