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Abstract. Thin films of hydrogenated amorphous silicon (a-Si:H) deposited by a 
homogeneous chemical vapour deposition (HOMOCVD) are studied by XPS. The 
binding energies of Si2p electrons are detem1ined as a function of the annealing 
temperature. The effect of the annealing temperature on the position of the Si2p 
peak is determined as a function of the deposition temperature, hydrogen content 
and hydrogen configuration. 

1. Introduction 

The possibility to investigate amorphous material and especially hydrogenated amor
phous silicon thin films by X-ray photoelectron spectroscopy (XPS) is established by 
Ley (1). The binding energy (BE) of the Si2p electrons could lead to valuable informa
tion about the influence of the hydrogen and the configuration of the hydrogen bonding 
in the amorphous silicon. The data published until now concern a-Si:H containing a 
great amount of hyd~ogen (35 at%) (2], or a-Si 1_xCx at x = 0 as a reference composi

tion (3 -5). The hydrogen content in these materials is high and no information about 
the configuration of hydrogen bonding is available. Furthennore the films studied are 
obtained using different methods: rfsputtering [3], glow discharge (4] and plasma CVD 
[5]. This makes the comparison between them difficult. Quite big difference exists in 
the data concerning the BE and the influence of a hydrogen incorporation in amorphous 
silicon (a-Si). Usami et al. [6] suggest that the incorporated hydrogen affects not only 
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the Si atoms directly bonded to the hydrogen atoms, but also the remote Si atoms in the 
Si-Si network. Ley et al. [2] confirm that the Si2p peak for silicon atoms not bonded 
directly to hydrogen is not -affected. Katayama [3] reports chemical shift after thennal 
treatment of a-Si:H, while Tabata [5] and Gruntz [7] have observed no change. 

In this work we report data from a XPS study of HOMOCVD a-Si:H thin films 
annealed at 300, 350, 400 and 460 °C. We have chosen samples with low (5 at %) 
and high (22 at %) hydrogen content, but remaining in the range of device quality 
a-Si:H thin films. The HOMOCVD a-Si:H is an interesting material because of its high 
photosensitivity, low porosity and stability against light soaking [8]. This material has 
not been studied by XPS up to now. 

2. Experimental 

Undoped a-Si:H films were deposited in a HOMOCVD reactor described elsewhere [9]. 
Undiluted silane with electronic grade purity was used. The essence of this method was 
to keep the substrate on which the layer was deposited at a temperature much lower than 
the silane decomposition temperature. A silane pressure of 130 Pa was maintained in 
the reactor. The silane flow rate was 60-65 seem and the gas temperature 660 °C. Films 
deposited at a substrate temperature 220 and 320 °C were studied in this work. The 
films were grown on corning 7059 glass, fused quartz and crystalline silicon substrates. 
The film thickness varied from 0.5 to l µm. 

The total amount of bonded hydrogen as well as the configuration of hydrogen 
bonding as Si-H, Si-H2 and (Si-H2)n were determined by IR measuremeqts using 
Perkin-Elmer spectrometer. 

The samples were annealed at temperature Ta = 300, 350, 400 and _460 °C for 
30 min· in a chamber evacuated to 10-4 Pa. 

The XPS experiments were carried out in an ESCALAB Mk II (VG Scientific) 
electron spectrometer with base pressures in the preparation and analysis chamber of 
2 x 10-8 Pa and 1 x 10-s Pa, respectively. The photoelectrons were excited using an 
X-ray source (MgK - 1253.6 eV). At an analyzer pass energy 20 eV, the instnnnental 
resolution m~asured as the full width at half-maximum (FWHM) of Ag3d5;2 photo
electron peak was 1.2 e V. The surface sensitivity was estimated to be about 10 ML. The 
Cls, Ols and Si2p photoelectron peaks were recorded. The intensities (I) were deter
mined as integrated peak areas assuming the background to be linear. The calculation 
of element concentrations was made according to the SSI approach (10]. The values 
of the corresponding cross-sections were taken from Ref. [ll]. The depth profiling was 
carried out by sputter erosion at 45° using an Ar+ ion beam with an energy 3 keV 
and current density 16 A/ cm2 . The etching rate was determined as 10 A/min using the 
Talystep measurement of the step after ion sputtering. 

