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Differences in the densities of charged defect states and kinetics
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A variety of undoped(nonintrinsig hydrogenated amorphous silicom-Si:H) thin films was

studied in greater detail using steady-state photoconductivity, subband-gap absorption,
a(hv), steady-state photocarrier gratit§SPQG, and electron-spin-resonan¢ESR) techniques

both in the annealed and stabilized light soaked states. The experimental results were
self-consistently modeled using a detailed numerical analysis. It was found that large differences in
the optoelectronic properties of device quabtySi:H thin films can only be explained using a gap

state distribution which consists of positively charded defect states above the Fermi level, the
neutralD? defect states, and the negatively char§ed defect states below the Fermi level. There

are large differences both in the densities of neutral and charged defect statBsratids in
differenta-Si:H films in the annealed state. The densities of both neutral and charged defect states
increased, howeveR ratios decreased in the stabilized light soaked state. Very good agreement was
obtained between the densities of neutral defect states measured by ESR and those derived from the
numerical analysis in the stabilized light soaked state. The kinetics of the Staebler—Wronski effect
was also investigated. There was no direct correlation between the decrease of steady-state
photoconductivity and increase of subband-gap absorption. The self-consistent fits to wide range of
experimental results obtained with the three Gaussian distributions of charged defect states imply
that this model is much better representation of the bulk defect states in undoped hydrogenated
amorphous silicon thin films. €997 American Institute of Physids$0021-897@7)01408-4

I. INTRODUCTION a-Si:H films®11 In 1988, the results of ESR and LESR by
Shimizuet al. showed that a large fraction of defect states is
The concept of charged defect statesundoped hydro-  charged state$Similarly, a more careful study of ESR and
genated amorphous silicon thin films has recently been 8ESR experiments using band-gap and below band-gap light
large scientific interest. It was first proposed by Adler that ayas carried out on thick8 and 15um) a-Si:H films.” The
large amount of charged silicon dangling bonds with negaauthors showed that the ratio of electrararrow) to hole
tive correlation energy existed in undopedSi:H films.  (broad absorption line increases with below band-gap light.
However, early light induced electron-spin-resonancet was concluded that these increases were due to excitations
(LESR measurements claimed that the electron and holgom the higher density of thé®~ states lying close to
absorption lines in undoped-Si:H were roughly equal.  yalence-band edge. These states were interpreted as surface
Then, it was concluded that an insignificant fraction of dan-states instead of bulk defect states. Furthermore, in 1993 a
gling bonds is charged. The initial results of photothermalgetailed comparison of absorption data and spin density us-
deflection spectroscopyPDS and electron-spin-resonance jng ESR and LESR experiments showed that there are sys-
(ESR measurements showed one-to-one correlation betweggmatic deviations from the proportionality between the elec-
density of neutral Si dangling bonds and changes in thgron and hole absorption lines when high- and low-intensity
subband-gap absorptidriater, this was supported by “the jight are used both in the annealed and light soaked state of
bond-breaking model” that primary defects aSi:H films  _gj:H films 1 These results were explained by the presence
are the neutral silicon dangling bonds and their light inducegyf 5 pand of positively charged defedis” in the region of
kinetics were characterized mainly by “thé&® rule.”* Fur-  94_0.7 eV below the conduction band edge. In addition,
thermore, “the impurity model,” which uses the stretched gjfferent ratios of charged to neutral defect densiti€s
exponentials to describe the kinetics of light induced defect. (Np+ + Np-)/Npo] for different films were also reported.
creation? was also based only on the neutral Si danglingrecently, we have also reported self-consistent analysis of

bonds with positive correlation energy rather than chargeghe experimental results using steady-state photoconductivity
defect states. However, a number of experimental results iNsnd subband-gap absorption on intrinsieSi:H films

dicated that the charged defect states are present in undopﬁgFNO'go eV from the conduction bapdoth in the an-

nealed and light soaked stafés>We showed that only the
dElectronic mail: mgunes@likya.iyte.edu.tr distribution of charged defect states can self-consistently ex-
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plain the results of steady-state photoconductivity and 10 : r . . r
subband-gap absorption spectra both in the annealed and
light soaked states.

