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The kinetics of Light induced defect generation or the Staebler—~Wronski effect have been
investigated on device quality hydrogenated amorphous silicon films which were deposited by
de magnetron reactive sputiering. The total hydrogen content () of the &lms, which varied
from ~ 10 to 28 at. %, had a strong influence on the defect generation. Low Cyy (10%-15%)
films had a high initial density of defect states (~7 to 10X 10" ¢m ~*) compared to the high
Cyy (»17 at. %) films with a density of ~3x 10" cm . However, light exposure increased
the defect density more slowly on the low Cy; films, such that after about 1 h of light exposure
their defect density was lower. A high-quality glow discharge produced film was also
measured, and behaved similarly to the high C,; sputtered films. The greater stability of the
iow Cy; films was also reflected in a slower decrease of the electron photoconductivity relative
to the other samples. For exposure times (¢} up to 1000 h, the total density of defect states of
the films increases as a power law: the high C; and glow discharge deposited films follow ¢
and %%, respectively, whereas the low Cy; film shows % at long times. The latter behavior is
in sharp contrast with previous reports, and indicates that the degradation does not follow the

Stutzmann theory or obeys it with a 100X smaller susceptibility to degradation.

L INTRODUCTION

Staebler and Wronski' discovered that reversible
changes of the electronic properties of glow discharge (GD)
produced hydrogenated amorphous silicon (e-Si:H) films
cccur when the films are exposed to light. These changes
included a decrease in the photo and dark conductivities of
the films. They were atiributed to an increase in the density
of defect states (I308) in the band gap which act as recombi-
nation centers for photo-excited carriers. The excess defect
states were shown tc be removable by annealing at tempera-
tures greater than 150 °C for 1-2 h and the as-deposited pho-
toconductivity and dark conductivity were recovered. Since
its discovery, the light induced degradation of 2-5i:H has
been referred to as the Stacbler—-Wronski effect (SWE).

Many previous studies worked towards understanding
the reversible changes in the DOS and its effects on elec-
tronic properties. Hirabayashi ef ¢l.,” and Dersch e al.,’
suggested thai the increase in DOS resulted from an increase
in the density of silicon dangling bonds which they measured
using eleciron spin resonance (ESR). Other studies using
deep-level transient spectroscopy,* luminescence,” and sub-
gap absorption by both photothermal deflection spectrosco-

“ This work was carried out while the author was in the Depariment of
Materials Science and Engineering and the Coordinated Science Labora-
tory of the University of Illinois at Urbana-Champaign.
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py” and constant photocurrent method’ showed an increase
in the DOS of o-8i:H apon light exposure. All of these stud-
ies concluded that light exposure of the films creates defect
states and that these defects control the electronic properties
of the a-81:H films by decreasing carrier lifetimes. The sili-
con dangling bond is known to be trivalent with the energy of
the doubly occupied state usually assumed 1o be higher than
the singly occupied state. However, the configuration, cap-
ture cross sections and energy distribution of these defect
states are stiti not clear.® The relationship between DOS and
photoconductivity is not unigue, and varies between sam-
ples.

A number of experiments’ * on Schottky barrier de-
vices and diodes have provided clues to the defect generation
kinetics in ¢-Si:H. These studies showed that the creation of
the defect states was due to the recombination of the excess
carriers, independent of how the carriers were formed, e.g.,
by illumination or current injection. Results on p-i-p devices
also suggested that trapping of holes can contribute to the
degradation process.'*

Microscopic processes were proposed to explain the cre-
ation of metastable defect states in ¢-8i:H. The silicon bond
breaking model of Pankove and Berkeyheiser® is widely re-
cognized as being a reasonable explanation for the degrada-
tion. According tc Dersch er ¢/.® increase in dangling silicon
bond density involves two stages. The first stage is the break-
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ing of weak Si—S8i bonds that exist in the strained amor-
phous silicon network. {These weak bonds may further be
weakened by hole trapping;'® however, the majority of the
holes trapped in the weak Si—Si bonds do not lead to bond
breaking as measured with ESR.)'® The second stage is the
subsequent isolation of these broken bonds. The isolation
may result from the exchange of a hydrogen atom between
hydrogen-terminated and a dangling bond site before the
newly created broken bonds recombine. This microscopic
model is shown in Fig. 1.7

The effect of impurities on the Staebler—Wronski effect
(SWE) has also been studied.'”” Concentrations of oxygen
or nitrogen > 0.19% result in an increase in the magnitude of
the SWE. However, films which contain impurities at
<0.1% do not show a dependence of SWE on the concentra-
tions. Based on these results, it has been argued that SWE is
an intrinsic property of @-Si:H and are not related to the
defect states created by the impurities. '’

The degradation kinetics in ¢-Si:H films has been mod-
eled by Stutzmann, Jackson, and Tsai.'® They assumed that
the breaking of weak Si—Si bonds is induced by band to
band recombination of free carriers. The medel predicts that
the density of defect states can be approximated by the fol-
lowing formula:

Nty =[4,_,Gt+NKD)]", (1)

where N, (0) is the initial DOS, G is the generation rate
(cn~? s™') and A4, , is the susceptibility coefficient
which is a material constant. There are three key points of
the model that should be stressed. The first is that the long-
term increase in the DOS is proportional to 1 '/* and is inde-
pendent of the initial DOS. The second is that the films with
higher initial DOS show a siower relative rate of degradation
in the initial stages but the total DOS for these films does not
become lower than the films which have lower initial DOS.
The third point is that the photoconductivity exponent y or &
(where o, G or 0, « N~ ®y was measured to be near
unity’® and taken to be ! in the model. These aspects of the
model will be discussed in the following sections with respect
to the magnetron reactive sputtered @-Si:H films.

