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The effective capture rates of electrons and holes by the defects of undoped a-Si:H are measured
using a technique based on the optical bias dependence of the modulated photocurrent. The
evolution of the phase shift and modulated photocurrent spectra with the optical bias intensity is
used to study the capture coefficient of the defects at different trap depths in the energy gap. The
modulated photocurrent spectra are recorded using uniformly, or strongly absorbed light in order to
obtain information about the trapping and recombination processes in the surface, the interface, and
the bulk of the films. The calculated capture rates of carriers are studied in a series of ¢-Si:H films
and information about the defect structure is obtained. It is found that the effective capture rates of
the carriers by the defects are not constant in the studied filins and may vary by up to two orders of
magnitude from sample to sample. Finally, the importance of the atomic environment and the local
strains of the defects of a-Si:H for the capture process of the carriers is discussed. © /996
American Institute of Physics. [S0021-8979(96)03016-2]

I. INTRODUCTION

It is widely accepted that the dangling bonds (dbs),
which can exist in neutral positive or negative charge states
(Do, DY, and D~ respectively), determine the optoelectronic
properties of a-Si:H. Therefore, the defect density and the
effective capture rate of the carriers by the defects are im-
portant for the determination of the recombination rate,
which is essential in the performance analysis of the solar
cells and other electronic devices based on a-Si:H. The most
common methods used to characterize the electronic proper-
tie. of a-Si:H cannot provide direct information about the
effective capture rates of the carriers. Namely, the photother-
mal deflection spectroscopy' (PDS), the constant photosur-
rent method? (CPM), and the electron spin magnetic
resonance’ (ESR), can measure only the total or a part of the
total defect density.

The charge state of the dbs of ¢-Si:H is believed to be an
important factor for the determination of the effective cap-
ture rates of the carriers. Since the correlation energy for
a-Si:H is positive (U>0.1 eV), it is considered that most of
the dbs in undoped samptes are neutral. However, theoretical
studies based on thermodynamic equilibration® between
weak bonds and dbs,>® or based on potential fluctuations,’
have shown that most of the dbs may be in a charge state.
According to the theoretical predictions of these models the
defect state distribution in the band gap consists of one posi-
tively charged defect band above the Fermi level, another
independent negatively charged defect bund below the Fermi
level, and a band of neutral dbs near midgap. Several experi-
mental studies®"* have been employed to measure the ratio
of the charged to neutral defect density in «-Si:H and to
determine the distribution of the density of states that is more
appropriate to fit the experimental results. It was concluded,
on one hand, that the charged defect density is higher than
that of neutral defects from light induced ESR,? and subgap
absorption measurements,”'® in agreement with the predic-
tions of the defect pool model. On the other hand, it was
deduced that most of the defects are in the neutral charge
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state from modulated photocurrent experiments.'>!® There-
fore, the charge state of the dbs dominated trapping and re-
combination in &-Si:H remains an open problem at present.
In this work, a technique based on the optical bias de-
pendence of the modulated photocurrent (OBMPC tech-
nique) is used, to determine the effective capture rates of the
electrons and holes'>'*'6 by the defects in undoped a-Si:H
samples. In this technique, the amplitude of the modulated
photocurrent (MPC) and the phase shift are measured at dif-
ferent optical bias light intensities as a function of the modu-
lation frequency of the light. From these spectra, the effec-
tive capture rates of the electrons and holes by the defect
states are caleulated for different bias light intensities and
information about the defect structure is extracted.

il. EXPERIMENTAL DETAILS

Undoped «-Si:H films 0.7-0.9 wm thick were prepared
by the conventional rf glow dischurge technique under vari-
ous deposition conditions of the substrate temperature
(T,=250-300 °C), interelectrode distance (D =20-35 mm),
and silane pressure (P =50 or 100 mTorr)."” The films werc
deposited in a single high vacuum (HV) chamber or in an
ultrahigh vacuum (UHV) multichamber system with base
vacuum before deposition of about 5X1077 and 3X107%
Torr, respectively.

