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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. At the start of this sub-contract the plasma assisted chemical vapor
deposition (PECVD) system was up-graded to a three-chamber system capable of making state-
of-the-art films and devices. This PECVD system has been making state-of-the-art films and p-
i-n devices of moderate efficiency. Alloys with concentrations of group VI elements, such as
sulfur [see publications 1-5] or selenium [see publications 6, 7], have been found to exhibit very
inefficient, n-type doping. The photoluminescence (PL) spectra and photoluminescence
excitation (PLE) spectra in a-Si:H alloyed with Se have been investigated [see publication §].

A second task is the characterization of a-Si:H and related alloys and devices. We have
used photoconductivity (PC) [see publication 9] and PL excitation spectroscopy (PLE) to probe
defects which produce absorption below the gap in a-Si:H [see publication 10]. We have also
used ESR [publications 11-13] and spin-dependent photo-induced absorption (PADMR) [see
publication 14] to study defects in a-Si:H and related alloys. Second harmonic detection of
optically induced ESR (LESR) has been employed to measure the universal decays of band-tail
electrons and holes in a-Si:H [see publications 15 through 18]. LESR has been observed in a-
Ge:H alloys [see publications 19 and 20]. Investigations of the production of silicon dangling
bonds in a-Si:H at low temperatures have been performed [see publications 16 and 21]. In
addition, the role of molecular hydrogen (H;) has been investigated in samples of a-Si:H grown
by the plasma enhanced chemical vapor deposition (PECVD) and hot wire CVD (HWCVD)



techniques [publications 22 through 25]. Finally, PL from Er*" in partially crystalline a-Si:H has
been measured [publications 26, 27], and the topography of microcrystalline Si:H samples has
been observed in films made by MVSystems [publication 28]. A review of some of the earlier
work performed under this sub-contract is also available [publication 29].

The most significant results of the three phases of the sub-contract are (1) the
development of a second harmonic detection technique for ESR and optically excited ESR
(LESR) in a-Si:H and related alloys, (2) the discovery of universal kinetics for the decay of
optically excited electrons and holes in a-Si:H and related alloys at low temperatures, (3) the first
detection of optically excited band tail electrons and holes in hydrogenated amorphous
germanium (a-Ge:H), (4) the first electron spin resonance (ESR) study of the kinetics for the
production of silicon dangling bonds in a-Si:H at low temperatures, and (5) the determination
from 'H NMR that there exists an order of magnitude more molecular hydrogen (H,) in a-Si:H
than previously measured.



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 AHy, of about 7.5 G. This spectrum is
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 AH,,, = 20 G and a narrow line at g =
2.004 with AH,, = 6 G. The broad line has been assigned to holes trapped in the valence-band
tail and the narrow line to electrons trapped in the conduction-band tail. Prior to our recent
results [1] 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
pW)., 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 [1].

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 thick
enough so that the ESR is not dominated by spins at surface states.
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Fig 1. (a) LESR spectrum measured by second harmonic detection with 20 mW microwave power; (b) Integral of a
first harmonic spectrum measured with 2uW microwave power. The smooth lines are fits with Gaussian
distributions. Both spectra were measured at 40 K with 12 mW/cm2 excitation intensity.



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 [2].
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Fig. 2 LESR intensity versus microwave power (P). The first-harmonic data
were measured using peak-topeak heights of the derivative spectra and the
second-harmonic data were measured using peak heights of the absorption
spectra from the base line.

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.
la. 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
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 [3].

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 [4] 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
[3, 5, 6,7]. 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 must 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 light
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

NS Ns NS
Sample | Thickness (as deposited) (annealed) (light soaked) Remarks
No. (um) (cm™) (cm™) (cm™)
LJ69 1.8 1.9 + 0.5 x 10" No dilution
LJ70 1.35 1.7+05%x102 | 1.7+05%x102 | 1.0+ 0.1 x 10" | No dilution
LJ71 0.85 1.1+0.5x%10"7 No dilution
LJ82 0.85 42 +05%x10% |424+05%x10% |92 +0.5x10"” |H,dilution

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 x
10" ¢cm™, and the bulk spin density as deposited is 1.0 + 0.5 x 10'® cm™. The two samples that
were light-soaked were annealed at 180 ° 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 x 10'° cm™ and 1.1 x 10"” cm™ for the as-deposited
and light-soaked states, respectively.

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 ALLOYS

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.[8] found a persistent photoconductivity (PPC)
in a-SiSx:H films, whose effect on both the conductivity and photoconductivity is opposite 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-SiSx:H and a-
SiSex:H [9]. A similar phenomenon has also been observed in compensated a-Si:H samples
doped with phosphine and diborane [10]. Although a model based on optically-induced
activation of sulfur donors during light-soaking has been proposed [11], 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 [12]. 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 [13]. Second, the significant concentration of hydrogen in
the materials may passivate the donors that are at substitutional sites.

Under the sub-contract we have measured the kinetics of generation and annealing of
light-induced defects in a-SiSy:H films and in undoped a-Si:H films. The defect density was
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 feature
labeled E’ 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 x 10'®
cm’. The g value of 2.0055 and the width of 7 to 8 G confirm that the dark ESR spectrum comes
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 previously [14], and at the same time the LESR spin density increases
[14]. 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-SiSey:H are broader than those of
a-SiSx:H by a factor of 2 to 3. This increase in width from S to Se is expected if the width is 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. 3. ESR and LESR spectra of a-SiS,:H. The LESR spectra [(a) and (b)] were measured at 40
K with 8 uW 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 pW of microwave power for the sample
with 0.6 at. % of sulfur.
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Fig. 4. Kinetics of light-induced defect generation for undoped a-Si:H and a-SiS;:H (x = 6 x 107).
The smooth lines are fits to the experimental data (symbols) with Eq. (1) with the parameters: N,
=12x 10" cm™, Ng=9 x 10" cm™, 1g =8 x 10* s and f=0.38 for a-SiS,:H (x = 6 x 10™); N=
1.5 % 10" em™; Ng=2.5 x 10" em™, 1, = 8 x 10° s and B = 0.45 for a-Si:H



The generation kinetics of light-induced silicon dangling bonds in an a-SiSx:H film (0.6
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 [15],

B

t
N()=NgANg—N,)exp| 4 — )

where, Ny is the saturated value, N, the initial value, 7, the inducing time and 3 the dispersion
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, the
dispersion coefficient,  is smaller for a-SiSy:H than for undoped a-Si:H. Correspondingly, the

approximate slope in the region of steepest ascent on a log-log plot (y in Fig. 2) 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 x 10”). The
smooth lines are fits to the experimental data with Egs. (2) through (4) with the parameters: E, =
1.035eV, W=0.12 eV for a-SiS,:H (x = 6 x 10‘3); Ey,=1.10eV, W=0.10 eV for a-Si:H.

Figure 5 shows the annealing kinetics of light-induced defects at 120°C. Clearly the
light-induced defects are more easily annealed away in a-SiSy:H than in a-Si:H. Based on the
defect model of Hata and Wagner [16], there is a distribution of annealing activation energies
(Ea). The defects with lower E, anneal first, and the ones with higher £, live longer. If the
distribution of E, is a Gaussian distribution, then

N'S (Ea_EO )2

N(Ea)=WeXP oz | . @



where N % is the initial value of the light-induced defects, £ the center and W the width of the
distribution. The light-induced defect density remaining after annealing at a temperature 7 for a
time 7 s

{

N(r) = j:N(Ea)ex BT E, 5

E
T(Ea,T)zroex k; ’ @

The solid lines in Fig. 5 are the calculations using Egs. (2) through (4). The parameters for the
best fits to the experimental data are £y = 1.035 eV, W=0.12 eV for a-SiSx:H (x = 0.6 at. %) and
Ey=1.10eV, W=0.10 eV for a-Si:H. Although the difference between the most probable
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 E,
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.
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-SiSy:H than in a-Si:H. Some recent studies show there are
macroscopic changes occurring during light-soaking and annealing [17]. The low annealing
activation energy in a-SiSy:H may indicate that the network in this material is more flexible than
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.

10
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Fig. 6. Distribution of annealing activation energies with varied
annealing times for (a) undoped a-Si:H and (b) a-SiSy:H (x = 6 x 107).

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-SiSex:H) suggests that the LESR signal may
result 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.

11



4. OPTICALLY INDUCED ELECTRON SPIN RESONANCE IN a-Ge:H

Paramagnetic centers in amorphous silicon and germanium thin films were first identified
by Brodsky and Title in 1969 by electron spin resonance (ESR) measurements [18]. The strength
of the ESR signal is proportional to the number of paramagnetic centers, providing a powerful
tool to probe the microstructure of these materials. The dominant ESR centers in hydrogenated
amorphous silicon (a-Si:H) and hydrogenated amorphous germanium (a-Ge:H) are attributed,
respectively to unpaired electrons at neutral silicon or germanium dangling bonds in the bulk of
the films. Two additional paramagnetic centers have also been identified in phosphorous- and
boron-doped a-Si:H [19,20] and a-Ge:H [21], and ascribed to localized electrons and holes in the
conduction- and valence-band tails, respectively. Similar lines have been detected in a-Si:H by
light-induced electron spin resonance (LESR)[19,20]. In spite of a number of attempts over the
last 20 years [22,23], no similar LESR has been detected in a-Ge:H. In the last two quarters we
have observed LESR in a-Ge:H, and we attribute the signals to holes and electrons trapped in the
valence- and conduction-band tails, respectively. The observation of LESR in a-Ge:H allows the
recombination kinetics and doping mechanisms in this amorphous semiconductor to be
compared with those observed in a-Si:H and therefore allows potentially universal features to be
identified.

