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1.  INTRODUCTION

Objectives

The major objectives of this subcontract are (1) to prepare new materials based on
hydrogenated amorphous silicon (a-Si:H), (2) to characterize the important defects and impurities
in the bulk and at surfaces and interfaces, (3) to identify metastabilities and to determine if the
metastabilities that plague devices are "intrinsic" or "extrinsic", (4) to obtain a better
understanding of how defects affect device performance.

Approaches

Two major approaches are utilized both (1) to improve the understanding of
metastabilities in a-Si:H, alloys based on a-Si:H, microcrystalline alloys, and devices and (2) to
develop schemes to mitigate the deleterious metastabilities in these materials and devices.  First,
novel alloys, such as those containing sulfur or selenium, are grown and characterized.  Special
emphasis is placed on understanding how impurities affect the electronic properties of such
alloys and of devices based on such alloys.  Second, a wide array of characterization techniques
is employed to study the optical and electronic properties.  The optical techniques include optical
absorption as measured using photo-thermal deflection spectroscopy (PDS), photoluminescence
(PL), PL excitation spectroscopy, optically detected or optically pumped electron spin resonance
(ESR) and other spectroscopies using a wide range of optical sources.  The major magnetic
resonance technique is ESR.  The transport techniques are photoconductivity (PC) and the
constant photocurrent method (CPM).  

Research Tasks

The subcontract is divided into two tasks.  One task is the growth of doped and undoped
a-Si:H and related alloys.  Alloys with concentrations of group VI elements, such as sulfur or
selenium, have been found to exhibit very inefficient, n-type doping, and the potential of sulfur
[see publications 1-4] and selenium [see publication 5] alloys for photovoltaic applications has
been investigated.  The plasma assisted chemical vapor deposition (PECVD) system has been up-
graded to a three-chamber system capable of making state-of-the-art films and devices.   

A second task is the characterization of a-Si:H and related alloys and devices.  We have
been using photoconductivity (PC) [see publication 6], photoluminescence excitation (PLE)
spectroscopy, time resolved PL, optically detected magnetic resonance (ODMR), electron spin
resonance (ESR) [see publications 7-9], and spin-dependent photoinduced absorption (PADMR)
[see publication 10] to probe defects which produce absorption below the gap in a-Si:H.  A
review of some of the most recent results is available elsewhere [see publication 11]. 

Perhaps the most significant result of the past year is the use of second harmonic detection
of ESR and optically induced ESR (LESR) in a-Si:H and related alloys. This new technique
provides an increase in the signal-to-noise ratios of more than three orders of magnitude and
allows defects in a-Si:H to be studied at concentrations much lower than possible previously.  
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2. SECOND HARMONIC DETECTION OF ESR

Electron spin resonance (ESR) and light-induced ESR (LESR) in a-Si:H have been
studied for many years.  In the dark there exists an ESR resonance at g = 2.0055 and a peak-to-
peak linewidth of the usual derivative spectrum of )H  of about 7.5 G.  This spectrum ispp
attributed to a silicon dangling-bond defect.  Below 40 K these dangling-bond defects are very
difficult to observe because of a technical difficulty known as microwave-power saturation.  For
this reason we have perfected a “rapid passage” technique to increase the sensitivity of these
measurements.  To test this technique we have measured the LESR at about 40 K.  In LESR two
additional signals appear, a broad line at g = 2.01 with )H  . 20 G and a narrow line at g =pp
2.004 with )H  . 6 G.  The broad line has been assigned to holes trapped in the valence-bandpp
tail and the narrow line to electrons trapped in the conduction-band tail.  Prior to our recent
results there were no detailed kinetic measurements of the low-temperature LESR in a-Si:H.  The
reason that detailed measurements were not performed previously is simply that the ordinary
derivative detection technique does not provide sufficient signal-to-noise ratios.  However, using
the second-harmonic technique the saturation of the LESR (and also of the dark ESR) signal with
increasing microwave power is drastically reduced.  With this technique we have measured the
LESR lineshapes and kinetics over a wide range of excitation intensities.  

Figure 1a shows a second-harmonic LESR spectrum measured at 40 K using 20 mW
microwave power.  At this microwave power the normal derivative signal would be greatly
reduced due to saturation effects.  As a comparison, the integral of a low-microwave-power (2
µW), first-harmonic spectrum is shown in Fig. 1b.  It is clear that the lineshapes of the two
spectra are very similar, although certainly not identical.  The smooth lines in Fig. 1 are fits with
two Gaussian distributions.  

