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Hydrogenated amorphous silicon films were deposited by ion-beam-assisted evaporation using a
hydrogen–argon plasma. The influence of the substrate temperature was studied. Light induced
photoconductivity decay measurements showed that high stability materials can be obtained under
well defined conditions. By combined infrared spectrometry and thermal desorption spectrometry
experiments, it was demonstrated that microstructure has a great influence on the stability against
light induced defects. ©1998 American Institute of Physics.@S0021-8979~98!05702-8#
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I. INTRODUCTION

It is well known that hydrogen atoms incorporated
a-Si:H films during deposition saturate silicon dangli
bonds and render the material suitable to electronic app
tion by decreasing the density of defect states in the gap.
there is still considerable work to produce high quality
Si:H films free from light induced instability~Staebler–
Wronski effect1!. Even if there is still a lively debate to ex
plain this effect it appears that weak Si–Si bonds have
important role in the creation of defects.2

The glow-discharge decomposition of the silane g
method has become the most important method for the d
sition of a-Si:H films and up to now the highest quality m
terial has been prepared by this technique. However sev
attempts have been made to introduce hydrogen into ev
rated a-Si films in a high vacuum chamber. Obtaining go
quality Si–H bonding required the production of atomic h
drogen by dissociation of molecules in a heated tungs
tube3 or the use of an ion beam from a Kaufman ty
source.4,5 Such a technique presents the advantage of av
ing the use of toxic gas like silane. Moreover with ion-bea
assisted evaporation, ion bombardment is essentially in
pendent of silicon deposition, which allows easy control
the preparation parameters like growth rate or plas
composition.

In previous works we studied the preparation of a-S
by electron cyclotron resonance microwave plasma assi
evaporation. It was shown that the substrate tempera
modifies the hydrogen bonding6 and that bombardment b
ions accelerated by a moderate voltage~200 V! could
strongly densify the film structure without changing the h
drogen bonding type.7 We also demonstrated that there is
mass effect of the ions since the densification of the film
easier with a deuterium plasma than with a hydrog
plasma.7 In order to improve the preparation, films we
made with a plasma composed of hydrogen and heavy
such as argon. This article discusses the influence of

a!Electronic mail: rinnert@lps.u-nancy.fr
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substrate temperature on these films and we show that
possible to obtain high quality a-Si:H films with very goo
stability against light exposure.

II. EXPERIMENT

The plasma generation chamber and the growth cham
were evacuated by a cryogenerator with a pumping rate
1000 l /s. The background pressure was 1028 Torr. Silicon
was evaporated from an electron beam gun and the dep
tion rate ~1 Å/s! was monitored and controlled by a quar
microbalance system. An electron cyclotron resona
~ECR! plasma source was used to generate the ion beam.
2.45 GHz microwave energy of the ECR source was 200
A 875 G axial magnetic field was used to create ECR and
promote efficient coupling of the microwaves to the plasm
The hydrogen–argon mixture was prepared before dep
tion in the proportion of 1:1 and the flow in the ion sour
was regulated by maintaining the total pressure in the eva
ration chamber at 431025 Torr. The samples were deposite
on ~111! Si substrates for thermal desorption spectrome
~TDS! experiments and infrared-absorption measureme
on Corning glass 7059 for conductivity and photoconduct
ity studies. Samples were prepared with different subst
temperatures equal to 120 °C, 180 °C, 240 °C, and 300 °

The microstructure of the films was both studied by
frared~IR!-absorption measurements and by thermal deso
tion spectroscopy~TDS!. The hydrogen bonding configura
tion was obtained from Fourier transform infrare
transmission measurements using a Perkin–Elmer 2
spectrometer with a resolution of 4 cm21. The contribution
of an uncoated reference silicon substrate was subtra
from the experimental spectra. The thermal stability of h
drogen was studied by TDS. The films were inserted int
quartz tube evacuated by an ionic pump allowing a b
pressure of 231028 Torr in the chamber and were heated
a constant rate of 10°/min to 800 °C. The gaseous com
nents desorbing from the surface were ionized and dete
by a quadrupole mass analyzer. The dark conductivity (sd)
and photoconductivity (sph) under a 400 mW/cm2 illumina-
110303/4/$15.00 © 1998 American Institute of Physics
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tion from a 500 W arc xenon lamp were measured for
samples on glass substrates using longitudinal elect
structure. To avoid undesirable temperature effects du
illumination a water filter was used. Measurements w
made under a 1023 Torr vacuum to avoid atmosphere co
tamination which can appear in a longitudinal electro
structure. Moreover energy dispersive x-ray spectroscopy
periments showed the atomic percentage of argon in
films is inferior to 0.2.

