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Abstract

The aim of this study was to examine the effect of thermal annealing on hydrogenated intrinsic
amorphous silicon a-Si:H films. Hydrogenated intrinsic amorphous films were seperately coated on glass
and single cyrstalline silicon substrates by means of d.c. magnetron sputtering technique. a-Si:H/glass
and a-Si:H/c-Si samples were annealed in the temperature range of 23-250°C, 23-200°C and 600-1050°C,
respectively. The effect of annealing on the a-Si:H films were examined by means of Infrared vibrational
transmittance spectrum technique (IR) in the wavenumber range 4000-400 cm ™' and Scanning Electron
Microsope (SEM). The results were interpreted in terms of hydrogen diffusion.

1. Introduction

Photodetectors and their characteristics are of great importance since they are very commonly used in the
chain of optical data transmission systems. Low current, high response speed and power linearity are the main
properties needed in a good photodedector system. The metal/semiconductor/metal type photodedector
usually has better performance and simpler processing requirements than those of the conventional and well-
established p-i-n photodiodes [1]. Thus metal/semiconductor/metal type photodedector is a good candidate
for optical electronic integrated circuit receivers [2-4]. Investigations on the new metal/semiconductor/metal
photodedector have been mainly based on III-V compounds [5] or hydrogenated amorphous silicon (a-Si:H)
semiconductor materials [6-7].

a-Si:H exhibits several advantages, such as high dark resistance and absorption coefficient, short carrier
life-time, low-temperature deposition process, low-cost and easy integration with Si based integrated circuits.
But it lacks long-range periodicity and the thermal annealing affects the electrical characteristics of metal/a-
Si:H/metal structure [8-9]. Since the response spectrum of a-Si:H is essentially within the visible range, it
is not suitable for operating at 830 nm for short-haul optical fiber communication.

The coupling of metal /semiconductor/metal photodedectors made of ITI-V group into Si-based integrated
circuits is difficult. Recently, it was found that metal/semiconductor(c-Si)/metal operated at 830 nm wave-
length and were compatible with Si-based integrated circuit technology. However, there is need to improve
the performance of ¢-Si devices since conventional metal/semiconductor/metal photodedectors made of ¢-Si
usually have large dark current, low responsivity and long transient tail. It was hoped that intrinsic amor-
phous silicon (a-Si:H) overlayer employed instead of ¢-Si will overcome these difficulties. Development has
produced specimens with a low dark-current density of 0.69 pA/um? and a full-width at half-maximum of
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55 ps for its temporal response [10]. Thus it was found that a-Si:H formed a good hetereojunction with
¢-Si[11-12] and improved the performance of solar cells and hetereojunction bipolar transistor.

The present work investigates the effect of thermal annealing on a-Si:H layers coated on glass and single
crystaline silicon substrate. a-Si:H/glass and a-Si:H/c-Si samples were fabricated, annealed at various an-
nealing temperatures, and examined for changes in infrared vibrational spectra (IR) and scanning electron
microscopy (SEM) images.

2. Experimental details

Hydrogenated intrinsic amorphous silicon films were prepared with the following properties: thickness
1.06 pum, dark electrical conductivity oq=7.9x10~'% Q~l'em~!, photoconductivity Oph= 7.5x107"Q tem !,
concentration 6.5x10'6 cm™3, Urbach energy E,; = 69 meV, and Cy=14 (the total hydrogen content in
amorphous silicon). Each were separately coated on glass substrate and ¢-Si crystal substrate in < 111 >
orientation by means of d.c. magnetron sputtering technique.