The ratio of the broad line to the narrow line is larger in the second-harmonic spectrum. 
This phenomenon is caused by the different saturation behaviors of the broad and narrow lines in
the two detection schemes.  It is not easy to get an accurate measurement of the spin density
using only the second-harmonic detection, but one can accurately measure spin densities using
the second-harmonic detection scheme if the signals are tied to unsaturated measurements of the
signal using the ordinary detection scheme.  In this way one may measure dark ESR spin
densities that are well below 10  cm  at low temperatures provided that the samples are thick16 -3

enough so that the ESR is not dominated by spins at surface states.  
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Figure 2 shows that at 40 K the second-harmonic signal does not saturate appreciably
with increasing microwave power even though the first-harmonic signal is very easily saturated. 
The magnitude of the second-harmonic signal grows roughly linearly with increasing microwave
magnetic field (roughly as the square root of the microwave power).  At low microwave fields
the dependence is slightly super-linear while at high microwave fields the dependence becomes
slightly sub-linear.  This behavior is expected theoretically [1].  

The increase of the narrow line with increasing microwave power is slower than the
increase of the broad line, a fact that leads to the relative suppression of the narrow line in Fig.
1a.  Figure 2 also shows the extensive saturation of the first harmonic signal.  It is clear from Fig.
2 that at 40 K the first harmonic signal is partially saturated even at the lowest attainable
microwave powers.  In addition, the saturation occurs much more easily for the narrow line than
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for the broad line.  Since saturation is always a problem at this temperature, one may easily
underestimate the intensity in the narrow line using the commonly employed first-harmonic-
detection scheme.  There is some evidence for such an underestimate in the literature [2].  

Even though it is not central to the solution of problem of eliminating the metastabilities
in a-Si:H films and PV devices, whether or not there exist significant numbers of charged defects
in a-Si:H is an important question.  From the defect pool model [3] it has been suggested that the
density of charged dangling-bond defects is considerably greater than that of the neutral defects,
even in device-quality a-Si:H.  Some recent measurements also tend to confirm this
suggestion [2, 4, 5, 6].  Some of these conclusions have been based on the ratio of the spin
densities in the broad and narrow lines of the LESR.  Although the detailed reasons are not clear,
it is well known that the LESR measurements only measure a fraction of the light-induced
carriers in the band tails.  Fast geminate recombination and short spin-spin relaxation times are
clearly two important reasons why no LESR is observed for carriers trapped in shallow band-tail
states.  Probably only deeply trapped carriers exhibit LESR because the localization lengths
decrease with increasing trapping energy.  Because we do not know what energy distinguishes
whether the trapped carriers yield a LESR signal, and furthermore we do not have any reason to
assume that these energies are the same for trapped electrons and trapped holes, we may not
expect that the spin density of the broad line would be equal to that of the narrow line, even in
the absence of artifacts such as microwave saturation or of charged defects.  Therefore, to
postulate the existence of charged defects based solely on the LESR results is unfounded.  In
addition, subtle saturation effects, even in the second-harmonic-detection case, may also
influence the accuracy of the decomposition into trapped electrons and trapped holes.  

We have employed the second-harmonic detection scheme described above to measure
the dark ESR spin densities in samples of a-Si:H made with and without hydrogen dilution as
supplied by the group of C. R. Wronski at Penn State University.  Samples were measured before
and after light soaking for about 20 hours with approximately 300 mW/cm  of filtered white light2

from an ELH lamp.  Spin densities were calibrated using a weak pitch standard and the usual
first-harmonic (derivative of absorption) detection mode.  

Table 1.  ESR Spin Densities in Selected Samples from Penn State University

Sample
No.