A sinusoidal modulated light (probe light) and a dc bias
light (pump light) provided by two light-emitting diodes
(LEDs) of band-gap red light (660 nm) (Refs. 12 and 14-16)
are used to illuminate the films in the OBMPC experiments.
The probe light intensity was adjusted by neutral density
filters to be in the range of 0.5%-25% of the dc bias light
intensity. The amplitude of the MPC and the phase shift
between the modulated light and the resulting MPC, were
measured by a Lock-in amplifier at room temperature as a
function of the modulation frequency (v) at different bias
light intensitics in the region of 1X10'%-5x 10" cm™?s7".
In order to study the influence of the surface or interface
states to the trapping and the recombination process, LEDs
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FIG. 1. Experimental (v} " (»), and 7 (v) spectra of an «-Si:H film de-
posited on the UHV multichamber at a substrate temperature of 250 °C
measured with a bias light intensity of 1.1X10'? em™2s7'. The dashed line
shows the frequency w,=2mv, that cor "sponds to the demarcation level of
the trapped carriers.

of strongly absorbed bluc (470 nin), green light (563 nm), or
uniformly absorbed infrared light (880 nm) were also uscd.
The films were illuminated from the free surface or through
the substrate. ;

The photocurrent measurements were performed in
samples with Al ohmic contacts in coplanar geometry. Even-
tual space charge regions of the contacts may be a problem
in the MPC measurements because the modulated light may
generate a modulated photovoltage that might affect signifi-
cantly the MPC measurements. In this case, one expects that
the phase-shift values may be voltage dependent. The results
presented in this work referred to films with ohmic contacts
where the phase-shift values are independent of the applied
voltage, while the amplitude of the MPC was found to be
zero with a zero applied voltage.

lIl. RESULTS
A. The MPC and phase shift spectra

The amplitude of the MPC /,.(v), the amplitude of the
out of phase MPC i (v), and the phase shift (r) spectra of
a film deposited at 250 °C arc presented in Fig. 1{a), 1(b),

and 1(c), respectively. The defect density for this sample
measured by CPM was 1.3X10'® ¢cm™. The ®(v) spectra
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exhibit characteristic broad peaks that are typical for a-Si:”
samples.!"'*!-!7 Similar broad spectra have been obtaine
by simulations assuming that the carriers interact wi:
dbs. 516

There are two regimes in the spectra of Fig. | that a:
characterized by different behavior. The two regimes a:
separated by the dashed line at the frequency w, defined t
the break point of i (v), the maximum of iq(v), and t+
inflection point of ®(v) spectra as shown in Fig. 1.

In the high frequencies regime (w>w,), the phase shi
takes relatively higher values, while the amplitude of tt
MPC i,.(v) depends on the frequency. This is a characterist:
behavior observed at higher frequencies and/or when lo
optical bias intensities are used indicating that trapping ar
thermal reemission dominates.'*™"® In general, in this regin
the empty gap states at trap depth £, which are characte.
ized by thermal emission rates equal to the modulation fre
quency, have the predominant contribution to the phase shi
due to trapping and detrapping.'® Assuming that the ele
trons dominate in the MPC measurements, then differe:
empty gap states at trap depths E below the conductic
band can be probed by changing the modulation frequenc
according to: w=2mv=¢,(E,) or w=c,N.exp(—E /kT
where ¢,(E ) is the thermal emission rate of electrons froi
E . c, is the capture coefficient of the electrons, and N :
the effective density of the states in the conduction band.

In the low frequencies regime (w<w,), the amplitude ¢
the MPC i, (v) shows a plateau and the phase shift D(;
decreases to zero. This is a characteristic behavior observe
at low frequencies and/or when a relatively high bias lig!
intensity is applied."*="? inis is an indication that recomb’
nation dominates and the gap states are almost completel
occupied and do not induce a phase shift.

