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Hydrogenated amorphous silicon films have been prepared by reactive rf magnetron sputtering
in an argon—hydrogen atmosphere using a ring magnetron (S-gun) as well as a planar magnetron.
The main feature of the sputter unit was the conception of an all-metal bakeable vacuum system
with a large target-substrate distance, to thermalize the silicon particles depositing on the
substrate. The electrical properties of the films (dark conductivity, photoconductivity) turned out
to depend sensitively on the hydrogen partial pressure py,. Films prepared with the planar
magnetron at py, = 4.6 X 10~* Torr and a substrate temperature 75 = 550 K showed best photo-
conductivity and highest ratio to the dark conductivity. Material deposited with this hydrogen
partial pressure could be called a binary silicon—hydrogen alloy. The hydrogen content of these
films amounts to about 12 at% determined by proton scattering and by hydrogen evolution
technique. Infrared absorption studies showed that hydrogen is incorporated as a Si—H configura-
tion exclusively. Sensitization, infrared and thermal quenching which was observed in the tempera-
ture dependence of the photoconductivity, was explained qualitatively with the help of a two-level
model of recombination centers with different capture cross sections.

1. Introduction

Most activities and results in amorphous-silicon (a-Si) physics have been reported
in the past on glow discharge (gd) deposited material {1,2]. The decomposition of
silane in a glow discharge produces an amorphous material, whose electronic density
of states in the midgap is of the order 10'°-10' cm ™%V ~! if the temperature of the
substrate is kept between 500-600 K. At this temperature, a considerable amount of
hydrogen is incorporated into the film, passivating most of the defect states within
the gap. Gd-a-Si: H proved to be the most suitable material for photovoltaic and
other applications.

In contrast to that, deposition of a-Si by the sputtering technique requires
additional provision for defect passivation, if a dopeable and photoelectrically
applicable a-Si material is desired. A number of preparation parameters have to be
optimized, in order to produce a material comparable to gd deposited films. The
manipulation of numerous independent parameters, of course, makes the process of
preparation more complex, but there is some hope that it should open up new
possibilities of improving the properties of the material and obtaining an additional
physical understanding of it.

Since the sputtering technique is well known in industrial application and
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practical experiences exist for large area fast deposition of thin films, this method
could become important for the fabrication of a-Si: H thin film solar cells.

The first sputtered films of amorphous Si were reported by Paul, Connell and
Temkin [3] to have a large number of defects (dangling bonds etc.) which gave rise to
a high density of states in the gap between the valence band and the conduction
band. Paul, Lewis, Connell and Moustakas [4] have shown that hydrogen can be
incorporated into the a-Si films by reactive sputtering in an argon-hydrogen
atmosphere. Under appropriate conditions, the hydrogen saturates most of the
dangling bonds, enables a successful doping [4] and lowers the density of recombina-
tion centers for photogenerated charge carriers [5,6]. Detailed results on the method
of preparation, the passivation of the defects by hydrogen, the doping and the
charge transport properties were published by Moustakas [7] and by Anderson and
Paul [8,9]. Also the properties of p—i—n and Schottky junctions prepared by
sputtered a-Si and its possible photovoltaic application have been studied [10].
Moustakas and Friedman [11] reported on the remarkable efficiency of sputtered
solar cells.

Although the sputtering preparation may be well controlled in general, the
understanding in detail is still unsatisfactory. Many authors report on problems
encountered when attempting to prepare sputtered films with reproducible proper-
ties. Also the role of hydrogen is not yet sufficiently understood, since good films
contain much more hydrogen than required for the compensation of the available
dangling bonds. Finally, in spite of an adequate hydrogen concentration, sputtered
a-Si:H films show widely varying transport properties, since the influence of the
preparation parameters on the different hydrogen bonding configurations [12,13] as
well as on structural inhomogeneities and film growth conditions [6] play an
important role.

All the aforementioned basic papers were concerned with preparation by diode
sputtering. The present work describes the results of a study on the influence of the
deposition conditions on the properties of intrinsic rf magnetron sputtered materal.

2. Experimental
2.1. The sputter system

Since the sensitivity of a-Si: H film properties to the deposition conditions is well
known, the sample preparation was carried out in a UHV sputter system, under
conditions which are known as accurately as possible.