In this article, we extended our study to a variety of
intrinsic and nonintrinsi¢undoped a-Si:H films. Their an-
nealed and light soaked states were characterized experimen-
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Il. EXPERIMENTAL DETAILS 107 : : ! ! :
0.8 1.0 12 1.4 L6 L8 2.0
Steady-state photoconductivity, subband-gap absorption,
Energy (eV)

and hole diffusion length measurements were carried out on
around 1um-thick, intrinsic(E=0.90 eV} and nonintrinsic FIG. 1. The experimental resultsymbolg of subband-gap absorption spec-
(undoped (E=0.68-0.89 eVY aSi:H films deposited on tra of undopednonintrinsio a-Si:H thin films deposited at 200 and 280 °C
7059 glass substrate. Optical absorption in the visible regiofer two different generation rates in the annealed state. The steady-state
of the spectrum was obtained from transmissiomnd re- photoconductivity results(symbols)‘ are shown in the inset. The solid_

. ._ lines are the best fits to the experimental data obtained from the numerical
flection R measurements and was used to normalize,yysis.
subband-gap photoconductivities. The optical gaps were de-
rived from the Tauc relatiot The ESR measurements were
carried out on films codeposited onto quartz substrates. Thgreat detail. The films have atomic hydrogen contents from
annealed state was obtained by heating the samples at 200 20 to 8 at. %, which results in a shift at the optical absorption
for 12 h in N, ambient and stabilized light soaked state wasedge as seen from Fig. 1, and the Fermi levels of 0.90 to 0.70
obtained by illuminating through both sides of the samplesV from the electron mobility edge. Examples of steady-state
for more than 100 h with 1 W/cfrwhite light from an ELH  photoconductivities(in the inset and subband-gap absorp-
light source filtered with both an IR reflector and IR ab- tion results of two nonintrinsia-Si:H films deposited at 200
sorber. Light soaking temperature was maintained belovand 280 °C are shown as symbols in Fig. 1. The results on
30 °C for low-intensity soaking and around 40 °C for high- these films are also summarized in Table | and compared
intensity soaking by air cooling through both sides ofwith those of an intrinsi@-Si:H film. The steady-state pho-
samples. For the study of kinetics of light induced degradatoconductivityo,, increased witfT's and their dependence on
tion, light soakings were carried out using a single step soakgeneration rateG exhibited sublinear behaviofo,*G?),
ing procedure in which the samples were light soaked for avhere y changes from 0.73 to 0.84. The electron mobility
certain period of time, measurements were performed, anifetime, w7 products measured &B=10% cm3s? in-
then the samples were reannealed. This procedure was codreased from 4.8107° to 3.8<107° cm %V, similarly the
tinued until degradation approached a steady state. Stead§dbband-gap absorption increased &g changed from
state photoconductivities were measured in the ohmic regim@00 °C to 280 °C. The excellent overlap between the
with generation rates fros=10"to 107° cm 3s ! using  subband-gap absorption spectra anhdnd R results over a
volume absorbed light af=687 nm. The subband-gap pho-
tOCO!"I(;IUCtIVItIeSiZ {?easur?d USII_"Ig the dual beam _phOtoconI:ABLE I. A summary of experimental results of nonintringiendoped
dUCtN'ty (DBP) ’ teChmque with volume generation rates a-Si:H films and those of an intrinsia-Si:H in the annealed state, where
from G=10% to 10" cm 371, were also carried out in the Npgs (cm™3)=a(1.2 eV)x3x10% cm 2.
ohmic regimes of photocurrents. In addition, minority carrier
(hole) diffusion length measurements were performed using

Annealed state

SSPG technique in National Renewable Energy Laboratory-si:H fims 280 °C 240 °C 200 °C Intrinsic
on the sameéosam%es_gnder yolume absorbed generat'lc.m raﬁit o) 170 174 180 172
(_)f around 16° cm " s - both in the annealed and stabilized E; (eV) 073 0.84 0.88 0.90
light soaked states. op (Slem 1.1x10°8 5.0x10°° 4.0x10°* 2.0x10°1
wur (cm?V) (G=10'%) 3.86x10°° 5.85x10° 4.37x10°® 1.9x10°®
lll. RESULTS AND ANALYSIS Y B 0.73 0.84 0.78 0.90
a(1.2) (low G) (cm™? 1.20 0.53 0.28 0.16
A. Annealed state Eqv (MeV) 48 48 49 49
i L L Aa(1.0 eV) (cm™) 0.90 0.30 0.10 0.06
A variety of undopednonintrinsig a-Si:H films depos-  n___ (cm 3 3410 15x10° 8.3x105 5.0x10'

ited at different substrate temperaturés was studied in
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significant energy region eliminates any significant errors in
a(hv). The subband-gap absorption at 1.2 eX1.2 eV),
measured with low generation rate DBP, increased from 0.28
to 1.2 cm ! while the characteristic energy of the valence
band tails,E,, remained almost constant at 48 meV. The
dependence af(hv) at low energiegfrom 0.8 to 1.3 eYon

bias light intensity increased withy, whereAa (at 1.0 eV
[=a(1.0 eV) measured at high-intensity DB#&1.0 eV)
measured at low-intensity DBfhcreased from 0.10 to 0.90 _»
as T went from 200 to 280 °C. This is an important differ-
ence from that observed in intrins&-Si:H films (where
EFBlé).QO eVj; whereAa (at 1.0 e\ was between 0.04 and
0.1.

