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EXECUTIVE SUMMARY

We have developed and exploited two types of junction capacitance
methods for the study of metastable effects in a=Si:H films. First
of all, using the drive-level capacitance profiling method, we have
extended our studies comparing the density of 1light-induced
metastable defects to two new "totally phosphorous free' samples.
' We also began to better exploit the profiling aspect of this
technique by comparing the spatial dependence of the metastable
deep state distribution with the SIMS determined impurity profiles
for these samples. Such studies reinforce earlier conclusions that
there exists a strong correlation of the impurity content in a~Si:H
films with the degree of the 1light-induced defect creation,
particularly in the case of carbon impurities. Second, we
developed the method of transient photocapacitance spectroscopy to
the study of undoped films. By comparing such spectra to junction
transient photocurrent spectra taken under identical conditions, we
found we could unambiguously separate the electron and hole
emission transitions from deep gap states. Our analysis also
allowed us to determine the hole products. By comparing films
before and after light soaking we found that the (#r),, product was
substantially larger for the light-induced defects %han for the
intrinsic defects. Finally, we applied both the drive-level
capacitance profiling method and the transient photocapacitance
method to the study of metastable effects in n~-type doped samples.
The results of these studies were utilized to distinguish among
various proposed defect reactions which mlght be responsible for
the observed changes in Fermi level position, occupied bandtail
states, and density of deep "dangling bond" defects. Our results
indicate, however, that none of the suggested reactions could
explain the behavior of the most 1lightly doped samples and
indicate, instead, that there exists a reaction involving dopant
vs. non-doping configurations of P by itself.



1.0 INTRODUCTION

The focus of the research program supported under our SERI
subcontract is the investigation of metastable defect creation
processes in hydrogenated amorphous silicon (a-Si:H). To carry
out this investigation we primarily rely on junction capacitance
methods to monitor the changes in the deep defect distribution.
These methods have allowed us to test different aspects of such
metastable effects than those disclosed by such techniques as
electron spin resonance (ESR) [1,2], photoconductivity [3,4], or
optical absorption techniques [5]. Particular advantages of the
junction capacitance techniques are the ability to spatially
profile defects within a single sample, to separate hole from
electron gap state processes, and to determine absolute levels of
defect densities.

This report, which covers Phase II of our just concluded two
year funding period, will cover three specific areas of study.
First, we will briefly summarize results obtained to date
employing our capacitance profiling methods to the study of
undoped samples which indicate a significant role for extrinsic
impurities in the degree of 1light induced degradation. This
conclusion has recently been strengthened regarding the role of
carbon impurities by a direct comparison in one sample of the
SIMS determined impurity profiles with the capacitance profile of
the light induced defects.

Second, we will report significant progress on our studies
utilizing photocapacitance transient measurements to investigate
metastable changes in undoped a-Si:H. In these studies we
compare the transient photocapacitance with the photocurrent
transient spectra at different temperatures and different degrees
of light soaking. In the last year, by successfully modelling
such spectra, we have been able to unambiguously separate the
optical transitions originating from the valence and conduction
bands and, in addition, to identify both the increase in the deep
defect densities plus the degradation in the hole mobilities
which result from light soaking. These result indicate a
significant increase in the hole capture rate of the 1light-
induced defects as compared to the intrinsic deep defects.

Finally, in Phase II of this funding period we have also
begun some studies of the metastable changes in n-type doped
a=~Si:H samples using both. the drive-level capacitance profiling
technique and the transient photocapacitance methods which we
have been utilizing in our studies of undoped films. Preliminary
results on three samples with different doping levels indicate
(1) a significantly different energy distribution for the deep
defects depending on the degree of partial annealing from the
light soaked state; and (2) a clear indication of two distinct
regimes of metastable effects. The first regime seems to
specifically involve a change in the deep defect density whereas
the second (observed during the higher temperature range of
partial dark anneals) is characterized by a Fermi level shift and



change in occupied conduction bandtail states but without any
discernable change in the density of deep states.

In the final section of this report we will summarize what
has been learned about the detailed mechanisms of metastable
changes in a-Si:H based on this work. We will also comment on
which specific issues are most 1likely to merit further
investigation.

2.0 SAMPLES AND SAMPLE TREATMENT
2.1 GROWTH PARAMETERS OF UNDOPED SAMPLES

The undoped samples used in these studies have been
described in some detail in last year's annual report. These 8
samples were produced by the glow discharge method using
substrate temperatures of 255 + 5 “C. The SiH,/Ar dilution for
each of the samples are listed in Table I along with the impurity
levels determined by SIMS analysis [6]. The phosphorous level
for sample 1 was found to be sufficiently high that this sample
must be considered n-type (this one sample was produced on a
different growth system than the other 7 samples). For the
remaining samples the phosphorous level is seen to amount to a
few ppm or less. In particular, samples 7 and 8 were grown after
a complete etching of the growth chamber followed by a 6 hour
deposition of SiH,; to coat the chamber walls before actual sample
deposition. The undetgctab%e level of phosphorous for sample 7
(of less than 5 x 10l determined by SIMS verifies that
this sample was, indeed found to be essentially phosphorous
free. We believe that sample 8, grown immediate subsequent to
sample 7, is equally phosphorous free (the 0.2 ppm phosphorous
level indicated by SIMS_ for this sample was more like:¥ due to
partially hydrogenated Si or Si radicals instead of

