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Infrared and Raman studies on a-Ge, Sn„:H thin films
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Infrared and Raman measurements were carried out on a-Ge& „Sn„:H thin 51ms grown on Si sub-

strates. The hydrogen concentration is found to decrease with increasing tin content. Preferential for-

mation of monohydride groups (GeH) is observed with increasing Sn concentration. The tin dependence

of the GeH and GeH2 stretching is explained as being due to the lower electronegativity of Sn in corn-

parison to that of Ge. The study reveals that the stability-ratio electronegativity of germanium should

be smaller than 3.59 for the a-Ge:H system. Also, the GeH wagging and GeH2 roll modes show that

there is a large bond-angle variation with increasing Sn concentration. Additionally, the changes in the

frequency, width, and intensity of the Ge-Ge (TO)-like phonon, clearly indicate that the structural disor-

der increases with increasing tin content. Auger-electron microprobe and Raman studies with different

excitation laser lines show differences near the surface in comparison to the bulk, which are produced by

the partial segregation of tin atoms, formation of Sn clusters in the surface, and reduction of the ger-

manium concentration near the surface, as well as preferential attachment of hydrogen to Ge rather than

to Sn.

INTRODUCTION

During the past few years amorphous hydrogenated
silicon and germanium have been employed in several op-
toelectronic applications, such as solar cell, photosensors,
and thin-film transistors. ' The addition of tin into sil-
icon and germanium has been found to decrease the opti-
cal band gap systematically with increasing Sn concentra-
tion, thereby allowing one to control the electrical and
optical properties of such alloys over a wide composition
range.

Amorphous hydrogenated germanium (a-Ge:H) has
been prepared by different techniques, such as sputtering
and glow discharge. ' However, the vibrational spec-
trum of this material has not been studied as extensively
as that of a-Si:H. Most of the conclusions on a-Ge:H
from the infrared and Raman spectra have been drawn by
comparison with a-Si:H and by studies involving substi-
tution of hydrogen by deuterium. ' The vibrational
spectrum of alloy systems involving Ge (or Si), H, and Sn
have been studied very little. ' ' On the other hand, a-
Si, „Ge„:H is the alloy material that has received most
of the attention. ' X-ray diffraction experiments on the
unhydrogenated a-Ge& „Sn system were carried out by
Temkin, Conell, and Paul, "on samples grown at —10 C.
They had reported random covalent bonding in them.
Also, Oguz and Paul' studied the synthesis of metastable
crystalline Ge-Sn alloys by pulsed UV laser annealing of
amorphous Ge-Sn films. Raman scattering in a-
Sn& „Ge„alloys was investigated by Menendez et al. ,

'

where differences with the Ge, „Si system were under-
stood considering confinement and strain effects. Cham-
bouleyron and Marques' have studied transport and op-
tical properties of hydrogenated and unhydrogenated ger-
manium tin alloys grown at a higher deposition tempera-
ture (180'C). However, their infrared study was aimed

simply at identifying hydrogen bonds as well as its con-
centration. A previous work by Chambouleyron and
Marques' on the same hydrogenated material reported
that the position of the infrared bands appears slightly
shifted toward low frequencies as in the tin concentration
increases.

In this work we present a detailed vibrational study of
a-Ge& „Sn„:Has a function of tin contents. The Ge-Ge
(TO)-like phonon was studied by means of Raman
scattering, while infrared spectroscopy was employed to
measure Ge-H and Ge-Hz modes.