3. Results and Discussion 

Two groups of samples of a-Si:H thin films with different hydrogen contents deposited 
at different substrate temperatures have been studied. 
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Samples A have been deposited at substrate temperature 320 °C. The total content 
of the incorporated hydrogen is 5 at %. The integrated infrared absorption due to the 
stretching mode bonds at 2000 cm- 1 (Si-H) and 2080 cm- 1 (Si-H2) is 381 cm-1 and 
60 cm- 1, respectively. The polyhidride (Si:H2)n mode at 845-890 cm- 1 is absent. The 
microstructure parameter R [12), defined by R = 111 (2080)/[!11 (2000) + JH(2080)] 
has a value 0.1. Details of the relation between the deposition temperature, the total 
hydrogen content and the bonding of a-Si:H deposited by HOMOCVD are described 
elsewhere [13). Parameter R and the micropore density detennined by a field-assisted 
ion exchange method [14) are proportional. For samples A, therefore, the monohydride· 
bonding prevails and the micropore fraction is very low. 

Samples B have been deposited at substrate temperature 220 °C. The total content of 
the incorporated hydrogen is 22 at %. The integrated IR absorption due to the stretching 
mode bond Si-H is 605 cm-1 and that of Si-H2 is 1068 cm- 1 . The intensity of the 
polyhydride (Si-H2)n mode is 199 cm- 1 . The microstructure parameter R has a value 
0.64. Samples B contain predominantly dehydrides and some polyhydrides are also 
observed. The microstrncture parameter and therefore the micropore density is higher 
by one order of magnitude. 

Two groups of samples are different enough to allow us believe that the differences 
observed could be ascribed to the hydrogen incorporation and the microstructure of 
the films. XP spectra of the Si2p are recorded. The influence of hydrogen is detected 
indirectly by the chemical surroundings of silicon atoms following the changes of the 
Si2p peak position and shape in depth after Ar+ ion sputtering. 

Figure 1 shows XP spectra in the Si2p energy region for different Ar+ ion sputterin_g 
times (depth profile) on the surface and after 10, 20, 50 and 100 min for sample A 
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Fig. I. XP spectra in the Si2p region for sam
ple A with 5 at % H after different sputtering 
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The total distance from the surface is approximately 100 nm. As seen from these spectra, 
an intense Si2p peak at 98.5 e V is observed on the surface. This peak is characteristtc 
for silicon atoms in the surroundings of silicon (Si-Si bonding). After 10 min Ar+ ion 
sputtering the Si2p peak does not change its position (within the error limits). 

Figure 2 shows the Si2p peak position change of sample B on the surface and after 
10, 20, 50 and 100 min sputtering time. An intense peak at 98.5 eV is observed on 
the surface again. After 10 min sputtering time this peak is shifted to a higher binding 
energy. This could be ascribed to the silicon in the chemical surroundings of amorphous 
silicon and hydrogeti [4]. After 20 min sputtering time the Si2p peak reaches 99.3 eV 
and further sputtermg (for 50 and 100 min) does not lead to a change in BE. 