The effect of hydrogen content and bonding on SWE in
glow discharge produced ¢-Si:H have been studied by many
groups but the results are contradictory. Shimizu et al.””
have grown ¢-Si:H films with both glow discharge and mag-
netron sputtering techniques. They reported that the num-
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FIG. 1. The two stage microscopic degradation mechanism.™'® The first
step is the breaking of weak Si—-Si bonds. The second step involves the isola-
tion of these defect states by hydrogen atoms.
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ber of defect states created due to light exposure increases as
the initial DOS of the films increases, and that the number of
additional defect states increases linearly with the hydrogen
content. However, the initial DOS of their films was high,
ranging from 2 X 10" to 3X 10" cm . Ohsawa et al."® per-
formed measurements on films which contain DOS between
£ % 10" and 2 10" cm ~* after annealing at 150 °C. They
found that films with higher initial defect states are more
susceptible to SWE. However, if they annealed the films at
300-453 °C, the number of created defect states decreased as
they increased the annealing temperature for films with
higher initial defect density. They found a weak dependence
of SWE on ;. The total hydrogen content and bonding
configuration of hydrogen was determined from infrared ab-
sorption studies. They observed that the degradation proper-
ties of their films were independent of the monohydride
{SiH) or dihydride (SiH, ) concentrations. However, hy-
drogen evolution studics showed an increase in susceptibility
to SWE for films in which the amount of hydrogen evolved
at low temperature increased. Nakano ez al.'® at Sanyo labo-
ratories observed a correlation between the SiH, concentra-
tion and SWE. However, they did not report on the relation
between the total hydrogen content and the SiH, concentra-
tion. They found that light-induced defect states increase as
the SiH, concentration in the films increased.

Carlsor® developed a model for light-induced degrada-
tion that involves the motion of hydrogen on the internal
surfaces of microvoids. He proposed that increasing the den-
sity of the material should increase the stability of ¢-Si:H.
Bhattacharya and Mahan®' reported that increasing the mi-
crostructure {(associated with dihydride density) of ¢-Si:H
increases the light induced defect states. This supports the
model proposed by Carlson.”®

Previous SWE studies have concentrated on glow dis-
charge produced films and there has been no detailed work
concerning reactively sputtered (RS) material. Reactive
sputtering of -Si:H (Refs. 22-28) has an important experi-
mental advantage over other deposition methods: the hydro-
gen content {Cy ) can be independently controlied via the
hydrogen partial pressure in the discharge, leaving other de-
position parameters such as the substrate temperature fized.
We previously reported that our dc magretron RS g-Si:H
films are device quality as judged by the microstructural,
optical, electronic properties,”® *? internal photoemission,*’
carrier transport,™ and SWE measurements.”> Here we ex-
amine the SWE on these magnetron RS films as a function of
'y in detail. The main objectives are to (a) determine the
stability of our RS films against SWE, (b) compare the deg-
radation kinetics with published results for glow discharge
produced a-Si:H and the predictions of the band to band
recombination model, and (¢) determine the relationship
between Cy; and the SWE on RS films.

. EXPERIMENTAL PROCEDURES

The films were deposited in 2 URYV type chamber with
base pressures of O,, CO, and H, O less than 1Xx107°
1x 10~ % and 2.5 X 10 ~? Torr, respectively.’>*® The growth
species were generated by a de planar magnetron sputtering
source with a high-purity 5 X 12 in. Si target. The E X B field

Pinarbasi, Kushner, and Abelson 2256




restricts the bright glow of the plasma to the vicinity of the
target, and only a weak positive column plasma interacts
with the substrate. At the low working gas pressure (1
mTorr) fast neutral species sputtered or reflected from the
target can reach the substrate with littie gas phase thermali-
zation. This bombardment suppresses the tendency to form
a columnar microstructure.’” A range of fast particle ener-
gies and fluxes are needed to promote a dense microstruc-
ture, but not create electronic defects, in ¢-3i:H; the atomic-
scale kinetics of this process are not quantitatively
understood.™

The range of deposition conditions, electronic and car-
rier transport properties of the films reported in this study
are listed in Table 1. The deposition rate of the films was
between 30 and 220 A/min which was controlled via dis-
charge current. The Cy and the properties of the films were
independent of the deposition rate in the range we studied.*
The argon partial pressure was kept constant at I mTorr for
ail the films and no columnar microstructure was cbserved.
The hydrogen partial pressure was varied from 0.2 to 1.2
mTorr. Secondary ion mass spectroscopy analysis of repre-
sentative films {performed at the Charles Evans and Asso-
ciates Laboratories, Redwood City, Ca) showed that the
oxygen, carbon, and nitrogen impurity levels are less than
50, 15, and 5 ppm (parts per million), respectively. These
impurity levels are comparabie to the best reported values'”
for ¢-Si:H films. The argon concentration in the films was
less than 0.1 at. %.