EXPERIMENT

Two sets of a-Ge& „Sn„:H films were prepared on Si
substrates in a conventional reactive cosputtering unit
with 150 W of RF (13.56 MHz) power, a cathode self-bias
voltage of —1000 V, and a gas mixture of argon at 12
mTorr and hydrogen at 3 mTorr. The sputtering target
consisted of a germanium disk of about 15 cm in diame-
ter and a couple of tin pieces (about 1 cm in diameter)
placed at one end of the germanium disk. The substrates
were heated to about 150'C during the deposition. The
usual deposition time was about six hours. Characteriza-
tion of the films was carried out using Auger electron mi-

croprobe. We used depth profiling to determine the uni-

formity of the composition of the film throughout the
sample thickness. X-ray diffraction was employed to
detect any crystalline inclusion in the samples, such as P-
Sn. The first set corresponds to samples A, 8, C, and D
[see Table I(a)]. A second set similar to the first one, but
with slightly different tin content, was prepared. The
samples of this set are called 1, 2, 3, and 4 [see Table
I(b)]. In order to carry out infrared absorption studies we
utilized a Nicolet 740 Fourier transform infrared spec-
trometer (Fl'IR). The parameters were chosen to give a
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TABLE I. (a) Composition and refractive index of the first
set of samples. (b) Composition and refractive index of the
second set of samples.
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resolution of 4 cm ' in the range 4000 to 400 cm '. Ra-
man spectra were collected using a Raman Microprobe
S3000 system, from Instruments S.A, equipped with a
diode array from Princeton Instruments as the detection
system. The excitation sources were the 514.5 nm laser
radiation from an argon ion laser, INNOVA 90-6, and
the 581- and 588-nm lines from a CR-599 dye laser, both
from Coherent Inc. The spectra were measured in the
backscattering geometry with a 100X microscope objec-
tive. A defocused laser spot was used in order to avoid
recrystallization (by laser annealing effect) or degradation
of the films.
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RESULTS AND DISCUSSION

A. Infrared absorption

Table I presents the stoichiometric data obtained from
the Auger electron spectroscopy study. Except for a sur-
face 1ayer of a few angstroms, the composition of the film

was found to be quite uniform. Tin segregation was ob-
served in the samples, with the highest tin concentration
near the surface being between 1.7 (sample D) and 2.4
(sample l) times higher than that in the bulk. No evi-

dence of crystalline structure was found from x-ray
diffraction measurements. All the samples were found to
contain carbon, with a lower concentration in the bulk
than in the surface. Figure 1 shows typical infrared spec-
tra obtained with a-Ge, „Sn:H. The bands around
1880 and 1970 cm ' were assigned to stretching modes
of GeH and GeH~ groups, respectively. " Also, a band
around 570 cm is indicative of wagging-roll modes of
these groups. ' No infrared signal from Sn-H bonds was
found, which might be due to the low Sn concentration
and a preferential attachment of hydrogen to germanium
rather than to tin. ' A preferential attachment was also
observed in a-Si, „Sn„by Katiyar et al. ' Evidence of
preferential hydrogen attachment has been reported in
other systems, such as a-Si, Ge„:H, where hydrogen
prefers to attach to Si than to Ge io, is, i9 In these cases
the wagging-roll modes were used in order to estimate the
hydrogen concentration in the samples, ' whose value de-

FIG. 1. Absorbance spectra of a-Ge& „Sn„:H for (a) GeH
and GeH& bending modes, and (b) GeH and GeH2 stretching
modes with x between 0.4% and 7.6%. Dot-dashed lines corre-
spond to absorption bands, short-dashed lines to fringes, and

long-dashed lines to background.

creases with increasing Sn content (see Table I). The ab-

sorption band and the fringes were fitted using Gaussian
and sine squared functions, respectively. From the
fringes the refractive indices were calculated, which are
reported in Table I. The absorption coelcients were cal-
culated using the approximation suggested by Brodsky,
Cardona, and Cuomo. The spectra of the stretching
modes are shown in Fig. 2 for different x values. Several
changes are found as the Sn concentration increases.
There is a systematic decrease in the intensity of the

GeH2 mode, while the intensity of the GeH stretching

mode increases. This is associated with the preferential
formation of GeH instead of GeH2 bonds. This behavior
was also found in the a-Si, Sn„system. ' Moreover,
the decrease in intensity of the band around 825 cm
associated with the scissors mode of the GeH2 group,
with increasing Sn content confirms the preferential for-
mation of the GeH group.

