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A B S T R A C T   

Semiconductors based on group IV elements are widely used in the fields of micro-electronics, optics and pho-
tonics. The group IV alloys are processed using plasma enhanced chemical vapor deposition and its opto- 
electrical properties are a result of the material composition and structure. Infrared and Raman spectroscopy 
are complementary and powerful tools for providing these essential material characteristics. In this work, the 
vibrational modes present in hydrogenated, oxygenated and carbonated group IV alloys are investigated in a 
unique range of amorphous and nano-crystalline SiX≥0Ge1− X:H films and their alloys with C, O and Sn. Mea-
surements are performed both post-deposition and following extended exposure to the ambient and de-ionized 
water. This comprehensive review is of value in the fields of material science and engineering as a single 
work of reference for group IV peak identification. Additionally, the effect of electrical screening, the influence of 
the dielectric medium on the peak frequency of a vibrational mode, is illustrated using the experimentally 
observed frequency shifts of X-O and X-H (X = C, Si, Ge) vibrational modes. All experimentally observed center 
frequencies of silicon hydride stretching modes in silicon solids and corresponding silicon-hydride configurations 
are identified using a straightforward Lorentz-Lorenz model approximation and considering all potential hy-
drogenated volume deficiencies within a tetrahedrally coordinated amorphous and nanocrystalline lattice. It 
shows that the stretching mode signature can reveal detailed information on the volume deficiencies in IV- 
valence alloys.   

1. Introduction 

Semiconductors based on group IV elements like silicon, carbon, and 
germanium are widely used in the fields of micro-electronics, optics and 
photonics, for a range of applications including transistors, detectors, 
displays and photovoltaics. The performance of devices in which group 
IV semiconductors are applied, is a result of the opto-electrical proper-
ties and chemical stability of group IV alloys, which in turn are a direct 
result of the chemical composition and structural characteristics of the 
material. Understanding of these material properties is therefore crucial 
for optimization of hydrogenated group IV alloys. Vibrational spec-
troscopy has proven an important means of providing essential infor-
mation related to the material stoichiometry [1–4], concentration of 
elements like hydrogen [5–9], the void fraction and porosity [10–14], 
the preferential bonding of elements in stoichiometric films [15–17], the 
chemical stability of films [18,20,26] and the amorphous and crystalline 
material phase fractions [19,21–23]. While Fourier-transform infrared 
spectroscopy (FTIR) and Raman Spectroscopy (Raman) are often used 
tools in material characterization, works combining results of these 

complementary techniques for group IV alloys are scarce, as are works 
presenting more than a single alloy of varying stoichiometry. Such a 
comprehensive review of group IV alloys is of great value as a reference 
for peak identification. Additionally, trends across the center fre-
quencies of vibrational groups in group IV alloys, as a function of the 
period and group of an element, can provide insight for the identifica-
tion of peaks during the development of novel alloys. 

For that reason, in this work, a range of group IV amorphous (a-) and 
nano-crystalline (nc-), unalloyed and alloyed, hydrogenated (:H) mate-
rials are processed of varying elemental composition. A nano-crystalline 
material is a heterogeneous material in which nanometer-scale crystals 
are embedded in an amorphous phase. FTIR and Raman spectroscopy 
measurements and energy dispersive X-Ray (EDX) compositional anal-
ysis are performed on these plasma enhanced chemical vapor deposition 
(PECVD) processed undoped films. Vibrational spectroscopy is based on 
measuring the vibrational modes of single or group of chemical bonds in 
molecules up to solids. FTIR and Raman analysis are complementary 
vibrational techniques. In infrared absorption the absorbed photon 
matches the energy differences between the vibrational energy states. 
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FTIR detects bonded atoms with a strong dipole moment that undergo a 
photo-induced change in dipole moment. Raman spectroscopy is based 
on the inelastic scattering of photons in which the shifts of the photon 
energy reflects the energy difference between the vibrational modes. 
Raman detects bonded atoms with a weak dipole moment that exhibit a 
photo-induced change in polarization. Here, these measurements are 
performed before and after the films are subjected to different degra-
dation conditions in the dark and under light, in the ambient and in de- 
ionized (DI) water. This extensive experimental design provides the 
opportunity to compare vibrational spectra in 3 unique ways: 1. a 
comparison between homogeneous and heterogeneous materials with 
different material phases, 2. a comparison of the presence and peak 
frequency of oxide and hydride vibrational modes across the group IV 
elements carbon, silicon and germanium and 3. a comparison of the 
vibrational spectra between the state immediately after deposition and 
following exposure to different ambient and illumination conditions. 

The purpose of this work is twofold. For one, the added value of this 
unique experimental design, for the fields of material science and en-
gineering, is in providing a comprehensive overview of the vibrational 
spectra of group IV alloys. In addition to providing a single work of 
reference for peak identification, a fundamental perspective is presented 
on the peak frequencies as a function of the material structure and 
elemental composition. Moreover, throughout this work examples are 
provided of the applications of vibrational spectroscopy for relating 
material characteristics to opto-electrical properties, chemical stability 
and/or device performance. The discussion section of this work consists 
of four main parts. In the first part of the discussion, Section 3, the as- 
deposited FTIR spectra of the a/nc-SiX≥0Ge1− X:H films and their alloys 
with C, O and Sn are characterized. The peak frequencies of the hy-
drides, and potential applications of hydride identification, are 
described in Section 3.1, and the oxides and carbides in Section 3.2, 
respectively. Following these descriptive sections, a reflection on the 
relation between subtle shifts of FTIR vibrational frequencies and the 
physical and chemical nature of the local environment of vibrational 
excited chemical bonds in a solid is presented in Section 4. In Section 5, 
the Raman spectra are analyzed, with a focus on the amorphous and 
crystalline (c-) peaks in Section 5.1, followed by the hydride-, oxide- and 
carbide-bonds in Section 5.2. Finally, in Section 6, a reflection is pre-
sented on the potential subjective nature of the peak fitting process in 
heterogeneous, chemically complex group IV alloys. 