These dc magnetron RS filins were device guality in the
as-deposited state, with optical and electronic properties
comparable to glow discharge deposited films.**>** The
total Cyy was varied from ~ 10 to 28 at. % mainly by adjust-
ing the hydrogen partial pressure in the discharge. The total
Oy of the films decreased from ~28 to ~13 at. % as we
decreased the hydrogen partial pressure in the discharge
from 1.2 to 0.2 mTorr at a constant substrate temperature
(T, of 230 °C. Most of our studies are done on these films.

TABLE 1. The range of deposition conditions and properties of the films
that are studied for light induced degradation measurements.

Deposition temperature (°C) 230-300
Hydrogen partial pressure (mT) 0.2-1.2
Argon partial pressure (mT) 1.0

Cathode current {A) 3.25-0.8
Deposition rate {A/min) 30-220
Thickness (pm) 0.8-2
Hydrogen content (at. %} ~ 10-28
Optical band gap (eV) 1.62-1.85
Bark conductivity activation energy (eV) 0.7-0.95

Drark conductivity ({t cm) IXI0 P2xio ®
AM-1 photo conductivity (3 cm) ' 0.9%10 *-3x10 °
AM-1 photo/dark conductivity ratio X 10°-5 % 10°
Electron drift mobility {(cm?/V s) 0.5-2

Electron mobility X recombination  lifetime

(cm*/V) Ix10 -3x10 7
Electron mobility X trapping lifetime (cm™/V)1.3x 10 *-8x 10 °
Hole mobility X recombination lifetime

{era’/V) 0.8-30x10°%
Density of midgap states (cm ) 1x10V-1x 10'°
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We also made few films at 0.2 mTorr hydrogen partial pres-
sure but at higher 7., (275 and 300 °C). This resulted in a
~ 2% decrease in Cy; . Thisis reasonable considering that, at
low Cy, (films deposited at lower hydrogen partial pres-
sures), most of the hydrogen bonds in thermally stable mon-
ohydride (2000 cm ™ '} sites as evidenced by thermal evolu-
tion data.”™"? At higher C,, monchydride (2000 cm ')
concentration of the films tends to saturate and additional
hydrogen goes to the thermally less stable 2100 cm ' (dihy-
dride and clustered monohydride) mode. As a result, T
becomes important in controlling the total <}, of the films
deposited at higher hydrogen pariial pressures.’”

Conductivity and DOS measurements were made using
co-planar chromium contacts deposited on top of the film
and defining a gap of 0.2 cm. The annealed state photocon-
ductivities were measured under the AM-1 (100 mW/cm?)
fight.”>*" The light exposure measurements were performed
using only the red portion of the spectrum from an ENH
lamp: low and high band pass fiiters were used to bracket the
wavelengths between 620 and 680 nm (1.83to2eV) witha
nearly top hat spectrum. This range of photon energies is
higher than the Tauc band gap of all the films studied. The
films were placed on a water cooled stage to keep the tem-
perature constant at ~ 30 °C throughout the light exposure
experiments. The intensity of the red light used for light ex-
posure was 150 mW /cm?® as measured by a pyroelectric ra-
diometer and the areal illumination of the sample was uni-
form. Most of the films studied had thicknesses between 1
and 1.6 ym to obtain nearly uniform light absorption
throughocut the films.

We calculated the volume generation rate (G) for RS
films wsing G = #(1 — R)(! — exp ad) /4 and integrating
between 620 and 680 nm; F(A), R{(A), ¢(A), and d are the
photon flux (photons/cm?), reflection coefficient, absorp-
tion coefficient {¢m ™ '}, and sample thickness {cm}, respec-
tively. The use of near band-gap light produces a roughly
uniform generation rate throughout the sample. For the
high C,; films the generation rates for the topmost 0.2 pm
are 35%-50% higher than for the bottom 0.2 pm. For the
low Cy; films, which have higher absorption coefficients, the
topmost 0.2 gm has 5-10 times higher generation rates than
the bottom 0.2 pm (which is still comparable or higher than
the generation rates for the bottom §.2 gem of bigh C; films).
This is obviously not “uniform.” However, previous studies
have shown that the defect generation rate proceeds as G
thus the low Cy films should degrade more rapidly since
their average G is 2 factor of ~2 higher than high Cy
films,*? whereas in fact they degrade much more slowly.

The films had previously been exposed to light for 30
min. To restore the as-deposited conditions they were an-
nealed under vacuum at 165 °C for 2 h and slowly cooled to
room temperature ( ~2 “C/min). This annealed state was
evalnated using 5 s of light exposure o measure the initial
photoconductivity. The CPM iechnique was used to deter-
mine the DOS.” Then the films were exposed to light for 30
min with the photoconductivity monitored continuously.
The light exposure was interrupted to measure the DOS.
This sequence (light exposure and DOS measurements) was
performed to 3 and 15 h of total light exposure. For selected
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samples, the measurements were continued to 100, 256, 500,
and 1000 h of light exposure.