In general, thea(hv) measured with low bias light
DBP*1 or by the constant photocurrent meth@PM)° is
related to the density of midgap states, particularly Efe
states, located below the Fermi level. The advantage of using . E
DBP over CPM is thaty(hv) measured with high bias light 1 L L L L i Vv
DBP gives information about the 3gli17sity of midgap states 1015 10 107 105 10'° 102° 102! 1022
both below and above the Fermi levét.’ The higher values . 3 -1
of a(hv) andA« (at 1.0 eV lead to the presence of a higher Density of States (cm™ eV™7)
density of midgap states, which results in shorter electron o , _
lifetimes and lower electropr products due to an increase FIG. 2. The energy dlstrlbut!on of gap states including poth the neutral and
: - s _Charged defect states used in the self-consistent modeling,@nd e(hv)
in the density of recombination centers. However, experimeasured in undopea+Si:H thin films.
mental results of electropr products of nonintrinsia-Si:H
films increase as subband-gap absorption increases. These

increases in the electropr products cannot be due to the energy of conduction band tail states was used for all nonin-
increases in the free carrier mobilities, because the photQrinsic a-Si: H films?23 Mobility gap or recombination gap
mixing experiments carried out on the same set of films inwas assumed to be 0.1 eV |arger than the 0ptica| gap. The
dicate that the free carrier mobilities are nearly the s&ne. half-widths of the Gaussian distributions were similar to
Therefore, these results discussed above indicate that it {sose used in intrinsic films and the values were between
impossible to explain the changesdfhv), Ae (at 1.0 €Y,  0.09 and 0.12 eV. Na priori assumptions were made for
and electronur products by considering only the neutral Si the densities and exact energy location of neutral and
dangling bonds, th®° states, as a main defect in the bandcharged defect states. They were derived from the self-
gap. There must be more than one type of defect states lgonsistent fits to steady-state photoconductivity and the
cated in the band gap af-Si:H. To identify these defect subband-gap absorption spectra.

states, detailed numerical analysis of the steady-state photo- The best fits to the steady-state photoconductigiitythe
conductivity and subband-gap absorption spectra as a funinsep and subband-gap absorption spectra are also shown in
tion of generation rate is necessary. Fig. 1 for a wide range of generation rates for the same

We have previously reported that two Gaussian distribunonintrinsica-Si:H films. (A summary of the derived param-
tions of midgap statéswith positive correlation energy can eters for the neutral and charged defect states is shown in
explain neither the results of nonintrinsaeSi:H films in the  Table 1l for nonintrinsic films and an intrinsia-Si:H film
annealed stafé nor the light soaked state characteristics offor a comparison.It is important to note that the density of
intrinsic films?? Later, it was shown by us that only the the neutral defect states is the same in different films but the
distribution of charged defect states can explain the changefensities of the charged defect states increase frarh0&
in steady-state photoconductivity and subband-gap absorpe 6x10'° cm ™3 as the substrate temperature increases from
tion spectra self-consistently both in the annealed and ligh200 to 280 °C. The derived densities of both the charged and
soaked states in intrinsie-Si:H films 23 In this study, the neutral defects are higher than those derived for intrinsic
same distribution of charged defect states as described préims.®® The ratio of charged to neutral defect stafeis also
viously, which is shown in Fig. 2, and the SARre used to  higher than that in intrinsic filmé and systematically in-
analyze the experimental results of nonintriresiSi:H films.  creases from 2.25 to 15 ds increases from 200 to 280 °C.

In the analysis, extended state parameters, free carri@ihe energy position of neutral defect states is around 0.80
mobilities, free carrier capture cross sections for exponentiatV from the valence-band edge, which is similar to that ob-
tail states, and neutral and charged midgap defect states weaned from the analysis of intrinsic films. However, both the
maintained to be the same as those used in the analysis oégatively charged ™ states and positively charged™
intrinsic a-Si:H films }213For each sample, the experimental states lie at higher energies than those in intrinsic films. Nev-
values of the optical gap, the Fermi level position, and theertheless, the annealed state characteristics of various intrin-
characteristic energy of valence band tdilg, were taken sic and nonintrinsica-Si:H films can be explained self-
into account as key inputs and 21 meV as the characteristiconsistently using the same distribution of charged defect

(eV)

E-E
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states where the positively charged states are located above  10°
the Fermi level and the negatively charged and neutral defect
states are located below the Fermi level.

