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HYDROGEN CONTENT AND THE OPTICAL BANDGAP IN AMORPHOUS SILICON
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ABSTRACT

The dependence.of the optical bandgap on the hydrogen concentration is
measured for amorphous siticom films prepared under different glow—discharge

" conditions. A deviation from the usually accepted linear dependence is found

for thydrogen coucentratioas above 12 ar.%. We find cthat in chis
concentration reglen an increase ‘of hydrogen incorporated as SiH2 is
responsible for this behaviour.

INTRODUCTION

As a part of a systematic Investigation of the influence of the
composition and structure on the optical properties of amerphous silicen,
the dependence of the optical bandgap on the hydrogen concéntration is
investigated. In ovder to achieve general conclusions, 1t is necessary to
prepare amorphous silicon films with a large variety of preparation and
doping conditions. Tt will be shown, that the binding configuration of
hydrogen 1in the fiim will he of importance for the relation between the
optical bandgap and the nydrogen concentration.

SAMPLE PREPARATION

The amorphous silicon samples were deposited in a capaclitively coupled
radio frequent {rf} glow-discharge reactor., In order to achleve a large
variety of amorphous silicon films the deposition conditions were
systematically varled. The rf-power was varied between 0.005 and 0.07 Wemd.
The pressure was adjusted between 10 and 50 Pa. The silane gasflow was
changed from 0.001 to 2.05 Pa m?/s. The films were deposited at substrate
temperatures ranging from 300 K up to 650 ¥. Phesphorus and Boron doped
Eilms as well as undoped Films were deposited. The concentration of dopant
atoms amounted to 1 at.7.

ANALYSIS

The hydrogen content of the amorphcus silicon fLlms was determined by
nuclear reaction analysis (NRA) using the reaction 1H(L5N,uy}lzc {11.
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In addition, infrared absorption spectroscopy was used to obtain information
about the varicus hydrogen to silicon bonding modes (SiH, SiH,, 5!ﬂ3)-

The optical constants of the film were measured by optical transmission
and reflection experiments. From the weasured absorption coefficient, for
photon energies above the bandgap energy, & value of the optical bandgap is
found. The value of cthe optical bandgap is obtained by a linear
extrapolation of the absorption coefficient to zerc absorption.

RESULTS AND DISCUSSION

For a theoretical deduction of the optical bandgap 1t is necessary to
make an assumption for the density of delocalised states in the conduction
and valence band, Frequently the density of states distribution 1s chosen to
be parabolic. This distribution leads to the well known Taue plot for the
determination of the optical bandgap ( (a xn x hw)+/Z = ¢! x (E - E)} 3.
When the distribution of delocalised states 1is taken linear, the optical
bandgap can be deduced from the relation

{axn xhwl/P=cx(E~E) o

o = the absorption coefficileat
hv = the photon energy

E = the energy

E, » the optical bandgap

n = the refractive index

c = a constant,

As was  pointed out earlier by wus {2], a linear density of states
distribution in the valence and conduction band of amorphous silicon appears
to be more appropriate than a parabolic distribution for a large varfiety of
deposition condicions.
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fig. 1 petermination of the optical bandgap a;cording to
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Bremsstrahlung Isochromat Spectroscopy and photoemlission experiments
recently described by Jackson et al, [3] confirm the linearlty of the
density of atates distribution in amorphous silicon. For these reasons we
determine the optical bandgap using relation {1).

For hydrogenated amorphous silicon it is generally accepted, that the
value of the optical bandgap depends linearly on the hydrogen concentration
of the adorphous film [4]. This is supposed to be related to a shift of the
valence band edge with Increasing hydrogen concentration [5]. We have
investigated this relation for numercus amorphous silicon films prepared
under different glow-discharge conditions. For all samples the hydrogen
concentration, measurad with the NRA technique, and the optical bandgap are
determined, The results are shown in figure 2.
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fig. 2 The optical bandgap as a function of the concentration of
incorporated hydrogen for amérphous silicon filme prepared at
different glow discharge conditions.