i1, RESULTS AND DISCUSSION

A. Hydrogen content, hydrogen bonding, and
microstructure

The effect of total C; on the hydrogen bonding modes
and microstructure of these films has been analyzed in de-
1ail. 0324 The total C; of the films were measured using
both infrared absorption and hydrogen thermal evolution
techniques.”* The integrated absorption centered at 640
em "' (F ) is directly proportional to the total Oy of the
films by the relation Ny; = I, X 4¢s Where Ny, (cm ) is
the total number of bonded hydrogen atoms and Ag
{cm %) is the constant of the proportionality (oscillator
strength}. The constant of proportionality for these films
was determined to be 2 10" em ™ ? ( 4 10%) by compar-
ing the I, with the hydrogen evolution measurements.*
The density of the a-Si:H films were taken to be 5x 107
cm ~°. The integrated absorption of the stretching modes
was determined after deconvoluting the absorption into two
Gaussians centered around 2000 cm ' and 2100 cm ™ . Fig-
ure 2 shows the ratio of the £, (dihydride and clustered
monohydride content of the films) to the I 4, (Ls100/Loan b
as a function of the total Cy; of the films. Figure 2 also indi-
cates the ratio of the atomic conceniration of hydrogen
(Ci12300/Cy ) in these modes. The constant of propoertional-
ity of 3.3 10% cm “? was used to caiculate the Cyysi00,
which was determined by comparing the low-temperature
hydrogen evolution peaks and I,,q,."*’ The monohydride
concentration of the films, Cyy 0, (the integrated absorp-
tion at 2000 cm™') camn be calculated from
Cryoano = Cu — Cyyage- These results show that thetotal Gy
of the films correlates uniquely with the hydrogen bonding

006 1, | ; : 10
- a 7
Pup=02-12mTorr .
005 T4=230-300°C B~ Jdos
- 1c=025-08A 3 ,DO/ a a
004}~ Fy=lmTere a o .
a - T
pS o V2 06 O
=T 10
5 0034~ s i ¢
g ) e doa 3
o e 191 I
= 0.02}- w 7 1 ©
- a0 o B
b :
0oL 5 o2
- D -3
L 1 1 1 i
Og 10 15 26 25 30

Hydrogen Content {at %)

FIG. 2. The ratio of the IR absorption intensity at [\, cm ' (the stretch-
ing mode of dihydride and clustered monohydride groups) scaled to the
absorption intensity at 640 cm ~' (the wagging mode, which is proportional
to total hydrogen) as 2 function of £y, . The ratio of the atomic concentra-
tions in these modes is also indicated. The substrate temperature was kept
constant at 230 °C for all the films, except the filled and half filled data
points which were measured on films deposited at 300 and 275 °C, respec-
tively: the hydrogen partial pressure during deposition was kept constant at
0.2 mTory for these films.
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modes. The low Cy (10-15 at. %) films are monchydride
rich. The hydrogen concentration in the 2100 cm ' mode
increases nearly linearly as the total Cy of the films increases
(Fig. 3) and more than half of the hydrogen is in this mode
when Cy; exceeds ~ 17 at. 9%. The films which had 3 and 5
at. % hydrogen had only the 2000 cm ™' {monohydride)
mode and had poor electronic properties.*™*

Figure 3 shows the hydrogen evolution spectra for two
representative (low and high C) films. The low Cy film
has one hydrogen evolution peak at a high temperature
(600 °C). In contrast, high Cp; film shows three different
peaks. A sharp low-temperature peak in the high Cy film
indicates a void rich structure.” ** The amount of hydrogen
evolved at ~ 375 and 500 °C peaks increases nearly linearly
as the Cy; of the films increases, again indicating that hydro-
gen bonding modes uniguely correlate with the total C;; of
the films.***! (For a detailed discussion of the subject the
reader is referred to references 30, 32, and 40.) In light of
these correlations we discuss the SWE of dc magnetron RS
films as a function of their total Cy; . However, one can ana-
lyze the results in terms of hydrogen bonding utilizing Fig. 2
and the correlations given in Refs. 30, 32, and 40.

B. Changes in photoconductivity and dark conductivity

The annealed state photo- and dark conductivities of the
magnetron RS films are shown in Fig. 4, All the films used in
this study (10 < Cy <28 at. %) had similar o, in the as-
deposited state under AM-1 (100 mW/cm?) light. We ob-
served the identical trend in o, under 150 mW/cm’ red
light. The films containing Cy; greater than 30 at. % are not
of high electronic quality in the as-deposited state® and will
not be dealt here. The dark conductivity of the low Cy; (10—
15 at. %) films is approximately two orders of magnitude
larger than the high Cy, films, and the Fermi level distance
from conduction band, determined by thermal activation
analysis, is correspondingly smaller { ~0.75 vs ~0.9eV).*
These values indicate that no significant band bending is
present either at the film/substrate or film/air interfaces,
since band bending would create a conductive *‘channel”
and reduce the measured activation energies.

T N 1
40+ i Ts=230°C —
! Ic=0.25A
3 : Par=10mTorr "
© : === No.1237 -
L% - Cu=1501%
3 I = No.1230 -
= * Ch=23a1%
- 20 ‘ =1
& L .
o
10+ 3

T

,y) L™ S

9] |
200 300 400 5C0 600 700 800
Temperature (°C)

FIG. 3. The first derivative dP /d T hydrogen thermal evolution spectra for
low and high C;, films. The spectra are normalized for 1 cm’ ¢-8i:H filmina
closed volume of 50 cc and the heating rate 8 was a constant 15 °C min "
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FIG. 4. Photo (AM-1) and dark conductivity as a function of the total C,,
of the films for all the deposition conditions. We did not study the SWE on
films having C,; > 28 at. % which were not high quality in the as-deposited
state.

