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ABSTRACT

In this study, undoped hydrogenated amorphous silicon (a-Si:H) thin films deposited under moderate dilution ratios of silane by radio fre-
quency plasma-enhanced chemical vapor deposition (RF-PECVD) have been investigated using steady-state photoconductivity and
improved dual beam photoconductivity (DBP) methods to identify changes in multiple gap states in annealed and light-soaked states. Four
different gap states were identified in annealed state named as A, B, C, and X states. The peak energy positions of these Gaussian distribu-
tions are consistent with those recently identified by Fourier transform photocurrent spectroscopy (FIPS). After in situ light soaking, their
density increases with different rates as peak energy positions and half-widths remain unaffected. The electron-occupied A and B states
located below the dark Fermi level and their density and ratios in the annealed and light-soaked states correlate well with those defects
detected by time-domain pulsed electron paramagnetic resonance (EPR) experiments. The A, B, and X states located closer to the middle of
the bandgap anneal out at room temperature in dark and define the “fast” states. However, the C states show no sign of room temperature
annealing such that they must define the “slow” states in undoped a-Si:H. The results found in this study indicate that the anisotropic disor-
dered network is a more appropriate model than previously proposed defect models based on the continuous random network to define the
nanostructure of undoped a-Si:H, where multiple defects, D® and non-D° defects, can be identified by using the improved DBP method.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0138257

I. INTRODUCTION models’™ were based on the so-called continuous random

The Staebler-Wronski effect (SWE)' in hydrogenated amor- network, where isolated silicon dangling bonds are the main
phous silicon, discovered in 1977, was initially attributed to the cre- defects in the nanostructure of a-Si:H. However, more experimental

. . o . evidence provided by Fourier transform infrared (FTIR)
ation of isolated silicon dangling bonds supported by early electron 8-11 . . T

. . Sa spectroscopy, Doppler broadening positron annihilation spec-
spin resonance experiments.”” Even though a large number of

troscopy (DB-PAS),'' ™" and Fourier transform photocurrent spec-
investigations have been carried out on the SWE and several defect troscopy (FTPS)'“'" indicate that a better description of the

models”™” were established in an attempt to explain it, we do not nanostructure of dense a-Si:H is an anisotropic disordered
have a complete understanding of its exact origin yet. Such defect network, in which isolated silicon dangling bonds and open
J. Appl. Phys. 133, 125702 (2023); doi: 10.1063/5.0138257 133, 1257021
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volume deficiencies such as divacancies are randomly distributed."’
In the anisotropic disordered network, not completely hydroge-
nated divacancies can lead to multiple defects in the nanostructure
of a-Si:H with different charged states, which was proposed as an
alternative approach to explain the Staebler-Wronski effect.'” A
strong interconnection between these open volume deficiencies and
the Staebler-Wronski effect has also been reported by DB-PAS and
FTPS experiments.'”'* Furthermore, time-domain pulsed electron
paramagnetic resonance (EPR) experiments“”l7 have recently iden-
tified two different paramagnetic silicon dangling bond defects, D°
states, with different origins. The first one, called Type I, is due to
paramagnetic silicon dangling bonds located on the inner surface
of the voids and the second one, called Type II, corresponds to iso-
lated silicon dangling bonds distributed randomly in the continu-
ous random network. Both types of paramagnetic defect states were
shown to play a major role in the Staebler-Wronski effect.'™"” In
addition to these two different paramagnetic defects, detected by
the time-domain pulsed EPR experiments, clear experimental evi-
dence has been reported for the creation of non-D° defects as
well.'"**° These light-induced defects were also classified as “fast”
and “slow” states of which the annealing of the “fast” states takes
place right after termination of light soaking even at room
temperature,ll’z5 causing a significant room temperature recovery
of the photoconductivity in films as well as in dark forward-biased
current-voltage ~characteristics of p-i-n solar cells.”® Additionally,
it is worth noting here that very short time scale (ms-s) changes in
the surface passivation quality of a-Si:H on crystalline wafers have
also been reported and differently for different a-Si:H nanostruc-
tures,”” further suggesting that there are “fast” states that should be
part of a complete description of the SWE. Moreover, the conven-
tional dual beam photoconductivity (DBP) method that was used
to indirectly obtain the sub-bandgap absorption coefficient spec-
trum has also identified three different gap states below the Fermi
level in both annealed and light-soaked states.'®***” Finally, FTPS
has also detected four different Gaussian-type midgap states
located below the dark Fermi level in a-Si:H thin films as well as in
p-i-n solar cells.'*'"> Overall, extensive experimental evidence has
accumulated that multiple defect states exist in the nanostructure of
undoped a-Si:H.

These defect states (D° and non-D° defects) located in the
bandgap of undoped a-Si:H are detected by photoconductive sub-
bandgap absorption measurements.’>’' The optical absorption
coefficient spectrum, o(hv), measured experimentally is determined
by the density and distribution of electron-occupied initial states as
well as empty final states as defined by the joint density of states
function, Jpos(hv).” It was shown that Jpos(hv) at the higher
energy region called Jgg(hv) is totally determined by optical transi-
tions from electron-occupied parabolic valence band extended
states to unoccupied parabolic conduction band extended
states.”” ™ Below the bandgap energy, Jpos(hv) is due to optical
transitions from electron-occupied localized defect states to empty
conduction band extended states.””””> The parabolic extended
states and the exponential valence band tails with a characteristic
slope of E,, have been extensively used to model the optical
transitions and to calculate the Jpog(hv) function and applied
to the analysis of optical absorption data available for undoped
a-Si:H.”*7® The Jpos(hv) function corresponding to optical
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transitions from occupied midgap states localized in the bandgap is
sample dependent due to changes in density and distributions of
the midgap states caused by differences in deposition conditions,
the light-induced defect creation as well as the annealing of meta-
stability. The first experimental joint density of state spectrum was
reported for an n-type doped a-Si:H film by Jackson et al. by using
the energy-dependent refractive index spectrum as well as the o
(hv) spectrum measured by spectroscopic ellipsometry and DBP.*

In the present work, we have extended our investigation to
undoped a-Si:H films deposited at different H,/SiH, dilution ratios
with a dense nanostructure by using a new approach of the
improved DBP method to identify multiple defect states in
annealed and light-soaked states of undoped a-Si:H. In the
improved DBP method, the fringe-free absolute o(hv) spectrum is
independently calculated by using ac photoconductivity and the
optical transmission spectrum of the sample without using any
normalization or modeling-based fringe removing procedures as
required in the conventional DBP method.’' The validity and accu-
racy of the calculated a(hv) spectrum were compared with an inde-
pendently measured o(hv) spectrum obtained by FIPS for the
same a-Si:H film. Then, the o(hv) spectrum corresponding to the
lowest dc bias light (named as dc bias light-lowl) DBP measure-
ment was used to calculate energy-dependent electron-occupied
gap states, kNg,, (hv), to identify the native and light-induced
metastable defects located below the dark Fermi level. In addition,
the joint density of states function for the DBP spectrum, Jppp(hv),
as well as that for the FTPS spectrum, Jrrps(hv), were calculated by
using the corresponding experimental a(hv) spectra and the refrac-
tive index spectrum provided in the literature’>”” and compared
with Jgg(hv) calculated for the characteristic parabolic extended
states by using the Cody gap, Ecp, and (N,N,,) product obtained
for the sample. A good agreement was obtained between Jgp(hv)
and Jpgp(hv) functions around the bandgap energy, allowing us a
reliable identification of density and energy distributions of multi-
ple defect states in the bandgap of undoped a-Si:H, which can be
achieved by the improved DBP method.

Furthermore, the kinetics of light-induced defect creation in
the undoped a-Si:H film under AM1.5 white light were investigated
at a constant sample temperature of 20°C in high vacuum by
recording real-time photoconductivity changes as well as the
sample temperature during light soaking. DBP under dc bias light-
lowl and Gphoro as a function of light intensity of red light was
measured right after light soaking (within 30 min) in order to mini-
mize the effects of room temperature annealing of light-induced
defects created by light soaking. In addition, room temperature
annealing of the light-induced defects was also investigated by
re-characterizing the light-soaked state of the sample a week after
light soaking ended as the sample was left in vacuum and in the
dark.

This paper is arranged in the following sections. After the
Introduction section, experimental details of sample preparation
and characterization methods used in the study are given in Sec. II.
The derivation of the joint density of states function and density of
electron-occupied gap states from the experimental optical absorp-
tion coefficient spectrum is explained in Sec. III by using the
methods of the theoretical analysis reported in the literature. In
Sec. IV, identification of native defect states present in the annealed
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state of undoped a-Si:H is established. The Staebler-Wronski
defects created by light soaking in the gap of undoped a-Si:H and
their kinetics are given in Secs. V and VI, respectively. In Sec. VII,
identification of fast and slow states is carried out using room tem-
perature annealing of the Staebler—-Wronski defects as detected
from Gphoto and ouhv) spectra. Finally, discussion and conclusions
about findings are presented in Sec. VIII.