A schematic view of the sputter system is given in fig. 1. It was based on a
commercial Varian UHV evaporation system. The commercial Varian S-gun as well
as a self-designed planar magnetron have been made compatible with the UHV
technique. The system was pumped by ion pumps with a total pumping speed of 770
157! and a turbomolecular pump (270 1 s~'). The ion pumps could be separated
from the sputtering chamber by the main valve. They were used for pumping down
the system only and were never exposed to higher pressure or to reactive gases.
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Fig. 1. Schematic view of the magnetron sputter system. QMS: quadrupole mass spectrometer.

During sputtering, only the turbomolecular pump (270 1 s™') was operating. To
provide a quick substrate exchange, the system was pumped down by the turbo
pump to below 5 X 108 Torr without baking. With baking and with the supplemen-
tary ion getter pumps in action, a final pressure in the 10~'° Torr range could be
obtained. Residual gas analysis was carried out by a UTI quadrupole mass spec-
trometer. During the sputtering process, a separately pumped receptacle connected
to the main chamber via a throttle valvé was used, where the pressure was
maintained sufficiently low for the quadrupole mass spectrometer. Argon, hydrogen
and doping gases were supplied to the vacuum system by short stainless steel tubes
through flow controllers. Argon and hydrogen were premixed before the inlet, while
the doping gases were admitted through separate lines to reduce intermixing effects
when the doping gas had to be changed. Since the film properties appeared to be
extremely sensitive, in particular to the hydrogen partial pressure, the absolute
pressure was always measured by a capacitive vacuum gauge (baratron) with high
accuracy.

Argon and hydrogen with a purity of 99.9999% have been used. As shown by a
mass-spectroscopical analysis, the injection of argon did not alter the background
vacuum, while hydrogen injection led to a noticeable increase of some residual gas
species like H,O and CO, possible caused by desorption processes. Flushing and
baking of the feed tubes finally enabled a preparation with a background pressure of
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about 10 "7 Torr in the unbaked system and less than 10 ~* Torr in the baked system.

The substrate holder could be heated up to about 700 K, but also cooled down to
liquid nitrogen temperature. During sputtering, an electrical floating of the substrate
holder was preferred, leading to a self-biased substrate potential of about +10 V
above ground (wall). A rotatable shutter enabled the coating of six different
substrate sections, one after the other, during a deposition run. Therefore, six films
could be prepared under the same conditions during one cycle.

The thickness of the sputtered silicon films was of the order of 0.5 pm. The films
were usually deposited onto sapphire substrates coated with chromium contacts
1 mm apart for the electrical measurements. Ohmic behaviour of the samples was
always observed for electric field strengths of about 1 kV c¢m ™.

Infrared absorption measurements were carried out with films on polished
single-crystalline silicon wafers or KBr, by means of the Nicolet FT-spectrometer
MX1.

A He-Ne laser in connection with phase-sensitive detection or with a Keithley
610C electrometer was used for photoelectric measurements. The power of the
He-Ne laser was 0.6 mW cm ™2, corresponding to 1.9 X 10'° photons cm™? at
wavelength A = 632 nm. The electrometer was fitted with automatic range selection,
to carry out the measurement completely computer controlled.

2.2. Magnetron sputtering sources

As already reported in the literature [14,15], magnetron sputtering provides
numerous advantages compared to conventional diode sputtering. The main benefits
are higher deposition rates, higher efficiency for reactive sputtering in a
hydrogen—argon atmosphere and considerably lower particle energies. Despite the
increase of the deposition rate by a factor 5 to 10, the self-bias potential is lower
than in the case of conventional diode sputtering. Therefore, the lower energy of the
particles in the plasma diminishes possible damage by energetic particles hitting the
growing film. In addition, the magnetic field traps the electrons, preventing radiation
damage by these electrons, as well as uncontrolled heating of substrate and film.
Furthermore, the magnetron technique allows large target—substrate distances at
reasonable sputtering rates and low pressure operation. For the geometry shown in
fig. 1, the target—substrate distance is set to 20 cm, leading to the uniform covering
of an area of at least 200 cm’.