The broadening of the Si2p peak to a higher energy is observed for both samples A 
and B only on the surface (curves 1 in Figs I and 2). The shoulder at 100-102 eV can 
be connected to the nonstoichiometric oxides in a-Si:H [15]. 
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Figure 3 shows the change of the integrated intensity (a), BE (b ), and FWHM (c) in 
the depth of samples A and B. As seen from Fig. 3b on the surfaces the BE values are 
the same for the two samples irrespective of the different hydrogen content. This value 
is characteristic for Si-Si bonding, showing that the surface is hydrogen depicted, 
regardless of the hydrogen content in the bulk. In the depth the Si2p peak has different 
behaviours in the two samples. While in the case of sample A the binding energy 
remains constant within the error limits, in the case of sample B (with a higher hydrogen 
content), the Si2p peak is shifted to higher BE. At depth 200A the binding energy has a 
value 99.3 eV, which remains constant after further sputtering. The difference between 
the position of the Si2p peaks in the two samples is approximately 0.7 eV. According 
to Ley [I], during bonding of one hydrogen atom to a silicon atom a charge transfer 
occurs which leads to a shift by 0.34 eV. This chemical shift is additive and doubled by 
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the attachment of a second hydrogen atom. Thus, the suspected BE shift in the case of 
Si-H2 should be 0.68 eV. This BE value is very close to the difference in the binding 
energies between samples A and B. On the other hand the IR spectra show that for 
the case of sample B the dehydride bonding really prevails. This means that our data 
could confirm Ley's hypothesis. 

The integrated intensity (Fig. 3a) in the case of sample A is less than the value for 
both the surface and the bulk of sample B. 

The FWHM values are also different for the two samples (Fig. 3c). In both cases the 
FWHM values are larger than those for the crystalline silicon (1.4 eV), showing that an 
amorphous phase is present on the surface (Figs l and 2). FWHM is larger for sample 
A in comparison with sample B, both on the surface and in the bulk. Excluding the 
surface and subsurface regions we could conclude that in the bulk of sample B, FWHM 
has the value 1.4 eV which is equal to that for the crystalline silicon [5]. Thus, the 
hydrogen content increases even in the fonn of Si-H2 , leads to a FWHM decrease, 
which could be considered as a sign of disorder decrease [2]. This result support.s 
our observation [13J concerning a relation between the amount of dihydride bonded 
hydrogen and the data from Raman experiments, both indicating that a certain amount 
of Si-H2 dihydride bonds is needed to relax the internal strains in the amorphous 
silicon network. 
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The Si2p BE and the integrated intensity ofSi2p peak changes versus the temperature 
of thermal treatment of samples A and B are shown in Figs 4 and 5. As seen in Fig. 4 
on the surface the position of the Si2p peak is not changed until Ta = 400 °C, and even 
at higher temperatures the increase is very small. This is true for both samples A and 
B. The BE values are close to these characteristics of the crystalline silicon surface. 
Such values are also ascribed to surface states [l]. Probably hydrogen is involved in 
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defect stmctures, for example, in the form of Si-H-Si three centre bonds which 
should have properties similar to those of the usual dangling bonds [16]. Thus we 
can conclude that the surfaces of the films are hydrogen depleted and this remain true 
after any thennal treatment regardless of the initial hydrogen content in the films. The 
Si2p peak integrated intensity on the surface (Fig. 4a) increases with Ta. This is due 
primarily to widening of the FWHM of the peak. The FWHM increase is probably due 
to an increase of disorder because of the hydrogen evacuation from the surface during 
thennal processing. 

,....., 10 
::i a) 
~ 8 

b 6 
sample B 

/ ' ·v; 
/ ' " 

__________ ... 
"' 4 c sample A 
...: 

2 eo 
"' .'§ 

0 
as grown 200 400 

annealing temperature coq 

3.0 ~------------, 

>,....., 2.5 
~ 

~ 2.0 
:r: 

c) 

sample A 
3: 
µ... l.5 ..-------:----=-------......:...:~:...-41..__ ...... 

sample B 
1.0 ~---=-:":-=-------:-:':"'.,,--

as grown 200 400 
annealing temperature (0 C) 

100.0 .------------, 

> ~ 99_5"' ___ sa_mple B b) 

>. 
eo 

~ 99.0 
00 

:a 98.5 
" :0 

-------· 
sample A ........ _ -- -

98.0 .___....,,....,-,,------...,-":-:,....----' 
as grown 200 400 

annealing temperature (0 C) 

Fig. 5. The Si2p integrated intensity (a), bind
ing energy (b) and FWHM (c) for samples A 
and B after l O min Ar ion sputtering as a func
tion of the annealing temperature Ta 