2.2 GROWTH PARAMETERS OF N-TYPE DOPED SAMPLES

Because of an long history of research in our laboratory of
the fundamental processes in doped a-Si:H films, an extensive
series of PH,-doped n-type a-Si:H films are available for study.
For a preliminary study of metastable effects in such films using
our recently developed techniques, we chose 3 of these films
which had been grown at a 40% SiH, dilution level in Ar within
the 1last year with doping 1levels of 30 vppm, 100 vppm, and
300 vppm PHs, respectively. The rf power levels and substrate
temperatures were identical to those of our undoped samples.

2.3 PREPARATION OF METASTABLE STATES OF SAMPLES

For all results reported below the %"dark annealed state"
(state A) refers to a sample which has been heated in the dark at
45 mlnutes at 200°C and then cooled in the dark at a rate of
roughly 5°C/second. The "light saturated state" (state B) was



reached by exposin% the film to 1.9 eV light from a cw krypton
laser at 400mW/cm (corrected for the semitransparant metal
contact) at room temperature for 2.5 hours. Partially annealed
"states" were obtained by typically 15 minute isochronal anneals.
For our studies of undoped samples we began at 380K (state B1)
and progressed at 10 to 30K intervals to 470K. In general,
because our capacitance measurements in undoped samples are
usually carried out at somewhat elevated temperatures (360-400K),
data for the most light soaked state is usually given beginning
with state Bl or B2 (the state obtained after the gecond partial
anneal typically at 400K or 410K) to minimize possible annealing
during the period in which the spectra are compiled.

For our n-type doped samples the initial anneal state (B1)
denotes a 350K anneal and subsequent anneals proceeded at 30K
intervals up to 470K.

3.0 DESCRIPTION OF EXPERIMENTAL TECHNIQUES
3.1 DRIVE-LEVEL CAPACITANCE PROFILING

The drive-~level capacitance profiling technique was
developed in 1984-85 in our laboratory and has been described in
several publications [7,8] and in our previous SERI Annual
Reports for 1985, 1986, and 1987. For completeness only, we will
briefly summarize a few of the important features of this method.

Capacitance-voltage (CV) profiling is a standard technique
in the characterization of semiconductors which allows one to map
out the doping level of a sample versus distance, typically over
several tenths of a micron. Unfortunately, due to the high
concentration of deep defects over a significant fraction of the
gap in a-Si:H, this method fails to be easily interpretable for
this material. To overcome this limitation and be able to
similarly obtain spatial profiles of gap states in a-Si:H, we
developed an alternative technique which examines in detail the
dependence of the junction capacitance as a function of applied
bias, temperature, plus the peak-to-peak drive amplitude of the
alternating component of the junction voltage, dV. In general,
one finds that the measured ac capacitance at a particular DC
bias depends on 4V according to the relation

C = Cy+C AV +C, (daV)? + ... (1)

One can experimentally determine the coefficients Cj; and Ci. We
have shown that a simple algebraic expression using ~ these
coefficients then directly yields an integral over the density of
gap states [7]:



o]
3 Ep

g(E) dE (2)

N
DL

Ec-Eg

where ¢ is the dielectric constant, A is the junction area, Ep°
is the Fermi level position in the neutral bulk a-Si:H, E, is the
bottom of the conduction band (mobility) edge, and E, is
determined by the temperature, T, and (angular) frequency w of
the capacitance measurement, namely :

Eo(T,w) = kg T log(v/w). (3)

Hence one experimentally obtains an integral over the density of
gap states and can spatially profile this energy "slice" of deep
defects by varying the DC applied bias as in conventional CV
profiling and plotting the drive-level density, Np;, Versus
€Cy/A. By repeating such profiles at different temperatures one
can vary the energy range of the integral and thus obtain g(E)
itself. Indeed, we believe that the drive-level profiling
technique represents the most reliable method to separately map
out both the spatial and energy variation of the defect density
in amorphous silicon films. Examples of data obtained by this
technique are presented in Section 4.

3.2 JUNCTION TRANSIENT PHOTOCAPACITANCE SPECTROSCOPY

Because the drive-level method only allows us to examine
g(E) over a fairly restrictive energy range, particularly for
undoped samples (between roughly 0.75 to 0.95 eV below E.) we
have, during this Subcontract period, begun to employ
photocapacitance transient spectroscopy to the study of

metastable effects in a=-Si:H films. The  transient
photocapacitance technique we use was first developed to study
optical processes in doped a=Si:H [9]. In general, such

photocapacitance spectra appear gqualitatively quite similar to
sub-band-gap optical abscrption spectra (see Fig. 2 as well as
spectra displayed in Sections 5 and 6). However, there are
several important differences. Most significant, perhaps, is
that photocapacitance detects the net charge change in the
depletion region of the sample. Hence, hole and electron
transitions from gap states give signals of opposite sign.
Second, because photocapacitance generally detects transitions in
the depletion width, one can vary the spatial region be examined
by varying the DC bias .as with other Jjunction capacitance
methods. Third, this technique is typically 10%-102 times more
sensitive than photo~thermal spectroscopy (PDS) optical
absorption techniques [5]. This is due to the fact that charge
detection is intrinsically a very sensitive measurement.
Finally, it is straightforward to vary the measurement
temperature over a wide range and thus observe competition
between the optical and thermal excitation processes.