Figure 3 shows the deconvoluted band around 570
cm ', where two Gaussian functions were necessary in

order to fit the spectra. Clearly, the intensity of the
Gaussian peak around 620 cm ' has the same evolution
as the stretching mode of GeH2 group with respect to Sn

concentration. A similar behavior is observed for the
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FIG. 2. Absorption coe%-
cient vs frequency for the GeH
and GeH2 stretching modes of
a-Ge& „Sn„:H with x =0.4%%uo,

1.0%%uo, 4.5%, and 6.9%. Dot-
dashed lines correspond to ab-
sorption bands.

Gaussian peak around 565 cm ' and the stretching mode
of the GeH group. These results suggest that the peak
around 565 cm ' corresponds to the GeH wagging
mode, while the peak around 620 cm ' corresponds to
the GeH2 roll mode. Connell and Pawlik ' found that the
band around 570 cm ' in a-Ge:H, prepared by sputtering
technique is asymmetric. This asymmetry varies in sam-
ples prepared under different hydrogen pressures. Thus,
the deconvolution of their data shows peaks at 564.5
cm ' (0.07 eV) and 625.1 cm ' (0.0775 eV), in good
agreement with our results. Despite the conclusion about

the band at 1976 cm ' (later reported by Lucovsky,
Nemanich, and Knights to arise from GeH2 rather than
GeH) Connell and Pawlik ' indicated that the hydrogen
incorporation results in the two final-state configurations
that have different excitation energies for stretching and
angular modes. Moreover, Bermejo and Cardona stud-
ied a-Ge;H, by infrared spectroscopy, showing an asym-
metric wagging mode, where in some cases (for different
hydrogen partial pressures) a shoulder around 620 cm
was found. These results are also consistent when com-
pared with the experimental values of hydrogen adsorbed
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FIG. 3. Absorption coeffi-
cient vs frequency for the GeH
and GeH2 bending modes of a-
Ge& „Sn„:H with x =0.4%,
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sorption bands.
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on (111)Si surfaces and with the (SiHz) system, m being
equal to 5 and 6. In the former the SiH wagging mode is
found at around 630 cm, while in the latter the SiH2
roll mode can be found between 625 and 720 cm '. Fur-
thermore, it has been mentioned that the ro11 mode may
occur at a higher frequency than the wagging mode. '

%e will return to this point later.
Figure 4 presents the evolution of the GeH and GeHz

stretching modes as a function of tin concentration. A
trend toward lower frequencies is observed as the Sn con-
tent increases. An explanation for this behavior can be
obtained through an analysis of the nature of the R'
nearest neighbor associated with the Ge atom that parti-
cipates in the Ge-H stretching modes. This kind of
ana1ysis has been applied by Lucovsky and co-
workers ' to the case of silicon. Figure 5 shows the fre-
quency of the Si-H and Ge-H stretching modes with
respect to the sum of stability ratio electronegativities
(g SR') (Ref. 25) of substituted silane and germane
(RR 'R "XH, where X =Si or Ge and R '=F, Cl, Br, CH„
CzH„etc. ). A shift to lower frequencies can be ob-
served as +SR' decreases. Similar results are found in
RR'XH~ (Fig. 6). Thus, the decreasing of the Ge-H
stretching modes in hydrogenated germanium alloys is
related to the smaller electronegativity value of Sn in re-
lation to Ge. However, it can be noted, from Figs. 5 and
6, that Si-H and Si-H2 stretching modes from a-Si:H are
close to the fitted curve, while in the case of a-Ge:H, the
Ge-H and Ge-Hz the stretching modes are far away from
it. The difference between the calculated (v„~) and exper-
imental (v,„}stretching frequencies is 136 cm for GeH
and 62 cm for GeH2. This significant deviation
demands an explanation. Some compounds, such as or-
ganometallics, silicon, germanium, and tin have vacant d
orbitals, whose energy is close to the s- and p-orbital ener-
gies of the outer electron shell. Therefore these com-
pounds are expected to exhibit conjugation effects such as
O. , g or a. , m. As mentioned earlier, the electronic effect of
R ' substituents are responsible for the change in the Ge-
H stretching frequency. Thus, the total electronic
influence could be separated in the inductive and conju-
gative effects. Therefore, the higher Av=v, v