The two magnetron sputtering sources have been used alternatively for prepara-
tion. Both sources were operated at a target self-bias potential of about —1000 V,
which adjusted itself even at rather low target power densities (see below), since the
permanent magnetic field was weak (0.015 T). According to eqg. (4) of the paper by
Anderson et al. [16], which followed from kinetic considerations by Westwood [17],
complete thermalization is expected for a maximum particle energy of 1000 eV at a
distance of 20 cm, for an argon pressure of = 3 mTorr. At lower argon pressures,
particles with an energy somewhat higher than thermal still arrive at the substrate.
Hence the total pressure was set to 3 mTorr in most cases.

The first source, the S-gun commercial ring magnetron [18], was operated at a
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sputtering power of 1500 W, corresponding to a target power density of 13 W cm ™2,
Specially shaped polycrystalline Si targets with a purity of 99.999% were used.
Sputter and reactive gases were directly introduced into the anode—cathode space.
Typical deposition rates of 20 nm min~' have been achieved for the conditions
described above. The deposition rate increased to 60 nm min~' for a target—sub-
strate distance of 8 cm. In the second source, the planar magnetron, a single-crystal-
line silicon disc, 10 cm in diameter with a thickness of about 1 ¢m, was used as a
target. The self-bias target potential of —1000 V appeared for a sputtering power of
700 W (11 W cm™?), leading to deposition rates around 18 nm min~'. Water
cooling was achieved directly via the metallized backside of the target disc. Either
magnetron was operated by a 13.6 MHz rf power supply, which enables very stable
plasma conditions within the range of parameters studied so far.

3. Experimental results and discussion

3.1. The role of the argon pressure

In conventional diode sputtering systems, the argon pressure mainly influences
the sputtering rate and the thermalization of the plasma particles, thereby determin-
ing the film growing conditions, the film porosity and the stability of the a-Si film.
Anderson et al. [16] found that rather high argon pressures are necessary to obtain a
material with a low density of states in the gap. The authors attributed this to a
reduction in energetic silicon atom bombardment of the growing film with increasing
argon partial pressure. There was, however, an upper limit beyond which the
photoelectric properties get worse. During the course of the present work it was
found that rf magnetron sputtering is scarcely sensitive to a variation of the argon
pressure between 1 and 20 mTorr. Thus, for the geometry of fig. 1, this pressure
could be reduced down to about 1 mTorr seemingly without an appreciable increase
in bombardment-related damage for a target potential of ~ —1000 V. By keeping
the argon pressure between 1 and 3 mTorr, the incorporation of argon remained at a
very low level. The argon concentration, determined by means of the Rutherford
backscattering technique, was between 0.5 and 1 at%, independent of the particular
sputtering conditions [20]. From evolution measurements carried out by Beyer [21],
an argon concentration of less than 0.1% was found, if the films had been annealed
up to 800°C. The positive self-bias potential of the floating substrate holder may
have favourably contributed to the exceptionally low argon content of the mag-
netron-sputtered silicon films.

3.2. The role of the hydrogen pressure

The efficient passivation of the electrically active defects in the amorphous Si
network has to be accomplished [4,5] by sputtering in an argon—hydrogen mixture.
This way, the electric dark conductivity o, is reduced by many orders of magnitude
and the photoconductivity o, can be considerably increased if the sputtering process
is carried out at the proper hydrogen pressure. The photoconductivity o, is
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understood here as the difference between the conductivity under illumination and
the dark conductivity. A careful study of the dependence of the quantities o, 1 and
o,nr1 ON the partial pressure of hydrogen for our magnetron sputtering system has
shown that this dependence is rather complex (see fig. 2 for the S-gun). At increased
substrate temperatures 75 = 575 K, the general decrease of the dark conductivity at
room temperature op, g With increasing hydrogen pressure py is interrupted by a
sharp intermediate maximum of o, 1 within the narrow pressure range 1.5 x 10" *
<py,<4X 10~ * Torr. The dark conductivity rises by two orders of magnitude and
then falls to a minimum value of 6 g =2 X 107" ( cm)~' at p,;, =10 Torr.
The photoconductivity at room temperature o, xt shows, with increasing hydrogen
pressure, a sharp intermediate maximum, which is located close to but definitely
below the dark conductivity maximum. The maximum photoconductivity is more
than three orders of magnitude higher than the optimum value of films prepared on
a room-temperature substrate.