Like optical absorption measurements, photocapacitance is
relatively straightforward to interpret since it is not greatly
affected by the details of the transport processes provided that
measurement time scales are long compared to both dielectric
relaxation times and carrier transit times across the depletion
region. For our undoped samples we employ a 100 Hz voltage
source and record transients on a time scale of several seconds. -
We also operate at somewhat elevated temperatures (340-390K) to
ensure that dielectric relaxation times will be sufficiently
short. For the studies of doped samples such concerns are rarely
a problem and we typically operate at 10 kHz because of the
improved signal to noise one obtains in capacitance measurements
at higher frequencies.

The time sequence of these experiments is illustrated in
Fig. 1. A voltage pulse is used to £fill gap states with
electrons in the depletion region of the sample. Sub-bandgap
light of a chosen optical energy is introduced after the voltage
pulse to assist the re-equilibration of trapped -carriers.
However, we record every second ' transient without this sub-
bandgap 1light so that a dark transient baseline can be
established. The photocapacitance transient for optical energy
Egpts C(Eop ,t), is the difference between the transients
regorded in” the light and dark. This transient is processed by
multiplying it by a correlator function, F.(t), and integrating
over a time window following each voltage pulse:

t
£
S(Eopt) = f Fo(t) C(Eopt't) dt (4)
ti 4
The photocapacitance spectrum is obtained by plotting the
resultant, intensity normalized signal versus optical energy at
constant temperature. Particular care is taken to operate at
sufficiently low light levels that strict linearity to intensity
is observed. In Fig. 2 we give several examples of photo-
capacitance spectra for both doped and undoped samples.- For the
doped sample we show spectra taken at two very different
temperatures. At low temperatures for doped samples we see that
it is possible to obtain high quality spectra to optical energies
below 0.5 eV using a tungsten-halogen light source. The spectrum
for this sample shown at high temperature indicates that the
general appearance of such spectra, which reflects the position
of the dominant deep defect band, is indeed fairly temperature
independent. We also note the general qualitative similarity of
the spectra for both n-type doped and intrinsic samples.

As a rule, we record the transient Jjunction (primary)
photocurrent spectra in exactly the same manner. These spectra
give us a useful point of reference for comparison to other
studies. More importantly, these photocurrent spectra provide
very important supplemental information, as we discuss in
Sections 5.1 and 5.2 below.
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FIG. 1. Schematic of photocapacitance measurement technique. Shown are the
time sequencé of the applied sample voltage, the exposure to sub-bandgap
light, the capacitance transient signal, and the correlator function used
to process the transient signal. : ‘
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FIG. 2. Examples of transient photocapacitance spectra for a-Si:H samples
with different doping levels. Spectra (a) and (b) were taken on a 30 vppm
PH3 sample at a 100 Hz measurement frequency and temperatures of 140 K and
360 K, respectively. Spectra (c) and (d) were taken at 100 Hz and 380 K for

two samples with SIMS determined phosphorous levels of 2 ppm and less than
0.5 ppm, respectively.




4.0 ROLE OF EXTRINSIC IMPURITIES ON STABILITY IN UNDOPED FILMS
4.1 SUMMARY OF DRIVE-LEVEL RESULTS VS. IMPURITY CONTENT

We have discussed our drive-level profiling results on
undoped samples in quite some detail in previous reports [8].
However, - full SIMS "results on our most recent "totally
phosphorous free" samples were only obtained during the current
year [6]. Thus we present in Table I a full summary of the SIMS
results for all 8 samples studied in this manner along with the
deep defect densities deduced for states A and Bl.

We have attempted to correlate light induced changes in deep
defects (i.e., the state Bl density minus that in state A) among
these samples with the difference in the atmospheric impurity
content. We note that while samples 4, 5, and 6 have comparably
low defect densities in state A, the metastable defect density of
these samples varies by a factor of 6, roughly in proportion to
their carbon content. Both samples 7 and 8 also show quite a
large increase in defects after light exposure and this behavior
does appear to show some correlation to the somewhat higher
oxygen levels in these samples. An active role for oxygen in the
stability of a=-Si:H has previously been suggested [10]: however,
in our samples this conclusion seems to be at odds with one other
study which indicates no oxygen related extrinsic component to
the Staebler-Wronski effect until somewhat higher 1levels of
oxygen are reached {2].