p
can

be understood if there is a strong contribution of conjuga-
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tive e6'ect in Ge-Ge bond that is much stronger than in
Si-Si bond. However, this effect is unlikely because X in
RR 'R "XH with X and R '= Si or Ge, is expected to form
four sp tetrahedrally oriented o bonds and no (p d)n or-

(p-d)cr bonds. In other words, for those compounds
RR'R "GeH and RR 'GeHz in which the substituents R '

do not form (p-d)m or (p d)cr bonds wi-th germanium
atom the Ge-H stretching frequency is only inductively
influenced. Thus, another explanation must be found.

By using only the inductive mechanism the high hv
value in a-Ge:H would be understood if we assume a
smaller stability ratio electronegativity value for Ge than
the commonly accepted one. This is possible because the
electronegativity of germanium relative to the other
group-IV elements has been the subject of a great deal of
controversy. Using RR'R "GeH and RR'GeH2 data
the electronegativity average value of Ge in a-Ge:H is
2.65, which is very close to the electronegativity value of

RR'XH2
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FIG. 5. Frequency of SiH and GeH stretching modes as a
function of the sum of the stability ratio electronegativities of
the atoms or groups bonded to the Si or Ge atom. The molecu-

lar frequencies are from Refs. 24—32.
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Si (2.62). In order to clarify this point, the X H-stretch-
ing mode of several silicon and germanium compounds
(substituted silane and germane, and amorphous) were
compared in the Pauling scale. Similar results are expect-
ed irrespective of the electronegativity scale. In order to
avoid the possible ambiguity of the electronegativity
values in some groups, such as CH3, C2H5, etc., the
empirical equation between Pauling and stability ratio
electronegativity scales was not used. Unfortunately, this
reduces the amount of data available for the study. How-
ever, because similar results in both scales must be ob-
tained, the straight line curves and almost equal slopes
for Si and Ge in RR'R "XH systems must be maintained.
Figure 7 shows the best 6t to the points obtained as just
mentioned, giving the following equation in the case of
germanium:

a)o, H=81. 5 gP' +1389.2

where gP' is the sum of electronegativities of R' substi-
tuents in Pauling's scale. This result suggests that the
stability ratio electronegativity of germanium should be
smaller for a-Ge:H system. Table II shows the Ge-H
stretching frequency for the monohydride group in all
possible configurations for R'=Ge and/or Sn. The shift
of the Ge-H modes reflects the different bonding environ-
ments provided to the Ge-H bond by the alloyed net-
work, in agreement with Chambouleyron and Marques. '

However, the Ge-H stretching modes are not noticeably
influenced by the masses of the R' neighbors, but by
their electronegativities. This can be readily understood
since the mass of hydrogen is very light (mH=1. 0) in
comparison to that of germanium (m&, =72.6) or tin
(ms„= 118.7).

Figure 8 shows the evolution of the GeH wagging fre-
quency and the GeHz roll frequency as function of Sn
concentration. An increase in the frequency of these two
modes is observed as the Sn content increases. This can
be explained by a systematic enhancement in the angle-
bending force constant for the R '-Ge-H bond angle with

RR'R" XH

TABLE II. Calculated frequency of GeH stretching mode for
difFerent R ' configurations.