The maximum value of the photoconductivity, which should also be a measure of
a low density of states in the mobility gap, indicates that a well-defined material
with distinct properties is formed, which will be called a silicon—-hydrogen alloy or,
later, sp-a-Si, type B.

A similar behaviour of the conductivities op gy and oy, gy as a function of
hydrogen pressure was also obtained for films deposited with the planar magnetron.
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Fig. 2. The dark conductivity op, gt and the photoconductivity o, gt at room temperature as a function

of the hydrogen partial pressure for a-Si: H sputtered with the S-gun. The total pressure was p = 3 mTorr,
the substrate temperature Ty = 575 K.
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A corresponding diagram is given in fig. 3 with an extended scale in the region of
interest of the hydrogen partial pressure. The peaks of o, and o, are again located
in the same order, but at a somewhat higher hydrogen pressure compared to the
S-gun, which may be due to the changed geometry of the source and the different
operational conditions. From the analyses of the films, however, the hydrogen
content turned out to be the same (see section 3.3). So far, the best values of
photoconductivity were obtained using the planar magnetron. The photoconductiv-
ity was almost one order of magnitude higher than that of films prepared by the
S-gun. Related to AM1 illumination, o,, gy = 1 X 107* (€ cm) ™! has been obtained
at the maximum, which is of the same order as the best results which have been
observed for undoped samples prepared by diode sputtering [6] or by the glow-dis-
charge method [2,22,23]. Following Street {23], ESR spin density values less than
10'® cm ™2 can be derived from this optimum photoconductivity. Also the high ratio
O,nrT(AM1) /0 gy = 3 X 10% indicates a material which is low in defects and
favourable to photovoltaic applications.

With reference to figs. 2 and 3, a possible interpretation of the dependence of the
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Fig. 3. The dark conductivity op gt and the photoconductivity o, g7 at room temperature as a function
of the hydrogen partial pressure for a-Si: H sputtered with the planar magnetron. The total pressure was
p =3 mTorr, the substrate temperature Tg = 550 K. The numbers give the activation energy E, of the
dark conductivity, determined from its temperature dependence, if the conductivity is activated around
room temperature.
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electrical properties on the hydrogen partial pressure for the reactive magnetron
sputtering will be given in the following paragraphs.

With increasing hydrogen partial pressure, more and more hydrogen will be
incorporated into the silicon network of the film. In this way, to an increasing
degree, the remaining free bonds and other structural or stoichiometric defects tend
to be saturated or deactivated by hydrogen. The dark conductivity, which was first
dominated by hopping transport in localized states near the Fermi level char-
acterized by a temperature dependence o}, ~ exp(7T '/*) over a wide temperature
range, becomes thermally activated at lower and lower temperatures. Finally, o, ts
thermally activated over the whole measuring range for p,; = 10 * Torr. At higher
pressures the room-temperature dark conductivity decreases steadily, since the
thermal activation energy E, = E.— Ep (E_: energy at the mobility edge of the
conduction band, E: Fermi energy) increases. This increase of £, may be due to
either a downward shift of the Fermi level £, or an upward shift of the mobility
edge E,. The latter would correspond to the analogous shift of the conductivity
mobility edge E_ with increasing incorporation of hydrogen in gd-Si samples [24].
The photoconductivity oy, is still very small. Apparently, the defect states are
passivated such that positively charged defect states still remain in the upper half of
the gap, which interact with the photoelectrons as recombination centers with a large
cross section.

Disregarding the peaks of the dark conductivity and photoconductivity in figs. 2
and 3, the trend described above would continue up to a hydrogen partial pressure
of about 102 Torr. So one could speak of a particular sp-a-Si phase or modifica-
tion, which we call “type A”. This material is probably rather inhomogeneous.

On to this background, the peak is superimposed. In this narrow hydrogen partial
pressure range with a width of about 2-3 x 10™* Torr corresponding to a hydrogen
content of 10-15 at% (see section 3.3), we propose a second modification to be
formed with new properties, which we call “type B”. With increasing hydrogen
pressure, the photoconductivity increases strongly. A possible explanation would
follow the model of Anderson and Spear [22] which was also used by us for the
explanation of the annealing behaviour of a-Si:H films evaporated in an atmo-
sphere of hydrogen [25]. The idea is that we are dealing with an unintentional
doping and thereby neutralizing positively charged defect states with a high recombi-
nation cross section. This model, however, cannot easily explain the subsequent
decrease of the photoconductivity, which is accompanied by a peak in the dark
conductivity.