The LESR derivative spectrum, as shown in Fig. 7a, resembles those obtained for a-Si:H
[20] and is apparently also composed of two components, one narrow and one broad. In a-Si:H
the narrow line, which peaks at higher field, has been attributed to electrons trapped in
conduction band-tail states, while the broad line has been ascribed to holes in valence band-tail
states. The LESR spectrum of Fig. 7a was fit assuming two paramagnetic sites. Because of
limited information, the LESR powder-pattern lineshapes were calculated assuming the same
anisotropy in the g-tensor as that which fits the dark ESR response due to Ge dangling bonds.
The width introduced by the anisotropy is consistent with that expected by scaling the upper
bounds for the anisotropy in the dark ESR and LESR observed in a-Si:H by the ratios of the spin-
orbit coupling constants for Si and Ge (Age=0.138 ¢V and A5;=0.019 eV [24]). This procedure
amounts to assuming that the dangling bond, the electron trapped in a conduction-band-tail state,
and the hole trapped in a valence-band-tail state are electronically similar for a-Si:H [25] and a-
Ge:H. The two new LESR lines observed in a-Ge:H after light excitation are: 1) a broad
resonance with a peak-to-peak width of ~60 gauss centered near g=2.03 and, 2) a narrow
resonance with a width ~26 gauss centered at g=2.01. The two LESR lines saturate at different
microwave power levels, which is an indication that they are due to two different ESR centers. In
particular, the narrow line saturates at higher microwave power, which is different from the
behavior observed previously in a-Si:H [26]

From the results of the computer simulation we find that the ratio between the density of
paramagnetic spins due to holes and electrons, C,/C,, is about 1 + 0.3. In a-Si:H this ratio
depends on a number of conditions and is typically in the range 2 to 5 [25,26]. The origin of the
deviation from a one-to-one ratio between the lines attributed to holes and electrons in a-Si:H has
been a matter of some debate. This deviation has been attributed to spin pairing, to a change in
the ratio of charged to neutral defect densities [26], or to certain artifacts of the ESR
measurement technique [25]. In a-Ge:H it appears that none of these mechanisms is important.

12
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Fig. 7. (a) Light induced electron spin resonance of a-Ge:H, obtained by subtracting the
signal in the dark from that under light excitation. (b) Fit to the experimental spectrum
using two ESR centers.

Due to the high density of dangling bonds in the a-Ge:H (~2x10'” cm™ in the sample used in this
study) compared to the density of the optically excited electrons and holes (~2x10'° cm™), a
small positive (or negative) LESR of the dangling bonds would cause a dramatic change in the
hole-to-electron ratio. In a-Si:H the ratio between the LESR and dark ESR due to silicon
dangling bonds is usually much greater than unity. Since C,/C, is near unity one can conclude
that spin pairing and changes in the densities of neutral or charged defects are not important for
the interpretation of the LESR in a-Ge:H. These results may prove useful for understanding the
origin of the deviation in a-Si:H.

Information concerning the kinetics of the photo-generated carriers can be obtained
through an analysis of the time dependence of the LESR. In Fig. 8 we show generation and
decay curves of the LESR centered at 3400 gauss in a-Ge:H. At this magnetic field the LESR is
mainly attributed to electrons in the conduction-band tail. As also occurs in a-Si:H, some photo-
generated carriers are still present about 30 minutes after the light is turned off. The generation
and decay of the broad line (measured at a fixed field of 3300 gauss, and attributed to holes),
follow the same time dependencies as the generation and decay of the narrow line. A ratio of ~1
was obtained between both lines as a function of time. The solid curves in Fig. 8 are fits
assuming a dispersive model for deeply trapped carriers. Details of the kinetic model, which was
developed for a-Si:H, are available elsewhere [25,27]. In this model the recombination is
assumed to be bimolecular. In a-Ge:H a dispersive parameter 3 ~ 0.5 was found for both
generation and decay. Similar results were obtained for a-Si:H [25].
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There are several reasons why LESR had not been observed in a-Ge:H after more than
two decades of investigation. The main reason is the fairly large number of germanium dangling
bonds, which normally lies in the 10" to 10?° cm™ range, and masks the observation of any
LESR. For instance, even for the relatively high quality a-Ge:H studied here, with ~2x10"" cm™
dangling bonds, the density of photo-excited carriers is about one order of magnitude smaller,
~2x10"® cm™. Second, the line width W is very large, due to the large spin-orbit coupling
constant of germanium. Since the
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Fig. 8. Generation and decay of the LESR signal at 3400 gauss. At this magnetic field the signal is
attributed mainly to electrons trapped in conduction-band tail. The data are averaged over four
independent measurements, each performed without previous exposure to light.

intensity of the derivative signal goes approximately as W, the signal is strongly reduced. For
example, the measured peak intensity of the electron derivative line in a-Ge:H is roughly reduced
to (WGe/WSi)'2 ~ 10% of that of a-Si:H, for the same number of excited spins. Third, the LESR
signal depends only weakly on the light intensity, N o I>?7 . The power was varied by more than
four orders of magnitude, while the LESR intensity varied only by about one order of magnitude.
Thus, using high power is not of much help for measuring LESR in a-Ge:H. Fourth, the
absorption coefficient of a-Ge:H at ~2.0 eV, where most previous experiments were performed,
is roughly one order of magnitude higher than the absorption coefficient near the band gap (Eo4
~1.2 eV, Etac ~1.1€V). The use of photon energies near the band gap allows the excitation of
carriers throughout the bulk of the film. This condition was achieved using a Nd:YAG laser
(1.17 eV).

The growth of the LESR signal is the result of the trapping of carriers in the band tail
states when the film is under light exposure. This process takes a relatively long time, of the
order of minutes, depending on the light intensity, as displayed in Fig. 9. The higher the laser
power the faster the increase of the LESR signal and the higher the final steady state density of
trapped electrons and holes. The solid line in Fig. 9 represents a fit using the phenomenological
model developed by Yan et al. [25]
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Figure 10. Characteristic time constant for growth of LESR as a function of laser power in a-
Ge:H at 25 K. The solid line is a linear regression fit to the data.
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considering dispersive recombination of the electrons and holes through distant pair
recombination. The characteristic time constant for the growth, obtained by that model, is
displayed in Fig. 10. The data show that the time constant follows a power law function with an
exponent of 0.65 over a range of about 5 orders of magnitude.

Figure 11 displays the saturated density of trapped electrons and holes as a function of
the light intensity [See Fig. 9]. This figure shows that the final LESR has two regions of
dependence on the light intensity. At high light intensity the LESR follows a power law function
with an exponent of 0.17.

The solid curves in Fig. 9 are fits assuming a dispersive model (developed for a-Si:H
[25]) for deeply trapped carriers. In this model the recombination is assumed to be bimolecular.
A dispersive parameter 3 ~ 0.5 £ 0.2 was obtained for the majority of the curves in Fig. 9 as well
as for all other curves measured with laser power in the 10° W to 10 W range. These results
suggest a bimolecular recombination process for the photo-generated paramagnetic carriers over
the range of laser powers displayed in Figures 9 to 11, which comprise about 5 orders of
magnitude.

Figure 10 shows that the characteristic time constant, which is related to the
recombination lifetime, is proportional to G *%. Using computer simulations, Levin et al. [28]
found that the mean radiative lifetimes are proportional to G***, which is very close to the
results shown in Fig. 10. Yan et al. [27] also reported time constants proportional to G°7, in
high quality PECVD a-Si:H, which is also very close to our result as well as to the predicted
value proposed by Levin et al. [28].
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As shown in Fig. 11, the saturated spin densities for high light intensities are proportional
to G’, where y ~ 0.17. The range of light intensities employed is approximately three orders of
magnitude. Boulitrop and Dunstan [29] reported y values for a-Si:H in the range of 0.17 to 0.29
depending on the temperature and on the sample. More recently, Yan et al.[27] also found a
value of y for a-Si:H of 0.24 using a second-harmonic technique for the detection of the ESR.
All these experimental results for a-Ge:H and a-Si:H films are very close to that theoretically
found by Levin et. al. [28], who predicted a power law dependence with y ~ 0.16 due to
bimolecular recombination of the photo-generated carriers in amorphous semiconductors. This
model considers the probability functions for both geminate and distant-pair recombination
processes as a function of time and light intensity. Our results for a-Ge:H, as well as the data
reported for a-Si:H, can be explained by this model in which bimolecular recombination
dominates over the range of generation rates covered in these investigations.