2. Experimental section 

2.1. Film processing 

The films presented in this work are processed on 4 in., 500 μm thick 
monocrystalline silicon wafers. The a/nc-Ge:H and a-GeCSn:H films 
were processed in the Cascade radio-frequency (RF) PECVD reactor, 
which has a circular electrode with a diameter of 160 mm and an 
electrode spacing of 20 mm. Cascade is a laminar flow reactor, where 

germane (GeH4) and molecular hydrogen are used as precursor gasses. 
Additionally, for the GeCSn:H depositions, tetramethyltin (TMT) (Sn 
(CH3)4) is used as a precursor. Injection of TMT into the reactor is 
controlled through a valve, for which the open and close time can be 
controlled. The ratio of the close time to the open time is referred to as 
the duty cycle in table 1. More information can be found in [24]. All 
other films were processed in a different RF-PECVD cluster tool. In this 
cluster tool the intrinsic (i-) a-Si:H, i-nc-Si:H and remaining films 
(i-a/nc-SiGe:H, a-GeO:H, nc-SiO:H, a-GeC:H, nc-SiC:H) films are pro-
cessed in separate dedicated chambers, each with a flat 12 cm × 12 cm 
shower-head electrode. The deposition conditions of the processed films, 
including deposition times and thickness, are reported in Table 1. After 
deposition the wafers were cut in quarter pieces to measure the evolu-
tion of the vibrational spectra and opto-electrical parameters over time, 
as a function of degradation condition. Of each processed film, three 
quarters were stored in a temperature controlled room. One quarter was 
stored in the dark under ambient conditions. A second quarter was 
stored in an in-house light soaking setup, under ambient conditions. A 
third quarter was stored in the dark in a container filled with DI water. 
The vibrational and electrical parameters of these films were then 
measured at approximately 10 h, 100 h and 1000 h after deposition, 
with an additional measurement performed at 1hr after deposition for 
the samples stored in water. 

2.2. Vibrational and elemental analysis 

FTIR spectra were obtained using a Thermo Fisher Nicolet 5700 
spectrometer. The Raman spectra were obtained using an inVia confocal 
Raman microscope with a laser operating at a wavelength of 514 nm. 
The EDX analysis was performed on a FEI Nova NanoSEM 450, using an 
acceleration voltage of 3 kV. The elemental composition was obtained 
by comparing the area of fitted gaussian distributions after background 
subtraction. As such, the elemental fractions represent atomic fractions 
rather than weight fractions. For the GeCSn:H sample an acceleration 
voltage of 5 kV was used, to include the main Sn electron transmission at 
around 3.44 keV in addition to the one at 0.69 keV. While this peak is not 
included in Fig. 1 for visualization purposes, it is included for deter-
mining the atomic fraction. 

2.3. Fitting vibrational spectra 

The spectra were fitted using the Fityk freeware [25]. The back-
ground was subtracted manually. Gaussian distributions were added 
manually. For each sample, the minimum number of Gaussians are used 
to accurately match the shape of the measured data. The process of 
determining the number of Gaussians is based on the experience of 
fitting and re-fitting the hundreds of intrinsic group IV alloys, presented 
in [21,24,26–29]. Following the manual fit, an autofit option was used 
to minimize the error between the measured data and the sum of the 
Gaussian distributions by determining the exact peak frequency, width 

Table 1 
Deposition conditions of the films presented in this work. Precursor gas flow rates indicated in standard cubic centimeters (sccm).   

PRF p TS SiH4 GeH4 CH4 Sn (CH3)4 H2 CO2 Dep. time Thickness  
(mW cm− 2) (mbar) (◦C) (sccm) (sccm) (sccm) (duty cycle) (sccm) (sccm) (s) (nm) 

a-Si:H 19.4  0.7  180 40           1100 177 
nc-Si:Ha 277.8  4  180 3.3        120   900 45.9 
a-SiGe:H 20.8  3.6  180 30  5.3      200   2800 292.2 
nc-SiGe:H 20.8  3.6  180 30  0.4      200   1100 148.1 
nc-Ge:H 99.5  3.5  200   0.5      200   1680 222.6 
a-Ge:H 24.9  4  200   0.5      200   2100 182.6 
a-GeO:H 20.8  3.6  180   2      200  20 850 173.8 
a-GeC:H 20.8  3.6  180   2  15    200   800 170.6 
nc-SiC:H 20.8  3.6  180 5    10    200   1848 213.4 
nc-SiO:H 20.8  3.6  180 5        200  5 1861 164.9 
a-GeCSn:H 14.9  4  230   1.5    2857  200   570 91.0  

a Processed at 40 MHz. 
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Fig. 1. Vibrational spectra of group IV elements. FTIR spectra (left) and Raman spectra (right) plotted as a function of wavenumber, for a/nc-SiX≥0Ge1− X:H and their 
alloys with C, O and Sn. The green dotted lines indicate the measured data after background subtraction. Gaussian distributions (red curves) are fitted to the 
experimental data. The black curves indicate the sum of the fitted Gaussians. The wavenumber of the peak frequencies of the fitted Gaussian curves are indicated in 
the figures. The atomic fractions of the presented materials are indicated in the center, as obtained by EDX analysis. Inset (bottom left) shows the 3500–3800 cm− 1 

range of the a-GeCSn:H sample. Note that the horizontal axis of the bottom two Raman plots (a-GeC:H and a-GeCSn:H) deviates from the plots positioned above. 
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and height of the Gaussian distributions. For bonding configurations 
with multiple hydrides, or other atoms or groups, the convention -Xn is 
used in this work. A reflection on the fitting process is presented in 
Section 6. 

3. FTIR spectra of hydrogenated a/nc-SiX≥0Ge1¡X:H and their 
alloys with Sn, C and O 

The vibrational spectra and elemental analysis of a number of 
amorphous and nano-crystalline group IV materials and their alloys with 
carbon and oxygen are shown in Fig. 1. The measured curves are indi-
cated in green, while the Gaussian distributions fitted to reproduce the 
curves are indicated in red. The sum of the fitted Gaussians is repre-
sented by the black curve. The peak frequencies of the fitted Gaussians 
are indicated in the spectra and an overview of the observed peaks is 
presented in Table 2, including the most likely origin of the vibrational 
modes. It should be noted that C and O fractions in the Ge(C,O):H and Si 
(C,O):H alloys are intentionally added during deposition using CO2 and 
CH4 precursor gasses, while C and O fractions in the a/nc-SiX≥0Ge1− X:H 
films are the results of post-deposition oxidation and carbisation 
reactions. 

3.1. C,Si,Ge-hydrides 

The hydrogen vibrational modes are often used as a tool for deter-
mining the hydrogen concentration in thin films, a relevant metric for 
relating structural characteristics to electrical material properties such 
as the bandgap energy and degree of electrical passivisation [65]. 
Moreover the specific configuration of the hydrogen stretching modes 
(SM) have proven an important tool for thin film analyses. The ratio 
between the low SM (LSM) and high SM (HSM), visualized for Si-H 
stretching in Fig. 4, are used as a metric for determining void fraction 
and material density in thin a-Si:H [10–12,14], a-SiGe:H [13] and a-Ge: 
H [21,27] films. Moreover, in nc-Si:H, the specific SM signature is used 
to optimize the growth of device quality films photovoltaic applications 
[52]. 