4;é PROFILES OF LIGHT-INDUCED DEFECTS VS. IMPURITY PROFILES

The fairly strong evidence of a carbon related extrinsic
component to the degree of stability in some a-Si:H has been
tested further in one film (sample 4). This particular sample
exhibited a fairly distinctive spatial dependence of its carbon
impurity level which was considerably different than the spatial
dependence of the oxygen and nitrogen levels. Because of the
profiling ability of our measurements we decided to try to
compare the spatial dependence of deep defects before and after
light exposure to the SIMS impurity profiles directly. This kind
of comparison is shown in Fig. 3. The two defect profiles
displayed (for state A and state B2) cover slightly different
spatial regions due to the different extent of the depletion
region depending on the number of deep defects. However, the
change in distribution of deep defects is quite clear: in state
A this distribution is essentially spatially uniform, while for
state B2 there is marked spatial dependence of deep defects which
matches quite closely that of the carbon profile in this sample.
Hence, we believe, the evidence for an extrinsic carbon
component to instability in this sample is quite compelling.



TABLE I. Results of SIMS impurity analysis of the six glow discharge produced films along with
deep defect concentration in state A and state Bl determined by drive--level capacgitance profiling.
fmpurity concentrations are given in the spatial region .examined by the capacitance profiling.

Sample SiH Q/Ar

Impurity

Concentrations

peep Defect - Densgity

Ratio Phosp!_\grous Oxy_g_gn Nitrﬁen Carl_ggm S statgsz\ Statgsym

(%) (cm 7) {cm ) (cm ) (cm ) {cm ™) {cm )
1 50 2 x10°% 4 x10"? 1 x 10™® 3 x 108 2.4 x 10’® 5.3 x 107®
2 30 7 x10%® 2 x10"® =4 x210?® 3 x 1078 3.1 x 167® 7.2 x 107°
3 100 8 x 10°®  2.5x 10°®  =1.5x 10°?  *2.sx 10'® 2.4 x 10*® 4.3 x10"®
s 30 *1x100  3x10"%  2.5x10*% x7 x10'® 4.9 x10°® 1.7 x 10™®
5 10 2 x 10°®  1.5x10"%"  1.sx 30%° 3 x 10°°8 3.6 x 106°> 8.6 x 107>
6 100 6 x 10°® 2 x 10"? 2 x 10°%  #1.4x 20'° 4.8 x10°° 3.6 x 10"
7 50 <5 x10"® 5 x10"®  3.5x130°%  1.4x20%® 4.4 x10°> 2.4 x 10"®
8 100 *1 x10% 7 x10*® 2 x 108 2 x 10*® 3.2 x10'° 3.2 x 10°°

* SIMS analysis indicated a spatial variation for

this impurity in excess of

factor of 1.5/um.
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FIG. 3. Comparison of SIMS impurity level profiles with light-induced meta-
stable defect profile. The levels of the oxygen, carbon, and nitrogen im-
purities are indicated on the left scale while the drive-level profiles for
midgap defect densities in State A and B are indicated on the right hand
scale. Note the strong similarity between the carbon profile and the meta-
stable deep defect density.

10

'Ol7

lOIG

DEEP DEFECT CONCENTRATION (cm-3)



11

5.0 TRANSIENT PHOTOCAPACITANCE STUDIES OF METASTABLE EFFECTS IN
UNDOPED FILMS

5.1 COMPARISON OF PHOTOCAPACITANCE AND PHOTOCURRENT SPECTRA

Transient photocapacitance and photocurrent spectra for
sample 5 taken at two different temperatures are shown in Fig. 4.
To compare these spectra we have chosen to overlap the two kinds
of spectra at each temperature in the energy regime below 0.9 eV.
We believe this is the regime where both kinds of measurements
should respond to gap state transitions in the same manner since,
for energies below midgap, the only excitation possible will be
an electron from a trapped gap state to the conduction band. At
a 1.2 eV excitation energy, on the other hand, several kinds of
transitions are possible. Possible candidates are (see Fig. 5):

(a) DD —>D°+e (b)) D° —> D" +e (c) D° —> D" +h

where D, D9, and D" denote the 3 charge states of the dominant
deep defect. In a photocurrent measurement both (a) and (¢) will
give additive signals while in a photocapacitance measurement
they will correspond to opposite changes in depletion and thus be
subtractive (this will, of course, also depend on the ability of
the emitted hole to leave the depletion region). Likewise the
=1gnals from transitions of type (b) can alsc be different: If
the D' can thermally emit a hole on a time scale that is fast
compared to our measurement time it will become a D° again and
thus negate the change in the depletion region charge from the
photoexcited electron and yield an overall null photocapacitance
signal. However, such a process will actually enhance the
transient photocurrent signal.

Similarly, transitions from the valence bandtail (VB-tail)
to the conduction band should give a positive contribution in
photocapacitance due to the removal of one gap state electron;
however, the remaining VB-tail hole will undergo rapid thermal
emission to the valence band where, depending on the hole
mobility, it may leave the depletion region.  If it escapes, the
overall change in photocapacitance will be small. Again, the
transient photocurrent signal will be enhanced.