Il. EXPERIMENTAL DETAILS

Undoped hydrogenated amorphous silicon thin films with
dense nanostructures were deposited by radio frequency
plasma-enhanced chemical vapor deposition (RF-PECVD) at a gas
flow rate dilution ratio of R=7.5 (R =H,/SiH,) on glass substrates
at Delft University of Technology. Special embedded contacts
shown in the inset of Fig. 1 are prepared on the glass substrate
before deposition of undoped a-Si:H films using a detailed photo-
lithography process to be less sensitive to surface defects and more
sensitive to bulk defects in the a-Si:H film. The improved dual
beam photoconductivity method was used to measure the relative
ac photoconductivity spectrum as the energy of the monochromatic
light changes from 0.66 to 2.2 eV. Red dc bias light having a much
higher intensity than the monochromatic ac light was used to keep
the dc photoconductivity constant during the measurement. The
DBP spectrum equivalent to that of the constant photocurrent
method (CPM)*° was measured under the lowest dc bias light
intensity with a dc light flux of 6-8 x 10"*cm™>s™" and used to
compare the changes in defect distributions after annealing and
light soaking. For the lowest dc bias light DBP measurement, the
dc/ac ratio of the DBP signal was maintained to be larger than 10
for energies below 1.4 eV, where the occupied gap states below the
Fermi level dominate the measured spectrum. In the improved
DBP method, the optical transmission spectrum of the sample was
simultaneously measured by using a pyroelectric detector placed
just behind the sample, which was not considered in the conven-
tional DBP method used by Wronski’s group.”' The DBP yield,
Yppp(hv) = Lpeto(ac)(hv)/flux(hv), and optical transmission spectra
of the sample that have interference fringes were first placed in the
absolute scale and then used to calculate the fringe-free absorption
coefficient spectrum, o(hv), by using Ritter-Weiser optical equa-
tions.”® Self-consistency and accuracy of the calculated a(hv) spec-
trum obtained from the improved DBP method were also
compared by using the a(hv) spectrum of the same a-Si:H film
independently obtained from the Fourier transform photocurrent
spectroscopy (FTPS) method. Steady-state photoconductivity,
Gphotor Was measured using the collimated red light of a He-Ne
laser. The flux was measured using a calibrated silicon p-i-n photo-
diode. Annealing was carried out at 423 K in high vacuum and in
the dark for more than 24 h until reproducible annealed state char-
acteristics were obtained. Single-step in situ light soaking was
applied under white light calibrated to the AML.5 intensity of an
ELH bulb at a constant temperature of 20 °C. Time-dependent pho-
toconductivity was recorded during light soaking under AMI.5
white light. A water filter was used to cut the IR component of
white light to prevent heating of the sample during light soaking.
In order to prevent the effects of room temperature annealing of
light-induced defects”’~">*" created by AMI.5 white light, the
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steady-state photoconductivity was measured within 5min right
after light soaking and the lowest dc bias light DBP spectrum (dc
bias light-low1) was recorded within a period of 30 min right after
light soaking ended. All measurements of DBP and Gyt Were per-
formed in a high vacuum of 2-3 x 107° mbar and at 300 K. A dc
voltage in the Ohmic region of contacts was applied to measure
both dc and ac photoconductivities of the sample.

lll. JOINT DENSITY OF STATES FUNCTION AND
ELECTRON-OCCUPIED GAP STATES

The energy-dependent imaginary part of the dielectric func-
tion, €, (hv), is directly determined by a(hv) as wgll as the energy-
dependent refractive index, n(hv), as shown below:*>*°

g,(hv) = a(hv)n(hv)hc/2rhy, (1)

where E=hv, represents the energy of the photon, n(hv) is the
energy-dependent refractive index, h is the Planck constant and c is
the speed of light in vacuum. It was shown by Jackson et al.’” that
€, (hv) for hydrogenated amorphous silicon is expressed as

g5(hv) = 4.3 x 10~ *Jpos(hv)R?(hv), )
and Egs. (1) and (2) result in Jpog(hv) as
Toos(hv) = (auhv)n(hv)he/2mhv)/(4.3 x 107®R?3(hv)).  (3)

In these equations, R*(hv) stands for the average dipole matrix
element squared and Jpos(hv) is the joint density of states function.
The unit of Jpoghv) is cm™ eV ™" and that of R*(hv) is A% It was
shown that R%(hv) is almost constant up to 3.5¢eV and has a value
of 10 A%”* For the higher energy region, well above the bandgap
energy, Jpos(hv) defining the optical transitions from the
electron-occupied parabolic valence band states into the empty par-
abolic conduction band states was defined by Jgg(hv) as’ ™

Jee () = (5)NeoNuo(hv-Ec)”, @

where N, and Ny, are the prefactors of the density of states func-
tion for conduction and valence bands, respectively, with the unit
of cm™ eV~ and Ecp defines the Cody gap of the sample. By
using Eqs. (2) and (4), one can obtain that &, (hv) can be
re-expressed as

e5(hv) = 1.7 x 107 *(hv — Ecp)>. (5)

When Eq. (5), known as the Cody equation,” is plotted as
[e,(hv)]Y? vs photon energy, hv, the intercept at the energy axis
gives the Cody gap, Ecp, of the sample and the slope provides the
product (N, Ny,)'""?, from which the theoretical Jgp; (hv) is calcu-
lated independently for the sample investigated. For undoped a-Si:
H films, it is not possible to routinely obtain the experimental
€,(hv) spectrum of each sample down to the sub-bandgap energies
due to experimental limitations of the techniques. However, the
refractive index of undoped a-Si:H, n(hv), was shown to be not a
strongly varying function among different undoped a-Si:H samples
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and presents a standard variation as a function of energy, as experi-
mentally presented by Klazes et al.”” A tenth-order polynomial fit
function to this experimental refractive index data was generated
and used for the analysis of the optical data of undoped a-Si:H
films for the energy region from 0.7 to 3.4eV.” In this paper, we
have used that tenth-order polynomial fit function of n(hv), as
kindly provided by Professor S. K. O’Leary, to calculate the &,(hv)
spectrum of each sample studied by using the o(hv) spectrum of
the lowest dc bias light DBP measurement in order to derive the
numerical values of Ecp and (N, Ny,) as well as Jpos(hv).

In  addition, the  energy-dependent  density  of
electron-occupied gap states, kNy,,(hv), was obtained by taking the
derivative of the a(hv) spectrum as defined previously,"’

KNgyp(hv) = (hv) B—g } — a(hv), ©6)

where k is a constant related to optical transitions.”” Since the
numerical value of the constant k cannot be obtained experimen-
tally for each a-Si:H film, kNg,,(hv) presents a relative spectrum,
which can finally be normalized to an absolute number Nyr at
energy Evr as Nyt (Eyr) = Nyo(Eyr — Ev)Y2, using Ny, a prefactor
of the density of states function obtained from the slope of the
Cody plot of the sample. (Eyr —Ey) was taken to be 25 meV as
generally practised in the literature’® and Ecp = Ec — Ey, which
defines the Cody gap of the sample’” obtained from the Cody plot.
The density of the exponential occupied valence band tail states,
Nvyg (E) =Nyt exp[—(Eyr — E)/Eoy], was calculated by using the
slope E,, of the a(hv) spectrum, Eyt, and the prefactor Ny, of the
sample, and then subtracted from the absolute kNg,,(hv) spectrum
to get the net energy-dependent density of electron-occupied
midgap states located below the dark Fermi level. Finally, Gaussian
defect distributions [N(E) = (N/6(2m)*®) exp (—(E—Ey)*/(26%)]
with well-defined energy at a peak position, E,, total density, N,
and a half-width, W = 2.355¢, were defined to obtain the best fit to
the resulting net energy-dependent density of electron-occupied
midgap states.

IV. NATIVE DEFECT STATES IN THE ANNEALED STATE

The sub-bandgap absorption spectra, o(hv), of hydrogenated
amorphous silicon films obtained from the photoconductivity
methods are very sensitive to the density, distribution, energy posi-
tions, and the occupation of these defects, which can easily be
modified by changing the light intensity. In order to have reliable
and accurate photoconductivity measurements, the co-planar con-
tacts of the sample studied must have and maintain the Ohmic
nature for all voltages used for the measurements and after all
experimental conditions that the sample has been exposed to. In
Fig. 1, photoconductivity vs applied voltage measured from the
embedded co-planar contacts of the sample is shown for four dif-
ferent conditions of the sample used in this work. Embedded con-
tacts of the sample shown in the inset of Fig. 1 maintained their
Ohmic nature for all measurements carried out in this study.

The raw DBP vyield spectra of the annealed state, Yppp, mea-
sured under three different dc bias light intensities and the corre-
sponding optical transmission spectrum of the sample are
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O Annealed- r|1igh light I

@ Annealed- low light

V¥ 480 min soaked- high light
M 480 min soaked- low light

10 10° 10" 102
Voltage (V)

FIG. 1. Photoconductivity vs applied dc voltage measured from the Ohmic
embedded contacts of the sample. In the inset, contact geometry of embedded
contacts of sample is shown.

presented in Figs. 2(a) and 2(b), respectively. The phase of the DBP
signal and the dc/ac ratio of ac photocurrents for each dc bias light
measurement are also shown in the inset of Figs. 2(a) and 2(b),
respectively. In order to have the ac photoconductivity spectrum,
Ypgp, directly proportional to the absorption coefficient spectrum,
o(hv), at all energies, a sufficiently high intensity of dc bias light
must be used to achieve a dc/ac ratio of photocurrents much higher
than unity. This can only be satisfied for the high dc bias light
spectrum for all energies as shown in the inset of Fig. 2(b).
However, at a high dc bias light condition, artificially increased
occupation of the midgap states above the Fermi level is probed by
the DBP spectrum, which results in higher defect absorption in
sub-bandgap energies. In order to probe the distribution of the true
density of electron-occupied gap states present in the dark, the dc
bias light intensity of DBP must be decreased as much as possible.
For lower dc bias light intensities, an accurate DBP signal with a
dc/ac ratio much higher than unity can only be measured below
the exponential valence band tail. For this reason, the Yppp spec-
trum labeled as dc bias light-low2 in Fig. 2 (a) is first normalized at
1.52 eV to the spectrum of the high dc bias light [as shown by a
red arrow in the inset of Fig. 2(b)]. Finally, the Yppp spectrum of
the dc bias light-lowl is normalized at 1.40eV to that of the dc
bias light-low2, at which the dc/ac ratio is around 30 > 1, as
seen in the inset of Fig. 2(b). At the lowest intensity of dc bias light
(called dc bias light-lowl), the flux of dc bias light equals
6—8x 10"* cm™>s™', which approximately corresponds to 10~ of
AM1.5 light intensity. Under this condition, the distribution of
electron-occupied midgap states probed by the DBP is closer to
that below the dark Fermi level and results in a spectrum equiva-
lent to that of CPM.”" This is confirmed by the phase of the DBP
signal of the dc bias light-lowl spectrum that is presented in the
inset of Fig. 2(a), showing no significant change from the valence
band tail edge down to 0.7 eV, as generally observed in the phase of
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FIG. 2. (a) Relative DBP yield spectra of undoped a-Si:H in the annealed state
measured with three different dc bias light intensities. In the inset, the phase of
DBP signals is shown for corresponding dc bias light measurements. (b) Optical
transmission spectrum in absolute scale simultaneously measured from the
back of the sample. In the inset, dc/ac ratios of photocurrents are presented for
each DBP measurement.