The photoconductivity (o, ) of the films diminishes
with light exposure. The relative reduction in o,
[ o (1)/0,, (0) ] is shown as a function of Cy; for 0.5, 3, and
15 h of red light exposure (150 mW/cm?®). All the films have
O = 0.9-3X10 "° ({tem) "' in the initial state. The de-
crease from the annealed state is strongly dependent upon
the exposure time (a few minutes induces ~ 10% drop on
high hydrogen content films). To minimize errors at ¢ = 0,
the photoconductivities were first measured using 5 s of light
exposure before the DOS measurements. All the light expo-
sure studies in Fig. 5§ were done with the same lamp and 150
mW /cm” light intensity.

The top curve in Fig. 5 shows the relative decreasein o,
after 30-min exposure as a function of Cy; . The dropin g, is
~15%-20% for Cy; ~ 10%~15%, and increases to ~50%
for Cy »20%. This behavier, a larger reduction in photocon-
ductivity for high O}, films, is emphasized after 3and 15h of
light exposure. Note that the sharp reduction occurs at the
same Cy (~15 at. %) where the films start to incorporate
additiona! hydrogen in the 2100 cm ~ ' mode. With respect to
the discussion in the previous section, the results in Fig. 5
suggest that there is a strong relation between light induced
degradation and the hydrogen bonding and microstructure
of the dc magnetron RS films.

Selected RS samples containing low and high hydrogen
contents were light soaked to longer times. The film with low
C,; was prepared at C.2-mTorr hydrogen partial pressure
and 300 °C substrate temperature. We light scaked another
low Cy; film (13 at. %) for 15 h which had been deposited at
230 °Cand 0.2-mTorr hydrogen partial pressure. The behav-
ior of these two films (both the decrease in oy, and the in-
crease in DOS) were identical in this light exposure time
range. The film with high C was prepared at 1-mTorr hy-
drogen partial pressure in argon and a 230 °C substrate tem-
perature. For zll films the argon partial pressure was kept
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FIG. 5. The reduction in photoconductivity, [Gm (8)/0,,(D) ], as a func-
tion of the total hydrogen content of the films. The degradation studies and
o, measurements are done under red light (620-680 nm) with 150

mW/cm?. This figure shows a strong correlation between hydrogen content
and reduction in o, of the magnetron reactive sputtered «-Si:H. All sam-
ples have similar o, (AM-1) in the as deposited state [0.9-3
% 107% (1 cm) ~ '] The substrate temperature was kept constant at 230 °C
for all the films, except the filled and half filled data points which were
measured on fitms deposited at 300 and 275 °C, respectively: the hydrogen
partial pressure during deposition was kept constant at 0.2 mTorr for these
films.

constant at 1 mTorr. Figare 6 shows the reduction of o,
versus time and our measurement of the SWE on a device
quality glow discharge produced 2-8i:H film with Cj; ~ 10
at. %.*' Thisissimilar to that observed by other groups.’>*?
All three films have nearly the same o, in the as-deposited
state under 150 mW/cm? red light (620-680 nm) illumina-
tion, but the rate of reduction in o, is different. Both the
glow discharge film and the high Cj; reactively sputtered

] T I T i

o 1165,Cy=28at%
1235,Cy= 120t %
Solarex Glow Discharge Film

104

TTTYTTT T TTTI]
1 11 g pgad

Photoconductivity (Ohm-cm)™
Lt t i ttd

=6 | : I
10 1 102
Time (min.)

|
104

FIG. 6. The reduction in o,;, as a function of the ight exposure time for a
low and a high (\; magnetron reactively sputtered and a glow discharge
produced g-Si:H film. All the films have similar o, in the as deposited state,
but the low C; film has about a factor of two higher o, after long light
exposure compared to the others. The o, measurements are done under
150 mW/cm” red lighi.
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film degrade rapidly compared to the low C; reactively
sputtered film. After 100 h of light exposure, o, for the low
Cy film is ~3 times higher than o, of the other two sam-
ples. Similar behavior has been observed on four other BC
magnetron RS films with low and high Cj;.

We did not observe a large decrease in dark conductivity
of these films upon light exposure: the decrease was less than
a factor of two for all the RS films. We also measured the
dark conductivity activation energy of the low and the high
Cy films after light exposure, using a temperature range of
30-140 °C to avoid annealing effects, and did not observe
any significant changes. This indicates that the dark Fermi
level does not move upon light exposure, in agreement with
the very small decrease in room temperature dark conduc-
tivity.

C. Changes in the density of defect states

The DOS in the band gap of @-Si:H increases under light
exposure and this degrades the carrier transport properties
by reducing the carrier lifetimes. Figures 7(a) and 7(b)