None of the a/nc-Si:H and a/nc-SiGe:H (a/nc-SiGeX ≥ 0:H) show 

significant traces of oxygen or carbon contamination according to EDX, 
which aids in the identification of hydride vibrational modes in these 
samples. The a/nc-SiGeX ≥ 0:H spectra appear quite similar, which is not 
unexpected, since Si–Ge bonds are not FTIR active and hydrogen is 
reported to favorable bond with silicon in PECVD processed a-SiGe:H 
alloys [17,66,67]. The peaks in the a/nc-SiGeX ≥ 0:H FTIR spectra are 
therefore expected to be silicon hydrides with a small fraction of 
germanium hydrides in the SiGe:H samples. In the four a/nc-SiGeX≥0:H 
samples two peaks are observed in the 500–800 cm− 1 range which are 
related to Si-H wagging modes [9,20,35,37]. The peak observed at 
around 870–881 cm− 1 is likely related to Si-Hn bending [9,20,35,36, 
52]. In the nc-SiC:H films, Si-Hn bending is slightly shifted to higher 
wavenumbers, likely due to the presence of carbon in the local envi-
ronment. The four a/nc-SiGeX ≥ 0:H samples all exhibit several peaks in 
the 1850–2200 cm− 1 range, which are related to Si-Hn stretching modes 
[20,52,64]. A detailed description of the exact identification and fre-
quency of the different Si-H SM’s in this range is presented in Section 4. 
There seems to be no significant Si-H3 SM, which would reportedly 
result in a vibrational mode at 2140 cm− 1 [52,68]. In the a/nc-SiGeX ≥ 0: 
H samples an additional peak appears, located at around 1875 cm− 1, 
that coincides with peaks in the a-Ge:H and nc-Ge:H spectra. This peak is 
related to Ge-Hn SM’s [7,13,26,32,33,35,36,63]. The a/nc-Ge:H FTIR 
spectra look very similar to the a/nc-Si:H spectra, except that the all 
peak frequency are shifted to lower wavenumbers. Ge-Hn wagging oc-
curs at around 560–580 cm− 1 [9,13,26,32–36], and Ge-Hn bending at 
about 750–760 cm− 1 [13,32,36,47] and the Ge-H SM at 1875 cm− 1 is 
accompanied by a Ge-Hn SM at approximately 1970 cm− 1 [7,13,32,33, 
36,63]. 

Additionally, we consider the carbon hydrides, which can be found 
in the SiC:H and GeC(Sn):H spectra. Carbon hydride SMs appear in the 
2800–3000 cm− 1 wavenumber region [3,9,40–43,49,63]. C-Hn SMs 
manifest as three distinct peaks, with peak frequencies at around 
2790 cm− 1, 2890 cm− 1 and 2970 cm− 1. These peaks can also be 
observed in the GeC:H spectra in Fig. 2, where they are seen to increase 
with increasing CH4 flow rate during deposition. In tandem with the 
C-Hn stretching, C-Hn rocking vibrations at 770 cm− 1 and 830 cm− 1 

increase with CH4 flow rate. Moreover, vibrations appear in the nc-SiC:H 

Table 2 
List of FTIR peaks identified in samples processed in this work. Vibration types, 
rocking (Ro), wagging (W), bending (Be), stretching (St), indicated in table.  

Peak frequency 
(cm− 1) 

Suspected 
bond 

Vibration Refs. 

480 C–Ox W [30,31] 
560–580 Ge–Hn W [9,13,26,32–36] 
610–660 Si–Hn W [9,20,35,37] 
630 Ge–Cx St  
650–950a Ge–Ox St [1,9,26,32,38] 
720–790 Si–Cx St [3,9,39–46] 
750–760 Ge–Hn Be [13,32,36,47] 
770 C–Hn Ro [48–51] 
830 C–Hn Ro [49,50] 
870–890 Si–Hn Be [9,20,35,36,52] 
900–1200a Si–Ox St [13,20,37,52,53] 
990–1020 C–Hn W [3,37,40–44,46,51] 
1100 C–Ox St [30,54,55] 
1210–1230 C–Hn W [40,46,54] 
1400 C–Hn Be [30,40,55–57] 
1430–1450 (Ox)C–Hn Be [30,55,58,59] 
1660 C––Ox St [54,59,60] 
1740 HnC–Ox St [61,62] 
1800–2050 Ge–Hn St [7,13,32,33,35,36,63] 
1850–2200 Si–Hn St [19,20,52,64] 
2800–3000 C–Hn St [3,3,9,9,40,40,41,41,42,42,43, 

43,49,49,51,63] 
3500–3800 O–Hn St [54]  

a Manifests as a broad peak, that is the results of the superimposition of a 
range of X-O(H) vibrations, with the exact center peak frequency depending on 
the ratio of the bonds. 

Fig. 2. FTIR spectra of a-GeO (top) and a-GeC samples (bottom) process at 
different CH4 and CO2 precursor gas flow rates. In the inset a second set of a- 
GeO samples is presented, processed at varying CO2 flow rates. 
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spectrum in Fig. 1 and the GeC:H spectrum in Fig. 2 that are most likely 
the results of C-Hn wagging, in the 1020 cm− 1 [3,37,40–44,46,51] and 
1210–1230 range [40,46,54] and C-Hn bending at 1400–1450 cm− 1 

range [13,30,40,55–59]. 
Finally, O-Hn SMs can be observed in the inset in the GeCSn:H FTIR 

spectrum in Fig. 1. The O-Hn SMs appear up-shifted with respect to the 
group IV hydride SMs, approximately to the 3600–3800 cm− 1 range 
[54]. Oxygen incorporation in the porous GeCSn:H film is the results of a 
post-deposition oxidation that occurs during the 1–2 min ambient 
exposure during the transfer from the PECVD reactor to the FTIR mea-
surement setup. Interestingly, O-Hn incorporation is only observed in 
Ge-based alloys, whereas in porous Si-based alloys post-deposition 
oxidation only occurs due by oxygen incorporation in the Si–Si back 
bond resulting in Si–O–Si [27]. 

3.2. Si,Ge-oxides and carbides 

The appearance of O-Hn SMs are a demonstration of the porous na-
ture of a film, in which oxidation occurs readily. The monitoring of 
oxidation behavior is relevant for optimization towards a chemically 
stable, device quality material. Examples of FTIR analyses of the 
oxidation behavior of thin films include nc-Si:H [20,52], nc-SiGe:H [69] 
and a/nc-Ge:H [21,26,27]. In these works, the FTIR measurements do 
not only provide information on degree of oxidation and/or carbisation. 
Monitoring of the vibrational modes over time provides information on 
the type of chemical reaction that takes place and the local environment 
in which the degradation reaction occurs. Moreover, for samples in 
which O or C are intentionally added, vibrational spectroscopy can 
provide information on the material stoichiometry. 