the CPM signal.”’ When the intensity of the dc bias light increases,
new unoccupied gap states located above the Fermi level become
partially occupied by electrons and are, thus, converted to recombi-
nation centers, which cause a change in the phase of the DBP
signal as seen in the inset of Fig. 2(a), while they also result in an
increase in the Yppp spectrum at lower energies. Although the
intensity dependence of DBP spectra contains detailed information
about the density, distribution, energy locations, and the nature of
the gap states, in this study, we will focus only on the analysis of
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FIG. 3. Calculated absorption coefficient spectra of undoped a-Si:H in the
annealed state are shown for two different DBP spectra and that measured by
FTPS in the light soaked state. In the inset, the Cody plot is presented for both
DBP and FTPS measurements.

the DBP spectrum measured with the lowest dc bias light (shown
as dc bias light-lowl) and calculate the corresponding absorption
coefficient spectrum, o(hv), from which the energy dependence of
the electron-occupied midgap defect states will be derived as pre-
sented below.

Fringe-free absolute o(hv) spectra in the annealed state for dc
bias light-lowl and dc bias light-low2 are calculated from the corre-
sponding Ypgp and optical transmission spectra of the sample pre-
sented in Fig. 2 by using Ritter-Weiser optical equations.” It is
seen that the calculated o(hv) spectra involve no interference
fringes, which are naturally removed by optical equations and the
fact that the transmittance is measured in exactly the same spot as
where the DBP measurement is conducted, meaning that the inter-
ference fringes present in the transmittance and photocurrent
spectra have extrema at exactly same energy positions.
Furthermore, no normalization procedure of Yppp has been carried
out here, in contrast to the general approach used in the conven-
tional DBP method.'®"** The a(hv) spectra shown in Fig. 3 indi-
cate that increasing the dc bias light intensity causes an increase in
o(hv) below 1.2 eV without affecting the occupation of defects at
higher energies. The characteristic slope of the valence band tail
absorption was found to be 42 meV, indicating a high quality of
amorphous silicon studied in this work. The accuracy of the calcu-
lated o(hv) spectrum is also compared with that independently
measured by the FTPS method for this a-Si:H film and is presented
in Fig. 3. The FTPS spectrum of the sample was measured after
1000 h of AML.5 light soaking at Delft University of Technology
and under a higher intensity of white light (~0.01 suns) such that a
significant increase in the a(hv) in the sub-bandgap region existed
from that of the annealed DBP spectrum. However, there is a good
overlap between the two spectra above the exponential absorption
region, indicating that the improved DBP method allows us to
obtain the absolute a(hv) spectrum of the samples independently
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and accurately, in contrast to the conventional DBP method,'®*"**
requiring fringe removing procedures and normalization at energy
around the bandgap energy to an absolute a(hv) measured by
another technique to get a fringe-free absolute c.(hv) spectrum.

The o(hv) spectrum obtained in Fig. 3 is proportional to the
imaginary part of the dielectric constant, €,(hv), as well as to the
refractive index, n(hv), as presented in Eq. (1). As first approxima-
tion, we have used the tenth-order polynomial fit function of n(hv)
created for the original Klazes data’ by Thevaril and O’Leary”® and
calculated the €,(hv) spectrum of the sample by using the o(hv)
spectra of dc bias light-lowl as well as that of FTPS (data not
shown). In the inset of Fig. 3, the Cody plot of the sample obtained
from Eq. (5) is presented for both DBP and FTPS spectra. It is
clearly seen that a perfect straight line is obtained for the energy
region above 1.9 eV as generally presented,”” where only optical tran-
sitions from the electron-occupied parabolic valence band extended
states to the empty parabolic conduction band extended states define
the a(hv) spectrum. The two spectra overlap very well and the DBP
spectrum alone provides a sufficient energy region above the
bandgap to obtain the Cody gap of the sample from the intercept at
the energy axis. It was found that the Cody gap of the sample, Ecp,
is 1.68 eV and the slope of the straight line provides the value of
(NoNuo) Y2, which equals 2.3 x 102 cm ™ eV>2 thus underlining
the accuracy of both photocurrent measurement methods.

Finally, the values of Ecp and (N,N,,) were used to calculate
the joint density of states function, Jgr(hv), of the sample using
Eq. (4) and presented in Fig. 4. Jgr(hv) is the joint density of states
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FIG. 4. The joint density of states functions of the sample, Jrrps(hv) and
Jpep(hv), calculated by using the absorption coefficient spectra presented in the
Fig. 3 of FTPS and DBP measurements, respectively, In addition, the joint
density of states function, Jeg(hv), shown in this figure defines only optical tran-
sitions from the electron-occupied parabolic valence band extended states to
the empty parabolic conduction band extended states, calculated for the sample
by using the numerical values of Ecp and N¢,N, obtained from the Cody plot
presented in the inset of Fig. 4 according to Eq. (3).
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function due only to optical transitions from electron-occupied
parabolic valence band extended states into empty parabolic con-
duction band extended states, dominating the spectrum only above
the Cody gap, Ecp. However, the o(hv) spectrum measured by
either DBP or FTPS is determined by all optical transitions from
the electron-occupied defect states into the empty conduction band
extended states. For this reason, we have calculated the joint
density of states functions of the experimental DBP and FTPS
spectra, Jpgp(hv) and Jerps(hv), by using the corresponding the o
(hv) spectrum of each measurement as well as the energy-
dependent refractive index spectrum, n(hv), provided in the litera-
ture.”>”” These are presented in Fig. 4 together with the calculated
Jeg(hv) of the sample. It is seen that the shape and magnitude of
the spectra, Jppp(hv), Jrres(hv), and Jgg(hv), overlap perfectly
above 1.9 eV, indicating that both photoconductivity methods of
the improved DBP and the FTPS probe the same optical transitions
from electron-occupied parabolic valence band extended states to
unoccupied parabolic conduction band extended states at an
energy region above 1.90 eV. However, for the energies below Ecp,
other optical transitions from electron-occupied localized defect
states into empty conduction band extended states will contribute
to the a(hv) spectrum as measured by DBP and FTPS methods. As
can be seen from Fig. 4, optical transitions from electron-occupied
exponential valence band tail states dominate the spectrum down
to 1.5V in the Jppp(hv) spectrum, where the slope of the straight
line represents the characteristic slope E,, of valence band tail
states, which is the same as that obtained from the o(hv) spectrum
shown in Fig. 3. Since Jpgp(hv) of the dc bias light-lowl below
1.5eV is only due to optical transitions from the electron-occupied
midgap states located below the dark Fermi level into the unoccu-
pied conduction band extended states, detailed information about
the electron-occupied midgap states can be obtained from Jpgp(hv)
or the a(hv) spectrum. This was first reported by Pearce et al.*’
who noted that the energy-dependent electron-occupied gap states,
kNg,p(hv), can be derived from the deconvolution of the absolute
o(hv) spectrum and are used to identify the midgap defect states.

In this study, the energy dependence of electron-occupied gap
states, the native defects of the annealed state, the kN, (hv) spec-
trum, was calculated from the derivative of the a(hv) spectrum
using Eq. (6) as defined in Sec. ITI. In Fig. 5, the energy dependence
of the total electron-occupied gap states is shown together with the
occupied valence band tail states of the sample calculated using the
parameters E,,, Ny, Nyr, and Ecp of the sample as obtained
above. It is seen that the electron-occupied midgap states dominate
the spectrum below 1.42 eV, above which the occupied valence
band tails increase exponentially until the band edge. Finally, the
net energy-dependent density of electron-occupied midgap states is
obtained by subtracting the occupied valence band tails from the
total kNg,,(hv) spectrum and presented in Fig. 6. The resulting
spectrum was separated into several Gaussian types of defect states
with their characteristic peak energy positions, total density, and
half-widths to obtain the best fit for the data. It was found that
four different Gaussian-type defect distributions can be identified
and named as A, B, C, and X states following the previous
nomenclature,"” ™" >*%*

The peak energy positions of these defect states are found at
photon energies of 0.89+0.05, 1.0+0.01, 1.34+0.01, and

J. Appl. Phys. 133, 125702 (2023); doi: 10.1063/5.0138257
Published under an exclusive license by AIP Publishing

133, 125702-6


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

© Annealed state- dc bias-low1-Experiment
22 | === Occupied VB tail states
~—~ 10 [~ Fitto total kN, o 7
> 21 £
o 10° ’ .
™
M
08 10 12 14 16 18 20

Photon Energy (eV)

FIG. 5. Energy dependence of total electron-occupied gap states, kNgap,
obtained for the DBP spectrum of dc bias light-low1 and calculated occupied
valence band tail states for undoped a-Si:H in the annealed state.