The light intensity dependence of the saturated spin density, as shown in Fig. 11, is
different for low light intensities (laser power smaller than ~10~ W). A similar behavior has also
been observed in a-Si:H by Yan et al. [25] and attributed to the long times necessary to achieve
saturation at low light intensities. These authors observed that the saturated spin densities in a-
Si:H may take hours or days to reach the equilibrium values at low light excitation. However,
the behavior in a-Ge:H is different. As shown in the inset to Fig. 11, the saturated LESR signal
for a laser power of 6.8 x 10° W is smaller than the expected value. [See the arrow on the inset
or the extrapolated line of the G*!” curve on the main figure.] We observe no tendency of the
LESR to increase after 5 hours of measurement, which is a time long enough to disclose any
tendency for saturation at this particular laser power. Thus, there must be other reasons for this
change in the light intensity dependence for the saturated spin density in a-Ge:H. Additional
investigation is required to clarify this issue.
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S. LOW TEMPERATURE KINETICS OF BAND-TAIL CARRIERS AND SILICON
DANGLING BONDS

The most common metastability in the electronic properties of hydrogenated amorphous
silicon (a-Si:H) is the Staebler-Wronski (S-W) effect [30], which is a decrease in both the photo-
and dark conductivities after excitation with light of energy close to the optical bandgap. Most
models that attempt to explain this effect attribute the decreases in conductivity to a metastable
increase in the density of silicon dangling bonds. For this reason it is important to understand the
kinetics for the production of silicon dangling bonds. Photoconductivity experiments [31,32]
have recently shown that the S-W effect is only weakly dependent on temperature between 4 K
and 300 K. To explain this very weak temperature dependence a photo-enhanced diffusion
process for hydrogen in a-Si:H has been proposed [33]. In the first two quarters of Phase Il we
have shown that the production of silicon dangling bonds, as measured by electron spin
resonance (ESR), is much less efficient at 65 K than at 300 K and that the ESR measurements
below about 100 K are complicated by the presence of long-lived, optically excited carriers
trapped in localized band-tail states. At temperatures below about 100 K, previous
measurements have shown that the lifetimes of optically excited carriers vary by several orders
of magnitude [34,35]. Some carriers recombine rapidly (<1ms) [34], however, a subset of
photoexcited carriers can have lifetimes in excess of several hours [35]. Some of these long-lived
carriers can be induced to recombine (i.e., the densities can be bleached) by irradiation of the
sample with low energy, infrared light. Presumably, the infrared light re-excites the trapped
band-tail carriers into extended states, and therefore this light promotes diffusion and
recombination of electrons and holes. This infrared bleaching or quenching mechanism is
inferred from infrared light induced changes in photoluminescence (PL) [36], light induced ESR
(LESR) [36], and photoconductivity (PC) [31,37,38]. However, although infrared quenching is
known and has been frequently applied, little is known about its effectiveness in removing all
long-lived, band-tail carriers as measured by LESR. Such measurements are crucial because the
long-lived carrier densities can easily exceed the density of the silicon dangling bonds [39,40]. It
is very difficult to distinguish the dangling bonds from the long-lived electrons trapped in
conduction band-tail states by ESR measurements. The ESR response attributed to dangling
bonds occurs at a g-value of approximately 2.0055, while the signals attributed to long-lived
band-tail electrons and holes occur at g-values of approximately 2.004 and 2.01, respectively.
Since the line widths for all three resonances are several Gauss, it is difficult to resolve these
three resonances, especially the signals due to dangling bonds and band-tail electrons.

We first examine the kinetics and efficiency of infrared bleaching of long-lived
photoexcited carriers. We set the magnetic field to the resonance field (approximately 3390 G)
and monitored the peak of the resonance over time. The sample was cooled down in the dark.
At t =0 the ESR signal is solely due to the dark spin density and the concentration of long-lived,
photoexcited carriers is zero, as shown in Fig. 12. First, we illuminate the sample for
approximately 20 minutes with low intensity light. As shown in Fig. 12, for this illumination
intensity, the LESR spin density initially rises rapidly and is followed by a slow component that
increases for several hours at the light intensities employed in these experiments. After about 20
minutes of illumination we turn off the excitation and keep the sample in the dark. The sharp
features in the spectrum between about 10 and 25 minutes are artifacts due to thermal
instabilities during the measurement.
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Fig. 13. ESR signal measured at t=0 min and t=85 min in Fig. 1. The dark ESR signal was taken
immediately after cooling the sample down in the dark and is entirely due to silicon dangling
bonds. The spin increase observed in the signal taken at 85 min over the dark ESR signal
indicates a significant residual LESR carrier concentration that is not quenched by the ir-light.
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After an initial rapid recombination of short-lived carriers, a very slow decay of the ESR signal
continues due to long-lived carriers. This residual LESR signal remains even after several hours.
We then initialize the photo quenching with low energy infrared light using a 0.6 eV high-energy
cut-off filter. After about 45 min of ir-quenching, the residual LESR spin density is greatly
reduced; however, a significant fraction of long-lived carriers remains. This situation is more
clearly demonstrated in Fig. 13, which shows the ESR spectra taken immediately after the
sample was cooled down in the dark, i.e., at t = 0 in Fig. 3, and immediately after the quenching,
i.e., at t = 85 min. Clearly, the ESR signal taken after 45 min of ir-quenching (t = 85 min in Fig.
12) shows a significant increase over the dark ESR signal, indicating a residual LESR spin
density that is not affected by the ir-quenching light. We performed several photo excitation-
and-quenching cycles as shown in Fig. 12 with quenching energies that were cut off at different
energies. We find that photo quenching of long-lived carriers becomes observable for photo
quenching energies above about 0.35 eV, indicating that the most shallowly trapped, long-lived
carriers (presumably the electrons) are trapped about 0.35 eV below the band edges. However,
under all quenching light energies we find that a significant fraction of deeply trapped carriers is
unaffected by the photo quenching. Light of approximately 1 eV either induces LESR or
bleaches existing LESR, depending on the preexisting density of long-lived carriers.

Next, we examine the kinetics of the light induced production of silicon dangling bonds
between 65 K and 340 K. From the measurements just described at low excitation intensities, we
know that infrared quenching does not remove all the long-lived carriers. Therefore, to assure
that the ESR signal is only due to dangling bonds, we annealed the sample for several minutes at
250 K before every low temperature ESR measurement at the irradiation temperature. Figure 14
shows two representative growth curves of silicon dangling bonds produced at 65 K and 340 K.
Note the linear scales. After a total of 600 min of illumination the sample irradiated at 340 K
shows a density that is about a factor of five greater than the sample irradiated at 65 K. Although
the illumination time was not long enough, the upper curve seems to flatten at long times. This
curve also is consistent with the commonly found sublinear dependence of the degradation on
illumination time [41]. At 65 K a dependence on illumination time that is closer to linear is
found.

Figure 15 shows the light induced dangling bond densities after 10 h of illumination at
four temperatures between 65 and 340 K. It follows from Fig. 15 that the production rate of
silicon dangling bonds decreases with decreasing temperature and drops by about a factor of five
between 300 K and 65 K. If this process is assumed to be thermally activated, then the activation
energy is approximately 0.01 eV. Recent measurements down to temperatures as low as 10 K
have shown that the process is not truly activated, but rather saturates at the lowest temperatures.
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10 meV is found, as indicated by the solid line.

21



For the most recent measurements, we have used an a-Si:H sample that consisted of a
stack of four a-Si:H films on quartz substrates with a spin density of about 5 x 10" cm™
including the surface spin density. The sample was mounted inside an ESR cavity equipped with
openings to irradiate the sample inside the cavity. All experiments were performed on a standard
ESR spectrometer (Bruker, Model 200D-SRC) at X-band. We investigated the ESR spin density
by employing a second harmonic technique, i.e., by detecting the ESR signal at twice the
magnetic field modulation frequency, which was set to 50 kHz. Except where otherwise stated,
all ESR measurements were performed at about 50 K. For all degradation measurements a Xe
arc lamp was employed. The light passed through a 580 nm long pass filter and had an intensity
of approximately 100 mW/cm? at the sample. In every degradation measurement the sample was
irradiated for 10 h. Annealing of the sample at temperatures, T, below 300 K took place inside
the cavity by reduction of the He cooling gas flow. For annealing at T > 300 K the sample was
removed from the cavity and heated for 30 min in a nitrogen atmosphere at about T =200°C
(470 K). All low temperature degradation measurements were immediately followed by a room
temperature degradation, and all increases in spin densities were measured relative to the
subsequent room temperature degradation. After 10 h of illumination the spin density increased
by about 150% relative to the spin density of the as-deposited sample.

As described above, at temperatures below approximately 300 K the production of silicon
dangling bonds depends on the temperature and that the production below approximately 100 K
is at most half as efficient as at 300 K. In addition, the dangling bonds produced by up to 10
hours of irradiation below 100 K are unstable and anneal essentially completely at 300 K. The
existing kinetic models that attempt to explain the S-W effect are not robust enough to explain
this complex behavior. Here we suggest that there exists a two-step process whereby silicon
dangling bonds can be produced essentially independently of the temperature, presumably
mediated by optically excited carrier recombination, followed by hydrogen migration, which has
a temperature-dependent component.

It is well known [42] that below about 150 K a subset of the photoexcited carriers can
live for very long times, some of which easily exceed several hours. These carriers tend to
swamp the signal from the silicon dangling bonds that are created at low temperatures (S-W
effect). Some of these long-lived carriers can be induced to recombine (the densities can be
bleached) by irradiation of the sample with low energy, infrared light. The assumption is that the
lower energy infrared light re-excites the carriers trapped in the band tails and therefore promotes
diffusion and recombination of electrons and holes. This mechanism has been inferred from
changes induced by infrared light in photoluminescence (PL) [43], LESR [43], and
photoconductivity (PC) [44,45,46]. Because PL and PC provide no microscopic information on
the defects, and the standard detection of LESR is not sensitive enough to study the bleaching
kinetics in any detail, the connections of these experiments with specific models have necessarily
involved considerable conjecture. Our LESR results provide direct information on both the
microscopic origins of the optically induced defects and the kinetics for their production and
decay. In particular, although previous PC experiments [46,47,48] suggested that infrared light
completely removed the band-tail carriers at low temperatures, our results show that a significant
fractig)n of the long lived carriers is not affected by the quenching light on a laboratory time scale
(<107 s).
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As mentioned above, detailed kinetic experiments using electron spin resonance (ESR)
and light-induced ESR (LESR) at low temperatures are difficult due to saturation of the LESR
signal as a result of long spin-lattice relaxation times. To solve this problem, we [27,49] have
employed a second-harmonic detection technique that effectively eliminates this difficulty and
allows for detailed kinetic experiments to be performed, even for small ESR spin densities. The
improvement in effective signal-to-noise ratio can be several orders of magnitude at low
temperatures. Whereas the standard detection of ESR results in a signal proportional to the
derivative of the absorption, the second harmonic detection results in a line shape that roughly
approximates the resonant absorption component. Details are available elsewhere [27,49].