Considering the identification of oxide and carbide bonds in the 
group IV alloys presented in Fig. 1. Silicon-oxygen vibrations can be 
observed in the nc-SiO:H films, and to a lesser extent in the nc-SiC:H 
film, as a wide peak in the 900–1200 cm− 1 range [20,37,52,53]. The 
peaks can be best approximated by two Gaussian distribution with 
center peak frequencies at around 990–1000 cm− 1 and 1050 cm− 1. The 
exact type of Si-O vibrations is unclear, which is indicated in this work 
by the subscript “x”. With respect to the Si-Ox vibrations, the Ge-Ox vi-
brations are down-shifted to about 650–1000 cm− 1, which is in line with 
our earlier work [21,26,27] and that of others [9,32,38]. Reports 
identify various Ge-O related vibrational modes in this range, such as the 
Ge-O-H mode with a peak frequency of 670 cm− 1 [1], Ge-O-Ge at 
750 cm− 1 [1,9,13,15,32,38] and at 860 cm− 1 [13,15]. Some Ge-Ox vi-
bration is also likely the origin of the peak in the nc-Ge:H spectrum at 
954 cm− 1. 

It should be noted, considering the small carbon fraction in the a- 
GeO:H samples, that the presence of Ge-C related vibrations in the 
650–1000 cm− 1 range cannot be excluded. To facilitate identification of 
the Ge-Ox and Ge-Cx peaks, a number of GeO:H and GeC:H samples were 
processed, as shown in Fig. 2. For these samples, the CO2 and CH4 gas 
flow rates during deposition, the precursor gasses for oxygen and carbon 
integration, were varied. A few things can be observed from these 
spectra. First, with increasing CO2 flow rate, the band of vibrations in 
the 650–1000 cm− 1 range show an overall increase with respect to the 
Ge-Hn wagging vibrations. These peaks then are likely related to Ge-Ox 
vibrations. The distinct peaks at 770 cm− 1 and 830 cm− 1 are confidently 
assigned to C-Hn wagging vibrations, in line with earlier reports [3,9, 
40–46]. Similarly, the peak at approximately 1000 cm− 1 is confidently 
assigned to C-Hn bending vibrations, in line with [3,37,40–44,46,51]. 
Both assignments are made considering the peak frequency in reference 
to Ge-H and Si-H wagging vibrations, the increase of peak intensity with 
CH4 flow rate and the fact that these peaks appear in both the SiC:H and 
GeC:H FTIR spectra. It should be noted however that a number of 
different vibrations have been reported in this wavenumber range. At 
770 cm− 1 Ge-H vibrations have been reported [13,32,36,47], as well as 
Ge-Ox vibrations [1,13]. Similarly, the peak at 830 cm− 1 has been 
attributed to Ge-Ox [32,38,70,71] and Ge-H vibrations [13,36,47,51]. 

Similarly, for the peak at around 1000 cm− 1 Ge-C-C vibrations are re-
ported [49,50], as well as C-O vibrations [72,73]. In section 6 we reflect 
on the multitude of peaks identified int his range. 

Additionally, a small distinct peak appears at 620 cm− 1 for higher 
CO2 flow rates. This peak is matched by a stronger peak in the GeC:H 
spectra, and is therefore likely related to a Ge-Cx vibration, which 
reportedly occurs in this range [45,51,57,70,74,75]. A similar vibration, 
Si-Cx stretching, can be observed in the nc-SiC:H spectrum, where a peak 
is positioned in between those of the Si-Hn and C-Hn wagging vibrations. 
The exact peak frequency is a function of the local environment and 
assumptions during the fitting procedure, and consequently ranges from 
about 710–760 cm− 1 in earlier reports [3,9,39–46]. 

Besides the Ge-H and C-H vibrations, two more peaks are present in 
the GeC:H spectra in Fig. 2. These peaks occur at 480 cm− 1 and 
1100 cm− 1. Considering that i) matching peaks, though small, can be 
observed in the GeO:H and nc-SiC:H spectra and ii) the frequency of the 
peaks in reference to the Ge-Ox and Si-Ox SMs, the latter is likely the 
result of C-Ox stretching [30,54,55] while the former is the result of C-Ox 
wagging [30,31]. 

3.3. FTIR-spectra after degradation 

To better understand the vibrational modes in the group IV alloys 
presented in this work, the samples were stored under different condi-
tions and the vibrational spectra were monitored over time. The FTIR 
and Raman spectra measured after a 1000 h of storage, unless indicated 
otherwise in the plots, are presented in Fig. 3. 

A strong effect can be observed in the a/nc-Ge:H and a-GeO:H 
vibrational spectra. For the samples stored in water, the various Ge-H 
vibrational modes decrease over time. At the same time, the amor-
phous germanium Raman modes (100–300 cm− 1) disappear as well, 
exclusively leaving a c-Si peak at 520 cm− 1 and a peak related to Si-O 
vibrations in the 900–1050 cm− 1 range. This means that at this point 
the c-Si wafer and oxidized wafer surface are being measured, which 
indicates that Ge:H reacts strongly with the DI water, a reaction in which 
the Ge:H tissue is consumed. Note that these Raman modes will be 
discussed in more detail in Section 5. The consumption of the Ge:H film 
was confirmed by spectroscopic ellipsometry measurements, where a 
decreased film thickness was observed as a function of time. 

During this consumption of Ge:H, additional vibrational modes 
appear over time that assist in the identification of peaks in the FTIR 
fingerprint region (ω ≾ 1500 cm− 1). These modes are the result of 
different bonding configurations between carbon, hydrogen and oxygen. 
In the a-GeO:H, a/nc-Ge:H and a/nc-SiGe:H spectra peaks appear at 
1660 cm− 1, related to the C––O [54,60] or C-O vibration [59], and at 
1740 cm− 1, related to either an H3CO [61] or H2CO [62] vibration. 
Additionally, in the a/nc-Ge(O):H spectra vibrational modes appear at 
around 1440 cm− 1, also present in the GeO:H spectra of Fig. 2, related to 
(Ox)C-Hn bending [30,55,58,59]. This post-deposition process during 
which carbon is integrated in the germanium alloys is discussed in detail 
elsewhere [27]. 

