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Various defect states ina-Si:H studied by modulated photoconductivity spectroscopy
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Various kinds of defect state distributions dominating electron trapping and recombinate®iid films
from different laboratories are studied by analyzing modulated photocurrent measurements obtained by varying
the frequency or the bias light level. The characteristic features of the experimental modulated photocurrent
spectra are compared with those predicted theoretically and a clear physical meaning is obtained. Two kinds of
defect states are extracted directly from the spectra without prior assumptions about the form of the density of
states. The energetic distributions of these defect states at the quasi-Fermi level and above it are calculated and
their magnitude was found to differ by about an order of magnitude, while their capture coefficients differ by
as much as 2-3 orders of magnitude. We assign the two kinds of defects to silicon dangling bonds with three
backbonded silicon atoms and silicon dangling bonds where one backbond is substituted by hydrogen.
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[. INTRODUCTION multiplied by their capture coefficient. Therefore it is re-
quired to develop analytical techniques which should be able

The determination of the energetic distribution and theto resolve the different kinds of defects and to clarify their
nature of the defect states that dominate trapping and recongharacter. To this end, an improved analysis of the MPC was
bination of free carriers is of crucial importance in under-Proposed recently which provides important information
standing the optoelectronic propertiesasSi:H. After many  about the DOS of different kinds of defects that could not be
years of intensive research there is now a considerable evpbtained from the previous analyses. This analysis is applied
dence that the dominant defect statesaiBi:H originate here to experimental MPC spectra of an undope8i:H
from the Si dangling bonds that are charged or neutral. Th&lm. In order to obtain a more general validity of the calcu-
defect state distribution depends on the material composiated DOS ofa-Si:H, experimental MPC spectra of undoped
tion, preparation conditions, and after deposition treatmengamples from different laboratorfés®*that have been mea-
such as light irradiation, electron bombardment, thermal ansured by varying the frequency or the bias light level have
nealing, etc. been selected from the literature to be analyzed as well. Con-

The defect pool model is the current prevailing model thatributions from two kinds of defect states are resolved di-
describes the formation and equilibration of the danglingrectly from the experimental spectra of all the samples with-
bonds!~ According to this model, the density of states Out prior assumptions about the form of the DOS. The
(DOY) distribution in the energy gap consists of positively unoccupied and the partially occupied DOS of each kind of
(D*), negatively D) charged, and neutraDC) dangling ~ defects at the quasi-Fermi level and above it are calculated
bonds above, below, and near midgap, respectively. Theffy means of phase shift and amplitude of the MPC measure-
relative density is strongly determined from the position ofments. The capture coefficients of the probing defect states
the Fermi level. are extracted, from which information about their character

Various experiments have been developed to determini deduced.
the defect state distribution @fSi:H and to compare it with
that predi_cted thegretically. However,_each experiment is not Il. SAMPLES AND MEASUREMENTS
necessarily sensitive to the same kind of defects. For ex-
ample, dark and light induced electron spin resonance Thea-Si:H film, referred to as sample 1, has been depos-
experiment® provide the density of neutral defects and theited on a Corning glass substrate at a temperaflye
total density of neutral plus charged defects respectively=300 °C by the rf glow discharge technique using pure si-
while other experiments based on optical absorptidh, lane of a pressure of 100 mTorr in an ultrahigh vaccum
capacitancé, steady staté®!! and transiertt'!? photocon- chamber. The base vaccum before deposition wadd @
ductivity measurements provide mixed combinations of neuTorr and the film thickness was Og/m. Coplanar Al Ohmic
tral and charged defect densities. Thus different experimentalontacts with 0.15 mm separation were evaporated on the top
technigues must be combined to obtain a comprehensive piof the film and a voltage of 100 V was applied for the pho-
ture of the DOS. tocurrent measurements.

The modulated photocurrefi1PC) experiment is widely In the MPC experiment the sample was illuminated with a
used as a simple and powerful tool to determine the unoccuelatively weak sinusoidally modulated light imposed on a
pied DOS distribution of amorphous semiconductdrd®  stronger dc bias illumination produced by two light emitted
The absolute DOS is extracted usually assuming that only diodes respectively with a maximum intensity at 660 nm.
single kind of gap states is probed. However, this experimerithe resulting phase shift and the amplitude of the MPC
provides, in general, the summation of all the different kindsi ,. were measured by a lock-in amplifié?*as a function of
of defect states, with which the majority carriers interact,the modulation frequency keeping constant the bias light
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level which is known as frequency scéfRS spectroscopy. I ——
Our analysis is applied also to previously published ex-
perimental MPC spectra of undopeaebi:H films from three 10°F
different laboratories. The data from two of these samples
referred to as samples 2 and 3 of Ref. 20 and Ref. 21, re- i~ 10'F
spectively, have been measured with the conventional FRS 5
spectroscopy, while the data from the other sample, referred es 10°}
to as sample 4, of Ref. 22 has been recorded by varying the _
bias light level, the so called bias light sceBLS) spectros- ™ 10°L
copy. All the examined experimental data are referred to near
room temperature where it is believed that trap limited trans- 10°
port dominate¥ and in which our model analysis is based. 10*
10° e