The transition region between the low frequencies re
gime und the higher {requencies regime, defined by th
dashed line at the frequency w, in Fig. I, can be used U
definc the position of the demarcation level in the frequenc:
domain, which allows one to distinguish the gap states tha
act as traps from those that play the role of recombinatio:
centers. The concept of demarcation levels as defined b
Simmons and Taylor™® that are called *‘quasi-Fermi-level o
the trapped electrons E,,, or holes E,,,”” can be used as th:
most appropriate distinction of the shallow traps and recom
bination centers. According to the Simmons and Taylor stz
tistics, the capture rate of the electrons, #n¢, and holes, pec,
at the quasi-Fermi-level of trapped electrons E,, is equal t
the thermal emission rate of electrons from £E,,
e, (E,)=nc,+pc,, where ¢, is the capture coefficient o
holes. and »7 and p are the density of free electrons and holes
respectively. Calling CR=nc,+pc,, the capture rate o
electrons and holes, then at the demarcation level it is ex
pected that CR=w, and, therefore, w, can be used to measur:
the effective capture rate (CR) of the carriers by the defect
that dominate trapping and recombination at the £, level.

In order to test the validity of the assignment of the
frequency w, to the demarcation level of trapped carricrs
MPC measurements were made as a function of the optica
bias intensity (F). If electrons dominate in the photoconduc
tivity, by increasing F the demarcation level defined by the
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FIG. 2. Experimental i (v), i,.(»), and ®(v} spectra in (a), (b), and (c),
sespectively, of a UHV a-Si:H film (T;=250 °C) at various bias light inten-
sities, F,inem™2s™\ (1) 4x10%, (2) 1.1x 10", (3) 2.7x 10", (4) 1.1X10'?,
(5) 2.5X10", and (6) 6.2X {0'*. The arrows represent the position (vp,) of
the quasi-termi-level E, in the frequency domain as cateulated from the de
photoconductivity.

frequency w, should shift to higher frequencies following the
shift of the quasi-Fermi-level £, of free electrons towards
shallower states. Typical results showing the effect of the
optical bias intensity F on the amplitude of the MPC, the out
of phase MPC, and the phase-shift spectra are presented in
Fig. 2(a), 2(b), and 2(c), respectively. These spectra are mea-
surcd by keeping the amplitude of the modulated light con-
stant while increasing F. The arrows of Fig. 2 indicate the
position of the frequency vg, that corresponds to the respec-
tive quasi-Fermi-level Ep, in the frequency domain. This
frequency was calculated from the dc photoconductivity
(o) according to the equation'’ 27vE,=c,0u/(ue), by as-
suming a mobility u=10 em? V™™t and c,,=1.2><10"8
cm™?s”!. Thus, in the spectra measured with increasing F,
the shift of the demarcation level defined by the frequency o,
. that corresponds to the break point of i,.(v), the maximum of
the i,(v), and the infiection point of the P(v), follows the
shift of E., to higher frequencies and to shallower states.
The behavior of Fig. 2 was observed in all the studied a-Si:H
films'"!? and it can be taken as a conclusive demonstration
of the assignment of frequency w, to the position of the de-
marcation level of the trapped electrons in the frequency do-
main. In Fig. 3 the o, is plotted as a function of the
wp, =27V, . By assuming a constant effective capture co-
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FIG. 3. The demarcation level of trapped electrons w, from the MPC spectra
of Fig. 2 as a function of the frequency wg, that corresponds to the quasi-
Fermi Eg, as calculated from the dc photoconductivity. The dashed line is
the linear dependence of w,*wg, .

efficient for the probed states it is observed in Fig. 3 that the
relation between w, and wp, do not significantly deviate
from the linear relation (dashed line), indicating that w, is
roughly proportional to wg, (w,%wpg,). Therefore, it can be
concluded that the effective capture cocfficient of the gap
states probed by MPC does not have a significant depen-
dence on the trap depth.