R ' configuration

3 Ge
2Ge 1 Sn
1Ge2Sn
3 Sn

Frequency (cm ')

1880.0
1876.5
1872.4
1868.3

increasing Sn concentration, which leads all those
motions which involve bond angle distortions to higher
frequencies. The increase in frequency of the scissors
mode in GeH2 with increasing Sn content is consistent
with this explanation. Also, the angular vibrational
mode at 890 cm ' in Si, „Snz.H is shifted to 900 cm
with increasing Sn concentration. ' The same argument
explains the difference in frequency of the GeH wagging
(-565 cm ') and the GeH2 roll (-620 cm ') modes,
where different R'-Ge-H bond angles can be formed in
the GeH and GeHz groups. Several studies have shown
that a lower substrate temperature (T, ) is responsible for
the occurrence of a higher structural disorder, such as
larger bond angle variations, ' which could 1ead to a
higher wagging roll frequency. Guanghua and Fong-
quing studied a-Ge:H and a-GeN, :H samples prepared
at T, equal to room temperature, where the wagging-roll
band was found to be 625 cm ', very close to our as-
signed roll mode. In most of the a-Ge:H studies, the fre-
quency of the wagging-roll band has been found to be ap-
proximately 570 cm ' for higher T, ." This frequency
shift, which is associated with a varying structural disor-
der caused by variation in the preparation condition, is in
agreement with our predictions.

B. Raman scattering

The Raman spectra of a-Ge has been found to be high-
ly sensitive to changes in the structural order, such as
bond angle disorder. ' In particular, experimental evi-
dence has shown that the broadening and the lowering of
the frequency of the Ge-Ge TO-like phonon, relative to
that observed in c-Ge, is associated with the higher net-
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FIG. 8. GeH wagging and GeH2 roll mode frequencies vs tin
concentration.
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work structural disorder. Moreover, theoretical calcu-
lations by Meek on models of a-Ge with different bond
angle distributions and ring statistics have shown that
small variations in the short-range order may substantial-
ly increase the width of the TO-like phonon band fre-
quency as well as decrease its relative intensity. Figure 9
shows the Raman frequency shift of the Ge-Ge TO-like
mode as a function of Sn contents. It is observed to de-
crease as Sn concentration increases. The covalent radii
of Ge and Sn are 0.122 and 0.141 nm, respectively, so
that the decreasing of the Ge-Ge TO-like frequency can
be explained in terms of the average nearest-neighbor
separation, which should increase significantly as Sn is
added to the a-Ge:H system. Therefore, the increase in
Ge-Ge bond length must result in a decrease in the Ge-
Ge TO-like frequency. In addition, the incorporated hy-
drogen should also be partly responsible for this frequen-
cy shift. Furthermore, it can be noted, from Fig. 9, that
the study with the yellow excitation laser line (2.1 eV),
clearly indicates a systematically lower frequency in com-
parison with that using green laser line (2.4 eV). This can
be associated with different absorption depth for yellow
and green light photons. ' In the case of green light,
the film layer adjacent to the surface is observed, while
with yellow light the scattering from the bulk is mea-
sured.

The Ge-Ge TO mode in crystalline germanium is 301
cm ' and it is around 278 cm ' for a-Ge:H. ' Examin-
ing Fig. 9, particularly for low Sn concentration, the Ge-
Ge bond for layers near the surface are less influenced by
the Sn content than that in the bulk. However, this re-
sult seems contradictory when you consider the amount
of tin near the surface in relation to the bulk. A possible
explanation can be given by invoking the very low solu-
bility of Sn in Ge, so that the low tin content in the bulk
can form Ge-Sn bonds, while near the surface, despite the
Sn content being higher, Sn is less substitutional and it
exists as surface agregates. In this picture, the Ge-Ge
bonds are more strongly affected by Sn atoms in the bulk
than at the surface. Clustering seems to be a strong pos-
sibility in this alloy system based on the precipitation of
Sn in the presence of hydrogen and Si substrate. ' In ad-

dition, Sn clusters or precipitates in a-Si& Sn:H have
been related to an increase in the refractive index, which
is in agreement with our results (Table I).