It is clear from this figure, that the linear lacrease of the bandgap
with hydrogen concentration 1s wvalid over a limited reglon of hydrogen
concentration. For hydrogen concentrations hbelow 10-12 at,.X indeed a liinear
increase of the bandgap with hydrogen concentration is found, which 1s glven
by :

E, = 0,056 x [H] + 1.1 (2)

with E = the optical bandgap in eV
{H] = the hydrogen concentration in at. Z%.
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However, for hydrogen concentrations above 12 at,% we find the optical
bandgap to be independent of the hydrogen concentration, This feature ia
especially interesting, because the hydrogen concentration at the 1n:ércept
of the two reglons in figure 2 {10 at.Z) 1is comparable with the hydrogen
concentration usually found 1in high quality amorphous silicon for device
applications. It should be vemarked, that the same dependence of the optical
bandgap as a function of the hydrogen content is found, when the bandgap is
determined by the Tauc plot as 1s illustrated in the inset of figure 2,

Tt 1is interesting to compare this work with theoretical calculations
performed by Papaconstantopoulos et al, [6]. They deduced - a linear
depandence of the optical bandgap on the hydrogen concentration, by assuming
that only clusters with Si-H bonds are preseat. Thelr calculations also
showed a decrease of the slope for hydrogen concentrations above 10 at. %.
However the model did not predict a constant optical bandgap with hydrogen
concentration above a hydrogen concentration of 10D at. %.

In order to explain the experimental results we have performed infrared
absorption measurements on the amorphous silicon E£ilms. The infra red
absorption spectTum of amorphous silicon shows a S5i-H stretching mode at
2000 em™) and a Si=H, stretching mode at 2090 en”l. Due to the broadening of
the absorption peaks the seperate modes can hardly be resolved. However the
experimental peak position can be used as an Iadication for a variation of
the SiH/S]‘.H2 ratio Iin the film. The measured peak position Is illustrated in
figure 3 as a function of the hydrogen concentrstion of the film.
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fig., 3 The experimental peak position of the combined SiH (2000 cm_l)
and SiH, (2090 em 1) stretching modes, as a function of the
hydrogen concentration.

Fo
located
values
hvdroge
ralativ

CONCT.US

W
incorp
bandga
amorph
only b
hydrog
af the
a cone
of int
concen
void £
5iHy o
the de




t optical
tature 1is
intercept
hydrogen
it device
e optical
andgap 1is
2.
culations
2 linear
assuming
.ons alao
|0 at. %,
hydragen

infrared
nfra red
. mode at
dening of
wever the
iatlion of
trated in

ol

l.

CHI
at */e

205

For low hydrogen concentration it is found that the peak position is
located at the frequency of the SIiIH stretching mode. Apparently, for low
values of [H], the hydrogen 1is predominantly bound as SiH. For Increasing
hydrogen concentration the peak position Increases, i1ndicating that the
relative amount of SiH, in the film increases.

CONCLUSIONS

We conclude from 2 combination of these resulrs, that the additional
incorporated hydrogen above 10-12 at.? does not influence the optical
bandgap. From figure 3 it 1is clear, that most of the hydrogen in the
amorphous silicon f1lm above 10=12 at,Z is incorporated as SiH,. Therefore
only hydrogen bound as SiH appears to influence the optical bandgap, whiie
hydrogen incorporated as SiH, does not alter the optical bandgap. In terms
of the microstructure of amorphous silicon we therefore suggest, that up to
a concentration of about 10 at.? hydrogen incorporation leads to a reduction
of internal stress and defects which improves the material. Above a hydrogen
concentration of 10 at.X% addition of hydrogen leads to aan increase of the
vold fraction in amorphous silicon. The influence of the incorporation of
5iH, on the structure should lead to a change In the refractive index and
the density of amorphous silicon, which is an aim of future investigations.
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