Because of the experimental difficulties, it was impos-
sible to carry out reliable ESR studies for direct comparisons
of the D° states on these films in the annealed state. How-
ever, the derived densities of neutral defect statesDfe
can be compared with those obtained from th€l.2
eV)x3x 10 relation!? It can be seen that they are compa-
rable for intrinsic films since theD° states dominates
subband-gap absorption; but, th€l.2 eV) relation generally
overestimates the density of tH2° states for nonintrinsic
a-Si:H films in the annealed state because the subband-gap
absorption spectrum measured with CPM or low bias light
DBP is controlled by both th®° as well as the higher den- 100
sity of the charged defect states. Therefore, the subband-gap T ]
absorption measured by CPM or low bias light DBP can no 102 . . . om
longer be related to the densities of th8 states using the 0.8 1.0 1.2 1.4 1.6 1.8 2.0
(1.2 eV)x3x 10 relation or by the integration rulin the
annealed state of nonintrins&Si:H films.

In addition to the steady-state photoconductivity andriG. 3. The experimental resultsymbol$ of subband-gap absorption spec-
subband-gap absorption measurements, the hole diffusiam of undopednonintrisig a-Si:H thin films deposited at 200 °C for two
length LDp was measured on the same nonintrinsiSi:H different generation rates both in the ‘a‘nnealed and stabilized Iight soaked
fims at the same state using the SSPG techriliuethe =i T seady tate poteconauciuty ressmbol re shoun n he
analyses ofo,, and a(hv) only the contributions of free
electrons have to be considered even though free and trapped
hole concentrations at different generation rates are deriveeixperimental results in the stabilized light soaked state are
after solving the charge neutrality and recombination ratealso summarized in Table Il for nonintrinsic films and an
equations? This allows both free carrier lifetimes, and T intrinsic film for a comparison. According to this table, dark
to be calculated for a given generation rate. Thus, assumingonductivity decreased by a factor of 10 for the 200 °C film,
a free hole mobility(in this caseu,=0.2 cnt/V's for all by two orders of magnitude for the 240 °C film, and by al-
films), the hole u,7, product can be utilized to calculate most three orders of magnitude for the 280 °C film. This
the hole diffusion lengths using the relatiohp, decrease in dark conductivity is attributed to a shift in the
= (2, 7k T/€)®%?* (The Lp, values obtained from the best Fermi level position through the midgdp®® The depen-
fit parameters of photoconductivities are shown in Tablg IlI.

The excellent agreement between the calculated values of

Lpp and the experimental results for these films in the an- 10° . — — T T r

nealed state is strong confirmation of the reliability, the L Annealed e J
charged defect state distribution used, and the gap state pa- o« | | = Stebitized. - 10 -
rameters derived in the annealed state. i

10-5 T )
10 & Optical(T&R)
().
O

Sph

O Annealed
O Stabilizea | 10"

-1,
2

10 1015 10 107 10 10" 102 (0%

G (em sy 200°C film

5
~
3
Annealed
O g=gx10™

100 B B G=ox101®

Stabilized state

O G=ox10™

® G=gx10'0

Energy (eV)

. . 100 ok . .
B. Stabilized light soaked state L 4
It is well known that the Staebler—Wronski effect is an wlh [0 ] .
intrinsic property of hydrogenated amorphous silicon based <™ 1015 106 107 1058 101 100 10

materials®® According to this effect, whea-Si:H films are Sl G (em3sT) po0%
exposed to light illumination, dark and photoconductivity M%M‘f "

decreasé® the density of ESR active states increa®esnd . © OptieallT&R)

correspondingly the subband-gap absorption increades. - o 1
degradation depends upon soaking time, soaking tempera- 7 Auncated Stabilized
ture, and intensity of light>?’ Therefore, in order to com- 10 0 6=3x10" om ¥ s 5 G=3x1015 1
pare various nonintrinsicundoped a-Si:H films with differ- = G=3x10"7 A g=3x1017
ent annealed state characteristics, we light soaked them  10? : : : ! ‘

0.8 1.0 12 1.4 1.6 1.8 2.0

under 1 W/cri uniform white light at low temperatures
(~40 °C) until the stabilized state was reached, where both Energy (eV)
the subband-gap absorption and steady-state photoconductiv-
ity remained unchanged. The experimental resulta(bfy) FIG. 4. The experimemal _resul(ts_ymbqls) Qf subband_-gap absorgtion spec-
andor, as a function of generation rate are shown in Figs. 32 °f undopednonintrincsi¢ a-Si:H thin films deposited at 280 °C for two