B. The calculated DOS

The density of states (DOS) as a function of frequency
calculated from the data of Fig. 2 according to the MPC
method' is presented in Fig. 4. The top axis represents the
energy range that is calculated from E =T In{c, N /w) as-
sumning that the interaction of electrons with the defect states
above midgap dominates in the MPC. Thus, it was taken
Ne=2.5%10"% ecm™ and ¢, =1.2x107% cm™/s. As the bias
light intensity £ increases, the calculated DOS, especially at
lower frequencies, decreases. This is a characteristic behav-
ior with increasing # because the MPC method measures the
unoccupied states that are available for trapping and thermal
release. As the quasi-Fermi-level shifts towards shallower
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FIG. 4. The DOS calculated from the data of Fig. 2. The arrows show the
frequency rg, and the numbers are as in Fig. 2.

Kounavis, Mataras, and Rapakoulias 2307



i T
@ HV 100 mTorr
. o - s -
Jay
102 b oA A uMvTgacec L
A - 250°C
A 4
= A
»
3 gtk [ ] |
1 10 © ° OO
8 © o
g 0
! )
100 - & 4
1 1
10'® 10"
N (cm'z)
d

FIG. 5. The cffective capture rates of carriers (CR) of undoped «-Si:H
samples deposited in the HV or UHV calculated from the MPC spectra that
recorded under a constant dc photoconductivity of oy, = 00t em™h

t

states in the band gap, the deeper gap states become popu-
lated and in these states the calculated DOS is underesti-
mated. The calculated DOS of Fig. 4 is typical for a-Si:H
films measured by the MPC method'"'*!® indicating that a
defect band at 0.35-0.65 eV below E- dominates electron
trapping and recombination.

C. The effective capture rates

In order to study the variations of the calculated effec-
tive capture rates (CR) of the carriers by the defects, which
are probed by MPC in different undoped a-Si:H samples, the
MPC spectra were recorded under a constant de¢ photocon-
ductivity . In this way, the quasi-Fermi-level is expected
to be fixed at about the same energy level ii. the band gap.

In Fig. 5 the capture rates of carriers calculated from the
MPC spectra according to the discussion in Scc. T A and

cquation CR=uw,, are presented as a function of the deleet

density N, mecasured by CPM. The MPC spectra were re-
corded under a constant photoconductivity o= 1078
Q™ 'em™!, on a series of samples deposited in the HV cham-
ber (circles) and on a series of samples depésiled in the UHV
multichamber (triangles). The series of films from the HV
chamber were deposited at 250 °C and at various interclec-
trode separation distances D=20-35 mm and stlane pres-
sures of 50 or 100 mTorr. The films from the UHV multi-
chamber system were deposited at 250 or 300 °C, at 100
mTorr of silane pressure and D =25 mm. The deposition
rate, the defect density, and the photoelectric properties of
the films are affected by changing the interelectrode separa-
tion and/or the silane pressure.!” From the series of samples
of Fig. 5, it is observed that the calculated CR values do not
exhibit a systematic dependence on the defect density. Even
in samples with comparable defect density the CR may vary
by 1-2 orders of magnitude from sample to sample. In the
films deposited in different deposition runs but in the same
preparation conditions, the defect density is about the same
and the calculated CR may vary by up to a factor of 3.
Since the CR are calculated under a constant dc photo-
conductivity, oy, =rneu, the density of free carriers 1 is kept
constant if the mobility wu of carriers is not significantly var-
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FIG. 6. Experimental (1), i.(v). and { (v) spectra measured under a co
stant photoconductivity and with a blue (470 nm), green (563 nm), red (6¢
nm), and infrarcd (880 nin) light, respectively, of a UHV sample depositc
at 250 °C. The arrows show the demarcation o -2l of trapped carriers at w

ied in the studied films. In this case, the fluctuations of th
calculated CR in Fig. 5 may originate from variations of th:
effective caplure cross section of the defects. However, it
possible that some samples may have a poor mobility u. .
lower u is compensated by an inversely proportional ir
crease of the density 2 that might result in a enhanced car
ture rate to be calculated that is not related to a higher car