Because the LESR signals due to electrons and holes trapped in localized band-tail states
compete with the signal ascribed to silicon dangling bonds, we have examined the kinetics and
efficiencies for infrared and thermal bleaching of the LESR signals attributed to band-tail
electrons and holes. The two ESR responses attributed to band-tail electrons and holes occur at
g-values of approximately 2.004 and 2.01, respectively, while the signal attributed to silicon
dangling bonds occurs at approximately 2.0055. Because the line widths for all three resonances
are several Gauss, the ESR responses due to band-tail electrons and silicon dangling bonds are
difficult to resolve experimentally.

The LESR signal rapidly increases after the light is switched on. This rapid increase is
followed by a slow increase that is still observable after several hours. Similarly, after the
cessation of irradiation a rapid decay of the LESR signal is followed by a long tail that is still
detectable after many hours in the dark. We examine the accumulation kinetics of these very
long lived band tail carriers by the following measurement. Initially we cool down the sample in
the dark and perform an ESR measurement (lowest curve in Fig. 16). We then go several times
through the following inducing and bleaching cycle: We irradiate the sample for a certain
amount of time that approximately doubled from 30 s to 60 min in every cycle. To emphasize
the accumulation of long-lived, band-tail carriers, we employ 0.5 eV light for three minutes after
every excitation to bleach the short-lived, shallowly trapped carriers. This bleaching procedure
is very similar to that used in previous photoconductivity experiments. We do not find
significant differences in the residual ESR spin densities after quenching with 0.5 eV or 0.6 eV
light. After ir-quenching we keep the sample in the dark for approximately 10 minutes to
establish an approximate equilibrium LESR density (on a time scale of minutes). By following
this procedure we minimize the influence of any thermal relaxation during the subsequent
measurement of the remaining LESR signals. In any case, small thermal decays will tend to
affect all measurements in a similar fashion. Figure 16 shows the accumulation of band-tail
carriers after successive irradiation and bleaching cycles. [The small feature just below 3400 G
is an artifact and is due to E' centers [50] on the quartz substrates or in the quartz insert Dewar. ]
As shown in the inset to Fig. 16, the more stable band-tail carriers grow approximately as a
power law in time, t, as t'3 until saturation. This dependence on time is often observed for the
creation of silicon dangling bonds at room temperature [41], but in the present case the signal is
exclusively due to electrons and holes that are deeply trapped in localized, band-tail states. This
conclusion follows unambiguously from the ESR line shape that clearly shows a shoulder on the
low field side, which is ascribed to holes trapped in valence band-tail states. A similar
dependence on time of the increase in sub-band-gap absorption as measured by
photoconductivity has been observed at low temperatures but in this case the increase was
attributed to the production of defects contributing to the S-W-effect [49,51,52]. The most
deeply trapped carriers in the conduction and valence band tails are very difficult to remove
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optically. As the densities of trapped carriers get smaller, the probability that optical excitation
will result in recombination is reduced relative to the probability for re-trapping.
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Figure 16. Accumulation of long lived spin carriers. Between two consecutive ESR
measurements the sample was illuminated, exposed to 0.5 eV light for 3 min, and kept for 10 min
in the dark. The abscissa shows the total illumination time. The smallest spectrum shows the dark
ESR due to silicon dangling bonds. Inset: Increase of long-lived carriers relative to the dark ESR
signal.

Now that we understand the influence of the optically excited band tail carriers on our
measurements, we next examine the kinetics for the production of silicon dangling bonds at
temperatures between 25 K and 300 K. Because this effect is very inefficient, even at 300 K,
much greater light intensities were employed for these experiments. Preliminary results were
shown above. Figure 17 shows an improved version of the increase in silicon dangling bond
densities after 10 h of illumination with a xenon lamp (approximately 0.5 W/cm? at the sample)
at five temperatures between 25 and 300 K. After each optical excitation at low temperature,
ESR measurements were performed after ir-quenching and after annealing at 120 K, 220 K, and
300 K. Except for irradiations performed below 40 K, all ESR measurements were performed at
40 K to eliminate the influence of temperature on the ESR intensity. All low temperature
degradation experiments were followed by a room temperature degradation with sample
annealing in between. In Fig. 17 the degradation is presented relative to the room temperature
degradation. Within the error bars the number of light-induced spins at T< 100 K as measured
after ir quenching and annealing at 120 K are very similar, and so only the light-induced spin
densities after 120 K annealing are shown in Fig. 17. The inset of Fig. 17 shows the relative
degradation at low temperatures (squares) compared to room temperature for a different sample,
for which laser excitation was employed. The ESR measurements were performed at the
degradation temperature after annealing at 250 K. These data are compared to the data set of
Fig. 17, where the annealing temperature was about 220 K (circles) and the LESR measurements
were performed at 40 K. Only small differences that we ascribe to systematic errors are
observable, indicating that the choice of our sample and the specific experimental procedure does
not dramatically influence the results.
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Figure 17. Light-induced increase in spin density after 10 h of illumination. After every
illumination period the ESR spin density was measured after ir-quenching and annealing at 120 K
(triangles), 220 K (circles) and 300 K (squares). All ESR data were obtained at 40 K and the data
at 100 K are shifted for clarity. The inset shows the temperature dependent increase of light-
induced spins measured at the degradation temperatures after annealing at about 250 K (squares)
compared to data of the main figure (circles). All photoinduced spin increases are shown relative
to the increase at room temperature and the lines are guides to the eye.
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Our degradation measurements are in substantial agreement with those obtained by
Stradins and Fritzsche [47] using a technique based on photoconductivity (so-called constant
photocurrent method or CPM). Previous results from photoconductivity experiments [46,47]
suggested that the production of defects at 4.2 K is about 70% of the value at 300 K. We find
that the production of silicon dangling bonds at 25 K is at most 50 % when compared to
degradation at room temperature. In fact, within experimental error this reduction could be more
than a factor of ten.

The defects that are created at low temperatures almost completely anneal at room
temperature. This behavior might indicate that different defects are created at low temperatures
than at higher temperatures. However, they must have the same ESR fingerprint. On the other
hand, it is possible that the same defects, namely the Si dangling bonds, are created at both high
and low temperatures, but that the stabilizing process is temperature dependent.

In summary, low temperature experiments that measure the production of silicon
dangling bonds must take great care to remove the long-lived carriers trapped in localized band-
tail states. These carriers are very difficult to remove optically. Although the temperature
dependence is not strong, the production of silicon dangling bonds in a-Si:H is at most half as
efficient at 25 K as at 300 K, and essentially all of the defects created after 10 h of irradiation at
low temperatures (below 100 K) anneal out at 300 K. Any theoretical model must account for
these facts.

Finally, we discuss the reversibility of the Staebler-Wronski effect. Figure 18 shows the
spin density for the sample of a-Si:H after each successive annealing at 200°C (preliminary to
each degradation measurement) and the spin density of the sample after each successive room
temperature degradation process. The initial and final spin densities before and after many
degradation and annealing cycles exhibit a well defined trend. Since the detected ESR signal is
very sensitive to the sample position inside the ESR cavity, we again ascribe the scattering in the
data mostly to slightly varying sample positions. However, slight increases of the spin densities
for both the annealed sample and the degraded sample are clearly seen. The spin density of the
degraded sample increases at a slower rate (in units of degradation/annealing cycles), than the
spin density of the annealed sample. Therefore, the difference in the spin densities between the
degraded and annealed states is decreasing. This effect, namely that the photoinduced defect
creation becomes less efficient after many degradation/annealing cycles, also affects the previous
data of Figs. 16 and Fig. 17. However, within the number of cycles performed in this work the
error due to the production of irreversible, stable defects that cannot be annealed at 200°C is
much smaller than the uncertainty in the data due to varying sample positions inside the cavity.
These results indicate that the degradation of a-Si:H is not fully reversible after a large number of
degradation and annealing cycles. Some photoinduced defects are stable under annealing at
200°C for 30 min, and these defects accumulate as the degradation progresses. These stable
defects, i.e., those which survive annealing, cannot be distinguished by ESR from the defects that
can be annealed.
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Fig. 18. Spin densities of the same sample in the annealed and degraded states are shown by the
lower and upper curves, respectively. The abscissa is the number degradation and annealing
cycles.

Throughout most of this section we have been discussing the production of silicon
dangling bonds at low temperatures. In this discussion, the production and decay of band tail
electrons and holes present competing effects that must be minimized or eliminated. However,
the production of band tail electrons and holes is in itself a very interesting and important
problem. In the following paragraphs we revisit this important problem.