III. RESULTS AND DISCUSSION

The quality of the passivation of dangling bonds w
studied by conductivity versus temperature measureme
All the samples were first heated to 190 °C in order to des
the surface gaseous contamination and measurements o
conductivity were made between 190 °C and room temp
ture during cooling. The electronic properties of the fo
samples are displayed in Table I. The conductivity
samples prepared at 120 °C, 180 °C and 240 °C fits perfe
the thermally activated law with an activation energy
around 0.73 eV. The dark conductivity of these sample
hardly the same in the 131029– 2.531029 (V cm!21 range.
By contrast the sample prepared at 300 °C is quite differ
and fits the Mott exponential relation in T21/4 with a dark
conductivity equal to 2.831025 (V cm!21. The best fit with
the Arrhenius law results in an activation energy equal
0.22 eV, which demonstrates that contrary to the ot
samples, this material is characterized by a great numbe
defect states in the gap. The films were subjected to a l
exposure of more than 103 min. The photoconductivity ratio
sph(0)/sdark at the beginning of the light exposure, note
Rph is listed in Table I and the evolution versus time of t
normalized photoconductivitysph~t!/sph~0! is represented in
Fig. 1. Rph is a decreasing function of the substrate tempe
ture and decreases from 6900 for the sample prepare
120 °C to 800 for the material prepared at 240 °C. This e
lution can be correlated to the hydrogen content of the fi
with a best passivation for the high hydrogenated films. T
sample prepared at 300 °C is not a photoconductor mat
which is consistent with the conductivity versus temperat
evolution. The photoconductivity decay behavior sho
clearly a dependence on the substrate temperature. W
samples prepared at 120 °C and 180 °C present a rapid d
of the photoconductivity, the material prepared at 240
does not present any decay during all the exposure. M
over the dark conductivity hardly changes during illumin
tion for all the samples. Hence the light induced effects
these materials prepared at low temperature seem to be

TABLE I. Conductivity and photoconductivity measurements for samp
prepared at different substrate temperatures.

Substrate temperature
~°C! Ea ~eV! sdark ~300 K! (V cm)21 Rph

120 0.74 131029 6900
180 0.73 1.931029 2200
240 0.74 1.131029 800
300 0.22 2.831025 1
1104 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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ferent from the Staebler–Wronski effect. However light i
duced effects are metastable and can be removed by he
the samples to 190 °C. By all appearances the light se
not to have created defects in the film prepared at 240 °C
understand the electrical properties of the films, the study
the microstructure was realized. Infrared spectrometry
thermal desorption spectrometry experiments are prese
in the next sections.

The infrared absorption band at 640 cm21 was used to
calculate the hydrogen content in a-Si:H films. This band
assigned to the wagging band of SiHn ~n51,2,3! and the
integrated strength of this mode is proportional to the to
hydrogen concentration. With the usual proportionally co
stant 1.631019 cm22 8 and an atomic density of silicon fixe
to 531022 cm23, CH was estimated to 13.4%, 9%, 7.4% an
3.9%, respectively, for the substrate temperatures 120
180 °C, 240 °C and 300 °C. Infrared spectrometry spectra
these samples are represented in Fig. 2 for the 1850–2
cm21 range. Absorption spectra clearly show two peaks
the 2000–2100 cm21 range. A polynomial basis line wa
subtracted to the spectra which were then deconvoluted
Gaussians. Table II gives the respective peaks positions
eas and microstructure parameters R for all the samples.
defined as the ratio of the intensities of the absorption ba
I2100/@ I21001I2000# and can be related to the fraction of pol
hydride groups and clustered monohydride groups. An
crease in R is generally correlated to an increase of a den
deficiency. The absorption near 2000 cm21 is attributed to
the stretching modes of SiH while absorption near 21
cm21 is ascribed to the stretching modes of SiH2, ~SiH2)n

and SiH3 or of SiH groups located at internal surfaces
microvoids. The sample prepared at 120 °C is dominated
peaks centered at 2093 cm21 and at 2014 cm21. Small bands
appear at 2175 and 2246 cm21 which can be attributed to
SiH and SiH2 configurations containing oxygen atoms
their back bonds. This oxygen contamination, also visible

s

FIG. 1. Normalized photoconductivity decay under a 400 mW/cm2 light
exposure from an arc xenon lamp for samples prepared at different subs
temperatures.
Rinnert et al.

P license or copyright, see http://jap.aip.org/jap/copyright.jsp



t
ch
ra
c

ra

e
nd

a

m
et
pl

a
ra
e

am
th
he
d

icro-

are
d at
lly
in-
a

s a
at
a

t
tem-

of
ion
ure.
d by
rum
nd
ple
ilar

ion
ak is
en-
ng
a
m-

hen
DS
ved
um

ids.
eri-
ab-

su

tio

ed at
the 1050 cm21 absorption band, appears after exposure
atmosphere and is an indication of the microvoids’ ri
structure—characteristic of films prepared at low tempe
ture. This sample presents an absorption spectrum chara
istic of poor electronic quality a-Si:H film. A shift of the
peak near 2000 cm21 is observed as the substrate tempe
ture increases. According to a recent work9 this displacement
to the lower frequencies is presumably due to a decreas
the hydrogen content and not to a modification in the bo
ing type. The contribution of the band near 2100 cm21 de-
creases as a function of the substrate temperature in the r
120–240 °C and it increases for Ts5300 °C. Hydrogen
bonding in the sample prepared at 240 °C is principally co
posed of monohydride groups with a structure param
equal to 0.2, while this latter is equal to 0.45 for the sam
prepared at 120 °C and 0.37 for the film elaborated
300 °C, which suggests there is an optimum in the subst
temperature to obtain a SiH film free from polyhydrid
groups. In our experiments, the best microstructure par
eter was obtained at 240 °C. It is also important to notice
great influence of the argon ions on the bonding type. T
allow us to produce a material dominated by SiH bon

FIG. 2. Infrared absorption spectra of samples prepared at different
strate temperatures Ts .