Thickness
(µm)

N  s
(as deposited) 

(cm )-2

N  s
(annealed)

(cm )-2

N  s
(light soaked)

(cm )-2
Remarks

LJ69 1.8 1.9 ± 0.5 × 1012 No dilution

LJ70 1.35 1.7 ± 0.5 × 1012 1.7 ± 0.5 × 1012 1.0 ± 0.1 × 1013 No dilution

LJ71 0.85 1.1 ± 0.5 × 1012 No dilution

LJ82 0.85 4.2 ± 0.5 × 1012 4.2 ± 0.5 × 1012 9.2 ± 0.5 × 1012 H  dilution2
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Because we obtained a set of samples of different thicknesses (see Table 1) for the case of
no hydrogen dilution, we are able to extract both the surface and bulk spin densities
unambiguously for these samples.  The surface spin density for this set of three samples is 5 ×
10  cm , and the bulk spin density as deposited is 1.0 ± 0.5 × 10  cm .  The two samples that11 -2 16 -3

were light-soaked were annealed at 180 E C for four hours in a nitrogen atmosphere before
irradiation.  As shown in Table 1, this annealing had no effect on the dark ESR spin densities. 
Because there was only a single sample in the hydrogen-diluted case, we cannot separate the
surface and bulk contributions to the spin density unambiguously; however, the measured
densities are large enough that we strongly suspect that they represent bulk spin densities. [The
calculated surface spin densities are about an order of magnitude too large to be realistic.] If we
assume that the spin densities for the hydrogen-diluted sample are entirely due to bulk spins, then
the densities calculated from Table 1 are 5.6 × 10  cm  and 1.1 × 10  cm  for the as-deposited16 -3 17 -3

and light-soaked states, respectively.  For the two samples of the same thickness (0.85 µm), the
dark spin density for the hydrogen diluted sample is approximately four times greater than for the
undiluted sample.  It is difficult to discern the significance of this difference for only one pair of
samples.

These results show that hydrogen dilution does not significantly affect the optically
induced production of neutral silicon dangling bonds even though there appears to be an
improvement in the stability of cells made using the hydrogen-dilution process.  Further
experiments on both cells and individual layers are necessary to confirm this conclusion.  

3. LIGHT-INDUCED DEFECTS IN a-SiS :H ALLOYSX

One approach to removing the deleterious metastabilities that are known loosely and
collectively as the Staebler-Wronski effect is the addition of chalcogen elements (S and Se) into
a-Si:H.  This approach has resulted in a decrease of the degradation of conductivity and
photoconductivity after light-soaking.  Wang et al. [7] found a persistent photoconductivity
(PPC) in a-SiS :H films, whose effect on both the conductivity and photoconductivity is oppositex
to the Staebler-Wronski effect.  It is possible that the presence of the PPC effect may increase the
stability of the materials and devices.

Recent studies have shown that the Staebler-Wronski effect and the PPC effect occur on
different time scales during light-soaking and anneal at different temperatures in a-SiS :H andx
a-SiSe :H [see publication 12].  A similar phenomenon has also been observed in compensated a-x
Si:H samples doped with phosphine and diborane [8].  Although a model based on optically-
induced activation of sulfur donors during light-soaking has been proposed [9], there is still only
weak experimental evidence to support the model.  Sulfur can be a double donor in crystal
silicon, and the lowest donor level is relatively deep [10].  In addition sulfur donors can be
passivated by hydrogen atoms.  The situation is more complicated in the amorphous phase.  First,
the random network in amorphous silicon provides the possibility for chalcogen atoms to form
two-fold-coordinated structures (the favorite coordination of chalcogen atoms), which is one
factor that leads to the low efficiency of doping [11].  Second, the significant concentration of
hydrogen in the materials may passivate the donors that are at substitutional sites.
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Fig. 3.  ESR and LESR spectra of a-SiS :H.  The LESR spectra [(a)x

and (b)] were measured at 40 K with 8 µW of microwave power.  (a) 2
at. % of sulfur and (b) 0.6 at. % of sulfur.  The ESR spectrum (c) was
measured at room temperature with 20 µW of microwave power for
the sample  with 0.6 at. % of sulfur.

During the past quarter we have measured the kinetics of generation and annealing of
light-induced defects in a-SiS :H films and in undoped a-Si:H films.  The defect density wasx
measured by electron spin resonance (ESR) and light-induced ESR (LESR) techniques.