0.75+0.01 eV for A, B, C, and X states, respectively. The best fit to
the net experimental kN,,,(hv) spectrum was obtained for the total
density of (6.0+0.2)x 10", (2.8+0.1)x 10", (2.0+0.1)x 10",
and (4.0 +0.1) x 10 cm™ for A, B, C, and X states, respectively.
Their half-widths were similar and vary within 120 + 15 meV as
shown in Fig. 6. As a summary, four different native defect states
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FIG. 6. Energy dependence of electron-occupied midgap states, native defect
states (green solid line), in the annealed state of undoped a-Si:H obtained from
the deconvolution of the a(hv) spectrum corresponding to the dc bias-low1
experiment. Four different Gaussian type midgap defect states labeled as A, B,
C, and X states are identified at well-defined peak positions and half-widths.
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located below the dark Fermi level were identified by using the
improved DBP method, among those, C states closer to the valence
band tail have the highest density and X states in the middle of
bandgap have the lowest density.

V. STAEBLER-WRONSKI DEFECTS IN THE
LIGHT-SOAKED STATE

The Staebler-Wronski effect’ appears to be an intrinsic prop-
erty of undoped a-Si:H that is typically used to explain degradation
in the photoconductivity of the sample under extended illumina-
tion. In order to see a significant effect of light soaking, an
undoped a-Si:H sample investigated in this work was illuminated
by AML.5 equivalent white light for 480 min as the sample was
mounted in a high vacuum cryostat. The temperature of the sample
was set to 20 °C and kept constant during light soaking by the tem-
perature controller of the liquid nitrogen-cooled cryostat. The time
dependence of the photoconductivity during light soaking is
recorded every 5 min by a computer program and presented in the
inset of Fig. 7. It is clearly seen that 6,pet, (AMI1.5) degrades with a
power law of t7P, where the exponent was calculated to be
B=0.20+0.02, which is different from the commonly reported
t™ power law,"®” but in line with the earlier reported data.'”
Gphoto a8 a function of the intensity of red light was also measured
within 5 min right after terminating light soaking in order to
prevent the effects of room temperature annealing”’~>>** of the
light-induced defects on the measured photoconductivity. In Fig. 7,
the results of Gphoto, in both annealed and light-soaked states, were
presented as a function of the photon flux to quantify the amount
of degradation. oo, decreased by a factor of six from annealed
values. The exponent y of the 6,01, 0n the light flux was calculated
to be 0.85 in annealed and light-soaked states.
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FIG. 7. Steady-state photoconductivity of undoped a-Si :H in the annealed state
and after 480 min of light soaking carried out in vacuum under AM1.5 white
light. In the inset, time-dependent oyneo recorded during degradation under
AM1.5 white light is shown. The flux of dc bias light-low1 of DBP measurement
is also indicated.
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The degradation of o, Was attributed to the creation of
light-induced defect states due to the Staebler-Wronski effect.'
These defects are located in the bandgap of a-Si:H and detected
directly by electron paramagnetic resonance (EPR)>’ as well as by
sub-bandgap absorption methods.'® EPR detects only the paramag-
netic defects called the D° states. However, the sub-bandgap
absorption spectrum measured by photoconductivity methods such
as CPM™ and DBP'®’"** probes both D° and non-D° defect
states. We have applied the improved DBP method in the light-
soaked state and measured Yppp spectra for different dc bias light
intensities right after light soaking (which was within 30 min after
soaking ended). In Fig. 8, the Yppp spectra are shown for three dif-
ferent dc bias light intensities. It is seen that a similar Ypgp spec-
trum of the annealed state as well as the phase of the DBP signal
given in the inset are obtained after light soaking. The phase of dc
bias light-lowl measurement is constant at all energies indicating
that the distribution of electron-occupied defect states below the
dark Fermi level was not significantly altered by the low intensity
of the bias light used in DBP. The a(hv) spectrum in the light-
soaked state corresponding to dc bias light-lowl was calculated
using the Yppp (lowl) and optical transmission spectra and pre-
sented in Fig. 9 together with that of the annealed state. In the
inset, relative Yppp spectra measured under dc bias light-lowl are
also shown in both annealed and light-soaked states to see the rela-
tive change of the raw DBP spectrum in the sub-bandgap region.
There exists a significant increase in o(hv) values below the valence
band tail due to an increased density of the electron-occupied
midgap defects created by light soaking. It is clearly seen that there
exists an asymmetric increase in o(hv) in the sub-bandgap region.

The energy dependence of the electron-occupied defect states
in the light-soaked state, now called the Staebler-Wronski defects,
was calculated by taking the derivative of the light-soaked a(hv)
spectrum. In Fig. 10, the absolute total kNg,(hv) spectrum is
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FIG. 8. Relative DBP yield spectra of undoped a-Si:H in the light-soaked state
for three different dc bias light intensities. In the inset, the phase of DBP signals
is shown for the corresponding dc bias light measurements.
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shown together with the calculated occupied exponential valence
band tail states. Similarly carried out in the annealed state, the
exponential valence band tail distribution is subtracted from the
total kNg,,(hv) spectrum and the resulting spectrum is fit to four
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FIG. 10. Energy dependence of total electron-occupied gap states in the light-
soaked state obtained for the DBP spectrum of dc bias light-low1 and calculated
occupied valence band tail states. The best fit is obtained by using exponential
valence band tail states and four different Gaussian defect states with the same
peak positions and half-widths of native defect states.
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FIG. 11. Energy dependence of electron-occupied midgap states, Staebler—
Wronski defects, in the light-soaked state obtained from the deconvolution of
ofhv) spectrum corresponding to the dc bias-low1. Four different Gaussian type
midgap defect states at the same energy positions of A, B, C, and X states of
the annealed state are identified. The density of A, B, C, and X states increases
unevenly after 480 min light soaking. The numerical values of the densities of
the Gaussians are given in the text.

different Gaussian-type defect states at peak positions and total
densities as shown in Fig. 11. These Gaussian-type defect states
obtained in the light-soaked state are found to be almost at same
energy positions and same half-widths of the native defects found
in the annealed state, while their density increased by light soaking.
The total density of A, B, C, and X states increased to
(1.90 £ 0.05) x 10", (8.60+0.1) x 10", (3.3+0.1)x 10", and
(8.80 % 0.06) x 10" cm ™, respectively. The increase in their density
is by a factor of 3.2, 3.0, 1.65, and 2.2 for A, B, C, and X states,
respectively, indicating that each defect distribution increased at a
different rate. The intensity-dependent Gphoro shown in Fig. 7
decreased approximately by a factor of six at all flux levels showing
that degradation in Gypo, cannot be correlated directly to the
density of either of these defects alone. Their capture cross sections
are also required to be considered in the degradation of Gypoto as
well as in the occupation of these defects causing the intensity
dependence of the sub-gap absorption coefficient spectrum as mea-
sured by DBP.

In this study, the presence of multiple defect states and their
absolute densities and energy positions were studied in the
annealed as well as in the light-soaked states. In every experimental
work, parameters measured and new parameters derived from the
measured ones will involve a certain degree of error that includes
experimental error due to equipment, sample handling, and
ambient conditions, as well as propagation of errors in the deriva-
tion of new parameters from experimental results. First of all, pos-
sible experimental errors can be introduced in the simultaneous
measurement of raw DBP and optical transmission spectra by
lock-in amplifiers. The phase of a lock-in amplifier is very sensitive
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to experimental error if the signal-to-noise ratio is low. In
this context, the phase of the DBP signal shown in the inset of
Figs. 2(a) and 8 is a good indication that raw DBP and T spectra
are measured accurately within a small experimental error. The var-
iation in the phase of the DBP low-1 spectrum is within a few
degrees around the set angle of zero degrees between adjacent
points. The calculated absorption coefficient spectrum is smooth
and contains no remaining interference fringes, indicating that light
is uniformly absorbed in the film and peak positions of fringes are
exactly at same energy locations for both DBP and T spectra. In
addition, the calculated absorption coefficient spectrum of DBP
overlaps perfectly above the valence band tails with that of the inde-
pendently measured absorption coefficient spectrum by FTPS for
the same sample. Therefore, uncertainty in the absolute absorption
coefficient spectrum is within an experimental error limit that is
not greater than a few percent. This is also supported by the Jpos
figures of DBP and FTPS as compared with the theoretical Jgg of
the sample. As a result, it is not suitable to present any error bars in
such figures up to Fig. 5, which will be smaller than the symbol
size. Hereby, we note that such limited error values are significantly
smaller than typical variations in the density of the different sub-
bandgap distributions, which can easily vary over the orders of
magnitude instead of a few percent or tens of percent.

The energy positions and absolute densities of Gaussian-type
defects located in the sub-bandgap energy region were obtained
from the energy-dependent electron-occupied defect distribution,
kNgqp (E), given by Eq. (6), where uncertainties in the parameters
might cause the propagation of error in kNg,p; here A(E) is the
uncertainty in energy E defined by the resolution of the monochro-
mator, A[d(c)/dE] is the uncertainty in the derivative of a, and
A(a) is the uncertainty in the absolute absorption coefficient, o. By
using a standard error propagation analysis, the uncertainty in
kNgap, A(kNg,p) is calculated for the whole spectrum. It is derived
that the error of kNg,,, is less than 5%, as shown in Fig. SI 2 in the
supplementary material. kNg,, in the subgap region is determined
by the sum of the electron-occupied X, A, B, and C states.
Therefore, the uncertainty in each Gaussian-type defect density
must be lower than that of kNg,,. The density of each Gaussian
defect was an independent parameter and adjusted to get the best
fit to the net kN, spectrum in the subgap region. Another possi-
ble error in quantifying the absolute density of Gaussian defects
depends on the normalization of kN, at energy Eyr to Ny as
defined in Sec. I1I. The numerical value of Nyt is defined by Ny,
of the sample, which was obtained from the slope of the Cody
plot as presented in the inset of Fig. 3. Both FIPS and DBP
results give a perfect fit to a linear slope of the Cody plot in a
wider energy region such that the inaccuracy in Ny, is negligible.
Finally, normalized kNg,, to Nyt at energy Eyr will allow us to
determine the absolute numerical values of each Gaussian defect
contributing to total kNg,,, which will be the summation of A, B,
C, and X as well as the exponential valence band tail states below
energy Eyr. Then additional errors in the density and energy posi-
tions of Gaussians are defined according to the best fits to the
kNgap spectrum, which is indicated in Figs. 6 and 11, and the
limits are stated explicitly in the text. The error bars indicated in
the other graphs in determining the slope of variables stay within
the experimental error limit.
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In order to confirm the validity and reproducibility of multiple
defects detected in the bandgap of undoped a-Si:H, we have
extended our investigations to other sister samples deposited under
identical preparation conditions of R=7.5. We have measured
several sister samples in the annealed as well as in the light-soaked
states and followed the same method of analysis described above.
The results of one of the sister samples having the same embedded
contact geometry are shown in Figs. SI1(a)-1(c) in the supplemen-
tary material for both annealed and light-soaked states. Similar to
that found above, four different Gaussian-type defect distributions
labeled as A, B, C, and X were also identified for best fits to the
density of electron-occupied midgap states. Their peak energy posi-
tions and half-widths are around the same values of defects as
found in Fig. 6. Mainly, the total density of Gaussian distributions
increased by light soaking, while slight differences in densities
between samples are ascribed to a sample-to-sample variation.