. . o - different generation rates both in the annealed and stabilized light soaked
and 4 for the films deposited at 200 and 280 °C, respectivelyiates. The steady-state photoconductivity regsjtsibol$ are shown in the

both in the annealed and stabilized light soaked states. Theset. The solid lines are the best fits to the experimental data obtained.
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TABLE II. A summary of the experimental results of nonintringieSi:H there is a significant change in the shapex(fiv) measured
films and an intrinsi@-Si:H in the stabilized light soaked state, whélgsg with high aeneration rate DBP. As seen in Fig. 4. the change
(cm3)=w(1.2 eV x3x 10 cm3. . gng ) 9.4 o 9
in the shape ofx(hv) was clearly observed for the 280 °C
Stabilized light soaked state film which had a higher density of charged defect states and
the R ratio in the annealed state. The change in the shape of
a(hv) is obvious evidence that there is a distinct difference
ap (Slem 15x107  4.2x107%7  4.6x10'?  2.0x10%  petween the energy distributions of native and light induced

a-Si:H films 280 °C 240 °C 200 °C Intrinsic

W(((;‘:Tzl/(\)/lé) 11x107  6.0x107°  2.0x107°  18x10° midgap states in nonintrinsia-Si:H films. This behavior

, 0.84 0.86 0.85 0.84 was not distinguishable in intrinsic films.

(1.2 (low G) 55 5.0 5.9 3.70 Using the values of(1.2 eV) measured with low gen-
(cm™? eration rate DBP, the densities of stat€DS) below mid-

Eov (MeV) 48 48 51 49 gap can be calculated using the(1.2 eV)x3x10'%

A‘Z(Clr{gl‘jw 1.12 1.10 0.95 0.80 relation!? The values calculated from this relation are also

1D eonsel 43 10 21 22 summarized in Table Il for the nonintrinsic films in the sta-
(1.2) bilized soaked statéNpos is found to be 1.&10 cm ™3 for

m(agmlraol%;ed 350 98 218 11 200 °C, 1.5¢10" cm 2 for 240 °C, and 1.&10"" cm 2 for

Noow (e Leox107 150107  18x107  111x107 2D800 C films. Th_e density of neutral Si danghng bonds_,_the

Noo (cm™d) 150¢107  1.56x10 1.0x 104 , was also directly measured by ESR in the stabilized

(ESR soaked state for 240 and 280 °C film. The net ESR spin
density (after subtracting the density of surface states mea-
sured in the annealed stats 1.56x10"" cm™3 for 240 °C
and 1.5¢10'" cm ™2 for 280 °C film, which agrees quite well
dence ofay, On generation rate changed to a value around With the DOS obtained from thea(1.2 eV)x3x10'°
0.84 in the stabilized soaked state. It decreasgssfclose to ~ refation? This good agreement was also observed for intrin-
unity, generally observed in intrinsic films, and increases t*iC a-Si:H film in the stabilized soaked state. Therefore, the
0.84 if it is less than 0.84 in the annealed state. This is #(hv) measured with CPM or low generation rate DBP can

common characteristic of ai-Si:H films studied whether be used to estimate the density of neutral Si dangling bonds
they are intrinsic or nonintrinsic in the annealed state. Thdn the stabilized soaked state for both intrinsic and nonintrin-