Figure 3 shows some examples of the ESR and LESR in a-SiS :H, where the featurex
labeled EN center is from the quartz Dewar.  The dark ESR spectrum is for a sample with 0.6 at.
% sulfur after ten days light-soaking at 300 K.  For this spectrum the dark spin density is 8 × 1016

cm .  The g value of 2.0055 and the width of 7 to 8 G confirm that the dark ESR spectrum comes3

from silicon dangling bonds.  The LESR spectra change with sulfur concentration.  The broad
line (observed at g . 2.01 for undoped a-Si:H) gradually disappears with increasing sulfur
concentration as reported in a previous paper [12], and at the same time the LESR spin density
increases [12].  The asymmetry of the LESR line for the sample with high sulfur concentration
may be caused by an asymmetry in the g tensor or the spectrum may include more than one line. 
After comparison with the Se-alloyed sample, we believe that the LESR may come from defects
(or traps) related to chalcogen atoms since the LESR spectra of a-SiSe :H are broader than thosex
of a-SiS :H by a factor of 2 to 3.  This increase in width from S to Se is expected if the width isx
due to g anisotropies that result from spin-orbit coupling.  The spin-orbit coupling constant for
atomic Se is approximately three times that for S.
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Fig. 4.  Kinetics of light-induced defect generation for undoped a-Si:H
and a-SiS :H (x = 6 × 10 ).  The smooth lines are fits to thex

-3

experimental data (symbols) with Eq. (1) with the parameters:  N  =0
1.2 × 10  cm , N  = 9 × 10  cm , Jg = 8 × 10  s and $ = 0.38 for a-16 -3 16 -3 4

S
SiS :H (x = 6 × 10 ); N = 1.5 × 10  cm ; N  = 2.5 × 10  cm , J  = 8x 0 S g

-3 16 -3 17 -3

× 10  s and $ = 0.45 for a-Si:H5

The generation kinetics of light-induced silicon dangling bonds in an a-SiS :H film (0.6x
at. % S) and an undoped a-Si:H film are displayed in Fig. 4, where the symbols are experimental
data and the lines are the fits to a stretched-exponential function [13],

where, N  is the saturated value, N  the initial value, J  the inducing time and $ the dispersionS 0 g
coefficient.  The parameters for the best fits to the experimental data appear in the caption of
Fig. 4.  Even though the initial values are roughly the same for the two samples, the saturated
value is lower for the a-SiS :H sample (x . 10 ) than for the undoped sample.  Meanwhile, thex

-3

dispersion coefficient, $ is smaller for a-SiS :H than for undoped a-Si:H.  Correspondingly, thex
approximate slope in the region of steepest ascent on a log-log plot (( in Fig. 4) decreases from
the usual value of 0.3 to approximately 0.2.
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Fig. 5.  Kinetics of light-induced defect annealing for undoped a-Si:H
and a-SiS :H (x = 6 × 10 ).  The smooth lines are fits to thex

-3

experimental data with Eqs. (2) through (4) with the parameters:  E  =0
1.035 eV, W = 0.12 eV for a-SiS :H (x = 6 × 10 ); E  = 1.10 eV, W =x 0

-3

0.10 eV for a-Si:H.

Figure 5 shows the annealing kinetics of light-induced defects at 120EC.  Clearly the
light-induced defects are more easily annealed away in a-SiS ,:H than in a-Si:H.  Based on thex
defect model of Hata and Wagner [14], there is a distribution of annealing activation energies
(E ).  The defects with lower E  anneal first, and the ones with higher E  live longer.  If thea x a
distribution of E  is a Gaussian distribution, thena

where NN  is the initial value of the light-induced defects, E  the center and W the width of theS 0
distribution.  The light-induced defect density remaining after annealing at a temperature T for a
time t is
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Fig. 6.  Distribution of annealing activation energies with
varied annealing times for (a) undoped a-Si:H and (b) a-
SiS :H (x = 6 × 10 ).x

-3

The solid lines in Fig. 5 are the calculations using Eqs. (2) through (4).  The parameters for the

best fits to the experimental data are E  = 1.035 eV, W = 0.12 eV for a-SiS :H (x = 0.6 at. %) and0 x
E  = 1.10 eV, W = 0.10 eV for a-Si:H.  Although the difference between the most probable0
activation energies is small for the two samples, this difference results in a significant change in
annealing behaviors as indicated in Fig. 6.  In this figure the curves show the distributions of Ea
for the centers remaining after certain annealing times.