TABLE II. Properties of a-Si:H samples deduced from infrared absorp
measurements.

Substrate
temperature

Peak
position ~cm21!

Peak area
~arb. units! R CH ~at %!

120 2014 2.0 0.47 13.4
2093 1.8
2175 0.5
2246 0.1

180 2001 1.5 0.42 9
2085 1.1

240 1991 1.2 0.20 7.4
2084 0.3

300 1992 0.6 0.33 3.9
2084 0.3
J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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which was not the case with a pure hydrogen plasma,6 since
the corresponding sample prepared at 240 °C has a m
structure factor equal to 0.55.

The hydrogen effusion spectra of the four samples
represented in Fig. 3. The spectrum of the sample prepare
120 °C is dominated by a peak at 440 °C which is usua
attributed to the desorption of hydrogen localized in the
ternal microvoids. A low density a-Si:H film composed of
large interconnected voids network generally present
unique effusion peak near 400 °C. A weak component
600 °C is attributed to the effusion of hydrogen limited by
diffusion process.10 This contribution of the diffusion peak a
high temperature increases as a function of the substrate
perature in the 120–240 °C range. The effusion spectrum
the samples prepared at 180 °C is dominated by the diffus
peak but still presents a desorption peak at low temperat
However the sample elaborated at 240 °C is characterize
a unique high temperature peak. Such an effusion spect
is typical from a dense material free from microvoids a
with stable SiH bonds. The effusion spectrum of the sam
elaborated at 300 °C presents very weak peaks. It is sim
to the sample prepared at 180 °C with a dominating diffus
peak at 580 °C. We demonstrate the high temperature pe
a diffusion peak by measuring the film thickness dep
dence. Indeed if diffusion limits the evolution rate, the risi
diffusion length with increasing film thickness will result in
shift of the evolution peak to higher temperatures. The te
perature of this peak increases from 560 °C to 585 °C w
the thickness increases from 2000 Å to 4000 Å. The T
study demonstrates that the stability of hydrogen is impro
by increasing the substrate temperature below a maxim
and that the material is certainly denser and free from vo
By analyzing these results with regard to the infrared exp
ments, the diffusion peak seems to be correlated to the
sorption peak at 2000 cm21. Still it would be hazardous to
attribute the desorption peak to the SiH2 groups and the dif-

b-

n

FIG. 3. Thermal desorption spectroscopy spectra for samples prepar
different substrate temperatures Ts .
1105Rinnert et al.
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fusion peak to the SiH groups. In fact hydrogen from bo
SiH and SiH2 configurations desorbs from the interconnec
voids at around 400 °C and diffuses throughout the b
around 600 °C. The correlation between the absorption p
at 2000 cm21 and the diffusion peak is essentially due t
fact that on the one hand the high substrate temperature
motes monohydride groups and on the other hand the
substrate temperature combined with the argon influe
densifies the material and then promotes the diffusion p
nomenon. With the use of argon–hydrogen plasma
samples prepared at 240 °C present the hydrogen bon
and the hydrogen stability of the best material prepared
the traditional glow discharge technique.

The stability to light exposure is correlated to the micr
structural quality of the films. Indeed the sample with hi
hydrogen stability and with a weak number of polyhydri
groups, assumed to be a dense material without microvo
presents high stability to light exposure. On the contrary
light induced photoconductivity decay in the other samp
prepared at lower substrate temperature is an increa
function of the microstructure parameter and of the quan
of hydrogen weakly thermally stable. The materials prepa
at 120 °C and 180 °C are presumably voids rich with po
hydride groups. These results support existing models
posed to describe the light induced effect.11,12 Carlson sug-
gested a mechanism involving the motion of hydrogen on
surfaces of microvoids and Yonezawa showed in a theo
cal study that in a-Si:H films the weak Si–Si bonds can
weakened further by neighboring Si–H bonds and then
broken by light exposure. We believe the degradation of
materials is first due to the weak bonds breaking proc
improved by an increasing microstructure parameter,13 and
to the creation of metastable Si–H bonds allowed by
motion of hydrogen in the low dense amorphous network
1106 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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IV. CONCLUSION

In summary, photoconductor a-Si:H thin films were pr
pared by the ion-beam-assisted evaporation method wi
hydrogen–argon plasma. We believe that the heavy ar
atoms contribute to densify the a-Si:H films while tempe
ture has a strong influence on the hydrogen bonding.
best sample obtained for Ts5240 °C is characterized by
high diffusion peak temperature in the TDS spectrum and
hydrogen bonding strongly dominated by Si–H bonds.
good agreement with the traditional bond breaking mod
this high quality material, which has a dense amorphous
work with stable Si–H bonds, is very stable to lig
exposure.
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