Finally, it is noteworthy that the monitoring of the vibrational modes 
in the a/nc-Ge(O,C):H films provides information on the resilience 
against water induced degradation. The resilience against oxidation is 
increased in the a-GeC:H samples, where CH4 is added during deposi-
tion. Not only is the rate of film consumption decreased, the inherent 
stability of the GeCx phase can also be observed in the 650–1000 cm− 1 

range in the a-Ge(O):H spectra. For the samples stored in water, unlike 
the samples stored in the ambient, the dominant vibration shifts over 
time, towards a peak frequency of 770 cm− 1, which is associated to Ge- 
Cx vibrations. 

4. Physical relation between local environment and peak 
frequencies 

The identification of the observed vibrational modes across the 
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Fig. 3. Vibrational spectra of group IV elements. FTIR spectra (left) and Raman spectra (right) plotted as a function of wavenumber, for a/nc-SiX≥0Ge1− X and their 
alloys with C, O and Sn. All curves are presented after background subtraction. The black solid curves represent measurements at 0 h. The dashed green curves 
indicate measurements after degradation in the light under ambient conditions. The dashed red curves indicate measurements after degradation in the dark under 
ambient conditions. The dashed blue curves indicate measurements after degradation in the dark in de-ionized water. The number of hours after degradation is 
indicated in the plots. Note that the insets are zoom-ins; the same data presented on a decreased vertical axis range for a selected wavenumber range. 
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different group IV alloys allows for a reflection on the physical relation 
between the peak position and local environment. The vibrating valence 
bonds like C-Hn, Ge-Hn, and Si-Hn are physically described as dipole 
vibrations. The effective charge of a vibrating mono-hydride X-H (X = C, 
Si, Ge, Sn) is determined by valence electrons that make the valence 
Si–H bond, whereas the effective mass of the vibrating system is mainly 
determined by the mass of the hydrogen atom, assuming that the posi-
tion of the X atom is static due to the back bonds with three neighboring 
X atoms. Interestingly, the peak frequency of these vibration modes 
reveal lots of physical and chemical detail of the local environment of 
the excited dipole X-H vibration. Here we will shortly elaborate on this 
using the most extensive studied X-H vibration in literature, i.e. the 
silicon-hydrides in molecules, at surfaces of a-Si:H and c-Si:H, and in the 
bulk of a-Si:H, nc-Si:H and hydrogen implanted c-Si [78] as shown in  
Fig. 4A. The dielectric nature of a medium of vibrating dipoles can be 
described by the superposition of Lorentz-Lorenz dipole oscillators [10]: 

10− 4
∑

j
Nj

q2
0,jΩ

2
j

4π2c2mjϵ0

(
1

ω2 − ω2
0,j + 2iδjω

)

= 3
ϵ(ω) − 1
ϵ(ω) + 2

(1) 

With ϵ(ω) the dielectric function of the medium of vibrating dipoles. 
Every type of X-H vibration has it own eigenfrequency (ω0) depending 
on the effective charge (q0)(unscreened), effective dipole mass (m) and 
screening of its surrounding, as described by Ω. The X-H vibrations in a 
free molecule can be considered as ‘unscreened’ dipole vibrations and 
reside in molecules like silane (SiH4) and polysilane (SinH2n+2). The 
‘unscreened’ frequency is determined by the hydride nature, i.e. mono-, 
di-, tri-, and tetra-hydrides as shown in Fig. 4B. From Eq. (1) it can be 
derived that subtle frequency shifts (Δω) in reference to the ’un-
screened’ eigenfrequency are given by: 

Δωj = −
10− 4

24π2c2mjω0,jϵ0

Kjq2
0,jΩ

2
j

VSi
(2) 

where parameter K is the nano-structure parameter reflecting the 
averaged number of Si-H dipoles per volume unit V of one missing Si in 
the Si:H network [10,79]. It are these subtle frequency shifts that can 
reveal the physical nature of the dipole vibrations. First, the effect of 
electrical screening is illustrated in Fig. 4A–B. The eigenfrequency of 
’unscreened’ silicon hydrides shifts from larger frequencies in (poly-) 
silane molecules to lower frequencies when the hydride types are 
bonded to a surface. Here the dipole vibration experiences an electrical 
screening by the dielectric nature of the sub-surface solid. Screening 
means that the effective charge of the dipole is altered due the dielectric 
medium around it in reference to the unscreened dipole (ω0 
~ 3020 cm− 1, ~ 2189 cm− 1, ~ 2110 cm− 1 and ~ 1908 cm− 1 for CH4, 
SiH4, GeH4 and SnH4). Maximum screening is obtained when the dipole 
vibration is incorporated in the bulk with locally a high dielectric con-
stant. This is demonstrated by the Ge-based alloys in Fig. 5. In this figure, 
the frequency ranges are visualized of all carbon, silicon and germanium 
hydride and oxide vibrational modes observed in this work. Fig. 5 shows 
that Ge:H has the lowest wavenumber for the hydride wagging, bending 
and stretching modes, as well as oxide stretching modes, and the largest 
shifts Δω in reference to the unscreened ω0. The C-(O,H) SMs appear 
up-shifted in reference to Si-(O,H) SMs, which appear up-shifted in 
reference to Ge-(O,H), which is in line with the fact that Ge:H has the 
highest dielectric constant of all IV-valence alloys studied in this paper. 

The typical tetrahedral coordination of IV-valence alloys basically 
defines the K-values of the various hydrogenated volume deficiencies. A 
monovacancy is in theory a vacancy in which 4 hydrogen atoms can be 
incorporated and replace one silicon atom (VH4 where ‘V’ is the missing 
Si atom monohydride density of K = 4). The monohydride can be 
incorporated in polyvacancies as well. For these small polymer-like 
shaped vacancies the general relation is valid that in an m-vacancy, m 
silicons are replaced by 2 m+ 2 hydrogen atoms (VmH2m+2). For poly- 
vacancies with m ≥ 3 the centered V positions accommodate two hy-
drogens instead of the three hydrogens as at the polyvacancy ends. For a 