In the field of amorphous semiconductors universal properties are rare. Perhaps the two
most prominent examples are (1) the exponential dependence of the electrical conductivity on
temperature, and (2) the existence of exponentially decreasing densities of localized electronic
states at the edges of the electronic energy bands. Our recent experimental and theoretical
studies indicate that the decay of optically excited electrons and holes in tetrahedrally-
coordinated amorphous semiconductors is a universal property of these amorphous solids
[27,49,53,54,55]. We have discussed this modeling in previous progress reports. Specifically,
the theoretical modeling shows that at large carrier separation and long decay times (1) the
random distribution of optically excited electrons and holes is subject to the condition of charge
neutrality, and (2) the decays are universal and independent of the densities of localized, band-
tail states. Results have been obtained on both hydrogenated amorphous silicon (a-Si:H)
[27,49,53,54,55] and on hydrogenated amorphous germanium (a-Ge:H) [27,55,56,57]. At higher
temperatures the results become more complicated and the decays are no longer universal but
rather depend on the slopes of the conduction and valence band tails.
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Shklovskii et al. [28,58] have modeled the optical excitation and subsequent decay of
band-tail carriers in amorphous semiconductors at times shorter than approximately 1 ms where
these processes can be monitored by the time dependence of either photoconductivity (PC) or
photoluminescence (PL). As mentioned in previous progress reports, we have extended these
results to the long time decays of optically excited carriers where the process must be measured
by ESR since the PC and PL are much too weak. Immediately after the light is switched off the

recombination is mainly geminate. The recombination rate is ’Cr_l exp(2R /a), where R is the

distance between the electron and the hole, a is the effective localization length, which for
simplicity we assume is the same for the electron and the hole, and t,» 10® s. The diffusion
time, t,, which is controlled by phonons, is » 10" s, and therefore during the early stages of
recombination diffusion plays the major role. At low temperatures this diffusion involves only
hopping downward in energy for both the electron and the hole. When the electron and hole are

separated by distances greater than R =(a/2)In(t /7,)’ the process is controlled by

recombination, and diffusion can be neglected. It can be shown [49] that, regardless of the initial
2

. . z, o
carrier densities, at R >R¢and 7 > z exp(2R, / a) the recombination occurs
p

exclusively between distant pairs.

Electrons and holes are created in pairs, and therefore no pair can be separated more than
R.. For this reason, on a scale R > R, the number of electrons is equal to the number of holes,
and a model of randomly distributed electrons and holes is not relevant to describe large
distances and long times. Therefore, we have employed a simple mean field equation but
imposed the condition of charge neutrality. In this case it can be shown that [49]:

dn(R) =-n*(R)4nR*dR , (5)

where n is the number of electrons or holes. Since the recombination at short times is geminate,
we take a solution to eq. (5) of the form

n'—n]'= “?TC(R3 -R?) (6)

to eliminate these processes. In eq. (6), n, and R, are a density and a separation at some time
where distant pair recombination clearly dominates. At large R one obtains

n(R) = (4nR>/3)™", which is independent of n,. The long-time decay of the photo-excited

ESR must be compared with the predictions of eq. (6). The sole adjustable parameter in eq. (6)
is a, the effective localization radius. One should not take the value of this parameter too
seriously because it contains the uncertainty in the absolute values of the ESR intensities. [The
relative values are very well known.] In practice, one fits the decay curve for the optically
induced ESR at low temperatures for a specific value of the excitation intensity. The curves for
all other excitation intensities must fit the experimental data with no remaining parameters to
adjust.
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A representative curve for the decay of the optically induced ESR at low temperatures in
a-Si:H is shown in Fig. 19. Similar growth curves are shown for a-Ge:H in Fig.9 above. This
curve is shown for a specific excitation intensity (~ 20 mW/cm?), but curves for excitation
intensities between 100 mW/cm® and 10 nW/cm® fit the data very accurately with no additional
adjusting of the parameter, a [49]. The value of a used in Fig. 19 is 2.4 x 10”7 cm, but this value
is not accurate since it contains the inherent uncertainty in the absolute value of the ESR spin
density, which is at best a factor of three.

Similar agreement is obtained for optically excited ESR in a-Ge:H [56,57]. In this case,
the spin-lattice relaxation times are short enough that the standard ESR detection scheme can be
employed, and one observes the derivative of the ESR absorption (See Fig. 7 above).

Although the curves are universal, and in particular independent of the slopes of the
conduction and valence band tails, as the temperature approaches zero, at finite temperature the
band-tail slopes begin to influence the decay processes. Practically speaking, this temperature is
approximately 80 to 100 K in a-Si:H.

Although the modeling outlined above provides an excellent description of the time
decay of the optically excited band-tail carriers at low temperatures, this description provides no
microscopic understanding of the wavefunctions of these states (other than perhaps an order-of-
magnitude estimate of the localization radius, a). For this reason, we turn to paramagnetic states
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Figure 19. Decay of the optically induced ESR detected using the second harmonic technique.

Data are taken at 40 K after saturation at an excitation intensity of 19 mW/cm®. The solid line is a
theoretical fit to the data using eq. (2). See text for details.

in crystalline Si (c-Si) where, for many reasons, the details are much better understood. One
important defect in c-Si is the divacancy. This defect, which consists of two adjacent, missing Si
atoms, is diamagnetic in its neutral state. However, when the divacancy is either positively or
negatively charged, the defect becomes paramagnetic. In c-Si, one can charge the divacancies by
simply moving the Fermi level by doping or, in principle, by charge injection. Because these
defects are well oriented in a periodic lattice, their properties can be studied in detail by mapping
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the ESR spectrum as a function of the orientation of the divacancy with respect to the applied
magnetic field. Additional information is obtained from the so-called hyperfine interaction of
the paramagnetic spin with *’Si atoms that appear randomly on the surface of the divacancy. The
relative abundance of *°Si is approximately 5%.

The ESR parameters that characterize the electron (negative charge state) and hole
(positive charge state) localized on the divacancy in c-Si:H are given in Table 2 [59]. The g-
tensors are anisotropic but nearly axially symmetric along the long axis of symmetry of the
divacancy (parallel to the line of centers between the two missing Si atoms). The hyperfine
interaction with *’Si is predominantly with two equivalent Si atoms near the divacancy.

Even if there exists the analog of a divacancy in a-Si:H, these defects would be expected
to be arranged randomly within the amorphous film. As a first order comparison, we therefore
take a powder average (average of the ESR spin-Hamiltonian over all equally-probable angles of
the g- and hyperfine tensors with respect to the applied magnetic field) of the spectrum for c-Si
as an approximation to that which may occur in the amorphous form. We assume equal numbers
of negatively and positively charged divacancies corresponding to equal numbers of trapped
electrons and holes. Figure 20 shows the agreement between this approximation and the

Table 2. ESR Parameters for the Charged Divacancy in Crystalline Si

Positively Charged Negatively Charged
g = 2.0004 g1 =2.0012
g = 2.0020 g =2.0135
g3 =2.0041 g3 =2.0150
A =67.8cm’ A;=79cm’’
A. =40.0cm’ A =56cm’

experimentally observed optically induced ESR in a-Si:H. The dashed line ignores the hyperfine
interaction with *’Si, and the solid line contains this interaction. Figure 21 contains the same
three curves on an expanded scale to emphasize the regions where the *’Si hyperfine might be
expected to occur. In Fig. 22 we make the same comparisons with the standard derivative ESR
lineshape for optically excited, band-tail electrons and holes.

At low temperatures in a-Si:H, two optically induced ESR signals occur, whose
characteristic g-values are approximately 2.004 and 2.01. These signals are usually attributed to
electrons trapped in localized conduction-band-tail states and holes trapped in localized valence-
band-tail states, respectively [60]. In addition to these two optically induced ESR signals, there
is a third, metastable ESR signal centered at g = 2.0055 that is attributed to neutral silicon
dangling bonds. Because of the small difference in g-values, it is often difficult to separate this
latter signal from that attributed to band-tail electrons. Although this detail may affect the
lineshape analysis, it is of no consequence to the decays, such as that shown in Fig. 19, because
one can monitor the time dependence of the signal in a region that is unambiguously due to
either the band-tail electrons or the band-tail holes.
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Figure 20. (Left Side) Comparison of experimental optically induced ESR spectrum at 40 K (bottom
curve) as detected using the second harmonic technique with calculated powder spectra for the negatively
and positively charged divacancy in crystalline silicon. The dashed line and solid line are spectra without
and with the *’Si hyperfine of the divacancy, respectively. See text for details.
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Figure 21. (Right Side) Comparison of experimental optically induced ESR spectrum at 40 K (noisy
curve) as detected using the second harmonic technique with calculated powder spectra for the negatively
and positively charged divacancy in crystalline silicon on an expanded scale. The dashed line and solid line
are spectra without and with the 2°Si hyperfine of the divacancy, respectively.

Umeda et al. [61] have used pulsed optically induced ESR measurements in samples of a-Si:H
with different concentrations of *°Si to infer that 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. The comparisons shown
in Figs. 20 through 22 clearly indicate that the ESR lineshapes are also consistent with
localization over a larger volume. In addition, recent calculations of Fedders et al. [62] suggest
that the band-tail electrons and holes are delocalized over at least several atoms. These
calculations also exhibit the quasi-one-dimensional aspect exhibited by the wavefunctions for the



charged divacancy in crystalline Si. Indeed, these are the only two features that the comparisons
shown in this paper support. One should not infer from Figs. 20 through 22 that divacancies
exist in a-Si:H but rather that the localization and asymmetry of the wavefunctions for band-tail
states in a-Si:H are similar to those that occur at charged divacancies in crystalline Si.
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Figure 22. Comparison of experimental optically induced ESR spectrum at 40 K (bottom curve) as
detected using the standard detection technique (which produces a derivative of the ESR signal) with
calculated powder spectra for the negatively and positively charged divacancy in crystalline silicon. The
dashed line and solid line are spectra without and with the *’Si hyperfine of the divacancy, respectively.