It seems to us much more likely that a recombination model as developed by
Rose [26] and later applied to the characterization of the photoconductivity of
undoped gd-a-Si: H by Wronski and Daniel [27] has to be applied for at least a
qualitative understanding of the behaviour of our films of type B. For a quantitative
explanation, further and more detailed studies are required. In its simplest form, this
model consists of two levels of recombination centers located energetically below
and above the dark Fermi level (fig. 4). In amorphous silicon, these levels should be
more or less broad distributions. It is supposed that the photocurrent is carried by
electrons. The upper recombination centers (class I) have large capture cross sections
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Fig. 4. Schematic energy diagram of the two-state model for explaining the sensitization (and the
quenching) of the photoconductivity in sp-a-Si:H. The class I states, by themselves, lead to fast
recombination, the class II states, by themselves, lead to slow recombination. The dashed arrow indicates
the arrangement of the electrons under illumination, passivating the class I recombination centers. E_ and
E, are the mobility edges of the conduction and valence band, £ the dark Fermi level and ¢, and ¢, the
quasi-Fermi levels of the electrons and the holes. The states are drawn separately to avoid confusion. In
reality they are interspersed.

for electrons and the lower centers (class II) very small ones. The strength of
illumination is supposed to be such that the two classes of recombination centers are
between the quasi-Fermi levels.

Beginning at low hydrogen pressure for type B (say, around 0.3 mTorr in fig. 3), a
material with a rather low density of gap states is deposited. The photoconductivity
is limited by a certain density of recombination centers of class I with large capture
cross sections. With increasing hydrogen pressure, the density of the centers of class
I may be reduced, but, more importantly, we believe recombination centers of class
IT with an extremely small cross section are created. Under illumination, these class
II states become occupied by holes. The charge neutrality condition requires that
electrons are transferred to the class I states. The rate of recombination of the
photoelectrons is now greatly diminished, because many recombination centers of
class I with large cross sections are already occupied by electrons and hence, their
effective density is reduced. The capture cross section of the states of class II is small
anyway. So the photoconductivity of the a-Si films is increased by adding defects
acting as recombination centers with small cross sections (imperfection sensitization).

If the density of states of either class which can capture free carriers becomes
large (say > 10'7 cm™3), the states will interact with each other and electrons (or
holes) can make transitions directly between these states by hopping processes.
Hence the dark conductivity increases and its temperature dependence is no longer
simply activated. This is illustrated in fig. 5, which shows the temperature depen-
dence of the dark conductivity for an a-Si film sputtered at a hydrogen partial
pressure py, =53 X 1074 Torr near the maximum of the room temperature dark
conductivity peak of fig. 3. For comparison, the temperature dependence of the
conductivity on either side of the peak is also presented. In these cases, the
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Fig. 5. The temperature dependence of the dark conductivity op, for a-Si: H prepared with the planar
magnetron at three different values of the hydrogen pressure around the peak of the dark conductivity in
fig. 3, at the top of the peak p,; =5.7X 10~* Torr. The crosses mark the room-temperature values.

conductivity is clearly activated. For the photogenerated charge carriers, new recom-
bination possibilities open and the photoconductivity decreases accordingly.

It should be mentioned at this point that, for films prepared at hydrogen
pressures in the range of decreasing photoconductivity, thermal quenching and
infrared quenching of the photoconductivity is observed. This phenomenon will be
discussed in section 3.4. It is similar to the quenching effect reported by Vanier,
Delahoy and Griffith [28,29] (see also ref. [30]) for gd-a-Si: H films, which appears
particularly striking for films deposited at relatively low temperature (75 = 400-500
K), where the hydrogen content is usually large. The main difference, however, is a
splitting of the spectral dependence of the quenching ratio Q = o,y ,1,/0y into two
peaks at low temperature [41]. oy ., and oy are the photoconductivities with and
without bias infrared illumination. Finally, if hydrogen is offered in excess, the
chemistry changes and again the type A material is deposited.