Ill. FRS AND BLS SPECTROSCOPES
FOR THE DETERMINATION OF DIFFERENT KINDS 10°+
OF DEFECT DISTRIBUTIONS

~RTY
Our analysis of the MPC for the determination of different 'g 10°¢ 3

kinds of defect states has been presented in details >~

elsewher® and it was mainly concentrated on data recorded o 107 3

with the FRS spectroscopy. Here this analysis is briefly pre- St s

sented for data obtained from both the FRS and BLS spec- 10°¢ 3

troscopes. 1o*

The phase shifgp and the amplitudé,, of the MPC re- 10° 10° ' 1(')10 ' 1612
flect the interaction of the free majority carriers with the gap n (cm'3)
states. Assuming that electrons are the majority carriers and _
interact, in general, with several kinds of defect states la- FIG- 1. Calculated values afterm from Eq.(4) as a function of
beled by (i) having distributionsD' (E) each with capture angular modulation frequency for the FRS spectroscopy i@
coefficientsc’. and ¢, for the electrons and holes, respec- and as a fun(.:t'on of free _ele_ctrons Conce”"a‘“."“?f the BLS.
tively, the calr;:ulatedpimaginal’y term of the MPC by means spiectroscopy inb). Arrows indicate the characteristic frequencies

fd i data is directl lated to th distributi ot and »? and the characteristic concentratiams and n?, while
0 » lac data IS direclly related 1o these diStnbulions iy jines indicate the variation of the respective weighting func-

through tionsH?, H2.

i and determines the individual contribution to the imaginary
EI H'eiD'(EpkT. (1 term of every effective trapping rate 7if) '
=H'c/D'(E})KT.

For a given temperaturd, Eqg. (2) suggests that different
gap states can be probed by changing not only the modula-
tion frequency in the conventional FRS spectroscopy, but
alternatively the free carriers density with the change of the
bias-light level in the BLS spectroscob‘ifSpecifi.caIIy, in the
FRS spectroscopy, every probing energy leigglis shifted
_ from the quasi-Fermi levelf; and above it by scanning in the
cnNe frequency region ofw=w; keeping constant the bias light
(w2+{wit}2)1/2 ' 2) level. In the BLS spectroscopy, every probing energy level
Ej, is shifted along with the respective quasi-Fermi lekgl

whereN is the density of states in the conduction band edge?y scanning with moderate or strong bias light intensities

where the zero of the energy scale is taken. At every trans?“ch than=n'=w/c;,, while w is kept constant. Finally, the

tion frequencymt itis w;=nc, +pC _rn(Et) wheren andp Ep level remains practically fixed at the respectizglevel

is the density of free clectrons and holes, respectively, antPr w<wt and at a fixed energy level abo¥g level for n
r(E}) the thermal emission rate from the respective quasi=N' in FRS and BLS spectroscopy, respectively.

Y= ,ueGaCAS :

ac

In this equationu is the mobility of the majority carriers
the electronic chargeG,. the amplitude of the alternative
generation rateQ the conduction cross sectional area of the
specimenKkT the thermal energy, andl the applied electric
field. Each probing energy levé, is given by

EL=KTIn

Fermi IeveIEt of trapped electrons. By taking thatp such The capture coefficients, and the defecD'(E) distribu-
thatnc,>pch then it isw}=nc\,. The weighting functiorH’ tions can be extracted simultaneously from the spectrui of
in Eq. (1) is given by term. This is demonstrated with the examples of the calcu-

lated spectra ofY term shown in Figs. () and Xb) as a
i function of angular frequency and free electrons concen-
i—q— 3 @t tration n for FRS and BLS spectroscopy, respectively. As-
H'=1 arcta , 3 X AR ) S
suming for simplicity two uniform defect distribut-
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ions with DY(E)=1x10'® cm 2 eV ! and D?(E)=1
X 10" cm 2 eV ™! havingci=6.3x10"° cm % s! and
c2=2.1x10"% cm 3 s, theY term is calculated from

i, @A)

Y=HY 7w/2]cIDYEHKT+H 7/2]c2D3(EZ)KT. (4)

The presence of the two kinds of defects becomes evident in
the spectra ofY with the transition to the trapping-limited
regime where the effective contribution of each defect van-
ishes. This transition takes place at two differefjtand two
differentn' in the respective spectra of FRS and BLS spec-
troscopy because of the different capture coefficients of the @y

Phase shift (deg)

probing defects. This can be seen in Fig&)land 1b), 21
whereY represents two steps by decreasingnd increasing =
n, respectively. Each step of reflects the decrease of the 2 0.
respective effective trapping rate) ! either by shifting - o
each probing levelE;, close to the quasi-Fermi level upon -g 10
decreasingv to w; or by shifting E; close to eactE,, upon —-—
increasingn to n'. The above “staircaselike” behavior of = 108
arises from the decrease of th andH? functions (solid -~
lines) at the respective transition frequencie$ and »? of R
Fig. 1(a) and transition concentratiomé andn? of Fig. 1(b). >~ 107}
In the emission-limited regime that takes place for . _ A — )
=20w; andn=n'/20, it isH'=1 and the spectra represent a 10° 100 10° 100 10° 10° 10
leveling off at a value that depends on the absolute probing o (Hz)
defect density. Upon decreasing and increasingn the FIG. 2. Amplitude of MPCi,. in (a), phase shiftd in (b),
trapping-limited regime is obtained fcm<wit and n>n', amplitude of the out of phase MPG, in (c) and calculated values

of Yterm in(d) of our sample 1 as a function of angular frequency.
Closed and open symbols obtained with a bias light intensity of 7
X 102 and 5x10° cm 2 s 1, respectively. Vertical lines indicate

respectively, where thel' and the respective effective trap-
ping rate () ! decreases linearly to zero. At eveny= o,