With regard to the hyperfine interaction with *’Si nuclei, one can say very little because
of the poor signal to noise ratios of the experimental traces in the spectral regions where this
effect should manifest itself. This interaction must clearly exist, but variations from site to site
will probably wash out any resolved structure.

ESR experiments at low temperatures (T < 50 K) in a-Si:H and a-Ge:H show that the
decay of optically excited electrons and holes in tetrahedrally-coordinated amorphous
semiconductors is a universal property of these amorphous solids. Specifically, these decays are
independent of the slopes of the conduction and valence band tails. Comparisons of the ESR
lineshapes attributed to band tail carriers in a-Si:H with those calculated for randomly oriented,
charged divacancies in crystalline Si suggest that the wavefunctions in a-Si:H are localized over
more than a single strained bond and that they are probably elongated in one direction.
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6. DIRECT DETECTION OF MOLECULAR HYDROGEN BY 'H NUCLEAR
MAGNETIC RESONANCE

The presence of molecular hydrogen in a-Si:H has been an important issue since the early
studies. However, both the concentration and the local environment of H, are controversial due
to the difficulty of detecting ortho-molecular hydrogen (o-H») directly. During this quarter we
have employed a new way to measure the concentration and to investigate the local
environments of 0-H; in a-Si:H by 'H NMR.

It is well known that the NMR lineshapes of bonded hydrogen in a-Si:H consist of a
narrow line (~ 4kHz) due to dilute hydrogen and a broad (~ 20 kHz) line due to clustered
hydrogen [63,64,65]. In addition, small portion of hydrogen exists in form of molecular
hydrogen in a-Si:H [63,66]. "H NMR is sensitive only to ortho-hydrogen (o-H,) since para-
hydrogen (p-H,) has total nuclear spin I = 0. Ortho-hydrogen (0-H,) has total nuclear spin [ =1
and rotational angular momentum J = 1. The three rotational states (m; = 0, & 1) are degenerate
for isolated o-H,. The degeneracy can be lifted in solids due to the anisotropic crystal field, with
non-degenerate my = 0 state as the lower energy state and two-fold degenerate m; ==+ 1 states as
upper states. The energy splitting D depends on the EQQ interaction between o-H, and the
interaction between EFG from the lattice and electric quadruple moment of o-H,. When kT<<
kT, = D, the o-H; molecules are frozen in the lower m; = O state, i.e., they are locally ordered
with respect to their local field, the resultant NMR lineshape is a powder averaged Pake doublet
with splitting dn = 173 kHz [66,67,68]. This provides a unique fingerprint of o-H, molecule.
However, at higher temperature (kT>>kT,) the o-H, molecules are tumbling very fast and the
Pake doublet is motionally narrowed to an unresolved central line. For solid hydrogen, T, ~ 1.6
K, but T, can be as high as 20 K in a-Si:H [66]. This is mainly due to the additional EFG from
the Si lattice. As one can see, the EFG contributes to most of the energy splitting in a-Si:H.

In principle, one can observe the Pake doublet from free induction decay (FID) following
a 90° pulse. However, in practice, this method suffers severely from the receiver recovery time
due to the broad spectrum of 0-H,. Also, the low concentration of 0-H, makes it difficult to
distinguish it from bonded hydrogen. For this purpose, the Jeener-Broekaert three-pulse where
T, is the spin-spin relaxation time and T4 is the dipolar spin-lattice relaxation time. Since
bonded hydrogen and o-H, have different T, and T4, one can selectively emphasize a certain
component and measure the concentration more accurately.

One PECVD sample and three HWCVD samples are measured at T=8 K. Figure 23
shows the typical spectra in frequency domain. It can be seen that the Pake doublet for PECVD
sample is well defined and no motional narrowing is observed. However, the HWCVD sample
shows strong motional narrowing as evident from the narrowed central line of ~ 70 kHz and
much less prominent Pake doublet. Since the local field is mainly determined by the EFG from
Si lattice, this indicates a more ordered Si lattice in the HWCVD samples, which has been
suggested by internal friction measurements [69]. Sequence (JB sequence hereafter) was used.
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A JB sequence consists of a 90° pulse followed by a pair of 45° pulses that are 90° phase shifted
[70]. The time interval between the first, second and third pulse is t; and 12, respectively. At
t=t, after the third pulse, a stimulated echo forms, the amplitude of the stimulated echo can be
expressed as [71]:

f(z_l,z_z)oce—zfl/Tze—Tz/Tld , (7)
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Fig. 23. FT spectrum of the stimulated echo for a PECVD sample and an HWCVD sample at T =
8 K. (a) HWCVD sample: The solid circles are the data. The solid line is the fit. The Pake
doublet has narrowed to a ~70 kHz central line. The inset shows the 70 kHz line and the
corresponding fitting on an expanded scale. (b) PECVD sample: The solid circles are the data.
The solid line is the fit. The inset shows the Pake doublet on an expanded scale. The splitting of
the Pake doublet is 176+5 kHz.

Figure 24 shows the dependence of t; of the three components with t,=0, the total
intensity has been normalized to one at t;=1,=0 to show directly the signal fractions. It is found
that o-H, molecules contribute about 10% of the total hydrogen signal. On the other hand, the
minimum of spin-lattice relaxation time (T;) of bonded hydrogen is measured, and the o-H»
fraction was inferred to be only about 1 % of total hydrogen. Similar results were obtained for
HWCVD samples. In these samples, the JB sequence yields ~1% of total hydrogen as o-H,,
while that inferred from the T; minimum of bonded hydrogen is at most 0.1%. In fact, the T of
bonded hydrogen is almost independent of temperature, indicating perhaps a different spin-lattice
relaxation mechanism.
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Clearly, most of the 0-H; molecules do not participate in the spin lattice relaxation of
bonded hydrogen. To further understand the discrepancy, T, of o-H, was measured at T=40 K
where the T{ minimum of the bonded hydrogen occurs. Figure 25 shows the results. One can see
clearly that two very different T; values are present. The longer one (~ 0.6 s) is essentially
independent of temperature and may be due to the EQQ interaction between hydrogen molecules
as in solid hydrogen, therefore these o-H; do not relax the bonded hydrogen. The shorter T} (~ 3
ms) is very close to the value calculated assuming a two phonon Raman process, which is
believed to induce the relaxation of bonded hydrogen. It can be seen that only a small portion (~
30 %) of the o-H; molecules can relax the bonded hydrogen, hence the different o-H, fraction
from two different methods mentioned above. This experiment has provided the first direct
evidence for two different o-H, environments. However, one should notice that the EQQ
induced T, (~ 0.6 s) doesn’t necessarily indicate the presence of large voids as proposed earlier
[72]. Since the distance between o-H, in two adjacent interstitial T-sites (~5 A) is close to that in
solid hydrogen, it is possible that o-H, molecules trapped in adjacent T-sites relax via the EQQ
interaction.
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Fig. 24. The 7, dependence of the signal intensities for t,= 0. Open squares, solid circles and
open triangles represent the Lorentzian, Gaussian and o-H, components, respectively. The dashed
line, solid line and dotted line represent the corresponding fits. The short values of T, for the
Gaussian and o-H, components are 59 and 66 ps, respectively. The long values of T, are about
400 ps for all components.
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Fig. 25. The o-H, signal intensity as a function of recovery time after a saturating comb of pulses.
The signal is normalized to I (t = «). The shorter T, is about 3 ms. The longer T, is about 0.6 s.
The signal fractions of the two components are 35 % and 65 % respectively.

The Deuterium NMR(DMR) of a-Si:H,D and a-Si:D has raised the question whether the
whole 4 kHz narrow line (~30% of total hydrogen) is due to the molecular hydrogen in the
interstitial sites [73]. To investigate the relation between the narrow line and o-H,, the signal
fraction of bonded hydrogen was measured by fitting the FID. Figure 26 compares the lineshape
in the time domain at room temperature and at T=8 K for PECVD samples. The ratio between
the broad Gaussian and the narrow Lorentzian is found to be 60 % vs. 40% at room temperature
and 60 % vs. 30 % at 8 K, with 10 % of the signal from o-H, molecules. The slightly different
line width of the narrow line is within the experimental error. These data suggest that the signal
from o-H; (10 %) is narrowed into the narrow line at room temperature, perhaps with a slightly
different line width, but only contributes to ~ 25 % of the narrow line. This number is consistent
with the earlier report by Boyce and Stutzmann [66].
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26. Comparison of FID at T =300 K and T =8 K. The sold line is the observed FID at 8 K on
which is superimposed 10 % of the o-H, signal. The signal fractions of the 20 kHz and 4 kHz
central lines are 60 % and. 30 % at 8K and 60% and 40 % at 300 K.