10° T T T T T
0% o Annscied State FTO "
® 500HLight Exposure ’
10%-
‘E 10%- -
Q
g 1ok o’ Ts230C°C -
§ 5,002%° i 0.2 mT
1 G By=lmT
lOul IC =0.3A
-2 1 i : ] 1 i ]
1003 16 15 20 25
{a) Photon Energy (eV)
10° 1 T 1 | I T
L o Annealed Stcte ~ 4
® 500H Light Exposure 7
103 =
c L i
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FIG. 7. (a) The CPM spectra for alow C,; film (12 at. %) in the as-depos-
ited state {open circles) and after 500 h of light exposure (filled circles);
there is a small increase in the optical absorption cocfficient in the low pho-
ton energy (0.8-1.5 ¢V) region. (b) The CPM spectra for a high C}, film
(22 at. %) in the as-deposited state (open circles) and after 500 h of light
exposure ( filled circles); the increase in the optical sbsorption coefficient in
the low photon encrgy (0.8-1.5 eV) region is quite large.
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show the normalized CPM subgap absorption spectra for
low (12 at. %) and high Cy (22 at. %) films in the as-
deposited state and after light exposure. The DOS is deter-
mined from the area at energies less than the exponential
edge® using a constant of proportionality factor of
1.9 10" cm.>** For the high Cyy film there is approximate-
ly an order of magnitude increase in the optical absorption
for photon energies less than ~ 1.4 eV. To measure the in-
crease in the density of defect states as a function of light
exposure time and Cy;, the DOS was measured for a series of
films in the annealed state and after 0.5, 3, and 15 h of light
exposure.

The DOS in the annealed state and after 13 h of light
exposure is shown in Fig. 8 as a function of total C,; of the
filins. (For clarity the DOS after 30 min and 3 h of exposure
are not snown. ) In the annealed state, low Cy; (10-15at. %)
films have 3-5 times higher DOS than the high C (317
at. %) films. After 15 h of light exposure the DOS increases
by an order of magnitude for high Cy, films; at this stage they
have a factor of two higher DOS than the low C,; films. If the
guality of the material was simply judged from their proper-
ties in the as-deposited state, the high Cy films would be the
best choice based on Figs. 4 and 8. However, the increase in
DOS only after 15 h of light exposure shows that the quality
of g-Si:H films in the as-deposited state cannot be taken
alone to judge the electronic quality of the material.

The photoconductivity (o, = ¢Gur where q is the
electronic charge, G is the eleciron-hole pair generation rate,
4 and 7 are electron mobility and recombination lifetime,
respectively) does not scale as g, < 1/DOS (Ref. 44)
between samples in the as-deposited state as seen from Figs.
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FIG. 8. The total density of defect states as a funciion of the total G, for
annealed films and after 15 h of light exposure. These results indicate that
the quality of the material can not be simply judged from the initial proper-
ties. These results and those in Fig. 5 indicate that there is a fundamental
correlation between the total Cj; and the SWE of the a-Si:H films. The sub-
strate temperature was kept constant at 230 °C for all the films, except the
filtled and half filled data points which were measured on films deposited at
300 and 275 °C, respectively: the hydrogen partial pressure during depo-
sition was kept constant at 0.2 mTorr for these films.
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4 and 8.7°° The low C}; films have a higher generation rate
(G} under AM-1 light due to their lower optical band gaps.
When we normalize our o, data in Fig. 4 to constant G, we
find a factor of ~2 decrease in g, as DOS increases by a
factor of ~ 5 between samples.

The number of created defect states (AN, ) after 30 min
and 15 h of light exposure as a function of total hydrogen
content of the films is shown in Fig. 9. The AN, increases
almost exponentially as a function of total hydrogen content
both after 30 min and 15 h of light exposure. These results
suggest a fundamental relationship between Staebler—
Wronski effect and the total Cj; of the films. The number of
newly created defect states after 15 h of light exposure are
also shown as a function of the initial DOS in Fig. 10. AN,
after 15 h of light exposure is less for low Cy; films, which
have higher DOS in the as deposited state. These results
differ with those reported in Refs. 17 and 18 in which the
AN, was higher for films with high initial DOS. However,
the initial DOS in their films was as high as ~2x 107 cm
(Ref. 18) and 8 x 186" cm ~ ? (Ref. 17), which is outside the
range for device quality material.

The increase in the DOS as a function of the light expo-
sure time is shown in Fig. 11 for the same films reported in
Fig. 6. As shown in the photoconductivity results, low Cy
magneiron RS films are more stable against light induced
degradation compared to high €y magnetron RS and a de-
vice quality glow discharge produced film. The glow dis-
charge produced film and high Cy; reactive sputtered films
have a factor of 3-5 times less DOS than the low C;; film in
the as-deposited state; however after a few hours of light
exposure the BGS for low Cy film becomes less than the
other two films. Further light exposure increases the differ-
ence in the BOS between these films since the number of
created defect states is less for low Cy films (Fig. 9). Similar
fong time behavior was observed on two other low Cyy films
with exposures up to 100 h and all low C; films studied
showed similar behavior for exposures up to 15 h as seen in
Fig. 8.
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FIG. 9. The number of created defect states after 30 min and 15 h of light
exposure as a iunction of the total hydrogen content. The substrate tem-
perature was kept constant at 230 °C for all the films, except the filled and
half filled data points which were measured on films deposited at 300 and
275 °C, respectively: the hydrogen partial pressure during deposition was
kept constant at 0.2 mTorr for these films.
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FIG. 10. The number of created defect states as a function of the initial
defect states. The films that have lower initial defect states are more suscept-
ible to the light induced degradation. The substrate temperature was kept
constant at 230 °C for all the films, except the filled and half filled data
points which were measured on films deposited at 300 and 275 °C, respec-
tively: the hydrogen partial pressure during deposition was kept constant at
0.2 mTorr for these films.

