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Effect of hydrogen on the density of gap states
in reactively sputtered amorphous silicon
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The density of states near midgap and the hydrogen content have been measured on a

number of reactively sputtered a-SiH„ films prepared at different hydrogen partial pressures.
The density of states near midgap is observed to decrease exponentially ~ith increasing hydro-
gen partial pressure to less than 10' statescm eV '. The data are interpreted in terms of a
simple kinetic model of the H incorporation in the a-Si network,

Various measurements'~ indicate that amorphous
silicon hydride prepared by glow discharge decompo-
sition of silane can have a residual density of states in
the middle of the gap of order 10'5 states cm 3 eV '.
Although there is a large technological incentive to
reduce the density of these states even further, very
little is known about their origin. For example, it is
not known whether the residual density of states is

intrinsic, characteristic of the amorphous state, or ex-
trinsic, due to impurities, a few unsaturated dangling
bonds or to new states introduced by exotic bonding
configurations of the hydrogen.

In this paper we describe the first measurements of
the density of localized states near midgap in thin
films of reactively sputtered hydrogenated amorphous
silicon (a-SiH„) as a function of hydrogen content.
The density of gap states was determined from dif-
ferential capacitance-voltage and ESR measurements,
and the hydrogen content was inferred from the in-
frared absorption spectra. The effect of the hydrogen
in the sputtering plasma on ihe density of states and
the hydrogen co~tent is discussed in terms of a sim-
ple kinetic model of the H incorporation. An advan-
tage of sputtering compared to glow discharge is that
one can vary the H content in the films simply by ad-
lusting the partial pressure of hydrogen (Pu) in the
argon sputtering gas without changing any of the oth-
er deposition parameters. Thus, the effect of hydro-
gen in eliminating or creating defects can be probed
independently of the other deposition conditions. '

The a-SiH„ films were prepared by rf sputtering of
a polycrystalline target at a power density of 1.5
%/cm', a substrate temperature of 2'75'C, an Ar
pressure of 5 mT and variable PH. The capacitance
measurements were made on films deposited on glass
substrates that had been first coated with a layer of
NiCr and 500 A of a-SiH„doped with phosphorous. 5

These layers formed an ohmic contact to the un-
doped a-SiH„. A Schottky barrier contact was made
to the front surface of the a-SiH„ film by evaporating
100-A Pd or Pt dots 2 or 8.5 mm in area. The films
for the infrared absorption spectra were deposited on

high-purity single-crystal silicon. The position of the
Fermi level in the bulk was determined through con-
ductivity studies on both Schottky barrier structures
and coplanar configurations.

In a-SiH„ the width of the space-charge region is
determined by the density of states near. midgap.
Unlike conventional crystalline semiconductors the
junction capacitance of a-SiH„Schottky diodes does
not give an accurate measure of the width of the de-
pletion region because of series resistance and trap
ionization effects. However, changes in the width of
the depletion region with applied bias can be inferred
from capacitance measurements and can be used to
map out the potential distribution near the metal-
semiconductor interface provided the built-in poten-
tial, ~0, is known

The built-in potential at the metal-semiconductor
interface is equal to the difference between the height
of the potential barrier at the interface and the activa-
tion energy of the conductivity in the semiconductor.
Our studies of the Schottky diodes reported in this
paper indicate that the barrier height of the Pd and Pt
contacts as well as the conductivity activation energy
increase by about 0.2 eV with increasing PH so that
the built-in potential is approximately independent of
hydrogen content having a value of about 0.35 eV for
Pd and 0.43 eV for Pt. In any event the results re-
ported here are relatively insensitive to the size of
the built-in potential, To a first approximation an
external bias has the effect ot' raising (or lowering)
the built-in potential by an amount equal to the ap-
piied voitage, and expanding (or contracting) the de-
pletion region, following the contour of the zero-bias
potential distribution. Thus by plotting the applied
bias against the corresponding change in the width of
the depletion region determined from the capaci-
tance, one can map out the potential distribution near
the interface. The capacitance measurements were
made with a lock-in amplifier and a 5-mV test signal
in the frequency range in which the change in capaci-
tance with bias was independent of frequency. ' For
the samples at the highest PH, this frequency range
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FIG. 1. Potential distribution in three different films of hydrogenated a-Si near a Pd contact, determined by the capacitance
voltage technique discussed in the text. The potential profiles are obtained from a plot of the change in depletion width (plotted
along the x axis) induced by an applied bias V, plotted on the y axis as Vp

—Vwhere Vp is the built-in potential.

was below 1 Hz at room temperature. For experi-
mental convenience these samples were measured at
50—)00 'C where higher-frequency measurements
were possible.

The measured potential distributions are plotted in

Fig. 1 for samples prepared at low, intermediate, and
high PH. Note that the potential distributions be-
come progressively flatter with increasing H content.
In order to compare films prepared under different
conditions, we assume that the density of states
between the Fermi level EF and EF —Vp is a constant.
This density of states leads' to an exponential de-
pletion region with characteristic width Xo = v'a/Ne

where a is the dielectric constant and N (cm 'eV ')
is the density of states. The parameter Xp can be es-
timated from the slope of the experimental potential
distributions in Fig. 1. This slope reflects an average
density of states between E+ and E~ &p. The corre-
sponding densities of states for a series of samples
prepared at different PH are plotted in Fig. 2. Also
plotted in Fig. 2 is the ESR spin density measured on
a thick sample (5 pm prepared at PH =0.5 mT).
Although the spin density is not strictly comparable
to the density of states, it can be compared by divid-
ing by the width of the spin distribution. Plausible
estimates for the width of the drstribution (0.3—1.0
eV) bring the spin density into satisfactory agreement
with the capacitance data.