Although the results from DMR strongly suggest that the whole 4 kHz narrow line (~30%
of total hydrogen) is due to molecular hydrogen, there is evidence that is difficult to be explained
by such a suggestion. First, the narrow line persists even at T=1.4 K, and its fraction (~ 40 %) is
almost independent of temperature below T, ~ 20 K. This result suggests that most o-H»
molecules, if they contribute to the narrow line, have to reside in those sites with negligible EFG
from the Si lattice so that they “never” freeze. But this scenario is unlikely for an amorphous
material since the EFG is highly sensitive to the structure of the lattice. Second, hole-burning
experiments show that the intrinsic line width of the narrow line is ~ 0.5 kHz [74]. Therefore,
there must be significant clustering of 0-H; to broaden the line to 4 kHz (due to the much smaller
gyromagnetic ratio of 0-H,). With this amount of clustering the resultant local density of o-H,
molecules could be as high as 20 to30 at. %. Since the Si lattice constant (~2.5 A) is much
smaller than that of solid hydrogen (~ 3.9 A), the resultant EQQ interaction between o-H, in a-
Si:H can be comparable to that in solid hydrogen. This value for EQQ sets a lower bound for T,
that is close to that in solid hydrogen (T, ~1.6 K). The third and most important evidence is from
ortho-para conversion experiments [63], where the isolated o-H; concentration is reduced by
more than a factor of five by storage at liquid helium temperatures for many months. The
clustered o-H, converts much faster than isolated o-H,. If the local density of o-H; were as high
as 20 to 30 at. %, one would expect the total concentration of 0-H; to be reduced much more
than factor of five. In addition, the intensity of the narrow line would be reduced to less than 5%
of total signal, a reduction that is not observed in the experiments.

The experimental results and arguments discussed above suggest that part of the narrow
line is due to o-H; molecules, but that most of the narrow line comes from the dilute hydrogen
that is bonded to silicon.
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In conclusion, the concentration of molecular hydrogen in a-Si:H is much higher than
previously believed. Most o-H, molecules do not participate in the spin-lattice relaxation of
bonded hydrogen. Two o-H; environments exist, one in which the molecules are essentially
isolated and one in which the molecules are clustered. Part of the 4 kHz narrow line at room
temperature is due to o-H, molecules. Finally, the o-H; lineshape in HWCVD samples suggests
a more ordered structure for the Si lattice than in typical PECVD samples.

Because the HWCVD films are very different than the standard PECVD films in many
respects, it is important to determine the microscopic mechanisms that produce these changes in
the electronic, optical, and micro-structural properties. Figure 27 shows the difference in the
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Figure 27. Comparison of the ortho-molecular hydrogen lineshape for the PECVD and HWCVD samples
at T = 8 K. The solid line and open circles represent the data for the PECVD and HWCVD samples,
respectively. The dashed line is a fit to the narrowed Pake doublet for a HWCVD sample. The width of the
fitted line is ~70 kHz FWHM.

molecular hydrogen NMR (Jeener-Broekaert stimulated echo) signal at low temperature where
the molecular hydrogen in the PECVD sample is well defined because the molecules are
“frozen”. In the HWCVD sample the molecular hydrogen signal is less well defined because the
molecules are still rotating. Above, we interpreted this behavior as evidence for a more ordered
Si network in the HWCVD films [75].
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In contrast to the typical PECVD samples, which exhibit a strong temperature dependent
T1(H), the HWCVD samples have T;(H) that is weakly dependent on the temperature and much
longer at the temperature where the minimum in T;(H) is expected. For the HWCVD samples,
T1(H) is approximately equal to 5 s at T = 40 K, where the minimum is expected. This value is
about one order of magnitude larger than that of the typical PECVD samples. One possible
mechanism for such a behavior is the relaxation through rapidly relaxing paramagnetic centers,
such as silicon dangling bonds. However, an estimated density of dangling bonds of ~10"* ¢cm™
is needed to produce such a value. This density is much too large for these materials. Another
possibility is that the bonded hydrogen relaxes through those clustered molecular hydrogen
molecules, which relax through a temperature independent electric quadruple-quadruple (EQQ)
interaction. Nevertheless, for EQQ induced relaxation [T;(H) = 0.6 s], the concentration of
ortho-molecular hydrogen must be ~ 10 % of the total hydrogen to produce a T(H) of ~5 s. As
mentioned above, this concentration is about one order of magnitude higher than is observed.
The third possibility is spin-diffusion limited relaxation through those ortho-molecular hydrogen
molecules that have a phonon-induced T; of ~3 ms. In this case, T, for spin diffusion, Tjsp), is
[76]

(8)

where b is the average distance between an ortho-molecular hydrogen molecule and the nearest
bonded H, and n(H,) is the concentration of ortho-molecular hydrogen that contributes to T;(H).
D is the spin-diffusion constant, and one calculation gives D as [77]

d2
30<7T, > ©)

where d is the average distance between bonded hydrogen atoms and <T,> is the averaged T, for
the entire NMR line. However, this formula, which applies to a homogeneous system, is not
particularly appropriate for the HWCVD samples. In these samples, a large portion of the
hydrogen is heavily clustered with a <T,> much smaller than that of the PECVD sample, even
though the hydrogen concentration is much lower than that of PECVD samples. A more refined
model [78], due to Fedders, is also inappropriate because of the inhomogeneous distribution of
hydrogen atoms.

_ 3
l(Sl’D) = 47Z'Dzn(H2 )b,

D =d*

As a consequence, we argue that the diffusion time in HWCVD samples is mainly
determined by the diffusion among the dilute hydrogen atoms, and therefore the average T,
should be taken as the average of the narrow line that arises from the dilute hydrogen. Although
the nuclear spins can quickly thermalize within the cluster, as reflected by the much shorter T, of
the broad line, it will take much longer time for the spin to diffuse beyond the cluster. This
argument is similar to that concerning the region near an ortho-molecular hydrogen in the case of
diffusion limited relaxation [78], where the details of the diffusion near an ortho-molecular
hydrogen are not important as long as the concentration of ortho-molecular hydrogen is small. A
more general discussion of spin-diffusion can be found in [79].
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For the HWCVD samples supplied by NREL, the hydrogen concentration is ~3 at. %,
and about 70 % of the hydrogen is in clustered sites. If we treat each of these clusters as a single
site that quickly thermalizes, then the effective concentration is ~2 at. %, which yieldsb~d = 6
A. A hole-burning experiment gives an intrinsic line-width, & of ~0.5 kHz for the narrow line
[80], which sets the scale of the dipolar interaction, and therefore the transfer rate of
magnetization between two adjacent spins. A rough estimate of the <T,> of the dilute hydrogen

<T2> = (7z5)_1 ~ 700 us (10)

By taking n(H) to be at most 0.1 % of the total hydrogen, T;sp) 1s estimated to be at least
5's. On the other hand, for the same n(H;), at T =40 K, the relaxation time through ortho-
molecular hydrogen, is ~1.5 s. This value is smaller than T sp) estimated above. Such a
qualitative estimate suggests that the relaxation process in the NREL HWCVD samples is
probably spin-diffusion limited, resulting in a weak temperature dependence.

In summary, the comparison of the lineshapes at 8§ K between the PECVD and HWCVD
samples suggests that the HWCVD samples have a more ordered silicon matrix. The spin-lattice
relaxation mechanism for bonded hydrogen in the HWCVD samples is probably limited by spin
diffusion in the bonded hydrogen system.

Under a previous sub-contract we showed [81,82] that the dipolar spin-lattice relaxation
of bonded hydrogen, depends on the defect concentration and doping of the materials. Since the
signal to noise ratio limited the measurement to the short time region of T4, these results showed
exponential behavior. The dipolar spin-lattice relaxation was ascribed to the local motion of
these hydrogen atoms. However, there are some difficulties in relating the relaxation to local
motion of the hydrogen. First, it is found that for temperatures below 200 K, both the long T4
and the short T4 are almost independent of the temperature [83]. At 8 K, the value of the short
T4 1s almost the same as that at 300 K, while a thermally activated process would result in a
much longer T}4. Second, there is no motional narrowing of the bonded hydrogen up to room
temperature. Therefore, the time between two jumps of a spin, T, cannot be estimated by t. =~ T
[81,82]. Moreover, T4 strongly depends on the (silicon neutral dangling bond) defect density or
doping level. Since the defect density (~ 10" cm™) is much lower than the hydrogen
concentration(~10*' cm™), it is difficult to understand how such a small concentration of
electrons can influence the motion of so many hydrogen atoms.

On the other hand, as shown in Fig. 28, the dipolar spin-lattice relaxation during T, is not
exponential. Similar behavior is also found in [83]. Although a phenomenological fit with two
values of T4 gives satisfactory agreement with the experimental data, the underlying physical
mechanism is not clear. In particular, it is not clear why both the narrow line and the broad line
exhibit similar values of T4, despite their very different environments. We found that such a
non-exponential decay can be fitted by assuming that the intensity of the decay is given by

I(r,)= exp{—(fz/r)l/z} (1)
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as shown in Fig. 29. The values of t are 7.3 ms and 8.6 ms for the Lorentzian and Gaussian
components, respectively. These values are identical within experimental error. This behavior is
well known for the case of spin-lattice relaxation by paramagnetic centers without spin diffusion
[84,85], and the non-exponential behavior is due to inhomogeneous relaxation [86]. In the
following paragraphs we outline an alternative interpretation to local motion, one that
incorporates the dependence of T4 on the defects and doping in a more natural manner.
Although admittedly crude, this approach sheds some light on the further understanding of the
phenomenon.