As a result, we can conclude from these results that the native
and Staebler-Wronski defects are the same types of defects located
almost at the same peak energy positions; only their density
increases at different rates by extended light soaking. Therefore, the
time-dependent creation of each Gaussian defect state will be
important and provides essential information in understanding the
degradation of solar cell devices under AML1.5 light as well as the
changes in the steady state photoconductivity of films measured at
different generation rates.

VI. KINETICS OF STAEBLER-WRONSKI DEFECTS

Even though extensive research has been carried out in the lit-
erature for the kinetics of the SWE,*”'®'"*>** there is no consis-
tency among the research results. The kinetics of light-induced
defect creation in films and solar cells was reported to depend on
the nanostructure of the sample, sample history, and sample tem-
perature as well as on the intensity of light."'®'***** Therefore, in
order to investigate the kinetics of light-induced defect creation in
undoped a-Si:H films, certain standard test conditions for experi-
mentation before and after the light soaking procedure need to be
established for reliable comparisons of results carried out in differ-
ent laboratories as well as among the samples studied in the same
laboratory. First of all, the sample temperature during light
soaking, the intensity of white light, ambient of the sample, and the
defect density in the annealed state must be identical and reproduc-
ible. In this study, the sample temperature was fixed to 20°C
during light soaking by using a temperature controller in a liquid
nitrogen-cooled high vacuum cryostat. The intensity of white light
was adjusted to AM1.5 intensity using a calibrated photodiode and
the DBP spectrum for dc bias light-lowl was measured to obtain
the total density of native A, B, C, and X states from the analysis of
the a(hv) spectrum after each annealing procedure carried out
before each light soaking step. In order to provide the reproducibil-
ity of the annealed state, dark conductivity vs inverse temperature
was recorded after each annealing procedure as the sample cools to
room temperature, and those results are presented in Fig. 12. It is
seen that reproducible and the same reversible annealed state was
obtained after annealing of each light soaking step within the
experimental error.
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FIG. 12. Arrhenius plot of dark conductivity vs inverse temperature for the
undoped a-Si.H sample measured after annealing of each light-soaked state as
sample cools to room temperature.

After complete measurement processes of photoconductivity
and DBP spectra of each annealed state, the analysis of the a(hv)
spectrum was carried out to determine the density of Gaussian dis-
tributions present at each annealed state as described above. The
total density of A, B, C, and X states obtained for each annealed
state is shown in Fig. 13. It can be seen that a reproducible
annealed state was provided for the initial density of Gaussian dis-
tributions before starting the degradation kinetics of the Staebler—
Wronski effect. In the annealed state, it was found that the density
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FIG. 13. The density of Gaussian defect states obtained after each annealing
procedure carried out after each light soaking step of the undoped a-Si:H
sample used in this study. Lines are guide to eye.
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of native C states closer to the valence band tails is the highest and
equals (2.0 +0.2) x 10" cm™. The total density of native B, A, and
X states is stabilized at constant values of (3+0.4)x 10,
(7+£0.5)x 10", and (6+0.5)x 10" cm™>, respectively, without
having any significant change in peak energy positions and half-
widths of Gaussian distributions. Uninterrupted single-step light
soaking as defined before'® at a constant temperature of 20 °C in
high vacuum was applied from the annealed state until the end of
the light soaking period. Real-time recording of oppeto (AML.5)
during light soaking for the undoped a-Si:H film studied above is
shown in Fig. 14 for light soaking periods of 6, 20, 60, 200, and
480 min. It is seen that light soaking started from almost the same
reproducible annealed Gppoo Value of 3.2 £0.2 x 107> S/cm, which
was recorded as the light is on at t=0s and followed the same
time-dependent degradation as all the curves overlap. Two different
regions can be clearly identified in the degradation of AM1.5 pho-
toconductivity. In region I, a straight line can be fit to the log-log
plot of Gphoto VS time, and it extends from the beginning to the end
of approximately 2h of light soaking where all the light soaking
curves overlap. Gppoto Obeys the t™P power law. The exponent B was
calculated to be 1/5 (0.20 £0.02). In region II, beyond 2h of
soaking, a tendency toward saturation or to a lower time depen-
dence of ophoto Was observed for this sample as well as for other
sister samples investigated (data not shown). Once the light
soaking has ended, the GOphoro vs flux for the light-soaked state
under collimated He-Ne laser light was measured within 5min
right after soaking. The changes in Gphoto as a function of the
soaking time recorded under low and medium flux values of red
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FIG. 14. Real time monitoring of photoconductivity changes measured during
light soaking under AM1.5 white light. The dashed lines indicate the termination
of the light soaking, for which photoconductivity drops to the level of dark con-
ductivit!y’, In the inset, photoconductivity vs time for the flux of 1x10™ and
1x10™cm=2s~" of red light of He-Ne laser measured right after the end of
each light soaking period.
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light are summarized in the inset of Fig. 14. The degradation of
Gphoto Measured at the high and low flux of red light can be fit to a
single power law of t™® covering both regions, where B equals to
0.20 + 0.02 for the medium flux of 1x 10> cm™2s~}, the same as
that of Gypete (AML.5) degradation. However, Gphoro degrades at a
slower rate with the exponent f=0.14 +0.02 for the measurement
at a low flux of 1x 10> cm™s™". Even though there exists a ten-
dency toward saturation in Gppeto (AML1.5) after 2h, Gy at the
lower and intermediate light intensities continue to degrade at the
same rate. In order to understand the details of defect creation
kinetics and their effects on oo, measured at low and medium
light intensities as well as that on the a(hv) spectrum, the changes
in the density of each Gaussian type defect identified in the
bandgap of a-Si:H must be determined through the analysis of the
o(hv) spectrum.

The kinetics of light-induced defect creation studied by using
sub-bandgap absorption methods have been extensively character-
ized by monitoring only the a(hv) values at a single energy, usually
at E=1.2¢eV.*>" In this study, the kinetics of the light-induced
defect creation have been investigated by monitoring both the
changes in a(hv) at the peak energy values of each Gaussian defect
as well as by monitoring the net increase in the density of these
Gaussian distributions. For this reason, the kNg,,(hv) spectrum, by
taking the derivative of the o(hv) spectrum, measured right after
each light soaking period for the dc bias light-lowl of the improved
DBP method has been used to obtain the density, peak energy
positions, as well as the half-widths of A, B, C, and X states. In
Fig. 15(a), the o (hv) values recorded at peak energy positions of A,
B, C, and X states are presented as a function of the light soaking
time after subtracting the corresponding annealed o(hv) values
shown in Fig. 13. Two different regions can be clearly identified in
the changes of the o(hv) values recorded at peak energy positions
of Gaussian defects. No significant time dependences of o, (hv)
[=0s0aked(hV) — Ctanneatea(hv)] have been detected within the experi-
mental error at peak energy positions of A and X states in both
regions as seen in Fig. 15(a). Similarly, the oy (hv) at the peak
energy position of B and C states showed no significant time
dependence in region I. However, the o, (hv) of both B and C
states exhibited a stronger time dependence in region II with a
power low of t%, where B equals 0.5 +0.02. In order to understand
the contributions of individual Gaussian defect states to the mea-
sured o (hv) spectrum, the corresponding changes in the density of
A, B, C, and X states were obtained from the best fits to kNgap(hv)
spectrum calculated from the a(hv) spectrum of each light-soaked
state. These changes are shown in Fig. 15(b) as a function of the
light-soaking time, where the annealed state density of each
Gaussian distribution was subtracted from light-soaked values. Two
different time-dependent regions are identified for the light-
induced changes in the density of A, B, and C states. In region I,
the net increase in their density remained at constant values. In
region II, the net change in the density of A state, N,, increased
very slowly and obeyed a power law of t®, with the exponent
f=0.10+0.02. However, B and the C states presented a stronger
dependence on the soaking time according to a power law of t?
where B equals 0.5+0.02, representing the same power law of
Oet(hv) shown in Fig. 15(a). The increase in the X state located in
the middle of the bandgap was found to be independent of time.
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FIG. 15. (a) The changes in the values of a(hv) at the peak energy position of
A, B, C, and X states vs time obtained from the measurement of dc bias light-
low1, (b) the changes in the density of the Gaussian defect states of A, B, C,
and X as a function of light soaking time obtained from the best fit to the spec-
trum of energy dependence of electron-occupied midgap states. Lines are guide
to eye.