The transmittance response of a-Si:H/glass samples were measured by means of infrared spectrometer
in the wavenumber range of 4000-400 cm~'. These samples were annealed at the temperatures of 100, 130,
150, 175 and 200 and 250°C (see Figure 1). The transmittance response of these samples were subsequently
measured after each annealing process. The samples of a-Si:H/c-Si were also annealed at the temperatures
of 600, 750, 900 and 1050°C. All annealing processes were carried out room atmosphere for a period of 15
minutes. The samples were cooled to room temperature after each annealing process. In order to determine
the effect of thermal annealing carried out at room atmosphere in a-Si:H layer, a-Si:H/glass and a-Si:H/c-Si,
samples were examined by means of Scanning Electron Microscope (SEM) at 20 KV before and after the
annealing processes (see Figures 2-3).

3. Results and discussion

Infrared vibrational spectra (IR) measurements were carried out on these a-Si:H/glass samples annealed
in the temperature range 23-250°C. The showed that the transmission characteristics had four absorbances
at 3591 ecm~1, 2723 cm !, 2493 cm~! and 1800 cm~!(see Figure 1). It was also observed that there was no
effect of thermal annealing on these absorbance lines and their intensities. The most significiant observation
in our infrared vibrational spectra was the occurrence of new absorbance regions at 2365 cm™'and 2340 cm ™!
associated with thermal annealing above 100°C annealing temperature. The intensity of these absorbance
lines increased with increasing annealing temperature, reached maximum value at 175°C annealing temper-
ature and then decreased, disappearing above 250°C annealing temperature. Our annealing experiments
showed that the positions of these lines in infrared vibrational spectra did not shift due to thermal annealing
as previously indicated by other authors [13]. No changes were observed on band stretching (SiH20, around
2180 cm~1!) and on band bending (SiHz, at 850 cm™1).

In comparing the above results with those of Parson [14], Tsu [15], Oguz [16], Reimer [17] and John [18] we
find the following main differences. In our case the range of IR spectra, the annealing temperature range for
a-Si:H/glass samples and the annealing period were 4000-400 cm ™, 25-250°C and 30 minutes, respectively,
while in Reimer’s and John’s studies the IR spectra range, annealing range and annealing period were
2200-500 cm 1, 2400-400 cm 1, 150 - 600°C ( at 265, 310 and 390°C, under nitrogen atmosphere) and two
hours, respectively. In Oguz’s study it is indicated that the PL peak shifts monotically to lower energy with
increasing annealing temperature, whereas such behavior was not seen in our data. Other differences can
be seen in the apperance of the IR spectra. Under close examination it can be seen that our IR spectra
has some significiant differences from the IR spectra given in literature. We think the source of this is
the different methods used in the preparation of a-Si:H films. The occurrence of absorbance minima at
2365 cm~! and 2340 cm ™! thermal annealing in the temperature region 100-200°C can be explained by
means of changes in paramagnetic defect densities and evolution of hydrogen accompanied by the changes
in Si:H vibrational spectra [2,3]. For this argument it can be said that (i) hydrogen diffusion occurs in the
dilute phase coincident with the paramagnetic center density reduction, (ii) the hydrogen transfer from the
heavily clustered to the dilute phase occurs at the onset of evolution, and (iii) evolution at low temperatures

54



SERIN, SERIN, OZDEMIR, ALKAN, TARIMCI, UNAL

(<400°C) occurs exclusively from the heavily clustered phases independent of the species identified from
vibrational spectrocopy as being reduced in density by annealing [17]. John [18] found that during the
annealing process, a small degree of oxidation occured due to exposure of the sample to air. As a result
two lines in infrared vibrational spectra at 2180 cm™! and at 2240 cm™! were created. It was understood
that the bands at 2180 cm™! and 2240 cm™!'were derived from SiH,O and SiH»O» complexes which were
formed due to thermal annealing. in our work also, the thermal annealing prosess at room atmosphere causes
oxidation of the a-Si:H film, with transmittance absorbance at 2365 cm ™! and at 2340 cm ™' which indicates
that more complex forms of SiHoO and SiH202 compounds are formed in the a-Si:H film in the annealing
temperature range 100 -200°C.

Transmittance (a.u.)