More accurately, if A electrons and B holes leave the
depletion region during the measurement time window, the total
transient photocurrent signal will roughly be proportional to
A + (1/2)B while the total transient photocapacitance signal will
be proportional to A - B. The coefficient of 1/2 for hole
processes in the transient photocurrent signal is related to the
different spatial sensitivity for majority and minority carrier
emission of the junction photocurrent [11]. (The capacitance
signal has identical spatial sensitivity for both types of
emission.)
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FIG. 4. Comparison of transient photocapacitance and transient junction
photocurrent spectra for (a) 380 K, and (b) 395 K. The two kinds of spectra
have been overlapped in the low optical enekgy regime in each case. The
thin solid lines indicate the results of model calculations obtained using
Model I in Fig. 5. ' '
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FIG. 5. Schematic of two deep defect models used to fit the spectra of
Fig. 4. Possible optical transitions are indicated by wavy lines, fast
thermal transitions are indicated by solid vertical lines, and slower
thermal transitions are indicated by dashed vertical lines. Horizontal
arrows indicate electron and hole transport out of the depletion region
with dashed lines indicating that holes will be partially retrapped be-
fore escape.
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Applying this reasoning we may thus determine from the
ratios of the photocurrent to the photocapacitance at 1.6 eV for
this sample that 67% of the trapped holes are swept out of the
depletion region at 380K while 84% escape at 395K (the
measurement timescale for these spectra was 4 seconds). In
general, all differences between the photocapacitance and
photocurrent spectra displayed in Fig. 4 are attributable to hole
emission and/or transport processes. We see that these processes
have an onset energy of about 0.95 eV for this sample and that
they are strongly temperature dependerft.

5.2 MODELING OF THE EXPERIMENTAL SPECTRA

Following the discussion above, the successful mocdelling of
such experimental spectra will require the incorporation of the
optical transitions of electrons into and out of defect states,
the thermal emission of gap state electrons and holes to the
conduction and valence bands, respectively, plus an assessment of
the ability of a valence band hole to escape the depletion
region.

First, let us discuss the effects of the limited hole mobility in
analyzing our spectra. (We will assume that, due to their much
higher mobility, that electrons emitted optically or thermally to
the conduction band will always escape on our experimental time
scale.) All transitions of electrons from the VB-tail leave
holes which are thermally emitted very rapidly to the valence
band mobility edge. However, before these holes can be swept out
of the depletion region, a significant fraction will be trapped
at deep localized states. The average distance Ly(x) which the
thermally emitted hole will travel before it gets trapped is

Ly(x) = (ur)y, E(x) (5)

where x is the distance of the photoexcited hole measured from
the junction interface and E(x) is the electric field at x. Note
that Eqg. (5) is an approximation in that it assumes that each
hole travels under a constant electric field during ty and is
thus strictly valid only in the low mobility limit. A ghermally
emitted hole can escape from the depletion region only if
Lg(x) > x. Because an increase of temperature will generally
increase both E(x) (due to fewer trapped electrons) as well as
(#r)y,, the number of holes which can escape will be increased.
Consequently, the valence bandtail photocapacitance signal will
decrease relative to the photocurrent signal as observed.

Next, we must consider the possible transitions from deep
states. A schematic representation of these kinds of transitions
is given in Fig. 5. Here we display two possible models for deep
states in undoped a-Si:H. In both models we have assumed that
the only defect in the gap is a "dangling bond" (D) with a
positive correlation energy. We employ a Gaussian shaped defect
band of D gap states whose absolute magnitude 1is derived from
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drive-level measurements, and whose energy position and width are
estimated by directly fitting the shapes of the transient
photocurrent and photocapacitance spectra as described below.
The Fermi 1level position is determined from capacitance vs.
temperature and drive level measurements.

In model I we assume that the charge state of the dangling
bond defect is neutral (D°) in equilibrium. We therefore
consider the optical deep defect transitions D° —> Dt + e, plus
D° —> D~ + h together with the thermal transition Dt —> D° + h.
The thermal emission rate is an adjustable parameter. Since the
position of the D~ band lies above the Fermi level, the optical
transition D° —> D~ + h is always followed by the thermal
transition D” —> D°® + e with an emission time much shorter than
our measurement time.  The optical transition D° —> D™ + h
therefore primarily enhances the transient photocurrent signal
and contributes to the transient photocapacitance at a
significantly reduced level.

In model II the charge state of the dangling bond defect in
equilibrium is assumed to be negative (D7). Thus in this case we
consider the optical transition D~ —> D° + e, and the thermal
transition D° —> D™ + h again with an adjustable thermal
emission rate. Note that there is no transition in model 1II
similar to the optical transition D° —> D™ + h of model 1I.
Finally, for both models we assume that the photoexcited hole for
valence band optical transitions is thermally emitted to the
valence band very fast compared to the measurement time scale so
that the transient photocapacitance signal observed for such
transitions depends only on Lj(x). : ‘

The exponentially increasing portions  of both the
photocurrent and photocapacitance spectra (the valence bandtail
region of g(E)) yield the same characteristic energy, E4y, within
the experimental uncertainty (E, = 42 + 2 meV). From the
difference in magnitude between phogocurrent~and photocapacitance
in this gnarqy r%Pge we find a (pr)pNq value foi holes equal to
4.8 x 10% cm™t v™1 at 380K and 7.0 x 10° cm™! v™1 at 395K. Here
Ny is the total density of D defects as determined from drive-
level measurements [8]. These values are in good agreement with
earlier studies[12] and indicate a weakly temperature dependent
hole capture process. :