The net change in the density of the Gaussian defects correlates
well with the time-dependent changes in oy, (hv) recorded at peak
positions of Gaussian defects shown in Fig. 15(a).

There is no significant variation in the peak energy positions
and half-widths of Gaussian distributions obtained for best fits to
A B, C, and X states and stay within the values presented for
annealed and light-soaked states data shown in Figs. 6 and 11,
respectively. The peak energy positions and the half-widths of the
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FIG. 16. The net changes in the total density of Gaussian distributions during
light soaking obtained from the deconvolution of the a(hv) calculated from the
dc bias-light low1 DBP measurement after each light soaking step. Annealed
state values of each Gaussian are substracted from each corresponding soaked
state value. Lines are guide to eye.

Gaussian defects as a function of light soaking time are presented
in Figs. SI 3(a) and 3(b) in the supplementary material. These
results obtained for the annealed states as well as for different light
soaking intervals under well-controlled in situ light soaking and
experimental conditions indicate that four different Gaussian-type
midgap states located below the dark Fermi level were identified
from the deconvolution of the a(hv) spectrum measured by the
improved DBP method. It can be concluded from these results that
the native and Staebler-Wronski defects created by light are the
same types of defect distributions located at same energy positions.
Extended light soaking causes only an increase in the total density
of A, B, C, and X states at different rates in different time domains.

In order to correlate the changes in Gppor, measured under
AML1.5 white light as well as that measured under the red light of
the He-Ne laser shown in Fig. 14, the net changes in the total
density of A, B, C, and X states are represented in Fig. 16 as a func-
tion of the light soaking time. At the lowest intensity of red light
with a flux of 1x 10" cm™s7", the splitting of quasi-Fermi levels
is so small that only the X and A states will contribute to the
recombination of photocarriers. The total density of A and X
states, (N + Nx), increased linearly with a single exponent of
=0.10+0.02 as shown in Flg 16. Corresponding Gphoto measured
at the flux of 1 x 10"> cm™s™" degraded with a single power law of
t~P, where the exponent p=0.14+0.02 in both regions indicates
that changes in A and X states can be used to correlate with the
changes in Ophotor As the light intensity increases to
1x 10" cm™?s™" (medium light intensity), it is more likely that
some portion or most of the B states will be covered by the
quasi-Fermi levels and act as recombination centers for electrons.
Time-dependent degradation of Gppoto at this medium intensity of
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red light is expected to have a dependence on the total density of
the A, B, and X states, (N + Np + Nx). In Fig. 16, this is presented
as a function of the light soaking time, illustrating that
(N4 + Ng + Ny) increased with a single power law in both regions
with the exponent B =0.18£0.02. This is in good agreement with
the fact that o, measured at a flux of 1 x 10" ecm™2s™! degraded
with a similar power law with the exponent B=0.20+0.02 as
shown in the inset of Fig. 14. Finally, at the highest intensity of
AM1.5 white light, quasi-Fermi levels will extend to exponential
valence and conduction band tails and C states will become effi-
cient recombination centers. Thus, Gphoto (AM1.5) in both regions
can be correlated with the net increase in the total density of A, B,
C, and X states. In Fig. 16, the total density of Gaussians,
(N4 + Ng + N¢ + Ny), is shown as a function of time. Two different
time-dependent regions can be clearly identified. In region I, the
total defect density increased slowly with time and can be fit to a
power law of t%, where §=0.10 +0.02, which is much lower than
the degradation of Gphoto (AML.5) in region I as shown in Fig. 14.
It is more likely that at 1 sun intensity of AM1.5 white light, other
defects located between the Fermi level and the conduction band
edge acting as recombination centers are involved in the measured
photoconductivity. Those defects cannot be probed by the DBP
method. In region II, an increase in the total defect density of these
four Gaussian defects showed a strong time dependence with a
power law of t*, where B=0.50.02, mainly dominated by the
increase in the C states as shown in Fig. 15(b). However, in region
I, Gphoto (AM1.5) dominated by free electrons showed a much
slower degradation with soaking time, tending to approach to a
degraded steady-state. It can be understood from these results that
the C states are inefficient recombination centers for electrons and
more efficient recombination centers for free holes such that the
degradation of p-i-n solar cells is mainly controlled by the C states
under 1 sun operation as reported by Wronski et al.'””* It is more
likely that the C states are non-D states with negative charge since
they must have very small capture cross sections for electrons and
do not affect Gypoto (AML.5).

VIl. ROOM TEMPERATURE ANNEALING OF STAEBLER-
WRONSKI DEFECTS

Recovery of solar cell efficiency at room temperature after
high-intensity light soaking of a-Si:H solar cells introduced the
concept of the “fast” and the “slow” states, for the first time, by
Yang and Chen.”' It was reported in that study that those states
created faster anneal out easily even at room temperature. This
effect was also investigated extensively in undoped a-Si:H films as a
room temperature recovery of the photoconductivity or mobility-
lifetime (ut) products of majority carriers after light soaking termi-
nated and correlated with the recovery of dark forward-biased
recombination currents in the intrinsic layers of p-i-n solar
cells.'”?%*»*»2529% In  the present study, room temperature
annealing effects of the light-induced defects were also investigated
by re-measuring the Gphoto and the ohv) spectrum of the dc bias
light-low1, a week after termination of light soaking. In Fig. 17, the
raw Yppp spectra of the dc bias light-lowl are presented for the
light-soaked state of 480 min measured right after and a week after
light soaking. In the inset, the corresponding oppet, of the sample
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FIG. 17. Room temperature annealing of Staebler-Wronski defects as detected
by the raw DBP spectra of the dc-bias light low1 measured right after and a
week after light soaking of 480 min.

is shown together with that measured in the annealed state. There
is a detectable decrease in the raw Ypgp spectrum in the sub-
bandgap energies below 1.5V for the measurement carried out a
week after light soaking. This result indicates that the density of the
electron-occupied midgap states below the dark Fermi level
decreased a week after light soaking. It means that some portion of
the defects below the Fermi level was annealed out at room temper-
ature in dark. Similarly, a consistent improvement in photoconduc-
tivity, especially a more significant increase in the lower flux values,
has been detected as seen in the inset of Fig. 17. The exponent y of
Gphoto 0N the flux was 0.85 in both annealed and light-soaked states
as measured right after light soaking. However, the exponent y
decreased significantly to 0.75 for the measurement taken a week
after light soaking and the values of Gphoto at lower flux values
increased significantly as seen in the inset of Fig. 17. This can only
be possible if the density of the midgap states acting as recombina-
tion centers located below the Fermi level decreases since the split-
ting of the quasi-Fermi levels is small at these low light intensities.
At higher intensities of the measurement light, the recovery of
Gphoto Was found to be negligible. This recovery effect of oppoo Was
attributed to room temperature annealing of the “fast” states
created by light soaking.”' However, the exact origin of the effect
has not been understood until now. In order to examine the details
of the observed effect, the Gynoto and ci(hv) spectrum of the DBP
dc bias light-lowl were re-measured a week after each light soaking
period of degradations presented above. The Gaussian
de-convolution of the recovered c.(hv) spectrum was used to obtain
the total density of A, B, C, and X states in the recovered state. The
percent change in the density of each Gaussian distribution was
calculated as %NDOS = [100 X (Nright after — Nrecovered)/Nright after] %.
The corresponding percent increase in photoconductivity was cal-
culated as %Gphoto = 100 X [(Gphoto(recovered) — Gphoro (right after
soaking))/cppoto (right after soaking)]%. The %Gphoto Of the low
flux, 1 x 1022 cm?s7, is presented above the “no-change line” and

J. Appl. Phys. 133, 125702 (2023); doi: 10.1063/5.0138257
Published under an exclusive license by AIP Publishing

133, 125702-13


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

that of %Npos is shown below the “no-change line” in Fig. 18. As
the light soaking period increases, more recovery in Gppeo Was
recorded, indicating that more fast states are created as the soaking
time increases and they anneal out at room temperature, making it
more likely that annealing of the fast states takes place during light
soaking. The defects responsible for this recovery of photoconduc-
tivity are presented below the “no-change line” It is clearly
observed that there is no change in the density of C states for all
light soaking periods. No significant room temperature annealing
of the C states located closer to the valence band tails indicates that
the C states with the highest density must be the “slow” states indi-
cated in the literature.'”~>*>*>** Their annealing can only happen
at higher temperatures above 150°C as it is shown in Fig. 13.
However, there are detectable changes in the total density of A, B,
and X states, which decreased after a week of recovery. First of all,
6 min of light soaking indicated a very small recovery of ophotos
about 10%. There was no detectable annealing in the density of A
and X states, but only the density of B states decreased about 10%.
As the light soaking time increases, the contribution of A and B
states seemed to be constant, where the relative decrease in A states
is found to be 15 + 3% and that of B states is 12 + 2%. However, for
light soaking times longer than 20 min, room temperature anneal-
ing of X states becomes more significant in the recovery of photo-
conductivity. Since the X states are located in the middle of the
bandgap, they are most efficient recombination centers for elec-
trons. The percent change in the density of X states decreased
almost linearly as the light soaking time increased, which finally
contributed more to the large recovery of oppeto as shown in
Fig. 18. We can infer from these results that the X states could be
the major component of the “fast” states created by light. The total
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FIG. 18. Room temperature annealing of Staebler-Wronski defects as percent
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of steady-state photoconductivity measured a week after light soaking at 300 K.
Lines are guide to eye.
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percent decrease in A, B, and X states for the recovery of the
480 min light-soaked state is 57% as shown in Fig. 18. However,
the percent increase in Gppoto for the recovery of the same light-
soaked state was found to be 77%, indicating that in addition to the
density of the occupied Gaussian defect states acting as recombina-
tion centers, their capture cross sections also play a role in deter-
mining this recovery process of photoconductivity. Such
information about the capture cross sections of defect states can
only be obtained by detailed numerical modeling of these results
by taking into account all the defect states in the bandgap and their
occupation  statistics through the generation-recombination
equations.43