Opn OF the electron LT products measured 5@:1016 sic a-Si:I—! fl|mS However, the defept states other than the
cm 357! decreased by factors of 218, 98, and 350 for 200neutral Si dangling bonds, tH2°, which cause a large deg-
240, and 280 °C films, respectively. Correspondingly, theradation of the electropr products have to be identified to
(1.2 eV) measured with low-intensity DBP increased to 5.9understand the Staebler—Wronski efféa these nonintrin-
for 200 °C, 5.0 for 240 °C, and 5.5 crhfor 280 °C film,  sica-Si:H films.
which are higher than those of intrinsic films. This is consis-  In the analysis of the stabilized light soaked state data,
tent with the lower values of stabilized state electpon  the band-edge and gap states parameters, free carrier capture
products observed in nonintrinsicSi:H films. Net increase Cross sections, free carrier mobilities, and recombination gap
in a(1.2 eV), (1.2 eVoaked @(1.2 €V)nneatea is @ factor of  were maintained to be the same as those used in the analysis
21 for 200 °C, 10 for 240 °C, and 4.2 for 280 °C films. This of the annealed state results. Because of a large decreases in
indicates that there is no one-to-one direct correlation bethe dark conductivity, a shift in the Fermi level position to-
tween the degradation of photoconductivity and increase ofvard midgap was taken into account. In the modeling of the
subband-gap absorption, which has been a generally atesults of three nonintrinsic films, a downward shift of 70
cepted method to study the light induced degradation in theneV for 280 °C, 20 meV for 240 °C and 10 meV for 200 °C
literature*® Even though there is a distinct increasexfh»)  film were made. The charge neutrality in the dark is mainly
in subband-gap regiofbetween 0.8 and 1.5 éMthe charac- determined by the densities of tle" and theD ~ states.
teristic energy of the valence band téig, did not show any The best fits to the results ef,, and a(hv) in the sta-
significant change after light soaking. bilized soaked state are shown as solid lines in Figs. 3 and 4
In addition to the increase ia(1.2 eV), there is also an for nonintrinsica-Si:H films at 200 and 280 °C, respectively.
increase in the dependence @fhv) on generation rate in The parameters derived for the annealed and stabilized
the stabilized soaked state. It is reflected in the valuescof soaked states are also summarized in Table Ill. For these
(at 1.0 eV}, where it increased to the value close to 1.0¢m nonintrinsic films, the densities of both the neutral and
for all nonintrinsic films even though it showed large varia- charged defect states increase, however, neutral defect states
tions in the annealed state. This was also observed in intrirD° increase faster. The densities of th8 statesNpo are
sic films. Sincea(hv) measured with higher-intensity DBP slightly higher than those in intrinsic films. THe ratio de-
is due to the transitions from the electron occupied statesreases drastically from its annealed state value, where it
below as well as above midgap, it is an indication that thebecomes similar to that in the intrinsic films. It ranges be-
densities of midgap states below and above the Fermi levelveen 1.5 and 1.8, as compared to the values having a range
increased after light soaking. from 2.25 to 15 in the annealed state. These valuégratio
Although, the shape of(hv) measured with low gen- give rise to similar dependence athv) on generation rate,
eration rate DBP remains unchanged after light soakingwhich is around 1.0 cit for both the intrinsic and nonin-
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TABLE lIl. Parameters obtained from the numerical analysis of steady-state photoconductivity and subband-gap absorption data for the native and light
induced neutral and charged defect states in the band gap of nonintindimpedl a-Si:H films and those of an intrins&-Si:H in the annealed and stabilized

light soaked states, wherBlpos (cm %) =a(1.2 eV)x3x10' cm™?, L, (SSPG was measured using the SSPG technique at generation rate closéa® 2

em3s™Y L, (calculated=(2u,7,kT/€)%? whereu,r, was calculated aB=2x10? cm ®s™* from the numerical analysis using the best fit parameters;

Np (cm 3 (ESR was directly measured by the ESR technique. NM: not measured.

280 °C 240 °C 200 °C Intrinsic
a-Si:H films
Parameters/State Annealed Soaked Annealed Soaked Annealed Soaked Annealed Soaked
Eo (MeV) 48 48 48 48 49 51 49 49
E,c (MeV) 21 40 21 39 21 40 21 35
Npo (cm3) 8x 10 1.40x10Y 8x10% 1.60x 10" 8x 10 2.0x10 4.50x10'° 1.0x10Y
Epo (eV) (from VB) 0.78 0.78 0.79 0.79 0.80 0.80 0.78 0.78
Np+ (cm™3) 6.0x10' 1.10x10Y 1.60x10'® 1.40x 10" 9.0x10% 1.8x10' 3.0x10% 6.0x10%
Ep+ (eV) (from VB) 1.36 1.22 1.30 1.26 1.36 1.22 1.28 1.28
Np- (cm™3) 6.0x10' 1.10x10" 1.60x10'° 1.40x10Y 9.0x10% 1.8x10Y 3.0x10% 6.0x10"
Ep- (eV) (from VB) 0.56 0.48 0.57 0.48 0.56 0.48 0.50 0.50
Npo (cm™) (ESR NM 1.50x10" NM 1.56x10" NM NM 1.08x 10"
Npos (cm™3) 3.6x10'° 1.60x10Y 1.60x10'¢ 1.50x 10" 8.4x10'° 1.8x10Y 4.8x10'° 1.1x10Y
R=(Np-+Np+)/Npo 15 1.5 4.0 1.7 2.25 1.8 1.4 1.2
Lop () (SSPG 1.18x10° 8.80x 107 1.22x10° 7.90x10° 1.02x10° 5.90x 107
Lpp (A) (calculated 1.09x10° 9.10x 107 1.19x10° 8.0x107 1.14x10°  7.40<10° 1.02x10° 8.50<107

trinsic films. However, in the nonintrinsic films, in order to midgap state parameters derived here are reliable and that
maintain the charge neutrality in the dark and self-both the charged and neutral defect states are created by
consistently fit the very large degradation in the photocondight.

ductivities and subband-gap absorption, it was necessary to

have the charged defect states in the stabilized state to be . .

closer to the valence-band edge. The states are at about C'e Kinetics of Staebler—Wronski effect