The energy regime of the spectra below 1.5 eV are attributed
to optical electron and hole transitions on dangling bond
defects. We extract the component that corresponds to electron
transitions (see earlier discussion) and deconvolve this signal
assuming a square root energy dependence of the conduction band
density of states for E > E, and a single Gaussian deep defect
band. A best fit places its energy position at 0.95 eV below E
with a i%}gmgﬁs(eqsfgy width) of 0.14 eV and a magnitude o%
1.1 x 10 cm ev -,
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We identify the difference between photocurrent and
photocapacitance in the energy range between 1.1 and 1.5 eV as
due to the thermal transition DT —> D°® + h (in model I) or
D° —> D™ + h (in model II). In these cases the hole thermal
emission rate depends on the energy difference, as measured from
the valence band mobility edge, of the hole left behind by the
optical transition D° —> D™ + e in model I, or D —> D°® + e in
model II, respectively (see Fig. 5). Thus a photoexcited hole
which is 1left closer to the valence band will be thermally
emitted much faster than a photoexcited hole which lies closer to
the middle of the gap. This simple principle naturally accounts
for the observed strong temperature dependence of the deviation
between the photocurrent and photocapacitance spectra as
displayed Figs. 4a and 4b. We thus determine that the thermal
emigsion_fate prefactor the deep hole ﬁllnission in either model is
10 sec assuming a thermal gap E,~" = 2.0 eV at 380K. This
gap value is larger by 0.3 eV than tHe optical gap, E.°P%, whicla.
we determine be 1.67 eV at this temperature. The valde of E_°P
is obtained in our analysis from the energy difference betWeen
the cgi;ducj:;%on gixd valence bands at the density of states value
of 10 cm eV +. (A more traditional "Tauc" ﬁptical is likely
to be larger [13].) . Note that the value of E. D determined here
is very close to the thermal gap values de%ermined from DLTS
[14]. :

We display final fits based on model I in Fig. 4 (solid
lines). This model does, in fact, offer a somewhat better fit
than is possible using model II. On the other hand, we note that
the energy of 0.95 + 0.03 eV determined for this undoped sample
for the electronic optical transition from the defect is very
close to the average value of E, - 0.92 eV for the dominant deep
defect which we have determined in our studies of n-type doped
films{9]. In that case we can unambiguously identify that defect
transition as DT —> D° + e [15]. An alternative argument for
nonetheless identifying the midgap transition in undoped a-Si:H
to D°/D+ has been proposed by Kocka et. al.[16].

5.3 STUDIES OF METASTABLE EFFECTS

In Fig. 6 we display transient photocurrent and
photocapacitance spectra for sample 4 in the fully dark annealed
state (state A) and a metastable state reached by annealing at
410K for 15 minutes following 1light soaking. We observe an
increase of the defects in the partially annealed state by a
factor of 3.3 compared to state A, in agreement with our earlier
studies([8]. We analyze these spectra as before; we find the
energy position and width' of the defect optical transition are
E, - 0.9 6eV 3nd~__ol.13 eV, respectively, wit'i% a gnagnif:ude of
1.6 x 10*° cm ° eV + in state A and 5.25 x 10*-° cm™” eV™+ in the
partially annealed light-soaked state. The optical gap value at
380 is 1.78 eV. For (pr)yN we obta}n 4.35 x 10° ecm~?
ev™l 4+ 20% in state A and 1.705 x 10% cm™! ev™l + 20% in the
partially annealed state. The difference in the two values
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indicates that (ur), decreases as we approach the fully 1light
soaked state. The most plausible explanation for such a result.
is that the 1light-induced metastable defects have a larger
capture cross-section (by a factor of 3.3) than the intrinsic
defects.

6.0 STUDIES OF METASTABLE EFFECTS IN N-TYPE DOPED FILMS
6.1 DRIVE-LEVEL STUDIES OF METASTABLE EFFECTS

In Fig. 7 we present drive-level profiles, for a series
of measurements for the last several anneals o? a sedquence of
metastable states between the light soaked state B and state A.
As explained in Section 3.1, each of these curves represents a
spatially averaged integral over g(E) as a function of (thermal)
energy below the neutral bulk Fermi energy (see Egq. 2). For each
of these metastable states E is well within the conduction band
tail. The relatively flat dependence of Np;, between 200K and
300K indicates that g(E) has a relatively low magnitude over the
energy range between 0.3 and 0.6 eV below E.. Thus we may take
the value NDL at, say, 240K (E, = 0.4 eV) as representative the
occupied density of conduction bandtall states, Npq, for each of
the metastable states in this sample.