—nl! H H I
ipgr;ro:; SLT:; e((;:)auntjlél(;?rgevg;oi:ﬂ[:iga)sl (éri(rzlcj:ze:t faifzasifp; the characteristic frequencies and »?, while solid lines in(d)
: . o Pvo1 . indicate the variation of the calculated weighting functistls H?
of Y_the '_'eSpeCt'Ve effective trapping ratéoI dommates, for the spectrum with the higher bias light level.
the imaginary termY drops by a factor of 2 as well and this
is used to determine the respectimﬁi; and n'. Each ratio Observed which appears as a common characteristic of all the

wlcl, is calculated from a-Si:H samples. ]
Figures 3-5 present the MPC data of undogpe8i:H

films that have been selected from the literature to be ana-
£ & (5) lyzed. Specifically, our experimental spectra published
C, ew earlier® of i .o, @, andi, at 300 K from FRS spectroscopy
of sample 2 deposited at ECD are shown in grafahs(b),
and (c), respectively, of Fig. 3 for two bias light intensities.
i The respective experimental MPC spectra at 293 K of
ﬁ_; _P (6) sample 3 from FRS spectroscopy published recently by Rey-
c, € nolds et al?* are presented in Figs(a, 4(b), and 4c) for
i o . two bias light intensities. Figure 5 presents experimental
whereoy ando, are the dc photoconductivities for the bias \pc data atT=260 K of sample 4 recorded by the BLS
light intensities corresponding te andn' for the FRS and spectroscopy and published by Hattetial > The above au-
BLS spectroscopy, respectively. By incorporating each ratignhors have extracted the MPC sigrfalcalculated fromS
wlcy, in Eq. (1) the respectiveD'(E) distributions are ob- = (2I7kT)[G e Sin(¢)/ o+ w] by means of experimental

and

tained from the MPC data fap=w; andn=n'". phase shiftb and modulated photoconductivity,. data re-
corded by varying the bias light level. This signal is shown in
IV. EXPERIMENTAL RESULTS Fig. 5 as a function of the free electron densityffor two

. o ) angular modulation frequencies.
Experimental spectra of MPC amplitudlg,, phase shift

&, and out of phase MPC amplitudg,; from FRS spectros- V. DATA ANALYSIS
copy at 297 K of our sample 1 are shown as a function of the
angular modulation frequenay in the graphga), (b), and

(c), respectively, of Fig. 2 for two bias light levels. In the It is observed that the above experimental spectra of
above figures a crossing effect in the spectr&adndi,.is  phase shift and amplitude of the MPC exhibit crossing. This

A. Contributions from different kinds of defect states
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FIG. 3. Amplitude of MPCi, in (a), phase shiftd in (b), FIG. 4. Amplitude of MPCi, in (a), phase shift® in (b),

amplitude of the out of phase MHAG,in (c) of sample 2 from Ref.  amplitude of the out of phase MPG,, in (c) of sample 3 from Ref.

10 and calculated values dfterm by means ofd, i, in (d) asa 21 and calculated values dfterm by means o, i,. in (d) as a
function of angular frequency. Closed and open symbols obtaine€lnction of angular frequency. Solid and open symbols obtained
with a bias light intensity of k10" and 1x10'° cm™2 s %, re-  with a bias light generation rate of >410 and 2
spectively. Vertical lines indicate the characteristic frequenaifs  x10** cm 3 s~1, respectively. Vertical lines indicate the charac-
and wtz, while solid lines in(d) indicate the variation of the calcu- teristic frequenciessotl and wf, while solid lines in(d) indicate the
lated weighting functionsi®, H? for the spectrum with the higher variation of the calculated weighting functioki, H2 for the spec-
bias light level. trum with the higher bias light level.

crossing has been obtained also by simulation stiti@sen ¢ 1he v term which are marked with arrows at the charac-
the electrons interact with various kinds of defect states. Igistic electron concentrationst and n? for w=62.8 Hz
this section, effective contributions to the MPC of various '
kinds of defect states with different capture coefficients for o
electrons are examined by analyzing the spectra of thandn® for «=628 Hz(open symbols o

Y term . The structure ofY in the above spectra is very similar to

By taking that electrons predominate, the imaginary ternthe “staircaselike” behavior of the simulated spectra of Fig.
Y, according to Sec. IIl, gives all the effective trapping ratesl Where two kinds of defects were assumed. However, from
(1) % of electrons into the various kinds of defect states and=d- (1) it is evident that the structures of spectra may
provides all the information about the probing DOS. ThisOriginate either from the spectral variation lf, as in the

term is calculated from Eq) by means of the respective Simulation study of Fig. 1, or from a srtucture D'(E).