0.5 eV, and theD" states are 1.22-1.26 eV from the It was shown that both neutral and charged defect states
valence-band edge similar to those in the intrinsic films. Asare created during the light soaking. Since the films studied
in the case of intrinsic films, it was also necessary to increaskere have differenR ratios in the annealed state and since
the characteristic energy parameter of the conduction banithey exhibit similar characteristics at the stabilized soaked
tails E 4 in the stabilized soaked state in order to fit hand  state, it is important to study the kinetics of light induced
opn data at the highest generation ratés. defect creation and their effects aithv) and oy,,. The ef-

The densities of the neutral defect stabgso obtained fect of light intensity on degradation was investigated on an
from thea(1.2 eV)x3x 10 relation are also shown in Table intrinsic film whose characteristics are given in Tables | and
[ll. Although this relation cannot be used to estimate thell. The results ofa(1.2 €V) measured with low generation
density of the neutral defect states in nonintrinsic films in therate DBP are shown in Fig.(& as a function of time for
annealed state, as discussed in the previous subsedtion, three different illumination intensities, the first of which was
values obtained from this relation for the stabilized light obtained using 100 mWi/cmwhite light from an ELH
soaked states are within less than 15% of Efedensities  tungsten—halogen lamp, and the second one was under 1
derived from the best fits. Furthermore, the net densities ofv/cm? white light (approximately 10 sunsfrom ELH
ESR spins in the stabilized soaked stétier subtracting the tungsten-halogen lamp, and the last one was under 1¥v/cm
contribution of surface/interface defect statesere mea- ELH white light illumination after which a red filter was
sured as 1.5810'" cm ™ for 240 °C and 1.%10 cm 3for  inserted to cut ouk<<610 nm, which would ensure uniform
280 °C film; which agree very well with the values of absorption of illumination. In Fig. ®) the corresponding
1.6x10"" and 1.4<10'" cm™2 derived from the numerical changes ino,, are shown for the above illuminations. Light
analysis, respectively. soaking with 100 mW/ciwhite light was made through the

In addition to the detailed analysis of tg, and a(hv) film up to 1000 h and was continued through the opposite
which are determined by electrons, measurements of the hotde for an additional 700 h. Steady statebilized soaked
diffusion lengthsL,, were also carried out on these nonin- statg of photoconductivity andyx(1.2 eV) were obtained af-
trinsic films in the stabilized soaked state. From the best fiter 1000 h. The changes #(1.2 e\) increased according to
parameters, theur values for holes at a generation rate t>**and thes,,, degradation followed°2° dependence. To
of 2x10° cm®st were used to calculateLp, see the effect of uniform light soaking, a red filtRG-610
=(2u,7kT/€)*22* assuming the same hole mobility, after 10 suns of white light were used for accelerated degra-
#p=0.2 cnf/V s, as in the annealed state. A very good agreedation. In this case, the stabilized soaked state was obtained
ment was found between the experimental results and thosdter 300 h with soaking through one side of sample only.
calculated from the holgur products. These results also Both a(1.2 eV) and oy, reached different stabilized state
listed in Table Ill. The additional results on the hole diffu- values from that of 100 mW/ctnwhite light soaking and
sion lenghts and those of ESR measurements indicate thé&dllowed almost the same dependencies on time. Further ac-
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FIG. 5. (& The changes inv(1.2 eV) measured with low generation rate FIG. 6. (a) The changes inv(1.2 eV) measured with low generation rate
DBP, and(b) the changes i, measured a6=1.2<x10" cm *s ™%, asa  DBP, and(b) the changes ir,, measured aG=2x10" cm™3s™% as a

function of soaking time for the intensities of 100 mW/cwmihite light, 1 function of soaking time. The undopédonintrinsig a-Si:H thin films were
W/en? white light, and 1 W/crhwhite light+red filter \>610 nmj for an  degraded with the intensity of 1 W/@ELH white light intensity.
intrinsic a-Si:H thin film.

under the same conditions as those studied here were depos-

celerated light soaking was carried out with a higher intendited at substrate temperatures between 220 and 350 °C. Their
sity (10 sun$ of ELH white light source. The light soaking annealed and stabilized state characteristics are similar to
was carried out through one side of the sample. Even thougthose of nonintrinsic films discussed above. The results of
the steady state was reached after 60 h of soakivgn «(1.2 €V) measured using low-intensity DBP and the corre-
sooner than red light soakingthe values ofx(1.2 eV) and  sponding changes iny,, measured aG=2x 10 cm3s7?
a,n Were the same as red light soaking having the same timare shown in Figs. @ and &b) as a function of soaking
dependencies. Furthermore, high-intensity ELH white lighttime, respectively. Thex(1.2 eV) follows different time de-
degradation was also studied on other intrinsieSi:H  pendencies for different films and varies frafh? to t%24
films.® They all exhibited similar degradation kinetics for The film deposited at 220 °C exhibits almost the same time
opn and a(1.2 eV) with the similar time dependencies given dependence as intrinsic films. Then,Tagncreased, the time
above. dependence af(1.2 eV) decreased. However, corresponding