The second increase of the dark conductivity in fig. 2 (and, according to
preliminary results for films prepared with the planar magnetron, an increase also of
the photoconductivity) at higher hydrogen partial pressure around 102 Torr is
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likely due to the change of the place of reaction from the surface of the growing film
to the surface of the target under the condition of high hydrogen pressure, as
suggested by Moustakas [6].

3.3. Hydrogen bonding configurations and concentration

Information about the mode of incorporation of hydrogen into the magnetron
sputtered films and its concentration was obtained by ir absorption spectroscopy,
hydrogen evolution measurements (Beyer [21]) and by means of the elastic recoil
technique. In the last-named method, a beam of 2 MeV *He™ ions was directed onto
the films, knocking out hydrogen atoms which could be detected in the forward
direction [31]. Details of this technique and the results of the measurements on
sputtered film will be published elsewhere [20].

Fig. 6 shows the hydrogen content of the films as a function of the hydrogen
partial pressure during deposition. The open circles and open squares present data
measured by the elastic recoil technique. Up to py = 5 X 10~ Torr, the concentra-
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Fig. 6. The relation between the hydrogen partial pressure py, during sputtering and the hydrogen
concentration in the a-Si: :H film. The open squares and circles represent the results of the elastic recoil
technique [20] for films prepared with the two magnetrons. The crosses represent the results of the
evolution measurements [21]. The dash-dotted line gives the functional dependence of eq. (1) for the
planar magnetron.
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tion of incorporated hydrogen is proportional to the hydrogen partial pressure
offered. The rate of incorporation depends on the particular sputtering conditions
and on the geometry and therefore is different for deposition with the planar
magnetron and the S-gun. Note that optimally passivated films contain nearly the
same amount of hydrogen (11-12 at%), independent of the type of magnetron used.
For a hydrogen pressure above 6 X 10~ * Torr, a saturation of the hydrogen content
is found for samples prepared by the planar magnetron. On the basis of a kinetic
model, Moustakas [32] derived an expression for the dependence of the hydrogen
concentration ¢y, on the partial pressure py :

CH=(CH)max[1_exp(k'pHg)]' (1)

The physical meaning of the constant & is explained in ref. [32). The normalized
functional dependence of eq. (1) is also plotted in fig. 6 for the films sputtered by the
planar magnetron. The agreement with the measurement is only moderate. From this
it can be concluded that under our conditions of magnetron sputtering, the kinetic
model [32] is insufficient to describe the processes taking place at the surface of the
growing film. The hydrogen concentration of the films produced by the S-gun is
generally higher and the plateau is not yet attained. An increase of the substrate
temperature results in a lowering of the hydrogen content, as expected.

Hydrogen evolution experiments were carried out for our sputtered films by
Beyer [21], with the following results: for samples deposited with the planar
magnetron, the hydrogen content agrees with those values determined by the elastic
recoil technique (see crosses in fig. 6). The evolution of hydrogen occurs only
between 400 and 700°C with no indication of a low-temperature evolution maxi-
mum. This means the hydrogen incorporated in the film is chemically bound without
exception. The temperature at the maximum evolution rate 7T, varies with the
thickness of the film. This behaviour is characteristic for a limitation of the evolution
by diffusion, as it is known from samples prepared by glow discharge in silane [33].
Also the absolute values of Ty, =f(d) agree with the corresponding values for gd
films.

From ir vibrational spectroscopy, information is obtained on the Si—-H bonding
configurations; in particular, from the spectral range of the stretching mode around
2000 cm ™~ ' [13]. Fig. 7 presents the infrared absorption spectrum of an a-Si film on a
KBr substrate, which was prepared under optimum conditions. The spectrum shows
a strong band at 615 cm ™' due to the bending mode and a weaker band at 1990
cm ! due to the stretching mode of Si—H. There are two additional bands at 860
and 1060 cm !, which are attributed to SiN and SiO vibrations and possibly due to
reactions after deposition [6]. For either type of magnetron, no indication of a SiH,
stretching mode at 2100 cm ! could be found within a range of hydrogen partial
pressure between one half or double the optimum pressure for type B. Only at
unusually high hydrogen pressures, a rather weak shoulder at 2100 cm ™! appeared.
Regardless of the interpretation of the 2100 cm ™' mode [34], the -absorption spectra
of the films show that our films of type B are compositionally homogeneous. This is
in contrast to diode-sputtered films, which normally exhibit a doublet [12,13].
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Fig. 7. Infrared absorption spectrum of a film prepared with the planar magnetron at the optimum value
of the hydrogen partial pressure on a KBr substrate.