“ture cross section. On the other hand, a poor u results in
lower diffusive velocity of carriers to the defects,

2122y
counteracts the effect of the increase of the capture rate du
to the increase of n1. Therefore, the variations of the calct
Jated capture rates of Fig. 5 from sample to sample are ex
pected to be practically less dependent on variations of x an
to mainly depend on changes of the capture cross section ¢
the defects. '

D. Influence of the surface or interface

The amplitude of the MPC, the out of phase MPC, an
the phase shift spectra for a UHV sample deposited at 250 “(
measured under a constant dc photocurrent are presented 1
Figs. 6(a), 6(b), and 6(c). The sample is illuminated from th
front side using blue (470 nm), green (563 nm), red (6¢
am), or infrared (880 nm) light. The same results were ot
tained when the illumination is from the substrate side (nc
shown here). The arrows indicate the frequency w, COrt<
sponding to the demarcation level of the trapped carrier:

Kounavis, Mataras, and Rapakouliz



[he behavior observed in Fig. ‘6 is typical for undoped
2-Si:H films and it was observed in films with relatively high
or low CR.

In order to interpret the above data it must be taken into
consideration the following remarks. When the films are il-
luminated with the strongly absorbed green or blue light, the
part of the film within the respective penetration depth of the
light, that is less than 200 nm, has predominant contribution
to the MPC measurements. On the other hand, when the
films are illuminated with the uniformly absorbed infrared
light, the contributions of the surface or interface layer to the
MPC are minimized. From the fact that the measured spectra
with the red light (660 nm) coincide with the respective
spectra measured with the uniformly absorbed infrared light
(880 nm), it can be concluded that by using a red band-gap
light of 660 nm the bulk states of the films are mainly
probed, and the eventual contributions of the surface or in-
terface layers are relatively small. From the fact that the
demarcation level of the spectra measured with the strongly
absorbed blue or green light is shifted to higher frequencies
as compared to the respective demarcation level of the spec-
tra measured with the more uniformly absorbed red or infra-
red light, it is concluded that the effective capture rates of
carriers are higher near the surface or interface than in the
bulk of the films.

The same shilt with decreasing N was also observed in
the respective spectra measured under a constant dc photo-
current and higher bias light intensities than those of Fig. 6.
This result exc.ades the possibility that the shift of the de-
marcation level of trapped carriers with decreasing \ can be
attributed to the band bending because the later is expected
to have a dependence on the bias light intensity.

{V. DISCUSSION

The fluctuation of the effective capture rates of the car-
riers by the defects is 1-2 orders of magnitude in the
samples in Fig. 5 and does not represent any systematic de-
pendence on the defect density. From Fig. 5 it is observed
that samples with compurable defect density may have sub-
stantially different effective capture rates.

The fact that the dbs in a-Si:H may exist in a charged or
a neutral state in gencral may explain the fluctuations ot the
calculated CR in Fig. 5. Therefore, probably defects in 2
charged state dominate trapping in films with the highest
calculated CR values, while defects in a neutral state domi-
nate trapping in films with the lower calculated CR values.
Thus, the shift of the demarcation level towards higher fre-
quencies with decreasing A of Fig. 6 could indicate that more
defects in a charged state eventually dominate lrapping near
the surface or interface than in the bulk of the films. In fact,
if the charge state of the dbs is the main factor that deter-
mines the capture rate of the carriers, then in samples with
the high calculated CR one should observe a less pronounced
shift of the demarcation level to higher frequencies with de-
creasing \, because both near the surface and in the bulk of
the flms the defects in a charged state dominate trapping.
However, the strong wavelength dependence of Fig. 6 was
observed in samples with high or low calculated CR. There-
fore, the defect states near the surface or interface probably
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act as more effective capture centers for the carriers than the
defect states in the bulk of the films, independent of the fact
that defects in a charge state or in a neutral state dominate
trapping in the bulk of the films. Based on this observation, it
can be concluded that the capture process of the carriers by
the defects is not only determined by the charge state of the
delects but also by the structural cnvironment of the dbs. The
structural disorder is probably higher near the surface or in-
terface than in the bulk of the a-Si:H films enhancing the
capture process of the carriers.