divacancy, the local monohydride densities are represented by K = 3 
and for a trivacancy by both K = 3 and K= 2 (H3V-(VH2)m− 2-VH3). 
Experimental evidence exists that deficiencies with equivalent sizes to 
divacancies exist in a-Si:H. Nuclear magnetic resonance spectroscopy 
[80], small-angle neutron scattering [81], positron annihilation studies 
[82,83] as well as density analysis [11] have shown that hydrogen is 
predominantly clustered together with 6H atoms in dense a-Si:H. If the 
vacancy becomes larger than a polymer-chain of missing silicon atoms, 
we define the ‘hole’ in the matrix as a nanosized void. Small-angle X-ray 
scattering measurements on a-Si:H films deposited with several tech-
niques show that mainly nanosized voids with a typical diameters of 
2–4 nm are present in the a-Si:H network [81,84]. These observations 
are corroborated by positron lifetime measurements [85] and density 
measurements [11]. In view of the typical defect densities in a-Si:H 
(1015–1017 cm− 3), the surface has to be considered as almost fully 
hydrogen passivated and several hundreds of hydrogen atoms must be 
bonded to such an internal void surface. Consequently, the void surface 
can be interpreted as a normal a-Si:H surface. On these surfaces, similar 
to hydrogen passivated c-Si and a-Si surfaces, monohyrides and dihy-
drides are present. All configurations discussed above, are based upon a 
network of tetrahedral silicon sites, which reside in rings of 6 sites. 
However, just like on a crystalline or amorphous surface, the Si atoms at 
the edge of a vacancy can form or reconstruct to dimer configurations, i. 
e. the silicon atoms reside in a ring of 5 atoms. A monovacancy (X1.1H6) 
and divacancy (H3X-X1.1H5) with a dimer reconstruction are shown in 
Fig. 4C. We have to note here, that the volume in the lattice of the Si 
atoms in a 5-ring is ~ 20 % larger, since the 5-ring resides in a volume at 
which 6 silicon atoms can reside. Two silicon dimers share a quarter of 
their volume with the vacancy site, which makes the volume of this 
vacancy site 10 % larger relative to a vacancy site without a dimer. 
These configurations reflect the most compact way to incorporate Si-H 
bonds into a silicon matrix and are only obtained by either hydrogen 
implantation in c-Si or at the interface between a-Si:H tissue and crys-
talline silicon grains in the bulk of the densest nc-Si:H films.Fig. 4C 
shows on the horizontal axis all silicon-hydride SMs observed in a-Si:H, 
nc-Si:H and hydrogen implanted c-Si. All these frequencies can be 
plotted versus its parameter K (vertical axis) of its corresponding local 
silicon-hydride density in the hydrogenated volume deficiencies. Note, 
that the same effective charge of the Si-H dipole q0 = 0.40e has been 
used, and therefore Fig. 4C clearly demonstrates the validity of Eq.2 for 
the same type of silicon hydride. In addition, Fig. 4 demonstrates in 
general the power of the infrared analyses: the various SM’s directly 
reveal the type and densities of hydrogenated volume deficiencies in the 
material. It scales with the macroscopic density of the bulk material, but 
also reveals specific hydrogen passivations at the interface of a-Si:H 
tissue and reconstructed surfaces of nano-crystalline grains. 

5. Raman spectra of a/nc-SiX≥0Ge1¡X and their alloys with C, O 
and Sn 

Raman analysis of the films is presented in Fig. 1 and an overview of 
the observed peaks, and their suspected origin, is presented in Table 3. A 
discussion of the amorphous and crystalline vibrational modes and the 
application of Raman analysis is presented first, before the Raman-active 
hydrides, oxides and carbides are considered. 

5.1. Amorphous and crystalline C, Si and Ge 

Crystalline bulk material exhibits a single vibrational Raman mode, 
while in amorphous bulk materials generally four distinct Raman 
vibrational modes are present; the transverse acoustic (TA), transverse 
optic (TA) longitudinal acoustic (LA) and longitudinal optic (LO) 
phonon modes. The Raman TO/LA peaks provide an important analytic 
tool for a range of thin film applications. These Raman modes are used to 
determine the stoichiometric nature of alloys such as a-SiGe:H [17,29, 
67]. The ratio between the TO/LA vibrational modes in reference to the 
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crystalline mode is used to determine the crystallinity in nc-Si:H [103, 
104] and nc-Ge:H [26,71] films. Additionally, for nano-crystalline ma-
terials, in which nano-size crystals are embedded in an amorphous 
phase, the center peak frequency and width of the crystalline peak 
provides information used to determine the average size of silicon [37, 
105] and germanium nanocrystals [89]. Moreover, for a crystalline 
alloy, the shift of the crystalline peak, in reference to an unalloyed 
crystal, can provide information about the stoichiometry of the crys-
talline phase, as demonstrated in experiments performed on SiGe [106] 
and GeSn crystals [24,107–109]. 

The four amorphous silicon modes are clearly visible in the a-Si:H 
and nc-Si:H samples. The a-Si:H TA and LA modes appear at 160 cm− 1 

and 320 cm− 1, as reported earlier [86]. As does the TO mode at 
480 cm− 1 [13,19,34,86]. The LO mode appears at about 440 cm− 1, 
which is unlike the traditionally reported 390 cm− 1 [86] frequency but 
in line with more recent reports like [8,19]. Additionally, the peak 
related to the crystalline silicon phase, at 520 cm− 1 is apparent in the 
nc-Si(O,C):H samples [19,96]. The Raman-active Ge vibrational modes 
are again shifted to lower wavenumbers with respect to their silicon 
counterparts. The amorphous germanium TA phonon mode at 80 cm− 1 

is positioned outside the range presented in this work. The LA mode at 
177 cm− 1, LO mode at 230 cm− 1 [34,87,88], and TO mode at 278 cm− 1 

[13,34,88,89] are clearly present in the measured a/nc-Ge:H spectra, in 
addition to the c-Ge peak at 300 cm− 1 present in the spectrum of the 
nc-Ge:H film. [71,89–92]. The a-SiGe:H and nc-SiGe:H spectra are 
approximately a combination of the a/nc-Si:H and a/nc-Ge:H spectra. In 
these, a broad signal is apparent in the 100–550 cm− 1 range, that is the 
superimposition of the various amorphous silicon and germanium 
modes. In addition to these modes, specific Si-Ge vibrational modes are 
present that appear in the 370–410 cm− 1 range [13,86–88]. A visuali-
zation of the evolution of the different a-Si, a-Ge and a-SiGe Raman 
peaks as a function of the Ge-fraction in a large number of a-SiGe:H 
samples can be found elsewhere [29]. 

Additionally, an unexpected observation from the evolution of the 
Raman spectra over time, in Fig. 3, should be discussed. The intensity of 
the c-Si peak at 520 cm− 1 in the nc-Si:H sample can be observed to in-
crease over time. A similar intensification of the crystalline peak can be 
observed in the nc-Si(O):H sample and the nc-Ge:H sample, at 300 cm− 1. 
Although the cause of this post-deposition crystallization cannot be 
determined with any certainty, the most likely explanation is a ther-
mally induced crystallization, resulting from conductivity measure-
ments performed at 130 ◦C at 10–100–1000 h after deposition. 