The incorporation of sulfur into amorphous silicon changes the structure of the material.
Compared with undoped a-Si:H, the slower generation of light-induced defects is probably due to
thermal annealing or to light-induced annealing during the light-soaking process.  The kinetics
governing the net generation of defects are a competition between generation and annealing. 
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Therefore, if the generation rates are the same, the higher the annealing rate, the lower the
saturated defect density.  The experimental results confirm this scenario because the annealing
activation energy is lower in a-SiS :H than in a-Si:H.  Some recent studies show there arex
macroscopic changes occurring during light-soaking and annealing [15].  The low annealing
activation energy in a-SiS :H may indicate that the network in this material is more flexible thanx
in a-Si:H.  This presumption is reasonable since the chalcogen atoms easily form two-fold-
coordinated structures, such as occur in the standard chalcogenide glasses.  Two-fold-coordinated
structures may provide more flexibility to the underlying tetrahedral structure.

The dark ESR spectrum at 300 K, both before and after light soaking, shows only the
signature of silicon dangling bonds, which means the defects related to sulfur, if any, are not ESR
active at this temperature.  The increase of the low-temperature LESR with increasing sulfur
concentration (the same trend happens to a-SiSe :H) suggests that the LESR signal may resultx
from S-related defects, at least for the samples with high sulfur concentrations.  One may
speculate that either the S-related defects are in their charged states in the dark, as is the case in
the chalcogenide glasses, or the S-related defects are passivated by the presence of hydrogen
atoms, as can occur in crystalline silicon.  Experimentally we did not find any change in the low-
temperature LESR spectra or spin densities after prolonged light-soaking at 300 K.  This fact
indicates that there is no obvious increase in the S-related defects upon light soaking and
confirms that any model for the sulfur-related LESR must involve the rearrangement of charge
(or perhaps also of hydrogen atoms) at exiting defect sites rather than the creation of new defects.

4. LOW TEMPERATURE KINETICS OF BAND-TAIL CARRIERS

In 1989 Shklovskii [16] discovered that at low temperatures the simultaneous diffusion
and recombination of electron-hole pairs in amorphous semiconductors is a universal property
that does not depend on the functional form for the density of localized electronic states.  This
generality has prompted renewed interest [17] in the diffusion and recombination mechanisms
for electrons and holes trapped in localized band-tail states in hydrogenated amorphous silicon
(a-Si:H), the quintessential amorphous semiconductor.  We have measured the generation and
recombination  kinetics for band-tail electrons and holes in a-Si:H.  These measurements employ
a novel electron spin resonance (ESR) technique [second-harmonic detection of SH-ESR as
described in the Quarterly Progress report for the first quarter of phase I] that surpasses the
sensitivity of previous measurements [2, 18] by over three orders of magnitude.  This increased
sensitivity improves by orders of magnitude the lower bound on photo-excited carrier
concentrations above which non-geminate (distant pair) recombination dominates the
recombination process in tetrahedrally coordinated amorphous semiconductors [16, 19].  Also,
these measurements test the universality of the diffusion and recombination of photo-excited
electrons and holes in amorphous semiconductors at orders of magnitude lower carrier densities
and orders of magnitude longer recombination times.  Using SH-ESR the kinetics can be
extracted for saturated spin densities as low as 5 × 10  cm .14 -3

In hydrogenated amorphous silicon (a-Si:H) two optically induced electron spin
resonance (LESR) signals are commonly observed at temperatures below about 100 K.  These
two signals, whose characteristic g-values are approximately 2.004 and 2.01, are usually
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attributed to electrons trapped in localized conduction-band-tail states and holes trapped in
localized valence-band-tail states, respectively [20].  Recently, using pulsed LESR measurements
in samples of a-Si:H with different concentrations of Si, Umeda et al. [17] have determined that29

the wave function of the trapped electrons is consistent with an antibonding orbital highly
localized at a single Si-Si bond.  These authors also speculated that the hole was similarly
localized at a single Si-Si bond.  In addition to these two LESR signals, there is a third,
metastable ESR signal centered at g = 2.0055 that is attributed to neutral silicon dangling bonds
[21].  Because of the small difference in g-values, it is often difficult to separate this latter signal
from that attributed to band-tail electrons.