A typical PECVD sample contains density of paramagnetic defects of ~10'> cm™. These
defects can be detected by electron-spin-resonance (ESR). The average distance between two
electrons is d. = 10° cm. The total Hamiltonian including both the nuclei and electrons is

H = HZI + st + HDII + HDIS + HDSS (12)

where Hzj and Hyg are the Zeeman Hamiltonians for the nuclei and electrons, respectively. The
last three terms represent the secular part of the total dipolar Hamiltonian of the system. Hpy
and Hpgs are nuclear-nuclear and electron-electron dipolar energies, respectively, and Hpys is the
dipolar interaction between the nuclei and the electrons. For systems with two types of spins, the
total dipolar energy, including interactions between both like and unlike spins, is a constant of
the motion [87]. Therefore, the electrons and the hydrogen atoms form a single dipolar reservoir
that, at internal equilibrium, has a common dipolar spin temperature. (A detailed discussion of
the thermodynamics of the spin system is given by Jeener et al. [88].) Right after the second
pulse of the Jeener-Broekaert (JB) sequence, the dipolar energy of the hydrogen atoms increases,
but the entire dipolar system, including both electrons and the hydrogen, is far from internal
equilibrium. During the time following the second pulse, the dipolar energy is redistributed
between the hydrogen atoms and the electrons to establish a common dipolar spin temperature.
Because the electronic dipolar system is initially at the lattice temperature, such a process
effectively cools the nuclear dipolar system. During this cooling the dipolar energy of the
nuclear system decreases and the dipolar energy of the electronic system increases. Such
behavior has been reported for LiF where after preparing the dipolar order in the "°F system, a
simultaneous decrease of '°F dipolar energy and increase of 'Li dipolar energy is observed [89].
If the spin diffusion between nuclei is rapid compared to the rate of energy exchange between the
nuclei and the electrons, the time needed to reach an internal equilibrium is determined by the
relative heat capacities of the nuclear and the electronic dipolar systems. In this case, a
characteristic time t. is of the form similar to that derived for spin lattice relaxation due to
molecular hydrogen [75]. However, using d. estimated above, a spin-diffusion bottleneck is
estimated to occur at ~10° s, much larger than the experimentally observed value. Therefore the
relaxation will be determined by the direct rate of energy exchange between each nuclei and the
electrons, a process in which spin diffusion is not important.
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Figure 28. The dependence of the intensities on t; and T, for the broad, narrow, and ortho-
molecular hydrogen components of the PECVD sample. Solid circles, open squares, and open
triangles represent the broad, narrow, and ortho-molecular hydrogen components, respectively.
The solid line, dashed line, and dotted line are the corresponding fits to the broad, narrow, and
ortho-molecular hydrogen components, respectively. (a) Dependence of intensities on T,. For the
broad and narrow lines. The values of the shorter T4 are ~4 and 6 ms, respectively. The values
for the longer T4 are ~70 and 40 ms, respectively. The T4 for ortho-molecular hydrogen is ~150
ms. (b) Dependence of the intensities on t; for t, = 0. The value of the longer T, is ~400 s for
all three components. The values of the shorter T,'s are ~60 and 70 us for the broad line and the
Pake doublet, respectively.
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Figure 29. Fit to the 1, dependence of the echo intensity according to Eq. (1). (a) Fit to the
Gaussian component, and (b) fit to the Lorentzian component. Open squares and solid circles
represent Gaussian and Lorentzian components, respectively. Solid lines are the corresponding
fits. The values of T are 8.6 ms and 7.3 ms for the Gaussian and Lorentzian components,
respectively.

The above process can occur under two scenarios. If the electrons have good thermal
contact with the lattice, then the approach to internal equilibrium in the dipolar reservoir will be
controlled effectively by the dipolar spin-lattice relaxation of the entire system. If not, then one
would expect first the establishment of the internal equilibrium discussed above, and then the
entire dipolar reservoir will relax toward the lattice temperature, with a time scale much longer.
In either case, the initial decrease of the dipolar signal of the nuclei will depend on the
concentration of the paramagnetic electrons, which is related to silicon dangling bond density
and the doping level. For a-Si:H, the first situation is most likely because the spin-lattice
relaxation time of the electrons is much shorter than that of the hydrogen (T; = 10 ms at 8K)
[90,91]. Any calculation of the dependence on the electron density is complicated by the fact
that the dipolar interaction between nuclei and electrons varies over a wide range. However,
Stockmann and Heitjans [86] pointed out that, for the case where spin-diffusion is not important,
Eq. (11) generally holds if the coupling constant a(r) takes the form

6

I
a(r)=a, 0 (13)
r
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where 1 is the distance between the defect and its nearest neighbor and ay the corresponding
coupling constant. The distance, r, is between the defect and the reference nucleus. In this case T,
defined in Eq. (11), will be proportional to Np'z, where N, is the density of paramagnetic defects.
Using the data reported in [81,82], the ratio of defect density before and after light-soaking is

N S) /' N ;f ) % 1/2 . The corresponding ratio of Ty4 is T /T ~ 3, which qualitatively

agrees with the argument presented above. Several experiments can be performed to test this
interpretation. One is to illuminate the sample at low temperature to create large amount of the
paramagnetic electrons and holes trapped in band-tail states. If the above argument is correct,
this dramatic increase in N, should result in a significant reduction of T4 as expected. Also one
may disturb the electronic system by applying a microwave field at the resonance frequency of
the electrons after the second pulse, and monitor the effect on the nuclear dipolar order. The third
experiment is to measure T, the spin-lattice relaxation time in the rotating frame, which should
depend on the NMR frequency, w, as ™ and on the time as shown in Eq. (11). On the other
hand, motion-induced relaxation should be independent of the field. The fourth experiment is an
electron-nuclear double-resonance (ENDOR) experiment. If one can measure the dipolar signal
of the electrons, then by preparing the nuclear system with dipolar order and monitoring the
electronic signal, the change of the electronic dipolar energy should be observable.

In summary, the non-exponential dipolar relaxation probably reflects an approach to the

internal equilibrium of the entire dipolar system including both nuclei and electrons. Therefore,
this relaxation depends quite naturally on the defect density and the doping level.
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7. GROWTH OF FILMS AND P-I-N SOLAR CELLS

The three-chamber PECVD system, which was up-graded just prior to the initiation of
Phase I of this sub-contract, has been routinely making films of intrinsic and doped a-Si:H from
very early on in the first phase. Using hydrogen dilution, we have made films that span the range
from amorphous to microcrystalline micro-structures. Films of intrinsic and doped a-Si:H have
been supplied to several groups for various investigations, including (1) samples to Professor
Tolk at Vanderbilt University for low energy PLE experiments using the Free Electron Laser
facility, (2) samples to Professor Hari at California State University, Fullerton, for high field,
ultra-low-temperature NMR studies at the National High Magnetic Field Laboratory
(Gainesville, FL), (3) samples of microcrystalline and nano-crystalline a-Si:H to Professor
Inglefield at Weber State University for atomic force microscopy of the micro-structure, and (4)
samples to Professor Vaseashta at Marshall University for transport measurements of stability.

In Phase II we initiated growth of p-i-n cells, which employ the a-Si:H materials system.
Cells with moderate efficiencies (7 to 8 %) have been made in Phase III, and improvements are
being pursued to increase the efficiencies. In Phase III we have also made efficient cells using
amorphous silicon-sulfur alloys in the i-layers. We have purposely made both the control cells,
where the i-layers contain no sulfur, and the sulfur containing cells with thick i-layers (~1 pm) to
enhance the degradation due to the Staebler-Wronski effect. For sulfur concentrations in the gas
phase (H,S/SiHy) less than about 107 the initial efficiencies of the sulfur-containing cells are
identical with those of control cells. The stability of these cells, as compared to those of the a-
Si:H control cells, are the same within experimental error. For sulfur fractions greater than 10
the initial efficiencies drop slowly (less than one percent in initial efficiency for fractions less
than about 10”). The degradation of these cells is still measurable, although the final degraded
efficiencies are better for the cells with higher sulfur concentrations.

It appears that sulfur provides some improvement in the stabilities if cells with thick i-

layers, but we have been unable to produce cells that exhibit no degradation using this approach.
Therefore, absent an unanticipated breakthrough, further research in this area is problematic.
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8. CONCLUSIONS

The major accomplishments of the three phases of the sub-contract are (1) the
development of a second harmonic detection technique for ESR and optically excited ESR
(LESR) in a-Si:H and related alloys, (2) the discovery of universal kinetics for the decay of
optically excited electrons and holes in a-Si:H and related alloys at low temperatures, (3) the first
detection of optically excited band tail electrons and holes in hydrogenated amorphous
germanium (a-Ge:H), (4) the first electron spin resonance (ESR) study of the kinetics for the
production of silicon dangling bonds in a-Si:H at low temperatures, and (5) the determination
from 'H NMR that there exists an order of magnitude more molecular hydrogen (H,) in a-Si:H
than previously measured. In conjunction with our previous results on low-temperature LESR in
a-Si:H, the third accomplishment shows that the decay of optically excited band tail electrons
and holes at low temperatures is a universal feature of tetrahedrally-coordinated amorphous
semiconductors. The determinations of molecular hydrogen concentrations in both PECVD and
HWCVD samples show clearly that there are distinct differences between these two types of a-
Si:H. In particular, the HWCVD samples with low hydrogen concentrations also have low
molecular hydrogen concentrations and possess a more ordered local silicon network. Finally,
the low temperature kinetic experiments for the production of silicon dangling bonds in a-Si:H
show clearly that the existing models must be modified to account for the slower rates of
production at very low temperatures.

The three-chamber, load-locked PECVD deposition system is routinely producing
intrinsic and doped films of a-Si:H. In the a-Si:H materials system, we have made cells with
moderate efficiencies based on the p-i-n architecture and compared them to cells where the i-
layers are sulfur doped. For thick i-layers, the degradations of the sulfur doped cells are less than
those of the cells based on intrinsic a-Si:H, but the improvement is not sufficient to warrant
further study at present.
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