experimentalb, i,. data of the FRS spectroscopy, and it is Therefore the “staircaselike” behavior alone cannot be taken
plotted in Figs. 2d), 3(d), and 4d) as a function of angular @S @ proof tzr;at there are two kinds of. defectsyispectra.
modulation frequency. The right axis of Fig. 5 shows thé Hattori et al.= have analyzed the experimental data from_ the
term, which is directly related to the MPC sigrathrough ~ BLS spectroscopy as well. The two steps of the MPC signal
the relation Y= (mkT/2)S. Apparently, in the respective N F|g_. 5 were attributet to the interaction of electrons with
spectra of theY term in Figs. 2d), 3(d), and 4d) (solid j[wo kinds of defects. The|r.ba5|c argumeqt was that the prob-
symbol$ obtained with the higher bias light level there areing _energy levels, which were estimated frorky,

two drops at the frequencies- ande? that are marked with  =KTIn(c;Nc/w), remain practically fixed in the energy gap
vertical lines. Every drop in th¥ term takes place at lower and only the quasi-Fermi levé, shifts below and abovg,
frequencies for lower bias light level, whereas the secondy scanning ab<<n' andn>n', respectively. In this way, the
drop of Y is not observed in all the spectra obtained with thetwo steps in the MPC signéFig. 5 upon increasing was
lower bias light intensity(open symbols because it is at thought to arise from a decrease of the effective contribution
frequencies below the detection limit of the lock in amplifier. of the probing defect when the risirig crosses ab=n' and

In accordance, in each spectrum of Fig. 5 there are two drops=n? the respective fieré and Eﬁ levels. This was used

(solid symbol$ and to the higher electron concentrations
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and that obtained when the samples are illuminated by a
higher bias light level in FRS spectroscopy indicate the sec-
ond possibility. Indeed, in the above cases, the two probing
energy IeveIsEé and Eﬁ (BLS spectroscopyand thek; level
(FRS spectroscopyshift to shallower levels in the energy
gap so that the two steps ¥fare expected to take place at
two highern' and two higherwit values, respectively, as it is
observed. This behavior of the Y spectra was also verified by
simulations(not shown).

The above convince us that there is contribution mainly
from two kinds of defects with different capture coefficients.
The “staircaselike” behavior off arises then from the drop
of H! andH? function supressing the effective contribution
of the respective defed*(E) and D?(E) and not from a
spectral dependence of the probing defect distribution. Upon
increasingn to n? and decreasing to wtz in BLS and FRS

FIG. 5. MPC signal Slleft axis and Y term (right axi§ as a spectroscopyz, respeptively, the effective contribl.Jti.on of the
function of the free electrons concentratioof sample 4 from Ref. one defectD?(E) with the higher capture coefficient de-

22 for two angular modulation frequencies. Arrows indicate theCreéases beacause its probing leEzglcomes closer té, . In
characteristic concentratiomg’, n? for w=62.8 Hz andn®’, n2°  this way, the effective contribution from the other defect

for w=628 Hz. Solid lines indicate the respective variation of the D(E), with the lower capture coefficient, whid, remains
weighting functionsH®, H? for the data withw=62.8 Hz. aboveE,, is made evident. This is further verified by exam-
ining the relative variation ofi* andH? functions calculated
r'farom Eg. (3) using the respective; and n'. These functions
are also plotted in Figs.(&), 3(d), 4(d) and in Fig. 5(solid
lines). It can be seen that the variation ¥fterm in the
etransition region, around ea(zb{ andn', follows practically
that of the respective weighting functidd' and so theY
term drops by a factor of 2double arrows At this region,
every probing energy leveéd} , according to Eq(2), remains
practically at the respective quasi-Fermi letgland so ev-

10" . e

10°F

S (s'eV?)
Soo

sonul sasal

106 6 I7 I8 J9 “”1(; . 11“
10° 100 100 100 10" 10
-3
n(cm”)

1012 }

to explain the experimental spectra in Fig. 5 and to determin
the capture coeffcients of the two probing defects. Howeve
the above expression, used by Hatetral. to determineE,,,
was derived from the emission-limited regithand it cannot
be applied also in the trapping-limited regime. Indeed, th
more general expression of EQ) indicates that the probing
energy level€E, shift along with the quasi-Fermi levé, in
the trapping-limited regime fon>n' and never become
deeper thark, .*° Therefore the two steps &fin Fig. 5 may ]
not arise only from the drop of H function, but also from a €Y Stép ofY comes from thie decrease of ea¢h Moreover,
possible “staircaselike” structure of the probing defeqe) ~ the variation ofY for w<w, follows the linear decrease of
distribution as the probing energy level shifts along with thethe respective weightingd' function. This is more clearly

quasi-Fermi level. Similarly, the two steps in tiiéerm from
the FRS spectroscogyigs. 2d), 3(d), and 4d)] may arise
from a “staircaselike” structure in the probing defdd(E)

distribution and not from the drop of the respectiefunc-
tions.

shown in the spectrum oY of Fig. 4 where the transtion
frequencies have the larger difference so that the two steps of
Y are well separated each other in the frequency domain. If
there were additional contributions from other kinds of de-
fects, then we should observe additional steps intherm.