Special measure have to be taken, such as the application of a positive substrate bias
[6] (for others see refs. [35,36]), to favour the Si—H stretching mode around 2000
cm™!,

3.4. Temperature dependence of the photoconductivity

The temperature-dependent photoconductivity o, = f(7') for four samples pre-
pared with the planar magnetron at hydrogen pressures close to the optimum value
is plotted in fig. 8. The lower curve with py =24 X 10~* Torr shows the normal
temperature dependence of the photoconductivity, as expected according to Spear,
Loveland and Al-Sharbaty [37] for gd-a-Si:H. Since the hydrogen pressure is
insufficient for an optimum sensitization of the photoconductivity, o,, remains
rather low. At p,, =4.6 X 10~* Torr, the optimum hydrogen pressure is set and
maximum values of the photoconductivity are measured at room temperature. With
increasing hydrogen pressure, the photoconductivity at room temperature decreases
again as shown by the crosses in fig. 8 and by the corresponding dependence in fig.
3. From the temperature dependence of photoconductivity, however, it is evident
that the decrease of the photoconductivity sets in only at a certain temperature
range, depending on the hydrogen concentration. This means the recombination
centers for the photogenerated charge carriers are activated by thermal excitation.
This thermal quenching can again be explained by the two-level model [26] em-
ployed before (fig. 4). With increasing hydrogen pressure, more and more recombi-
nation centers of class Il are created, which, because they are distributed over a
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Fig. 8. Temperature dependence of the photoconductivity ay,, for samples prepared at various hydrogen
partial pressures pyy, around the optimum p ;. The crosses mark the room-temperature values.

certain energy interval within the gap, will finally come into thermal contact with the
quasi-Fermi level of the holes. Thus at low temperature and at a given level of
illumination, the states of classes I and Il are still located between the two
quasi-Fermi levels and the photoconductor is sensitized. With increasing tempera-
ture, the quasi-Fermi levels move one against the other and in particular, the
quasi-Fermi level of the holes shifts through the class II recombination centers.
These states will become populated by electrons and the class I states will be
emptied. These states are then able efficiently to capture photogenerated electrons
and the photoconductivity decreases.

The decrease in the photoconductivity observed around room temperature and
below by thermal quenching, can be accomplished also at low temperatures by bias
illumination with photons hv < 1.4 eV (infrared quenching). These photons are
unable to excite interband transitions. They can, however, cause electrons to make
transitions from the filled valence band into the class II states and the corresponding
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holes are captured by the class I recombination centers with large cross section. In
this way, a rearrangement of the occupations of the two states follows just as in the
case of thermal quenching.

Similar and even more pronounced thermal and infrared quenching of the
photoconductivity were observed by Vanier et al. [28,29] for gd-a-Si: H. Their
interpretation was based on a three-state model [38].

It should be mentioned also that irrespective of the quenching due to the creation
of additional recombination centers with increasing hydrogen pressure, the shoulder
at about 1.2 eV in the spectral dependence of the photoconductivity decreases. This
shoulder was associated by Anderson et al. [39] with a peak in the density of states
in the gap, 1.2 eV below the conduction band in the tail states of the valence band.
From this it can be concluded that, with increasing hydrogen pressure, defect states
at the valence band tail become saturated.

4. Conclusions

In this paper, experimental results on a-Si: H films have been presented, which
illustrate that rf magnetron preparation either with an S-gun or with a planar
magnetron leads to an interesting material similar to gd-deposited material. Opti-
mum passivated films are characterized by high photoconductivity, by a large ratio
o,,/0p and by a low density of defect states within the gap, having therefore a
promising potential for photovoltaic applications [40]. It could be shown that a small
variation of the hydrogen partial pressure may drastically influence the photoelectri-
cal properties of the material. Incorporation of hydrogen exceeding the optimum
amount of about 12% leads to a degradation of the photoelectrical properties, since
increasing numbers of recombination centers are created. Whatever the nature of the
recombination centers of either class, it follows from the present work that class II is
most likely an intrinsic state of the amorphous silicon alloy and caused by the
addition of hydrogen.
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