A similar conclusion has been also derived by light
soaking c:xprcrimcnts.ls'l6 Namely, it has been observed by
the OBMPC technique that at the beginning of light soaking
the effective capture probability of the carriers, especially
that of holes, by the defects, has been found to strongly in-
crease upon light soaking without a change of the defect
dcnsity.‘s‘"’ The light-induced increase of the capture prob-
ability was found to take place uniformly in the bulk and in
the surface of the films. When the defect density increases
the capture probability of the carriers by the defects increases
with a slower rate. Upon thermal annealing at temperatures
lower than 150 9C the defect density remains constant while
the capture pmb'ability of the carriers decreases. Based on
these results, it was concluded that the density of strained
bonds near the defects probably increases upon light souking
because of light-induced  structural modifications that in-
creasc the structural disorder. As a result, the capturc process
by the defects, especially that of holes, which is considered
to be the rate li=iting step for recombination in a-Si:H, is
enhanced upon light degradation. Therefore, the capture raie
of carriers may vary even in the same sample and depend on
the light soaking and annealing history.

Assuming that the dbs dominate in the trapping and re-
combination process, the recombination rate (R) is propor-
tional to the dbs density (Ny): R=CXN,. The propotion-
ality factor (C) is a complicated function>> of the capture
rate of electrons (n¢,) and the capture rate of holes (pc,).
The latter, and the fact that the calculated caprure rate of
electrons and holes is varied from sample to sample or even
in the same sample with light soaking, may explain the ex-
perimental result!?1624-27 that the photoelectric properties of
«-Si:H do not have a good correlation with the defect density
Ny. ,
It is believed that the role of the dbs formation in «-Si:H
is to relieve strains from the fourfold coordinated amorphous
silicon overconstrained structure. Since a threefold coordi-
nated db is located in a microvoid, the neighbor atoms have
some empty space to occupy and the structure is locally
more flexible to accommodate internal strains of the disor-
dered structure. Thus, 1t is reasonable to conclude that some
bonds close to the dbs are bent, and so, the db with the bent
or strained bonds may act as a cluster of states for the capture
process, increasing the elfective capture rates of the dbs for
electrons and holes, respectively. It is expected that the dis-
tribution of strains in the films, which is mainly defined dur-
ing deposition, and depends on the light soaking history of
the sample, may determine the ciicclive capture rate in the
dbs. As a result, the capture probability of the dbs is ex-
pected to be sensitive 10 the structural disorder, giving rise (0
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the widespread of the calculated capture rates of the carriers
in the series of samples in Fig. 5, and the increase of the
capture rate near the surface and interface of the films in Fig.

6.

V. CONCLUSIONS

The effective capture rates of electrons and holes by the
defects measured by OBMPC technique under a constant
photoconductivity condition may vary by 1-2 orders of mag-

"nitude from sample to sample and does not represent any
systenatic dependence on the defect density in undoped
a-Si:H films.

The capture probability of the defects does not represent
a significant dependence on the trap depth in the energy gap.
The capture rates near the surface or interface are higher than
in the bulk of the films.

From the present results, it is concluded that the cffec-
tive capture cross scction of the dbs that dominate clectron
trapping and rccombination above the midgap of a-Si:H is
not only determined from the charge state of the dbs but also
depends on the local atomic environment and the local struc-
tural disorder. Since the dbs relieve strains from the disorder
structure, it is suggested that strained bonds exist near the
dbs. The strained bonds and the db may act as a cluster of
states enhancing the capture rates and as a result the capture
process is sensitive to the local structural disorder. This may
explain the fact that the calculated capture rates significantly
vary in the films studied.
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