It is then crucial to determine whether the structures in thel NUS possible contributions from additional defects should

Y spectra arise eithdi) from a structure in the defect distri- have probably a negligible effect to the imaginary term.
bution or ii) from the drop ofH' functions due to the inter- N addition, it was found that by adding the twt func- .
action of electrons with two kinds of defect states. In the firs#ions in Figs. 2—5solid lines, where their absolute magni-
possibility, if the two steps of arise from the spectral de- Ude was adjusted to fit at the respective step, the spectral
pendence of the probing defect distribution, then these step¥ape ofY term is roughly obtained. This indicates that not
should be observed at the same electron concentrations f{Ily two defect states fit the data, but also that the two prob-
BLS spectroscopy and at the same frequencies in FRS spelfd. Qefect dIStI‘IbutIOI‘\S. are ro_ughly uniform. This is also
troscopy independent of the modulation frequency and bia¥erified from the levelling off in theY spectra that takes
light level, respectively. As it can be seen from the experi-Place for everyw>w; and n<n'. In this region, it isH'
mental spectra of this is not the case. In BLS spectroscopy =1 and theY value gives the respective absolute probing
the two steps of th¥ spectraFig. 5) shift to higher electron D'(E). Every levelling off, and so the respective probing
concentrations by using a higher modulation frequency. IfP'(E), were found to remain at about the same values for
FRS spectroscopy the two steps of thespectra shift to higher bias illuminationFRS and higher frequencyBLS),
higher frequencies by applying a higher bias light level.shifting each step off and the respective probing energy
Therefore these two experimental facts rule out the first posevels Ej to shallower energies. This indicates that the two
sibility. Moreover, the above behavior of the spectra obtainegrobing defect distributions have only a weak energy depen-
using a higher modulation frequency in BLS spectroscopydence.

155207-5



P. KOUNAVIS PHYSICAL REVIEW B 65 155207

O 10°} 3
T $ 2
® 40 ol 10°F ¢ ¥t
2 g 7
& < 107 :
Z :
o 20r Nog 105k X ]
E L A 1
~ 9 IRY
- nﬂ 107k % n
0l : 0
100 100 100 10° 10° 107 ]
o (Hz) . . L .
. , . 1 2 3 4
2
Lol l mt sample
FIG. 7. Calculated capture coefficiem# (open symbolsand
’é‘ ® 1 c2 (solid symbol$ for electrons of thé*(E) andD?(E) defects of
g t 1 the studied samples 1, 2, 3, and 4.
B 0.5 ®) B. Capture coefficients
The absolute magnitude of the capture coefficimﬁt@f
162 1' 3 " = 6 the probing defect statd®'(E), which derived from the tran-
.10 10 10 10 sition frequencies in Figs. 2, 3, and 4 and from the transition
o (Hz) concentrations in Fig. 5, using Ed$) and(6), respectively,

FIG. 6. Phase shif in (a) and out of phase MPC amplitudlg, ~°Y assuming  that ®=nc,, w=n'c,, and u
spectra in(b) from Ref. 25 and 26, respectively. The frequency of =10 cnt V™' s71, are summarized in Fig. 7. The values
the maximum and bumgarrows indicate roughly the characteristic of the higher capture coefficiemﬁ are about of the same
frequenciesn; and »?. order of magnitude (x10 ® cm 2 s71) for all the

samples in Figs. 2—5. The values of the lower capture coef-

. . 1 . —
The presence of the two kinds of probing defect states irpcgnt Cn 1N 7t1hese. samples scatter between™30and
a-Si:H can be also manifested in the respective experimentdi0 *~ ¢m ~ s 7, while the ratiocy/cy, is of the order of

spectra ofd® and iy, of FRS spectroscopy. As was shown 10°—10°. A similar ratio of the capture coefficients is de-
previously with the aid of simulatiori€,every step off term duced from the transition frequencies corresponding to the

in the transition region generates a maximum or bump in th(?ump and maximum of the spectra in Figea)éand @b) by

H : 21,1 27 1
calculated phase shift and out of phase MPC spectra, provid:-onc'de”ngcn/Cﬂ:“’t/“’t :
ing that these transition frequencies differ sufficiently in the
frequency domain(about 2 orders of magnitutlelndeed, C. Defect distributions

there is a maximum and pronounced bump in the spectra of As was shown in Sec. V A there is an effective contribu-

]Ic:igs. 2b), Z(C)h 4{b)t,handt 40361(tsolid_syn;bol$ a(: "’_ll_bhOUt t?e tion from two DY(E) andD?(E) distributions that dominate
requencies where the step Tlerm 1S observed. Tnese fea- v oqe tow; and w?, respectively. In order to determine

tﬁrez.werﬁ fognd_to ‘T‘h'ftlto h'ghﬁr frequgnmes u%on NSINGpeir energetic distributions it is required to define their prob-
the bias illumination level. A similar maximum and a pro- j, energy levels. Figure 8 presents the probing energy levels
nounced bump appear aiso in i3 andd spectra o&-SiH E{ andEZ of the two defects as calculated from Eg) for

from Refs. 25 and 26 that are included for comparison he experimantal data with the higher bias light level of Fig.