A more quantitative measure of light exposure is the
total number of photons absorbed by the material. In the
spectral range used here, the low Cy; films have ~twofold
higher generation rate than the high C,; films due to their
smaller optical band gaps, i.c., they have larger optical ab-
sorption coefficients. Figure 12 shows the increase in DOS as
a function of the number of photons absorbed (generation

[ ' l i I
1166, C= 28at %, Ngar 1939
&6 1235, Cy=12at %, Nga 1923
o Sclarex Giow Discharge Ngat 1932
Wronski ¢/ o/.(1987)
o17L .33 i
- Stutzmann ¢/ o/, (1985) .
i $0.33
o] i
&
3 - -
w
< 1016 - .
1015 i i | L i
1 102 104
Time {min.}

FIG. 11. The BOS (measured by CPM) as a function of the light exposure
time at f== 150 mW/cm”> for two representalive dc magnetron reactive
sputtered films and a glow discharge produced film. The low C; film is
superior against SWE compared to the high C; and glow discharge pro-
duced films. The SWE results of Stutzmann er e/ (I = 200 mW/cm?,
ESR),'"” and Wronski e ¢l. (7 = 50 mW/cm?, CPM data)’ for GD pro-
duced films are also shown for comparison. Light intensity does not effect
the slope of the curves.
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FIG. 12. The DOS as a function of the number of absorbed photons (gener-
ation rate X expasure time) during light exposure. Compared to Fig. 11 the
crossover in DOS for de magnetron reactively sputtered fiims oceurs carlier
in the light exposure.

rate X exposure time). When quantified in this fashion, the
crossover (Fig. 11) occurs even earlier in the exposure.

D. Discussion

In this section we compare our results with the predic-
tions of Stutzmann’s band to band recombination model.'*
First, the model predicts that at long times the defect state
concentration should increase as ¢ . In Fig. 11 our results
for the low Cy film, indicate a 1 >** dependence of the DOS
on exposure time between 100 and 1000 k (the longest time
examined). The slope is determined from last four data
points. It is possible that the RS films will take on the #*/*
dependence with longer exposure, however our results do
not indicate a significant evolution in slopes. If we assume
that we will eventually observe the ¢ ' rule, we do not see a
good fit between the measured and the calculated data. In
addition the susceptibility coefficient, 4, , [Eq. (1)},
would be approximately 100X less for films with a low Cy
compared to high C;;, which indicates that the low Cy; films
are far better against SWE. The fit with data is good if we
take the time dependence as ¢ %, but this cannot be rationa-
lized within the theory.

Identical measurements were performed on a glow dis-
charge produced film. As shown in Fig. 11, ~¢ '/ behavior
is observed for this sample in accordance with the results
reported by other groups.”'>** The magnetron RS films
with high C;; degrade a little slower than the glow discharge
produced films, but much faster than the low C, films.

Second, the band to band model does not predict a cross-
over for the DOS curves. The crossover in Fig. 11 is a clear
indication that the defect creation kinetics must be funda-
mentally different for low Cj; films. In Stutzmann’s model,
the initial DOS affects the initial rate of defect creation by a
shunting mechanism. Recombination events proceed either
through band tails, which create defects with a probability
A, ., or through mid-gap states which dissipate the pair en-
ergy without defect creation. A large initial DOS will domi-
nate the recombination traffic and reduce the defect forma-
tion rate. However, if the recombination pathways and the
A, coefficients are identical in two films with different ini-
tial DOS values, then they must asymptotically approach
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the same DOS vs 7 behavior at long times. The low C; mag-
netron RS film has a lower DOS for long times. We note then
that the initial DOS is not a reliable indicator of -Si:H quali-
ty in terms of stability.

A fina} point concerns the photoconductivity exponents
v and § (where o, « G'N [ °) which give information on
the recombination mechanism for excess carriers. Stutz-
mann ef al."> measured y and & for glow-discharge produced
films, found them close to unity, and derived their model
based on ¥ = § = 1. We find that y and 8 depend on the total
Cy; of the magnetron RS films as listed in Table 1L y in-
creases nearly linearly from ~0.73 to ~0.95 as C; increases
from 10to 28 at. % as shown in Fig. 13.°2 The photoconduc-
tivity of the films as a function of the density of defect states
is shown in Fig. 14; this includes films which have been ex-
posed to light for 100 h or more. The low C,, films have
systematically higher § values compared to the high Cy
films. & = 0.85 for C}; of 21-28 at. % is compuarabie to the
value obtained by Stutzmann et a/. for dc photoconductivity
in their GD films. We measured a & value of 0.62 for a GD
produced film*' which agrees with the results reported by
Shepard eral.*® for a similar range of generation rates. Those
authors modified the Stutzmann model in an attempt to ac-
count for measured § differences between GD films. How-
ever, the modified model does not agree well with our results
for RS films.

E. How does hydrogen content conirel the SWE of a-
SiH?

We have suggested that the total Cy; of our magnetron
RS a-Si:H films controls the hydrogen bonding, microstruc-
ture, optical and electronic propertics in the as deposited
state; here we make a similar assertion for the light induced
degradation behavior. Recall that there are two stages for
the creation of dangling silicon bonds in microscopic model
(Fig. 1). The first stage is the breaking of weak Si---Si bonds.
The second stage is the isolation of these newly broken bonds
by hydrogen motion before they recombine.