We may determine the approximate position of EFO for each
metastable state from the activation energy of conductivity
which, as described previously, we obtain quite reliably for
these sandwich geometry samples from capacitance-temperature
measurements at a series of measurement frequencies [14]. Thus
we plot in Fig. 8 the number of occupied bandtail states relative
to state A, Npp, ¥s. the bulk Fermi level position for the final

sequence of anneals for each of our 3 doped samples. As
expected, the density of occupied conduction bandtail states
increases as Ep° moves to shallower energies. The only

exceptions sometime occur for the final high temperature state A
anneal (see behavior for samples 2n and 3n in Fig. 8). However,
because the 473K annealing temperature employed for this final
anneal occurs above the re-equilibration temperature at which
defect energies may be redistributed [17], this sort of anomaly
is not entirely unexpected. Rather, we wish to focus on the fact
that Npp increases significantly for each of the anneals for all
samples up to the final anneal employed.

At higher temperatures the drive level profiles give us
information about the distribution of the deeper states.
However, except as an aid for setting the absolute magnitude of
g(E) 4in this region, we prefer to obtain the deep defect
densities from the photccapac1tance spectra discussed in the next
section. Those data not only give g(E) over a wider energy range
but are also free of anomalies such as quasi~Fermi level cutoffs
and "area spreading” [18] which often make these drive=level
spectra difficult to interpret at higher temperatures for such
relatively high conductivity samples.
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6.2 TRANSIENT PHOTOCAPACITANCE STUDIES

Transient photocapacitance spectra for the 30 vppm PH, doped
sample are displayed in Fig. 9 for state A, state Bl (380K
anneal), and state B2 (410K anneal). To compare these spectra we
have overlapped them in the VB-tail region as is customary.
These spectra indeed indicate significant changes in the deep
defect region of the spectra as this samples is annealed. First,
in the anneal between states Bl and B2 the dangling bond signal
decreases by an amount which is independent of the optical
energy, thus indicating a decrease of the density but not the
energy distribution of the midgap defect level. However, in the
anneal to state A, the shape of the photocapacitance spectrum in
the defect region also changes significantly and indicates the
part of the defect near midgap anneals faster than that near the
valence bandtail. Similar but less pronounced asymmetries are
also observed for the 100 vppm PH5 sample, while for the most
heavily doped sample there is no such detectable behavior.

Similarly to Fig. 8, in Fig. 10 we plot the change in
density of dangling bond defects, Np, for the full sequence of
partial anneals for each sample ys. the position of the bulk
Fermi energy. This has been accomplished by choosing the value
of the photocapacitance signal at 1.2 eV which is essentially
proportional to the integral over the deep states between
Eo - 0.6 eV and E, - 1.2 eV. The absolute magnitudes of the deep
defect densities are obtained by calibrating them against the
drive~level profiles at higher temperatures. As would be
expected, this defect density is <observed to decrease
monotonically as the sample is annealed. However, we observe
that it decreases significantly only for the earlier anneals and
then remains essentially constant for anneals higher than 430K.
This is to be contrasted with the annealing behavior of the
occupied bandtail states displayed in Fig. 8 which shows a
significant changes up to the highest anneal temperatures.

6.3 DISCUSSION OF RESULTS

We shall discuss the above results on n-type doped films in
terms of various possible metastable defect models which have
been proposed over recent years. 1In the case of undoped a-Si:H
samples, the most popular model explains the observed behavior by
proposing that the recombination of photoinduced carriers breaks
weak Si-Si bonds and creates dangling bonds [1,2]. For n-type
doped films, due to the presence of the conduction bandtail
electrons, this reaction becomes:

27 + 281,° —> 28i,” (i)
Here Si3" represents a negatively charged dangling bond and Si4°

represents a 4-fold coordinated Si atom in its bonding state.
The experimental signature of this reaction would be a shift of
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Ep, with a concomitant change in Npq, in direct proportion to the
cgange in Np.

Additional reaction involve dopant atoms directly. Two
reactions which have been suggested are:

Si,° + P3° —> 8i3° + p,* (ii)

s [o] ¢
Si5 + P, —> 8i,

T+ P4° (iii)
both of which require either the annihilation or the creation of
a dangling bond defect [8,19]. In these latter two reactions P

represents a phosphorous atom in a non-doping configuration an
P, represents a phosphorous atom in a doping configuration.

The likely signature of reaction (ii) would be an observed
change in Np with 1little or no shift in Egp (Ep would remain
pinned between the D~ and P4'l~ defect bandsj. Reaction (iii)
would, 1like reaction (i), cause a change in bandtail occupation
equal to the corresponding change of N (in this case these
conduction bandtail states include the P, donor band).

Our experimental results as presented in Figs. 8 and 10 give
us the kind of detailed information by which we should be able to
identify which of the above defect reactions is dominant. We
observe that as we approach state A the general trend in all
three samples is, indeed, the decrease of the photoinduced D~
states and the increase of the occupied bandtail states. Note
that we can shift Ep to energies deeper than 0.8 eV below E, in
the lightly doped film, but that this Ep shift decreases with
doping. We also note that the number of photoinduced D~ states
also appear to scale with the doping level as previously observed
[20]. Most importantly, we observe that in the lowest doped
sample the light induced changes of the D~ states annealed at
significantly lower temperatures than the changes in the bandtail
occupation. This effect is less pronounced for sample 2 and non-
existent for sample 3. This behavior cannot be explained by any
of the three reactions given above. Although reaction (i) can
explain the Ep shift, it also requires a correlation between
changes in bandtail and D~ states. Reaction (ii) cannot explain
- the Ey motion and the increase in the bandtail signal, while
reaction (iii) again predicts photoinduced changes completely
opposite from the ones observed. If a combination of (i) and
(ii) were at work [19] then we would expect an increase of the
bandtail signal and an even stronger decrease in the D~ signal as
state A is approached, which is not observed.