Films of nominally undoped a-Si:H were deposited on ESR-grade quartz substrates using
a standard PECVD technique.  These films, which were 3 µm thick, had bulk ESR spin densities
less than 5 × 10  cm .  Five samples were stacked together to perform the LESR experiments.15 -3

[The high-Q ESR cavity is an effective light reflector allowing the incident light to be absorbed
essentially uniformly, even with five films stacked together.]   Before measurement, the samples
were annealed at 468 K in a dry nitrogen atmosphere for two hours and then slowly cooled to 300
K.  Samples were cooled from 300 K to 40 K in the dark.  ESR and LESR measurements were
performed on a Bruker 200D-SRC spectrometer at 9.5 GHz.  Variable temperatures, accurate to
± 1 K, were obtained using a Helitran flow system.  The excitation source was a He-Ne laser
(1.96 eV).  Light intensities at the sample were varied from 2 × 10  mW/cm  to 12 mW/cm-6 2 2

using neutral density filters.  All spectra were taken with 2 G modulation amplitude.

The LESR spectra were obtained using a "rapid passage" technique that employs second
harmonic detection (SH-LESR).  Because of the long spin-lattice relaxation times (T ) in a-Si:H1
at low temperatures (T c 100 K), this technique provides an effective increase in the sensitivity of
detection for the LESR of up to three orders of magnitude over the standard first harmonic
detection [see publication 9].  These results employ the absorption component of the SH-LESR
because the dispersion component contains greater noise [22].  A Fourier transformation of the
Bloch equations [23] shows that the second harmonic absorption signal is a sum of even
derivatives, including the absorption itself (zeroeth derivative).  Under the present rapid passage
conditions, which are sometimes referred to as "nearly sudden passage" [24], the absorption term
dominates.  This situation occurs when TT  >> 1, where T is the modulation frequency of the1
magnetic field (2B × 50 kHz in the present experiment) and T  . 1 ms at 30 K [17].  The major1
complication with the SH-LESR technique is that, in addition to the usual ESR parameters, the
spin density depends subtly on T .  For this reason one must carefully compare spectra to known1
absorption signals to obtain accurate measurements of the spin densities.  For this purpose, we
have used the standard LESR in a-Si:H at high spin densities.

As a representative of the SH-LESR technique, we show in Fig. 7 the growth of the signal
at 40 K for an excitation intensity of 2.2 × 10  mW/cm .  This growth curve was obtained by-4 2

sitting on the peak of the SH-LESR spectrum.  Since the band-tail hole (broad) and the band-tail
electron (narrow) lines have slightly different values of T  at any given temperature, the exact1
lineshape varies slightly depending on the microwave power employed.  In agreement with
previous pulsed LESR measurements [17], we find that the electron signal saturates more easily
than the hole signal.  This small variation in the effective intensities of the band-tail electron and 
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Fig. 7.  The generation and decay of the LESR signal with time.  The measurements were
made using the second-harmonic detection with 20 mW microwave power and 1.7 × 10-3

mW/cm  excitation intensity.2

band-tail hole signals with microwave power are not important for the present purposes.  The
decay of the signal after the light is turned off (after approximately 200 s in this representative
example) is shown in Fig. 7.  The solid lines are fits to the kinetic model described below.  [One
feature is apparent from Fig. 7:  Neither the growth nor the decay can be fit by simple
exponential functions.  Neither can they be it by simple bimolecular recombination with a unique 
recombination rate.]

The SH-LESR data can be fit accurately by the simplest phenomenological model that
incorporates dispersion [see publication 9].  First, we assume that the LESR results from carriers
trapped deeper in their respective band tails than those that recombine quickly (< ms) and
primarily contribute to photoluminescence at low temperatures [25, 26].  Although we do not
know from these experiments [27] where the demarcation level is that separates the deeper from
the shallower traps, we assume the existence of such a level that defines a total number of deeper
traps, N.  Since we are at low temperatures (T # 40 K for most experiments), we assume that the
LESR results from the trapping of carriers that continuously hop down into these deeper states. 
Finally, we assume that both the generation rates for the LESR and the recombination rates,
which presumably involve tunneling, are dispersive.  Fitting to the experimental growth and
decay curves shows that the dispersion parameters ", for growth and decay are identical and are
independent of excitation intensity within experimental error.  We investigated both
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monomolecular  and bimolecular decay processes and found that at all excitation intensities only
the bimolecular decay fits the data.  With these assumptions and fitting results, the rate equation
for the growth and decay is given by

where, the dispersion parameter for growth or decay is "  = "  = " = 0.5 for all generation rates. 1 2
In Eq. (5) G(t) is the shallowly trapped carrier density that should increase with the excitation
intensity, F(0) is the initial value of the hopping down coefficient, r(0) is the initial value of the
recombination coefficient, and <  and <  are two parameters with the units of s .  This equation1 2

-1

has simple algebraic solutions for both the growth of the SH-ESR after the light has been turned
on and the decay from a saturated density after the light has been turn off [see publication 9].