The breaking of weak silicon—silicon bonds is believed
to be driven by the energy released from free carrier band-to-
band recombination events. The probability for this process
is thought to increase with the pair energy, i.e., the band gap.
We reported a linear increase in the optical band gap (Tauc
gap) of ~0.0125 eV/at. % H as the Cyy of our RS films
increases.”*? This implies that the average energy released
per band to band recombinaticn increases ~0.2 eV from low

TABLE H. Shows the 3 and 8 values for selected magnetron RS films with
varying hydrogen content and the total light exposure time. Fhe ¥ values are
measured after 30 min of light exposure.

Sample Cy ¥ & Length of light

No. {at. %) exposure (h)

1166 28 0.93 0.85 100

1232 21 (.88 0.84 100

1235 12 (.78 1.23 1000

1240 it Q.75 1.23 100
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sured on fitms deposited at 300 and 275 °C, respectively: the hydrogen par-
tial pressure during deposition was kept constant at 0.2 mTorr for these
films.

to high Cy films. The weak Si---Si bonds are therefore more
fikely to be broken in high C; films due to the higher optical
band gap. This observation is in agreement with data pub-
lished by Skumanich and Amer*® for amorphous alloy mate-
rials with varying optical band gaps, and the results obtained
by Kolodzey et al.*’ for low band gap (> 1.4eV) ¢-8i,Ge:H
alloys which show a low rate of degradation.

Smith and Wagner®™® postulated that highly strained
Si---8i bonds have electron states in the valence band tail,
and are those which convert to dangling bonds upon light
exposure. The density of these strained states can be inferred
from the exponential portion of the optical absorption edge
(the Urbach siope, E, ) because the valence band tail domi-
nates this slope. We have observed a 7-8 meV increase in
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FIG. 14. The change in photoconductivity (o, ) as a function of the density
of defect states (o, « NV %y during light soaking for low and high C;; RS
films and a GD produced film. Filns with low €}, have higher 6 values
{also see Table If). The o, measurements are done under 150 mW/cm’
red light. The solid lines are least squares fit to the data.
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Urbach slope for some films from photoconductivity sub gap
absorption measurements as the hydrogen content of the
films increased.’”> From CPM measurements we did not see
a clear correlation between the Urbach slope (E, ~ 50 meV)
and the hydrogen content of the films indicating that there is
no clear relationship between the €, and the density of
strained Si---8i bonds in magnetron RS films,

The second stage of the degradation process involves the
isolation of the newly created brokern bonds before they re-
form. The isolation may occur by the exchange of neighbor-
ing hydrogen and dangling bond sites as shown in Fig. 1. The
stabilization process may be favored in high C}; material.
We reported that as €}, increases above 15 at. %, the addi-
tional H goes into dihydride modes and the microstructure
becomes void rich.”®*! Both aspects have been associated
with increased susceptibility to degradation. As discussed
carlier Carlson’s model involves the motion of hydrogen in
the internal surfaces of microvoids and proposes that in-
creasing the density (lowering the void content) should in-
crease the stability of @-S::H.?° Bhattacharya and Mahan®!
reported that material with greater SiH, content (which
they associate with void density) is more susceptible to tight
induced defect creation. Kakalios e a/.*° associate the mo-
tion of hydrogen with the annealing of the defect states in a-
Si:H which indicates that hydrogen is involved in the degra-
dation process. Our results are in agreement with these
assertions.

Increasing the total C,; of the films not only reduces the
density of defect states, but also changes the defect state dis-
tribution in the band gap. Low Cy films have lower y and
higher & (Figs. 13 and 14). In general, a change in yor é
indicates a shift in the dominant recombination pathway. If
this change reduces the band to band recombination rate, it
will suppress the SWE for the film.

The experimental data presented here show that in-
creasing the hydrogen content of ¢-Si:H films increases the
susceptibility to light induced degradation. We propose that
this takes place by enhancing both stages of the degradation
mechanism shown in Fig. 1. These effects are to increase the
probability of breaking weak silicon--silicon bonds by rais-
ing the band gap and to increase the efficiency of isolating
these broken silicon bonds, perhaps on microvoid surfaces.
Our results are also in accordance with the predictions of
Carlson’s model.”

IV. CONCLUSIONS

We have evaluated the susceptibility of magnetron reac-
tively sputtered «-Si:H to light induced degradation and
identified a relationship between the total hydrogen content
and the Staebler-Wronski effect. This effect has been a po-
tential limitatior: in the use of a-Si:H for long term applica-
tions such as photovoltaic devices. The total hydrogen con-
tent of the films was independently controlled by the
hydrogen partial pressure in the sputtering plasma during
deposition, which is an independent variable not available in
plasma assisted chemical vapor deposition methods. In the
as-deposited state, sputtered #lms with low Cy (10-15
at. %) have higher initial defect densities, but are superior
against light induced degradation, compared to a high Cj;
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(>17 at. %) or a typical glow discharge produced film. The
DOS increases as £ %, ¢ %3, and 7% for low {12 at. %) and
high hydrogen content (28 at. %) magnetron reactive sput-
tered films, and the glow discharge film, respectively.

This study also showed that Stutzmann’s band to band
recombination model'® predicts the behavior of a glow dis-
charge produced a-Si:H film but does not agree with our
results for the highly stable low C; magnetron reactively
sputtered @-Si:H films. Our data agree with the two stage
microscopic degradation mechanism proposed by Dersch ef
al’?
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