It is interesting to consider processes that occur in the bulk of the samples (Fig. 5). 
After 10 min sputtering (depth about 100 A), the Si2p peak position in the case of 
sample A (low hydrogen content) remains almost-unchanged after thennal treatment. 
The peak position is in the region of 98.6-98.8 eV, which is characteristic of Si in 
the surroundings of Si in crystalline Si. Since sample A is deposited at 320 °C, it 
is suspected that thermal treatment at 300 °C would not lead to substantial changes. 
As seen from Fig. 5, however, even thermal treatmeiit at higher temperature does not 
lead to a considerable BE change. Since the Si-H bonding prevails and the hydro
gen concentration is low, its relative change could not lead to a Si2p peak position 
change. 

The Si2p peak integrated intensity change for sample A with the annealing tem
perature could be ascribed to an increase of the Si-Si amount becau_se of h~drogen 
evacuation. The widening of the Si2p peak is probably also due to a disorder mcrease 
because of hydrogen evacuation. The integrated intensity of the Si2p peak decreases 
after annealing at 460 °C, but FWHM remains unchanged because of a decrease in 
hydrogen content. 

Our results on a-Si:H thin films with a small hydrogen amount confitm the results 
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of Tabata [5] with respect to the BE values and concerning the independence of the 
Si2p peak position of the then11al treatment. 

For as grown and heat-treated B samples (with high hydrogen content) (Fig. Sb), 
the Si2p peak position is at higher BE than is the case of samples A (low hydrogen 
content). Up to Ta = 350 °C the Si2p peak shifts to lower BE. After a small shift 
upon thermal treatment at 400 °C (probably within error limits), no change is observed 
at higher temperatures of treatment. Since samples B are deposited at 220 °C, it is 
expected that thennal treatment at higher temperatures would lead to structural change~ 
in a-Si:H. 

The influence of the thennal treatment on the BE values in a-Si:H could be explained 
by the changes of the bonding configuration due to a change in the Si:H2/Si:H bonds 
ratio. Since for samples obtained at substrate temperature above 300 °C (as in the case of 
our method and of PECVD [17]) Si-H bonds are characteristic, it seems reasonable to 
expect that with an increase of the thermal treatment temperature in the case of samples 
B, the amount of Si-H2 bonds would decrease and the Si2p peak would be shifted 
to lower BE. This does not mean that the hydrogen content decreases considerably. It 
is worth noting that even after thennal treatment of 460 °C some difference between 
BE of the Si2p peaks for the two groups of samples remains. This difference is 0.7 eV 
for the as grown samples and decreases to 0.3 eV after annealing at 460 °C. Since the 
microstructure parameter of samples B is higher, the possibility for the microstructure 
and micropore density to have some influence on the Si2p peak position could not be 
ruled out. 

Heintze et al. [ 18] and Zellama et al. [ 19] have obtained similar results studying 
hydrogen effusion of a-Si:H by IR spectroscopy. Their films have been deposited at 
different substrate temperature and with different values of the microstructure parameter 
R. The samples deposited at higher substrate temperature and with a lower R do not 
change significantly during annealing. In the case of samples deposited at a lower 
substrate temperature and with a higher R, the Si-H mode situated at 2000 cm- 1 

remains unchanged, while Si-H2 mode decreases after annealing at temperature 327°C 
and above. The latter change is ascribed by Heintze [ 18] to the strnctural change in 
microvoids during annealing. 

4. Conclusion 

The results from this investigation show that the binding energy of Si2p electrons 
in a-Si:H is detennined by the deposition ~onditions and especially by the substrate 
temperature. In the case of the samples with low hydrogen content and Si-H bonding 
predominant the BE of the Si2p peak is low and is not changed significantly during 
annealing in the range of the investigated annealing temperatures. 

For the samples with higher hydrogen content both in the as grown state and after 
all thermal treatment, the Si2p peak is shifted to a higher BE. The Si2p peak shift after 
annealing at elevated temperatures could be explained by a charge transfer due to a 
change of bonding configuration. The possibility of the Si2p peak shift to be caused 
by the existence of micropores could not be ruled out. 
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