Through the fitting to this phenomenological model we find that, at low temperatures
(T c 50 K), the dispersion is independent of generation rate for generation rates between 10  and13

10  cm  s .  Also, the time constants, J, for growth of the SH-ESR depend on the generation20 -3 -1

rate as J % G .  Finally, the saturation densities are only weakly dependent on generation rate0.7

(n  % G ) as shown in Fig. 8.  Note that the open circles are the saturation values as determinedsat
0.2

from the fits to the phenomenological model described above.

Although this fitting clearly identifies the recombination mechanism for the SH-ESR
electrons and holes as bimolecular, and therefore non-geminate, there is otherwise little
microscopic information to be gained.  Fortunately, Shklovski et al. [16] have considered the
typical low-temperature creation of electron-hole pairs by the absorption of light.  If the carriers
are created near the mobility edge, then they readily become trapped in the localized electronic
states within the band tails, and at low temperatures they separate by diffusion due to hopping
downward in energy.  Levin et al. [19] have shown that, even at very low excitation intensities,
the dominant recombination mechanism for carriers excited in this fashion is bimolecular, i.e.,
there is no correlation between the excitation of electron-hole pairs and the ultimate
recombination of electrons and holes.  This recombination process is sometimes called distant-
pair recombination [28].  Levin et al. have shown that the dominant radiative recombination
process is distant pair (non-geminate) recombination at generation rates, G, far below those used
in this study (many orders of magnitude below G = 10  cm s , which corresponds to17 -3 -1

approximately 10 µW/cm  for the thicknesses of samples we have employed.  In addition, Levin2

et al. [19] have determined that the equilibrium carrier concentrations in the band tails are
proportional to G  and the mean radiative lifetimes, J, are proportional to G  [19].  Both of0.16 -0.84

these values are consistent with those extracted from our fitting to the SH-LESR at orders of
magnitude smaller values of G and orders of magnitude larger values of J than observed
previously by PL or LESR measurements.
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5. NMR STUDIES OF MOLECULAR HYDROGEN

The measurements of molecular hydrogen are made using nuclear magnetic resonance
(NMR).  We employ a Jeener-Broekaert pulse sequence [29] and look at the echo following the
third pulse.  Although we have used this technique to measure local motion of bonded hydrogen
[30], this is a new technique for measuring molecular hydrogen and is the first direct
measurement of molecular hydrogen at these low concentrations in a-Si:H.

We have measured molecular hydrogen in several hot-wire (HW) samples supplied by
Drs. Mahan and Crandall of NREL.  These preliminary measurements indicate that the molecular
hydrogen in the hot wire material is typically less than that in the PECVD material.  Since the
hydrogen concentrations in HW films tend to be less than in PECVD films, we do not know
whether the concentration of molecular hydrogen is less in HW films than in PECVD films with
the same total hydrogen concentrations.  We do know that the percentage of hydrogen that exists
as molecular hydrogen is less in HW films.  [In PECVD films the molecular hydrogen is ~ 10%
of the total hydrogen concentration while in the HW films we have studied so far the percentages
are  c 1.0 %.] 

6. CONCLUSIONS

Major accomplishments of the previous year include (1) an evaluation of the potential for
n-type doping of a-SiS :H and a-SiSe :H alloys, (2)an investigation of the optically inducedx x
metastabilities in a-SiS :H and a-SiSe :H alloys with regard to their potential use in photovoltaicx x
applications, and (3) a more detailed understanding of the kinetics of light induced ESR due to
carriers trapped in localized band-tail states in a-Si:H. Also of importance are preliminary
measurements of the defects and metastabilities in hot-wire samples of a-Si:H and in samples of
a-Si:H made under strong hydrogen dilution.  The preliminary measurements on hydrogen
dilution suggest that the production of neutral silicon dangling bonds is not suppressed from the
standard material even though there appears to be an improvement in the stability of cells made
using the hydrogen-dilution process.  

The new three-chamber, load-locked PECVD deposition system is functioning and
producing intrinsic and doped films of a-Si:H.  Plans for the next year include the production of
high quality devices using this new deposition system.
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