Figs. @a) a}nd Gb), respectively. It must be emphasized that4 as a function of the modulation frequency. Similar graphs
the bump in the above spectra becomes more pronounced n

logarithmic scale, whereas in a linear scale it cannot be al- ere obtained for the respective spectra of Figs. 2 amb8
’ : shown). It can be seen that for every frequency in the spec-

ways clearly resolvecompare the phase shift spectrum of tral region ofw>w? there are two different probing ener
Fig. 4(b) with that of Fig. §b) of Ref. 21. The absence of a | glon olw = w, nere a \ probing energy
pronounced bump in the spectra of Figéh)3and 3c) can be evels. S|_nceD (E) dzlstnl:_)utpn (_Jlom_mat_eé( term at higher
explained with the fact that the two transition frequencies of '€duencies fow=w, tgns ZdIStI’IbUtIOH IS thgn extracted at
this case are relatively close to each other and so only &t and above it fromD?(Ef)=2Y/(wkTciH?). Upon de-
single broad maximum is observed. This was also confirmegeasing the frequency in the region @k w{, the probing
from computer simulatiort€ where only a single maximum energy IeveIEﬁ from Fig. 8 remains practically fixed at the
was obtained in the calculatég,, and® spectra when the quasi-Fermi levelE,, while Ej shifts from shallower to
transition frequencies differ by less than 2 orders of magnideeper states up @, level. In this region, although there is
tude in the frequency domain. a contribution from both defects, the contribution@f(E)
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FIG. 9. Calculated probing energy levél§ andE2 for the data
FIG. 8. Calculated probing energy levé§ andEf for the data  from BLS spectroscopy of Fig. 5 with the lower modulation fre-
from FRS spectroscopy of Fig. 4 with the higher bias light level asquency as a function of free electrons concentration.
a function of angular modulation frequency.

is (m/2)H?KTED2(E,) and vanishes because of the drop of (T/2)H?KTGD(E) of the higher capture coefficient de-
H2 with decreasingy. By subtracting this contribution from f€cts is obtained from which thB<(E) distribution is ex-

. L tracted.
the Y term the remaining contributionm(2)H'k Tc:D(E}) _ o
is obtained from which théd*(E) is extractedc?:ltEt ark;d The so derived>(E) and D*(E) distributions from all

above it. The two calculated defect distributions are plotteothe samples are plott%d in Fig. 10 as a function of probing
in Fig. 10. energy levelsE, andEg, respectively, as defined from Eq.
Since the probing energy level according to E2). may (2). The DOS of sample 3 is in relative units and it has been
shift upon scanning in the region of>ni,| it is then possible plotted in Fig. 10 in order to fit with the absolute DOS of the
to extract also information about the two defect distributiong’©St Samples. Figure 10 yields the surprising result that the
from the experimental data of BLS spectroscopy. The twoefect distributions of all the samples agree very well despite
probing energy level&l and E2 of the D(E) and D2(E), that they come from different laboratories. They appear

respectively, are demonstrated graphically in Fig. 9 for th(yearly flat as it is also predicted above by examining the

: : : tral shape o¥. The absolute magnitude @*(E) is
experimantal data with the lower frequency of Fig. 5. It can>Pe¢ i .
be seen that thE% and Eﬁ shift along with the quasi-Fermi about an order of magnitude higher than thabS(E). De-

level E, in the trapping-limited regime fon>n? and n spite of the low defect densitp?(E), these defects act as

>n?, respectively. Therefore the variation of the MPC signal

and of the imaginary ternY in the trapping-limited regime 10"¢ T .
comes from the spectral dependence of the respebti(fe) ] D'(E)
and the drop oH'. Only for n<n® and n<n? (emission- " (-SiSi,)
limited regime the E} andE} remain fixed at 0.62 and 0.55 107¢ oo RRETS O ;
eV, respectively, above thg, level and so bottD'(E}) and W
H'=1 are fixed. Therefore far>n* andn>n? it is possible

to extract information about the two probing defect distribu-
tionsD*(E) andD?(E), respectively. In this region, it can be
seen from Fig. 5 that follows roughly the linear decrease of

—
=

[y
(=]
T

1

)
}
P

DOS (eV'cm®)

H suggesting only a weak energy dependence for the prob- D2(E) —e——0— 1
ing D'(E). As was shown in Sec. VA, the effective contri- e -2
14 (-SiHSi,) —A——A— 3|

bution of D(E) andD?(E) dominatesy term of Fig. 5 near 3
n! andn?, respectively, because follows the variation of d '
the respectivéd® andH? function. The absolute magnitude
of D}(E) and its energetic distribution is extracted from E! B2 (eV)
DY(E})=2Y/(wkTciHY) for n=n'. In the region ofn b? b

<n', Ey is defined from the constant modulation frequency g 10, Calculated defect densities of the two kinds of defects
w and according to E¢2) remains practically fixed at 0.44 pI(E) (open symbolsand D(E) (solid symbol$ extracted from
eV well aboveE,. The contribution of théd*(E) to Yterm  the term of graph(d) of Figs. 2—4 and Fig. 5 as a function of the
stays then at£/2)kTciD*(Ef) as it isH'=1. By subtract-  respective probing energy level and E2. Error bars have been
ing this contribution fromY term the remaining contribution put only in two data points for clarity.