Thus we infer the existence of a defect reaction in the
lower doped film which can change the doping configuration of
phosphorous independent of changes in the D~ density. This
conclusion is similar to that previously drawn by DLTS studies
(18]. As the doping level is increased, we mnight well expect
reaction (ii) to become dominant. In such a case we should see a
small Ep shift, a Np signal decreasing with anneal temperature
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and small changes in the bandtail state occupation. Sample 3
appears to indeed exhibit such a behavior.

Our results therefore strongly suggest that different
reactions are dominating the photoinduced changes at different
phosphorous doping levels. We wish to stress that these
conclusions are obtained only because we have carefully monitored
the changes in both the D~ and the occupied bandtail states for a
sequence of metastable states from full light saturation to state
A. We know of no other study which has investigated metastable
behavior in n-type a-Si:H in this manner of detail.

7.0 GENERAL DISCUSSION
7.1 SUMMARY OF RESULTS OBTAINED

In this Subcontract period, as described above, we have
developed and exploited 2 types of junction capacitance methods
for the study of metastable effects in a-Si:H films. First of
all, we have continued our investigation of light-induced effects
in undoped samples using the drive-level capacitance profiling
method. In addition to extending these studies to two new
"totally phosphorous free" samples, we also began to better
exploit the profiling aspect of this technique by comparing the
spatial dependence of the metastable deep state distribution with
the SIMS determined impurity profiles for these samples. Such
studies appear to confirm our earlier conclusions that there
exists a strong correlation between the impurity content in
a-Si:H films with the degree of the 1light-induced defect
creation, particularly in the case of carbon impurities.

Second, we developed the method =~ of transient
photocapacitance spectroscopy to the study of undoped films. We
found that, by comparing such spectra to junction transient
photocurrent spectra taken under identical conditions, we could
unambiguously separate the electron and emission transition from
deep gap states. Our analysis also allowed us to determine the
hole pur products. Moreover, by comparing films before and after
light soaking we found that the (#r), product was larger for the
light-induced defects than for the 1ntr1n51c defects, by roughly
a factor of 3.

Finally, we applied both the drive-level capacitance
profiling method and the transient photocapacitance method to the
study of metastable effects in n-type doped samples. These
studies were intended to help identify which of various proposed
defect reactions mlght be responsible for the observed changes
with regard to Fermi level position, occupied bandtail states,
and density of deep "dangling bond" defects. Our results
indicated that none of the suggested reaction could explain the
behavior of the most 1lightly doped samples and indicated,
instead, that there exists a reaction involving dopant vs. non-
doping configurations of P by itself. On the other hand, in the
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more heavily doped (300 vppm PH 3) samples, the behavior seemed to
indicate S a dominant «role for the reaction Sl4° + P3 _—
siz° + p,*.

7.2 FUTURE RESEARCH DIRECTIONS

The results obtained during this Subcontract period raise
significant questions regarding mechanisms for light-induced
defect creation in a-Si:H. Many of these are important areas for
further research. First of all, the compelling evidence for a
strong extrinsic component in the instability in undoped films
needs to examined further to establish the minimum atmospheric
impurity levels which can affect stability.

Second, it would be quite valuable to try to establish a
correlation between growth method (photo-CVD, H, dilution during
growth, etc.) and the degree of stability in a-Si:H films. The
two techniques we have described above, drive-level capacitance
profiling and transient photocapacitance would be quite well
suited to this purpose since they seem to give a quite complete
picture of the kinds of changes that are taking place.

Third, similar sorts of studies should be carried out on
amorphous semiconductor ' 'alloy films. The development of
amorphous silicon/germanium alloys has been very important in
efforts to fabricate tandem solar cells to improve solar cell
efficiencies. Beginning with fairly dilute Ge alloys, one could
carry out the same kinds of studies as with the pure a-Si:H films
to discern whether there are particular kinds of instability
effects peculiar to this alloy system. Depending on the ability
to fabricate good diode barrier junctions on these materials,
such studies could hopefully be used to investigate the full
alloy system.

Finally, the fundamental issues concerning the microscopic
mechanisms of metastable effects in a-Si:H are still not well
resolved. Of particular interest would be to extend many of the
above kinds of studies to other kinds of metastable states of
this material, including those obtained by dquench cooling [17]
and bias annealing [21]. Because all of these effects do,
indeed, seem to be related, some very valuable insight is likely
to be obtained by such comparisons. Although a substantial
amount of evidence has now been obtained implicating hydrogen
motion in these effects [22], alternative models continue to be
proposed which seem to explain some aspects of these metastable
behaviors. Clear experimental evidence to distinguish between
these possible models must continue to be sought. We believe,
that our junction capacitance based studies have an excellent
chance to give a more complete picture of what lies behind these
effects.
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