VIII. DISCUSSION AND CONCLUSIONS

Photoconductivity methods are very sensitive to indirectly
obtain very low levels of sub-bandgap absorption coefficients
related to the occupied gap states located below the dark Fermi
level of a-Si:H. In this section, we briefly discuss how the improved
DBP method introduces new capabilities among the existing photo-
conductivity methods to determine the absolute o(hv) spectrum
for the identification of multiple defects. The conventional DBP
and CPM are not direct methods to get the a(hv) spectrum and
require special data processing and normalization. First, interfer-
ence fringes on the relative ac photoconductivity spectrum must be
eliminated accurately. Second, the relative fringe-free photoconduc-
tivity spectrum must be normalized to the absolute a(hv) spectrum
of the same sample obtained independently by transmittance/
reflectance (T&R) or photothermal deflection spectroscopy (PDS)
methods at single energy around the band edge where a sufficient
overlap must exist between two spectra.'®’"”’ Alternatively, the
absolute constant photocurrent method (A-CPM) was developed in
1995" by Vanecek et al. to obtain the fringe-free absolute o(hv)
spectrum of a-Si:H. In this new approach, the measurements of
transmission CPM and standard CPM spectra, after placing them
in the absolute scale, were used to calculate the absolute fringe-free
o(hv) spectrum together with the help of Ritter-Weiser optical
equations.38 In 2002, Vanecek and Poruba introduced a new
method of photocurrent spectroscopy called Fourier transform
photocurrent spectroscopy (FTPS) based on the work of Tomm
et al.'’ to measure the o(hv) spectrum of thin silicon films as well
as thin film silicon solar cells.”® In FTPS, measured absorptance
and transmission spectra were then used to calculate the fringe-free
absolute a(hv) spectrum by using the Ritter-Weiser optical equa-
tions.”® However, the measurement principles and data processing
of the FTPS method involve many challenging problems in getting
an accurate c/(hv) spectrum as reported by Holovsky.*’ In addition,
the relatively high intensity of white light used in the measurement
of the complete a(hv) spectrum causes a substantial increase in the
occupation of the defect states above the Fermi level and a corre-
sponding increase in the calculated a(hv) spectrum in the sub-
bandgap energies. Therefore, it is not possible to probe only the
occupied defect states below the dark Fermi level by the FTPS
method, i.e., the level for true occupied defect states in dark.

In this investigation, we have improved the conventional dual
beam photoconductivity method’' and applied it, for the first time,
to study the Staebler-Wronski effect in undoped a-Si:H films by
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obtaining a reliable and accurate fringe-free absolute a(hv) spec-
trum. In the improved DBP method, the relative ac photoconduc-
tivity spectra, Yppp, for different dc bias light intensities as well as
the optical transmission spectrum, T, of the sample detected from
the substrate side are measured simultaneously. Then, the fringe-
free absolute a(hv) spectrum down to 0.66 eV was calculated by
using the absolute Yppp and T spectra through Ritter—Weiser
optical equations,” in analogy to A-CPM and FTPS methods.
Modeling-based fringe removing procedures and normalization of
the Yppp spectrum are not required. The calculated a(hv) spectrum
was also compared with that independently measured by FTPS on
the same sample and a very good overlap has been obtained from
the visible region down to the exponential valence band tail ener-
gies as shown in Fig. 3. FTPS is powerful to obtain the a(hv) spec-
trum from 3.0 down to 0.6 eV, which was only possible in the past
by using three different methods, i.e., spectroscopic ellipsometry,
T&R, and DBP.”” However, due to the relatively higher intensity of
white light used in the FTIR spectrophotometer, a substantial
increase exists in the calculated a(hv) spectrum in the sub-bandgap
energies. This is shown for the high dc bias light DBP spectrum as
presented in Fig. 2(a) as well as in Fig. 3 for the FTPS spectrum.
For this reason, the lowest dc bias light DBP spectrum (dc bias
light-lowl) of the improved DBP is the key to study the density
and energy distribution of the electron-occupied defect states
located below the dark Fermi level in the annealed as well as in
light-soaked states, after calculating the fringe-free absolute oi(hv)
spectrum.

The o(hv) spectrum is directly related to the imaginary part of
the dielectric constant, €,, as defined by Eq. (1) if the spectral
dependence of refractive index, n(hv), is available. It is generally
known that the measurement of the n(hv) spectrum down to the
sub-bandgap energies cannot be performed routinely for each
sample due to experimental limitations. In our investigation, we
have used the tenth-order polynomial fit function of n(hv) reported
in the literature™ to calculate the &,(hv) function of the sample for
both DBP dc bias-lowl as well as the FTPS spectra. In the inset of
Fig. 3, the £,"* vs photon energy, which is known as the Cody plot,
is presented for both DBP and FTPS measurements. It is clearly
seen that the Cody plot of FTPS and improved DBP spectra obey
perfectly to a straight line down to 1.90 eV, indicating optical tran-
sitions between the parabolic extended states. The Cody plot pro-
vided Ecp and (NNy,) products of the sample, which are very
valuable experimental data of the sample to calculate the theoretical
joint density of states function, Jpos(hv) = Jgg(hv), which is defined
for optical transitions between parabolic extended states for photon
energies higher than Ecp as defined in Eq. (4), as well as to nor-
malize the energy-dependent electron-occupied density of states
function, kNg,,, in absolute scale. However, the Jpos (hv) function
below Ecp, corresponding to electron-occupied defect states located
below the dark Fermi level, can only be obtained alternatively from
the experimental a(hv) spectrum by using Eq. (3), if the spectral
dependence of the refractive index, n(hv), as well as R*(hv), the
average dipole matrix element squared, are known. It was shown in
this work that the experimental Jpos(hv) down to the sub-bandgap
energies was calculated by using the o(hv) spectrum of DBP dc
bias light-lowl as well as that of the FTPS measurement and
reported results for n(hv)*® and R*(hv).”” There is a perfect overlap
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between Jgg(hv) and other Jpog(hv) functions down to Ecp, indi-
cating that FTPS is powerful and fast to obtain optical transitions
from electron-occupied parabolic valence band extended states to
the empty parabolic conduction band extended states accurately, as
compared with compatible optical methods of spectroscopic ellips-
ometry and T&R commonly used in the past to obtain the o(hv)
spectrum corresponding to extended states.”””" Furthermore, there
exists a perfect overlap between Jppp(hv) and Jerps(hv) down to the
bottom of exponential valence band tails. Jerps(hv) is much higher
in the sub-bandgap energy region due for two reasons: (1) it was
measured after 1000 h of the light-soaked state at Delft University
of Technology and (2) it was measured under a much higher inten-
sity of measurement light. However, the Jpgp(hv) spectrum
obtained from dc bias light-lowl measurement corresponds to the
distribution of electron-occupied midgap defect states located
below the dark Fermi level. Therefore, the improved DBP method
is powerful to study the density and energy locations of the native
defects as well as the Staebler—Wronski defects created by light in
undoped a-Si:H films.

In the annealed state, it was found that there are four dis-
tinctly different native defect states located below the Fermi level.
These defects were named as A, B, C, and X states following the
same previously used nomenclature.'”™'>*>** They are located at
photon energies of 0.89+0.02, 1.0+£0.01, 1.34+0.01, and
0.75 + 0.02 eV, respectively, as shown in Fig. 6. The density of these
Gaussian-type defects was found to be (6.0+0.2)x10",
(2.8+0.1)x 10", (2.0+0.1) x 10", and (4.0 £0.1) x 10" cm™ for
A, B, C, and X states, respectively. Their half-widths are similar and
vary within 120 + 15 meV. The A, B, and C states were first identi-
fied by Wronski’s group by using the conventional DBP method at
photon energies of 0.85, 1.01, and 1.28 eV for A, B, and C states,
respectively. " ~'" We have also tried to fit the kNg,, spectrum by
using the peak energy positions of A, B, and C states reported by
Wronski’s group, but it was not possible to get an acceptable fit for
the shape of the whole spectrum of kNgap due to the energy posi-
tion of the X states located at 0.75 eV. The differences between con-
ventional DBP and the improved DBP methods rely on the fringe
removing process and the simultaneous measurement of optical
transmission from exactly the same spot where ac photoconductiv-
ity is measured as well to obtain the absolute a(hv) spectrum.
Conventional DBP used the Fourier transform methodology devel-
oped by Wiedeman et al.” for the fringe removing procedure,
which might have introduced an artificial smoothing of natural
fringes of DBP at lower photon energies such that X states might
have been overlooked. However, in the improved DBP method, the
fringes were removed naturally in optical equations used to calcu-
late the absolute a(hv) spectrum®® similarly carried out in the
FTPS method.'"” The phase of the dc bias-light lowl shown in
the insets of Figs. 2(a) and 8 indicates the accuracy of the measured
response of the sample in the annealed and light-soaked states. The
fourth Gaussian-type midgap state at photon energy around
0.70 eV was also reported for the first time by FTPS measurements
carried out in similar quality undoped a-Si:H films as well as p-i-n
solar cells.'™'"” These defects in the middle of the bandgap were
named as X states since their origin and nature are unknown at the
present, although it has been argued that they can be associated
with doubly charged defect entities.'™'” In this study, the X states
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were also identified at a photon energy of 0.75eV in addition to
the other three defect states located at similar peak energy positions
as consistent with recent FTPS measurements.'*"”

In the light-soaked state, the density of these Gaussian-type
defect states increased significantly by different rates as presented
in Fig. 11 without any significant change in their peak energy posi-
tions and half-widths. It can be concluded that the native and
Staebler—-Wronski defects are the same type of defects present in
the nanostructure of a-Si:H. Several sister samples from the same
deposition run and with the same contact geometry were also
studied in both annealed and light-soaked states. Those results are
shown in Fig. SI 1 in the supplementary material indicating that
four different Gaussian-type midgap defect states located below the
dark Femi level were also identified in both annealed and light-
soaked states at similar peak energy locations and half-widths,
while only their density increased after light soaking.