+
!
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relatively more effective electron capture centers because : ; . ;
their capture coefficient is much higher than that of the .
DY(E) defects. 10°¢ 3

VI. DISCUSSION

B 3
The defect states with the higher capture coeficient could g 10
be assigned to positively charged defdots, whereas those =~
with the lower capture coeficient could be assigned to neutral 3"
defectsD?. These defects dominate electron trapping and = 10°F E

recombination above midgap, in qualitative agreement with T=297 K

the prediction of the defect pool model According to this

model, electrons interact with the transition silicon dangling 10" . . \ , .

bond levelsD?~ and D ™', corresponding to the above de- 0.6 08 - 1.0 1.2 1.4

fect levelsD® andD *. If the DY(E) andD?(E) are assigned

to D% andD ", respectively, then it could be concluded from ¥

Fig. 10 that neutral defects appear in excess of the charged FIG. 11. Calculated ratio o¥V(E,)/W(E,) at T=297 K for
defects. However, this is not in agreement with the defecfE=0.6 eV,E;=0.06 eV andE,=0.25 eV.

pool model, which in undoped samples predicts a charged

defect density in excess of that of the neutral defects, whicvhereg(T) is the mean number of phonons of frequergy
has been also confirmed experimentaffy.In addition to  AE is the energy released by phonons of enefgyy a
this, the estimated 2—3 orders of magnitude difference in theonstant close to unity that depends on the phonon coupling,
capture coefficient of the probed defects of Fig. 7 cannot band n,, the number of phonons released, namely, ihjg
attributed only to the charge-state of the dangling bonds=AE/E. The difference in the magnitude of the rM&E)
Indeed, the capture cross sections of the positively chargefdr E;=0.06 eV andE,=0.25 eV corresponding to the
(o) and neutral (rﬂ) Si dangling bonds for electrons has carriers trapping into dangling bonds in configuration
been found from transient photoconductivity experim&fts  (— SiSk) and (— SiHSL), respectively, is conciderably large
to differ only by about a factor of 5—-30, namely, it is and is sensitive to the magnitude of the phonon coupliy)g (
0§/02=5—30. This is demonstrated in Fig. 11 where it can be seen that

In order to overcome the above difficulties and clarify thewhen y is ranging between 0.8 and 1.2 the ratio of
character of the probing defects, their local bonding configuW(E,)/W(E,) calculated from Eq(7) for AE=0.6 eV and
ration must be taken into account as well. Halp&exam- T=297 K varies by approximately 2—3 orders of magni-
ined the role of the bonding configuration around the silicontude, which is about the same with that measured for the
dangling bonds in the carriers capture process. The abovatio of cﬁ/cﬁ of the studied samples of Fig. 7.
author pointed out that the vibration of hydrogen atom next From the fact that the dangling bond dendity(E) from
to the silicon dangling bond will greatly enhanced its captureFig. 10 is about an order of magnitude lower than the respec-
probability whatever the details of the multiphonon trappingtive D(E) density, it follows that there is a relatively lower
process. Specifically, the trapping of a charge carrier by aensity of dangling bonds next to Si-H bonds $iHSi)
dangling bond deep in the energy gap at about 0.6 eV inthan that of the isolated dangling bonds $iSi). This is
volves the release of a considerable amount of energy whickeasonable as one expects that very many of the dangling
is assumed to involve multiphonon emission. By taking thatbonds are isolated from Si-H bonds and do not necessarily
the optical phonons ia-Si:H have an energy of around 0.06 have Si-H bonds close to them. This conclusion is supported
eV, a carrier trapping by a dangling bond requires about 1By pulsed electron spin resonance experimentsa-i:H
such phonons. On the other hand, the Si-H has a stretchirfims of device quality. From these experiments it was de-
mode of 2000 cm® or 0.25 eV. In this case, only 2—3 such duced that hydrogen atoms are unlike to be situated at im-
phonons are required to absorb the energy released by carrigrediate neighborhood, at least, for the majority of dangling
trapping into a dangling bond close to Si-H bond that apprebonds indicating that they are formed mainly in the
ciably increases the capture rate. hydrogen-depleted regich.

Therefore the defects with the lower capture coefficient Therefore the relative magnitudes of the defect densities
(ct) could be assigned to silicon dangling bonds with threeD(E), D?(E) and capture coefficients, ¢ obtained from
backbonded silicon atoms—SiSk), whereas the defects our analysis appear consistent with their assignment to iso-
with the higher capture coeﬁicienti) to silicon dangling lated dangling bonds— SiSk) and to dangling bonds with a
bonds where one backbond is substituted by hydrogei-H backbond ¢ SiHSL), respectively. However, the
(—SiHSh). This interpretation is supported from the calcu- charge state of the above probed defects cannot be extracted
lated difference in the magnitude of the respective mul-at present from our analysis.
tiphonon trapping rates. Specifically, in the weak coupling The presence of various capture centers in the energy gap

limit the transition rate is given by of a-Si:H with different capture coefficients for the carriers
have been inferred also from the analysis of the mobility
W(E)=W,[1+9g(T)]"rhexd yAE/E], (7) lifetime products of electrons and holes which deduced from
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photoconductivity and diffusion length measureméents. It duced defects. The phonon energies of the bonds of the
was suggested that the behavior of the above products up@bove impurities ire-Si:H are comparable to those of Si-Si
changing temperature or bias illumination level can be reprobonds. Therefore such possible impurity induced defects can-
duced by model simulations only if it was assumed that ther@ot provide according to our analysis the high capture rate of
are two kinds of capture centers with different capture coefthe above probed defedB?(E), which we attributed to the
ficients. By increasing illumination level or by decreasingrelatively higher phonon energies of the Si-H bond next to
temperature, the simulations showed that the recombinatiothem.
is shifted from the centers of high capture coefficient, which
assumed to be the dangling bonds, to low capture coefficient
centers, which assumed to be the band tails. In this model,