The behavior of carbon is dissimilar to that of its group-IV kin Si and 
Ge, in that carbon has the tendency to form double and triple covalent 
bonds involving 4–6 valence electrons. These so-called sp and sp2 hy-
bridizations are unstable in Si and Ge, where exclusively sp3 hybridi-
zation occurs. This makes the exact interpretation of Raman spectra of 
amorphous carbon films more complex than their other group IV 
counterparts. Carbon-carbon bonds are generally present in the 
1200–1650 cm− 1 range [57,99]. More specifically, they appear as the 
diamond (D) bond with the peak frequency at ≈ 1320–1360 cm− 1, 
graphite (G) band with the peak frequency ≈ 1565–1590 cm− 1 [45,51, 
100–102] and two additional bands with peak frequencies at 

(caption on next column) 

Fig. 4. A) Typical IR absorption spectra for SMs of hydrides in silane gas [76], 
on an a-Si:H surface and in the a-Si:H bulk and nc-Si:H bulk [52,77]. The ab-
sorption spectrum in the silane gas includes the typical P, Q and R-branches due 
to the rotational-vibrational coupled transitions of the molecule. The SM fre-
quencies of the surface and bulk broaden and shift to lower values. B) The 
experimentally observed spectral ranges of Si-H SMs observed in (poly-)silane 
molecules, a-Si:H and nc-Si:H including the typical nomenclature adopted in 
this paper; extreme-low SM (ELSM), low SM (LSM), medium SM (MSM), high 
SM (HSM). Note that B) only has a horizontal axis, the vertical offset is applied 
for visualization purposes. Fig. C) all experimentally observed SMs in a-Si:H, 
nc-Si:H and hydrogen implanted c-Si versus the K parameter including the 
corresponding type of hydrogenated volume deficiency. 
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≈ 1165–1190 cm− 1 and ≈ 1485–1510 [99–101], where increased 
amorphization results in broadening of these bands. Of these bonds, only 
the G-band weakly appears in the a-GeC(Sn):H spectra at around 
1600 cm− 1. The vibrations are accompanied by weak C-Hn vibrations in 
the 2800–3000 cm− 1 range. Unlike the a-GeC:H spectrum, 
carbon-related vibrations do not seem to have a significant influence on 
the nc-SiC:H Raman spectrum. No features were apparent in the 
1200–1650 a-C range or in the 2800–3000 C-Hn range. Also at 
≈ 800 cm− 1 and ≈ 970 cm− 1, where the Si-C TO and LO mode report-
edly appear [98,99], the Raman spectra do not seem to differ signifi-
cantly from the a/nc-Si:H and nc-SiO:H spectra. 

5.2. Hydrides, oxides and carbides in Raman spectra 

The FTIR active Si-H vibrational bonds are also Raman active, albeit 
not as strongly. The Si-H SMs appear more or less at the same frequency 
in the Raman spectrum. In both the a-Si:H and nc-Si:H spectra the Si-H 
wagging modes appear at 628 cm− 1, Si-Hn bending at 876–885 cm− 1 

and Si-H and Si-H2 stretching in the 1900–2100 cm− 1 range. Apart from 
these modes, the Ge-H SMs that appeared in FTIR spectra are also pre-
sent in a/nc-Ge:H Raman spectra with peak frequencies at 
540–560 cm− 1 and 1880–1886 cm− 1. The peak at ≈ 960 cm− 1 is likely 
related to Si-O-Si stretching [19]. This Si-O-Si peak is present in all sil-
icon rich samples (a/nc-Si:H, nc-SiGe:H, nc-SiO:H, nc-SiC:H) presented 
in this work. 

Three more wide, overlapping peaks are present in the a/nc-Ge:H 
Raman spectra that also appear in the a-GeO:H and a-GeC(Sn):H 
spectra, with peak frequencies at ≈ 340–350 cm− 1, ≈ 440 cm− 1 and 
≈ 540–560 cm− 1. While the latter is most likely the result of Ge-H 
wagging, it is challenging to determine the exact origin of former two 
peaks. Two of the peak frequencies roughly coincide with the amor-
phous silicon LA and LO modes. It cannot be excluded that during Ge:H 
plasma processing the heavy Ge-ion bombardment causes some 
amorphization of the silicon wafer, resulting a thin amorphous silicon 
layer. These silicon elements would not appear in the EDX measure-
ments, since a low enough acceleration energy was used as to not probe 
the silicon surface. However, if they feature this strongly in the Raman 
spectra, Si-Hn or Si-Ge vibrations would be expected in the FTIR and 
Raman spectra, respectively, but such vibrations are absent. Considering 
the EDX measurements, Ge-O related vibrations are a more likely origin 
of the these peaks. Little information is available regarding Raman vi-
brations in amorphous GeOx. Research into the Raman spectra of quartz- 
like GeOx structures indicate that the twisting vibrations of O-Ge-O 
bonds and Ge-O-Ge bonds appear at 330, 440 and 530 cm− 1 [93–95], 
which coincide well with the peak frequencies in this work. It should be 
noted that with respect to the quartz-like GeOx structures, the peaks in 
this work are wider. This is in line with expectations, since in hydro-
genated amorphous structures there is a much greater range of available 
back-bonded configurations. Another potential origin for the peak at 
≈ 540 cm− 1 in the a-GeC(Sn):H Raman spectrum are Ge-C vibrations 
[57,70,75,97]. The peaks at 1600 cm− 1 and 2800–3000 cm− 1 do in fact 
indicate the presence of small fractions of C-C and C-Hn bonds in the 
a-GeC:H sample. 

6. Reflection on the fitting process of heterogeneous group IV 
alloys 

Finally, a reflection on the fitting of vibrational spectra. As discussed 
in section 4. the peak frequency is determined by the local X-H dipole 
density of its corresponding incorporation configuration. The width of 
the peak is determined by the local distortion in reference to a tetra-
hedrally coordinated nature of most IV-valence materials. Here we 
distinguish three possibilities: an amorphous matrix, a crystalline lattice 
and the interface between amorphous and crystalline phase. The peak 
widths corresponding to X-H within a fully crystalline nature are narrow 
(< 5 cm− 1 at full width at half maximum (FWHM)), like seen for the Si-H 
on hydrogenated crystalline grains, the so-called NHSMs. The X-H vi-
bration modes in an amorphous local environment have the broadest 
width, for example the LSM and HSM for a-Si:H tissue (≈ 58 cm− 1 at 
FWHM). In between are the hydrogenated volume deficiencies at the 
border of the amorphous and crystalline phase, reflected by example by 
the ELSM (≈ 24 cm− 1 at FWHM). A consequence of this is that the 
widths of the peaks are limited to three typical widths corresponding to 
these three phases. This general guideline of three classes of peak widths 
is a helpful tool in the determination of the number of Gaussians to be 
chosen for fitting the spectrum with a physical relevant interpretation. 
Note, that two peaks for which the difference in their peak frequency is 
smaller than the width of the two peaks will not result a an unique fitting 

Fig. 5. Schematic representation of the vibrations observed in this work. 
Colored areas indicate width of observed vibrations, while black text indicates 
vibration type: rocking (Ro), wagging (W), bending (Be), stretching (St). Visual 
indicates O-Hn vibrations (top,green), C-(Ox,Hn) (top, yellow) vibrations, Si-(Ox, 
Hn) (center, red) and Ge-(Ox,Hn) vibrations (bottom, blue). Dashed area in-
dicates range of Ox vibrations while even colored areas indicates range of Hn 
vibrations. Purple area indicates range of Si-C and Ge-C vibrations. Black 
squares present in yellow dashed range of C-Ox vibrations indicates specific C- 
Ox vibrations observed in this work. 