The relative amount of bonded hydrogen in the
present films has been inferred from the integrated
intensity under the Si—H vibrational modes. Figure 3
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FIG. 2. Density of gap states as a function of hydrogen
partial pressure. The error bars indicate the reproducibility
of the measurements, and the solid line is a least-squares fit
to the data. The point indicated by the symbol (+) is the
ESR spin density (1.1 & 10 cm ).



average a time of 1/R in which to capture an H atom
before it is sealed up by an overlayer of silicon. The
time dependence of the number of dangling bonds N
on the growing surface of the film will be given by
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FIG. 3. Dependence of the integrated intensity of the
Si—H stretching mode on the partial pressure of hydrogen.
The dashed line is a fit to the data based on Eq. (3) as dis-
cussed in the text.

shows the integrated intensity under the ir absorption
associated with the Si—H stretching vibration vs Pll.
In addition, infrared data lrldlcatc that thc bonding
configuration of hydrogen changes with Pll. For ex-
ample, the modes at 2100 and 890 cm ' attributed to
dihydride configurations' increase relative to the
mode at 2000 cm ' associated with monohydride con-
figurations, with increasing Pll.

This variation in H content and the exponential de-

crease in the density of states with increasing H par-
tial pressure in Fig, 2, can be understood if we postu-
late that the measured gap states are due to dangling
silicon bonds. This postulate is supported by the
good agreement between the measured density of
states and the ESR data both at 0.5 mT and at zero H

pressure, ~here the extrapolated density of states of
about 10'9 cm 3cV l is consistent with the spin den-
sity in unhydrogcnated a-Si.9 During the film growth
process, a potential dangling bond at the growing sur-
face of the film, will either capture Bn H atom or be
covered up by the shower of Si atoms raining down.
Once the dangling bond is covered by a layer of sil-
icon atoms it is unlikely to capture a hydrogen and it
becomes an electronically active defect. The capture
rate of hydrogen atoms by dangling bonds will be
given by the product o-HFN, of 0- the capture cross
section of the dangling bond for hydrogen, 8 the
sticking coefficient, F the hydrogen flux onto the sur-
face of the growing film, and N the number of dan-
gling Si bonds. For a given film growth rate 8
(monolayers/sec), the dangling bond will have on the

If No is the number of dangling bonds present in the
absence of hydrogen, then after the cutoff time 1/R
the number surviving is given by

N (1/R) =Noexp( aHF/—R)

Equation (2) predicts an exponential decrease ln

the density of dangling bonds with increasing H par-
tial pressure since the H flux I' is expected to be pro-
portional to the partial pressure of H2. Although it is
not clear which species of hydrogen (molecule, atom,
ion) is the important one, the density of all of these
species is expected to scale with the H partial pres-
sure, provided the argon pressure is high compared
to the H pressure. For lack of more detailed infor-
mation, we will use for F the flux of H2 molecules in
8 hypothetical neutral gas at the same temperature
and pressure. %C find I' =APll where A =1.1 x 10"
cm 'sec 'mTorr '. The constants%0 and oH/R can
be inferred from the intercept and slope of the line
through the data on the density of states near
midgap, shown in Fig. 2. If we use 10 '6 cm2 for cr

and the experimental value for 8 of about 1

monolaycr/scc, then thc mcasurcd slope glvcs 8
sticking coefficient 8 =0.06. this small sticking coef-
ficient is reasonable in light of the fact that only a
fraction of the hydrogen (&10%) in our sputtering
plasma is dissociated. '0 The more abundant molecu-
lar hydrogen is not expected to eliminate dangling
bonds.

Since the density of dangling bonds in the absence
of H is much smaller than the actual H content of
the hydrogenated material, ' it is clear that only a
small fraction of the incorporated H eliminates poten-
tial dangling bonds. Most of the H bonds to other
sltcs. c can estimate 8 stlcklng cocfflclcnt of these
sites for H using the same kinetic model of the film
growth process. In this model the integrated intensi-
ty under the Si—H stretching mode A, (assumed to
be proportional to the concentration of bonded hy-
drogen") will be given by

A, =A,„[l—exp( —o8' / F)R]

where A,„should reflect the maximum amount of
H that can be incorporated into the lattice. By fitting
the data in Fig. 3 with Eq. (3), we find that the H

sticking coefficient is 8'=0.02 if we use the same
capture cross section (10 ' cm ) as for the dangling
bond sites. The fact that the sticking coefficient in-
ferred from the H content is smaller than that in-
ferred from the density of gap states may mean that



RAPID COMMUNICATIONS 5637

most of the hydrogen has a high probability of being
displaced by Si during the film growth process, or
that the H is incorporated into reconstructed dangling
bonds. The sticking coefficient for these sites is like-

ly to be smaller than for true dangling bonds, because
the hydrogen incorporation involves bond breaking.
In this interpretation the bulk of the hydrogen is in-

corporated into sites that in the absence of hydrogen
are reconstructed dangling bonds and do not have a
spin or contribute states near midgap.

In conclusion, we have measured the density of
gap states (by a capacitive technique and by ESR) and
the hydrogen content in a series of sputtered a-SH„
films prepared at different hydrogen partial pressures,
and found the data to be in remarkable agreement
with a simple kinetic model of the film growth pro-
cess. The lowest density of states observed (7 && 10'4

stateslcm'eV) is the lowest value yet reported for

reactively sputtered a-SiH„. We have identified the
states in midgap with Si dangling bonds, rather than
impurities or other structural defects. Also, the
results demonstrate that the residual density of states
in the middle of the gap in our films is not due to
special forms of hydrogen bonding' or modifications
of the network resulting from hydrogen incorpora-
tion.
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