I | | I | | I | | I I
3000 2000 wavenumber ¢

Figure 1. IR spectra of a-Si:H film on glass substrate versus wavenumber at annealing temperatures a) 23°C, b)
100°C, ¢) 130°C, d) 150°C, e) 175°C, f) 200°C and g) 250°C .

Scanning electron microscope (SEM) measurements (20 kV, mag. 600) were carried out on both a-
Si:H/glass and a-Si:H/c-Si samples. For the a-Si:H/glass, annealing in the temperature range 23 - 200°C did
not create significiant changes in visual observation. When the SEM photographs are carefully examined
partial clusters are seen on the film the sample annealed at 23°C. After annealing at 100°C, each cluster
split into two. This was explicitly observed at annealing temperature 175°C and the split process was highly
developed at annealing temperature 200°C (see Figure 2). Above 200°C no significiant change was observed.
Annealing above 250°C was not applied since the glass substrates deformed at higher temperature.
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Figure 2. Scanning electron microscopy images of a-Si:H/glass sample at annealing temperatures a) 23°C, b) 100°C,
¢) 130°C, d) 150°C, e) 175°C and f) 200°C.

In the a-Si:H/c-Si case, SEM measurements carried out on samples annealed in the temperature range 150-
175°C also showed the generation of clusters. In the annealing temperature range 200-600°C, no significiant
changes were observed (see Figure 3). As seen from a SEM photograph of a sample treated at 600°C,
some deformations began on parts of the a-Si:H film which lied on single crystals of silicon (see Figure 4).
The deformation of the a-Si:H layer was increased when the annealing temperature rose to 750°C. A more
regular form resembling crystallization was obtained at annealing temperature 900°C, but this topological
form was lost at annealing temperature 1050°C. These results were compared with the annealing experiments
of Ruttensperger [19], who performed the process in the range 500-1400°C (at temperature values 800, 1100,
1200, 1350°C ) using a-SiC:H films prepared by plasma deposition onto [1011] crystal surface of sapphire
(Al203). He investigated the effect of annealing by measuring optical transmission and reflection and via
spectroscopic techniques such as photo-thermal deflection (PDS), infrared vibration (IR), Auger electron
(AES) as well as gas evolution optical and scanning electron microscopy (SEM). He claimed that, as in
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the case of a-Si:H, Hs evolved from the a-SiC:H films in two steps with the diffusion maximum occuring
at around 550 and 900°C. IR analysis on step-wise annealed films revealed that H was first removed from
SiH,, sites, then from CH,, sites. These H-evolution processses were accompanied by a reduction of the
Tauc optical gap from about 2.4 to 1.8 eV for a-SiC:H and a significant broadenning in the Urbach tail
resulted. Upon crystallization the brownish high temperature annealed a-SiC:H films transformed into a
transparent poly-crystalline states. In Ruttensperger’s work, crystallization began at around 1000°C and
completed at 1250°C while in our study it occurred at around 900°C. Under Ruttensperger’s view we can
explain the deformation that occured at annealing temperature range 600-1050°C as being a H-evolution
processes accompanied by a reduction of Tauc optical band.

k

Figure 3. Scanning electron microscopy images of a-Si:H/c-Si sample at annealing temperatures a) 23°C, b) 100°C,
¢) 130°C, d) 150°C, e) 175°C and f) 200°C.
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Figure 4. Scanning electron microscopy images of a-Si:H/c-Si sample at annealing temperatures a) 23°C, b) 600°C,
¢) 750°C, d) 900°C and e) 1050°C.

Thus from the infrared vibrational spectra of a-Si:H/glass and the photographs of Scanning electron mi-
croscope (SEM) belonging to a-Si:H/glass and a-Si:H/c-Si, there is explicit indication that thermal anneal-
ing processes carried out in the annealing temperature range 23-250°C and 600-1050°C created significiant
changes in the hydrogeneted amorphous silicon films. These changes were explained by means of hydrogen
evolution due to thermal annealing in a-Si:H film.
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