Table 3 
Raman peaks.  

Peak frequency (cm− 1) Suspected vibration Refs. 

165–175 a-Si TA [86] 
170–180 a-Ge LA [34,87,88] 
230–250 a-Ge LO [34,87,88] 
270–280 a-Ge TO [13,34,88,89] 
300 c-Ge [71,89–92] 
320 a-Si LA [86] 
330 O-Ge-O/Ge-O-Ge [93–95] 
370–410 Si-Ge [13,29,86–88] 
430–440 a-Si LO [8,19] 
440 O-Ge-O/Ge-O-Ge [93–95] 
480 a-Si TO [13,19,34,86] 
520 c-Si [19,96] 
540–560a Ge-H  

O-Ge-O [93–95] 
Ge-C [57,70,75,97] 

620–630 Si-H [96] 
800 Si-C TO [98,99] 
870–900 Si-Hn  

960 Si-O-Si [19] 
970 Si-C LO [98,99] 
1600 C-C (G-band) [45,51,57,99–102] 
1870–1890 Ge-H n  

1900–2100 Si-Hn  

2800–3000 C-Hn   

a No definitive assignment can be made based on FTIR, Raman and EDX data. 
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solution. If this would correspond to a physical reality it would mean 
that both corresponding dipole vibrations cannot be uniquely resolved. 
However, even with these specific guidelines, the fitting of vibrational 
spectra can be subjective, especially with increasing film heterogeneity, 
so with increasing chemical and structural complexity. This is exem-
plified by three observations from this work.  

1. For the nc-Si:H samples in Fig. 4A it is demonstrated, based on a large 
set of samples with a wide variety of Si:H phases, that a total of 11 
Gaussians should be fitted to account for all potential Si-H stretching 
modes in the nc-Si:H bulk environment. In Fig. 1 a good fit was 
achieved for nc-Si:H with three Gaussian distributions and a decent 
fit could be achieved with only two Gaussians. Adding additional 
Gaussians to the fitting of the sample in Fig. 1 would be an arbitrary 
process, unless the exact number, center frequency and width of the 
Gaussians are known. This requires intricate prior knowledge of the 
material that is to be fitted, which is often not available.  

2. Even if extensive prior knowledge is available, simplification during 
the fitting procedure might be required. In the nc-Si:H Raman 
spectrum in Fig. 1 for instance, six peaks are fitted in the < 530 cm− 1 

wavenumber region; four peaks for the various amorphous phonon 
modes, a single peak for the c-Si vibrational mode and an additional 
peak at 510 cm− 1. The 510 cm− 1 peak accounts for the fact that the 
exact peak position of a silicon crystal, on a nanometer scale, is 
crystal-size dependent. A fit true to nature would therefore require a 
very large number of narrow Gaussians, each representing a partic-
ular crystal size. In Fig. 1 a single Gaussian is added to compensate 
for the effect of frequency shift as a function of crystal size, since a 
single Gaussian (in addition to regular amorphous and crystalline 
modes) could accurately represent the measured data. However, 
compensating for this effect in the fitting process is inherently 
subjective.  

3. In Section 3.2 it was indicated that a large number of vibrations was 
reported in the 650–950 cm− 1 range in a/nc-Ge(O,C):H films. This 
multitude of vibrational modes reported in this range is unsurprising. 
For these chemically complex alloys, the absorbance in this range is 
the result of the superimposition of a large number of vibrational 
modes resulting from different bonding configuration between Ge, C, 
O and H. This is evident considering, for instance, the vibrational 
spectra of a-GeO:H and a-GeC:H post deposition, in the insets in 
Fig. 3. In these insets the Gaussians widen and the center peak fre-
quency shifts under influence of post-deposition oxidation. The re-
ported peak frequency for Ge samples with traces of oxygen, carbon 
and hydrogen, will therefore not only be a function of the ratio of 
different bonds present in the material, but also of the assumptions 
during the fitting procedure regarding baseline subtraction and the 
number of vibrational modes. 

The three examples demonstrate that the fitting of vibrational 
spectra of chemically and/or structurally complex films can be a sub-
jective process, in which assumptions, prior knowledge and the level of 
detail of the metrics one tries to obtain from the fitting process plays a 
role. If, for instance, the purpose is to identify the local configurations of 
hydrogen incorporation, the spectra need to be fitted with a limited 
number of Gaussians which all have a physical relevant fixed peak width 
corresponding to one of the three phases. However, if the purpose is to 
identify the chemical composition of the bulk, the fitting approach using 
the lowest number of Gaussians for a unique fit will be sufficient. 

7. Conclusion 

In this work, the vibrational modes present in hydrogenated, 
oxygenated and carbonated group IV alloys are investigated. Raman and 
infrared spectroscopy measurements are performed in combination with 
elemental analysis to identify vibrational modes in a unique range of 
amorphous and nano-crystalline SiX≥0Ge1− X:H films and their alloys 

with C, O and Sn. Measurements are performed both post-deposition and 
following extended exposure to the ambient and DI water. This 
comprehensive review is of value as a reference for group IV peak 
identification. The effect of electrical screening, the influence of the 
dielectric medium on the peak frequency of a vibrational mode, is 
illustrated using the experimentally observed frequency shifts of 
bending, wagging and stretching vibrations of C-H in reference to Si-H, 
and Si-H in reference to Ge-H. Similar shifts are demonstrated for C-O 
stretching modes in reference to Si-O and Ge-O. Additionally, all 
experimentally observed frequencies of silicon hydride stretching modes 
in silicon solids and corresponding silicon-hydride configurations are 
identified using a straightforward Lorentz-Lorenz model approximation 
and considering all potential hydrogenated volume deficiencies within 
tetrahedrally coordinated amorphous and nanocrystalline lattice. It 
shows that the stretching mode signature can reveal detailed informa-
tion on the volume deficiencies in IV-valence alloys. 
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