the high capture coefficients centers could be@D3¢E) de- Our model analysis of the MPC is applied to the experi-
fects deduced from our analysis that have much higher capnental spectra from FRS and BLS spectroscopy of glow
ture coefficient than the rest centers. In a recentischarge undoped-Si:H films from different laboratories.
publication® it was suggested that the above shift of theThe analysis of these data provides evidence that electrons
recombination channel may take place also from danglingnteract with two kinds of defect states. Their capture coef-
bonds to discrete acceptorlike defects. It was proposed théicients differ by as much as 2—3 orders of magnitude, while
these defects are induced by oxygen impurities below midtheir relative concentration differs by about an order of mag-
gap and control the phototransport propertiea-i8i:H rather  nitude. We assign these defects to silicon dangling bonds
the intrinsic defects. The defect states deduced from ouwith different back bond configurations. The defects with the
analysis are above midgap and so they cannot be related tawer capture coefficient and higher concentration are as-
the above oxygen induced defects. In addition, the highesigned to dangling bonds with three backbonded silicon at-
capture coefficient defec®?(E), which deduced from our oms (- SiSk), whereas those with the higher capture coef-
analysis to dominate electron capture, cannot be related fiicient and lower concentration to dangling bonds with a
oxygen or other impurities, such as nitrogen or carbon, inhydrogen backbond— SiHSL).

VII. CONCLUSIONS

*Electronic address: pkounavis@des.upatras.gr 20p, Kounavis and E. Mytilineou, J. Non-Cryst. SolitB4166, 623
1K. Winer, Phys. Rev. Bi1, 12 150(1990. (1993.
2G. schumm and G.H. Bauer, Philos. Mag6B, 515 (1991). 213, Reynolds, C. Main, D.P. Webb, and M.J. Rose Philos. Mag. B
3M.J. Powel and S.C. Dean, Phys. Rev4& 10 815(1993. 80, 547 (2000.
4T. Shimizu, H. Kidoh, A. Morimoto, and M. Kumeda, Jpn. J. 22K . Hattori, Y. Adachi, M. Anzai, H. Okamoto, and Y. Hamakawa,
Appl. Phys., Part 28, 586 (1989. J. Appl. Phys.76, 2841(1994).
5G. Schumm, W.B. Jackson, and R.A. Street, Phys. Re48B  2°P. Kounavis and E. Mytilineou, J. Phys.: Condens. Mafir
14198(1993. 9105(1999.
SW.B. Jackson and N.M. Amer, Phys. Rev.2B, 5559(1982. 24D, Monroe, Phys. Rev. Letb4, 146 (1985.
M. Vanecek, J. Kocka, J. Stuchlik, and A. Triska, Solid State?°P. Kounavis, N. Spiliopoulos, D. Mataras, and D. Rapakoulias, in
Commun.39, 1199(1981). Proceedings of thed3th European Photovoltaic Solar Energy
8K. Pierz, B. Hilgenberg, H. Mell, and G. Weiser, J. Non-Cryst.  Conference, Nice, Francedited by W. Freiesleden, W. Palx, A.
Solids97/98, 91 (1987). Fssenbrick, and P. HelrfH. S. Stephens & Associates, Nice,
9J. D. Cohen J. Non-Cryst. Solid44, 381 (1989. France, 1995 Vol. | p. 288.
10G, Schumm, C.D. Abel, and G.H. Bauer J. Non-Cryst. Solids?°D. Wagner, P. Irsigler, and D. Dunstan, Solid State Phys6793
137&138 351(1991. (1984.
M. Gunes and C. R. Wronski, J. Appl. Phy&s, 2260(1994. 27T, Shimizu, M. Matsumoto, M. Yoshita, M. Iwami, A. Morimoto,
2M. Nesladek, G.J. Adriaenssens, and A.S. Volkov, J. Non-Cryst. and M. Kumeda, J. Non-Cryst. Solid87&138 391 (1991).
Solids 137&138, 443 (1991). 28R. A. Street, Philos. Mag. B9, L15 (1984.
13Vanderhaghen and C. Longeaud, J. Non-Cryst. Sdlit 540 2. E. Spear, A. C. Hourd, and S. Kinmond, J. Non-Cryst. Solids
(1989. 77&78, 607 (1985.
1H. Oheda J. Appl. Phy$2, 6693(1981). 30V, Halpern, J. Non-Cryst. Solids14, 441 (1989.
15G. Schumm and G. Bauer, Phys. Rev38 5311(1989. 313, Isoya, S Yamasaka, H. Okushi, A. Matsuda, and K. Tanaka,
18R, Bruggemann, C. Main, J. Berkin, and S. Reynolds Philos. Phys. Rev. B47, 7013(1993.
Mag. B 62, 29 (1990. 32y, Lubianiker, | Balberg, and L.F. Fonseca, Phys. Rev5®
17p, Kounavis and E. Mytilineou, J. Non-Cryst. Soli#i87&138 R15997(1997.
955 (1991). 33R. Rapaport, Y. Lubianiker and | Balberg, Appl. Phys. L&®,
183 P. Kleider and C. Longeaud, Solid State Phenddi6, 596 103(1998.
(1995. 34| Balberg, R. Naidis, L.F. Fonseca, S.Z. Weisz, J.P. Conde, P.
9p, Kounavis, Phys. Rev. B4, 045204(2001). Alpuin, and V. Chu , Phys. Rev. B3, 113201(2002).

155207-9