Right after the discovery of the Staebler—-Wronski effect, light-
induced defects were thought to be paramagnetic neutral silicon
dangling bonds, the D° states.”” However, it was reported several
years ago that there exist two different paramagnetic silicon dan-
gling bonds, D° defects, in the nanostructure of undoped a-Si:H as
detected by time-domain pulsed EPR spectroscopy.'”'” These
defects were named as Type I and Type II defect states. Type I
defects are located at the inner surface of open volume deficiencies
such as divacancy, multivacancy, and up to nanosized or micro-
voids, while Type II defects are isolated and randomly distributed
silicon dangling bonds in the nanostructure of a-Si:H, which were
the originally reported EPR defects.” Both types of paramagnetic
defects were shown to be present in both annealed as well as light-
soaked states. The majority of paramagnetic defects are randomly
distributed silicon dangling bonds, labeled as Type II defects. It was
shown that Type II defects make up 79% of the total paramagnetic
defects and the rest, 21%, are Type I defects located on inner sur-
faces of microvoids.'™"” These two types of paramagnetic silicon
dangling bonds must be located below the dark Fermi level and
detected by the sub-bandgap photoconductivity method of the
improved DBP as well as by other photoconductivity methods such
as FTPS and CPM. Therefore, two of the four Gaussian-type defect
states identified by using the improved DBP method should corre-
spond to the paramagnetic EPR defects of Type I and Type II It is
more likely that these defect states are A and B states located at the
photon energy of 0.89 +0.05 and 1.0 +0.01 eV as presented above.
The total density of N, and Ny in the annealed state was found to
be NAB»annea.led = NA-annea.led + NB-annealed =34x 1016 Cm73~ The
ratio of NB-annealed/NAB-annealed is 82% and that of NA-annealed/
N AB-annealed is 18%. In the light-soaked state,
N AB.soaked = Na_soaked + NBsoaked = 1.12 % 10"” cm™. The ratio of
NB-soaked/NAB-soaked is 77% and that of NA-soaked/NAB-soaked is 23%.
These ratios of the density of A and B states to the total density
obtained in annealed and light-soaked states are found to be in the
similar range for the ratios of Type I and Type II defects to total
paramagnetic defects. Therefore, our investigation supports that the
A states could be the Type I and the B states could be Type II para-
magnetic silicon dangling bond defects as reported by time-domain
pulsed EPR spectroscopy. "

The other defects, the C and X states, are more likely related
to the non-D° defects that exist in the nanostructure of undoped
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a-Si:H. The effects of the non-D° defects were reported extensively
by Wronski’s group and they play a major role in the degradation
of ut-products of majority and minority carriers as well as in the
degradation of p-i-n solar cells."*™*" Specifically, C states closer to
the valence band edge were shown to be efficient hole recombina-
tion centers and responsible for the degradation of solar cells under
1 sun illumination.””* The C states must be the negatively charged
non-D° states since they do not degrade oppoto (AM1.5) signifi-
cantly after 2h of extended light soaking, even if their density
increases strongly with time. It was reported that the nanostructure
of dense a-Si:H is well described by an anisotropic disordered
network in which a high density of hydrogenated divacancies
exists,”” ' which was also confirmed by several investigations that
hydrogen passivated divacancies are the dominant sites in dense
a-Si:H.”” " In the anisotropic disordered network, the not fully
hydrogenated divacancy will result in multiple defect states in the
bandgap of a-Si:H, including the paramagnetic D states like Type I
and Type II defects as well as the non-D° defects-like charged
defects. However, no theoretical modeling has been carried out to
calculate the energy locations of such multiple defects yet. Our
experimental results clearly indicate that some of these multiple
defects below the Fermi level are located at photon energies indi-
cated above and are detected by the improved DBP method.

In addition to the presence of multiple defects in the nano-
structure of a-SiH, their kinetics under light has also been an
important investigation. It was first theoretically demonstrated by
Stutzmann, Jackson, and Tsai (SJT) in 1985, who argued that the
light-induced defects are created by recombination of free carriers
under light and their kinetics was shown to be proportional to G*>
t"?, where G stands for the generation rate of light and t is light
soaking time." In 1998, Branz proposed an alternative theoretical
approach to explain the Staebler-Wronski effect and its kinetics in
a-Si:H through the hydrogen collision process taking place during
light soaking.”” The kinetics of the light-induced defect creation on
light intensity and time was also predicted as proportional to G*>
t'3, the same as that of the SJT model even though these two
models were based on different physical origins. These two theoret-
ical models assumed the same isolated silicon dangling bonds as
the main defect, i.e., single electron-occupied neutral silicon dan-
gling bonds, D states, as well as hydrogen atoms randomly distrib-
uted in the continuous random network. However, it was recently
reported in 2014 by Fehr et al. that there are two types of neutral
silicon dangling bonds, paramagnetic D° states, in the nanostruc-
ture of undoped a-Si:H, labeled as Type I and Type II defects by
using time-domain pulsed EPR experiments.'® Both Type I and
Type II defects were shown to play a major role in the Staebler-
Wronski effect.'® Therefore, a single kinetics rate equation as pro-
posed by the SJT* and hydrogen collision models”” cannot explain
the kinetics of the light-induced defect creation and the corre-
sponding degradation of photoconductivity in undoped a-Si:H; as
has also been experimentally demonstrated through the FTPS anal-
ysis.'* It was also reported that the kinetics of the Staebler-
Wronski effect depends on the initial defect density present before
light soaking as well as the sample temperature.'*'*'*** Therefore,
studying the kinetics of light-induced defects requires well-defined
experimental conditions before and after light soaking for a reliable
comparison of experimental results among different laboratories as
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well as among the different samples in the same laboratory. For
this reason, we have applied a single-step light soaking of undoped
a-Si:H films at a constant temperature in a well-controlled soaking
ambient of high vacuum under 1 sun and from the same reproduc-
ible annealed state defect densities as presented in Figs. 12 and 13.
Evolution of four different Gaussian defect states was obtained as a
function of the light soaking time and correlated with measured
photoconductivity and the a(hv) spectrum. It was found that two
different time regions exist in defect creation as reported by
Wronski et al.”>*” Within 120 min of light soaking, the net density
of A, B, C, and X states is almost constant at certain values and
show no significant time dependence. For light soaking longer than
120 min, the net increase in the density of the X states is almost
independent of the light soaking time and stays constant at
4+0.5x 10" cm™ within the experimental error. The A states
increase very slowly with the exponent = 0.1+ 0.02. However, the
net increase in the density of B and C states shows a stronger time
dependence and obey t°, where the exponent B=0.5+0.02.
Corresponding net changes in the densities of A, B, C, and X states
can be partially correlated with net changes in the o(hv) measured
at the peak energy positions of A, B, C, and X states as presented in
Figs. 15(a) and 15(b). However, it is not possible to make
one-to-one correlations with the decrease in Gp0t, measured at low
and medium intensities of red light as well as at AM1.5 intensity as
shown in Fig. 14 with the kinetics of a single Gaussian defect pre-
sented in Fig. 15(b)." ">

Finally, it was also important to discuss the room temperature
annealing of light-induced defects occurring right after termination
of light soaking as first reported by Yang and Chen.”' The concept
of the “fast” and the “slow” states defined in that study also brings
about difficulties in the investigation of light-induced defect kinet-
ics. It was found in this study that there was a significant recovery
in Gphoto Of the light-soaked state as measured approximately a
week after light soaking. Room temperature recovery of Gypot, mea-
sured at the low intensity of red light is mainly due to annealing of
A, B, and X states located closer to the middle of the bandgap,
which define the “fast” states. The C states do not show any detect-
able annealing effect suggesting that they must represent the “slow”
states as defined in the literature.”' ~*°

In conclusion, more than four decades after its discovery, we
have improved the original dual beam photoconductivity method
of Wronski and his collegues’’ and applied it to study the
Staebler-Wronski effect in dense undoped a-Si:H films. In addition
to the three Gaussian-type midgap defect states previously reported
by Wronski’s group”® by using the conventional DBP method, we
have identified the fourth Gaussian-type midgap state in the
annealed state just at the middle of the bandgap at a photon energy
of 0.75 eV by using the improved DBP method, as consistent with
the results obtained by FTPS. In the light-soaked state, these four
different Gaussian-type defects appear at same photon energy posi-
tions and with similar half-widths of native defects, so only an
increase in their density defines the SWE. Two of these four
defects, A and B states, could possibly be representing the recently
discovered Type I and Type II paramagnetic EPR defects by Fehr
et al.'® Other C and X states could be representing the non-D°
states, i.e., charged defects present in the nanostructure of undoped
a-Si:H. Such multiple defect states in the nanostructure of a-Si:H
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were projected only by the anisotropic disordered network model,
where the not fully hydrogenated divacancy could result in multiple
native and light-induced defects. However, the theoretical model
calculations for the energy locations of such multiple defects are
missing in the literature and are extremely important to understand
the four-decades-old problem of the Staebler-Wronski effect. It
was also found that the kinetics of the light-induced defect creation
cannot simply be defined by a single rate equation, since each
defect distribution has a different time rate under light and contrib-
utes differently to the degradation of photoconductivity measured
at different generation rates. Furthermore, the results obtained in
this study indicate that three of these Gaussian-type defect states
located closer to the middle of the bandgap, the A, B, and X states,
are more likely the “fast” states and the C states located closer to
the valence band edge are the “slow” states.

SUPPLEMANTARY MATERIAL

See the supplementary material for the data cited in the text.
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