Another contribution to the frequency shift of the Ge-
Ge TO-like band in the bulk in comparison to that near
the surface is through the hydrogen content. Hishikawa
et ah. ' have found that the presence of hydrogen atoms
in the monohydryde configurations (H ) acts like an in-
terstitial impurity in the silicon network, inducing repul-
sive force between H and neighboring silicon atoms,
that results in the expansion of the Si-Si bonds and a de-
crease in the frequency of the Si-Si TO-like mode. As
mentioned before, the FTIR spectra showed a reduction
of the hydrogen concentration and a preferential forma-
tion of monohydryde groups with increase in Sn concen-
tration. At the same time, the H content is expected to
be lowest near the surface; because of tin segregation, the
lower Ge content near the surface with respect to the
bulk, and a preferential attachment of hydrogen to Ge is
expected. Therefore, the expansion in the Ge-Ge bond
length should be higher in the bulk than that in the sur-
face, so that a lower Ge-Ge TO frequency in the bulk
than that near the surface must be obtained. Extrapola-
tion to x =0, in Fig. 9, shows a Ge-Ge TO-like phonon
around 266 cm ' for the bulk (yellow light), while near
the surface (green light) a Ge-Ge TO-like band around
274 cm is found. This indicates, using the hydrogen
content explanation, that the concentration monohy-
dryde group is noticeably higher in the bulk than near
the surface. This result is in agreement with the works of
Ghazala, Beyer, and Wagner and Wagner and Beyer,
where the monohydride groups are found to be incor-
porated mainly in the bulk.

Figure 10 presents the full-width at half maxima
(FWHM) of the Ge-Ge TO-like band as a function of Sn
content. No conclusive differences in FWHM are found
for the different excitation laser lines. However, a clear
trend toward higher FWHM is observed as tin concentra-
tion increases. This tendency can be understood by in-

corporation of Sn, which increases the local strain around
Ge atoms. ' This suggests, similar to the FTIR results,
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FIG. 11. Intensity of the Ge-Ge To-like phonon as a function
of tin concentration.

that the bond angle deviation increases with increasing
tin contents. Using the relationship from the work of
Tsu and Hernandez the angle deviations are between
approximately 6' and 12'. Finally, in Fig. 11 we present
Ge-Ge TO intensity as a function of Sn concentration.
No comparative work was possible for the different exci-
tation laser lines, because for each laser line different de-
focused spots were used. However, a decrease in the in-
tensity with increasing Sn contents was observed in all
cases. Thus, the frequency, the width, as well as the in-
tensity of Ge-Ge TO-like mode, clearly indicate that the
structural order decreases with increasing Sn concentra-
tion in the a-Ge& „Sn„:H system. On the other hand,
differences near the surface in comparison to the bulk
were observed, which is the product of partial segrega-
tion of Sn atoms, formation of Sn clusters, reduction of
Ge concentration near the surface and the preferential at-
tachment of hydrogens to Ge than to Sn.

We have studied a-Ge& Sn:H thin films utilizing
micro-Raman and infrared spectroscopy techniques. A
decrease in hydrogen concentration is found with an in-
crease in Sn concentration. Additiona11y, a preferential
formation of monohydryde groups is obtained with in-
creasing Sn concentration. A decrease in the GeH and
GeH2 stretching frequencies with increasing Sn concen-
tration is explained as due to the lower electronegativity
of Sn than that of Ge. Also, the study shows that the sta-
bility ratio electronegativity should be smaller than 3.59
for the a-Ge:H system. On the other hand, an increase in
the GeH wagging and GeH2 roll frequencies suggests
larger bond angle distortion with increasing tin content.
The frequency study of Ge-Ge TO-like phonon indicates
differences near the surface in comparison to the bulk,
which is due to the partial tin segregation and subsequent
Sn-clusters formation, the lower germanium concentra-
tion near the surface than that in the bulk, and the pref-
erential attachment of hydrogen to Ge than to Sn. More-
over, the halfwidth and intensity of the Ge-Ge TO-like
mode shows that the structural disorder increases with
increasing Sn content.
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