In addition to the above experiments, we investigated thgphotoconductivity changes in Fig.(l§ show much faster
accelerated degradation using a high-intensity xenon whitdegradation for highefls film and slower degradation for
light source of 3 W/crh(data not showh It was found that low T films. These results clearly show that there is no
it was not possible to reach the stabilized soaked state withnique rate for defect creation & Si:H films as implied by
illumination through one side of the sample. Subsequent ilthe bond breaking modal.
lumination through the opposite side of the sample decreased According to this model, ther,, is inversely propor-
a,n more and correspondingly increased.2 eV). The sta-  tional to a(hv) or to the density of midgap staté¥pgs
bilized state values of(1.2 eV) and o, were the same as [opp*1/a(hv) or 1Npog]. The oy, measured at low genera-
those for high-intensity white and red light soakings. Be-tion rates can be correlated with the subband-gap absorption
cause of the nonuniform generation of defects with xenormeasured by CPM or low generation rate DBP because at
light source, care has to be taken when studying degradatidower generation rates the splitting of quasi-Fermi levels is
with xenon white light source on both films and solar cell small and only the small fraction of midgap states above the
structures. Fermi level is involved in the recombination kinetics. Using

The rates of light induced degradation on several noninthe results in Figs. ® and &b) we replotted the changes in
trinsic (undopedl a-Si:H films were investigated using 1 o, measured at low generation rates versus corresponding
W/cn? white light illumination only. These films prepared changes in (1.2 eV). This is shown in Fig. 7 including the
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neutral defect density and the densities of the charged defect

;
10 o 20 I ' / states in the different materials can explain different results
[ A 265C ] in the annealed and light soaked states.
<V> -;’:?rfnsic Slope=3.7 / 1 In the annealed state, tHe ratio in nonintrinsic (un-
] doped films changes from 2.25 to 15, which is much higher
100 L | than the values obtained for intrinsa-Si:H films® The
g / tope=1.75 ] higher values of th& ratio obtained on these films are con-

sistent with the results obtained from the LEfSR and elec-
tron spin echo-envelope modulatidESEEM3*3! experi-
ments. When theR ratio increases, there is larger
contribution to the subband-gap absorption from the charged
defect states which results in highethv), even at low gen-
] eration rates, as well as high&r(1.0 eV). In intrinsic films,
Slope=0.95 1 Aa(1.0 eV) is low, which changes from 0.06 to 0.1 ¢h
1 however, it is much higher in the nonintrinsic films where in
1010 e AR the annealed statAa(1.0 eV) increases from 0.1 to 0.90
102 101 10° 10! cm L In the case of higheR values, thea(hv) measured
with low generation rate DBP or using CPM is dominated by
1/e(1.2eV) (cm) the neutral and charged defect states. Therefe(&,2 eV)
FIG. 7. (a) The changes in (1.2 e\) measured with low generation rate can no longer be directly related to the qens't'es of the neu-
DBP vs the changes i, measured aB=2x10%cm3s7, degraded with tral defect states located below the Fermi level. As seen from
the intensity of 1 W/cri ELH white light, for an intrinsic and different Table I, in the intrinsic films, the densities of tmgo states
nonintrinsic(undoped a-Si:H thin films. derived from the analysis were very close to those obtained
from the a(1.2 eV) x3X 10 relation. On the other hand, this
relation overestimates the densities of neutral defect states in

results of the intrinsic film studied above. These results showonintrinsic films.
that the changes iw, is not directly proportional to the Furthermore, the higheR ratios have a drastic effect on
changes in k(1.2 eV). The slope changes from 0.95 to 3.7 the free electron lifetimes obtained from the steady-state
indicating that in nonintrinsic filmsx(1.2 eV) measured by photoconductivity measurements. Because the negatively
CPM or low generation rate DBP is dominated not only bycharged acceptor-like states below the Fermi level have a
the neutral Si dangling bonds, tfE°, but also the charged Vvery small capture cross sections for electrons, they act as
defect states, thB* andD ~.1?° sensitizing states as proposed by R&sender light illumi-

Using the above results it can be concluded that red lighpation, they are the only recombination centers that are
and ELH white light illumination provide uniform creation empty because the donor-like states aboveGhare mostly
of defects on films with thicknesses of arounduin. The filled with electrons due to their higher capture cross sec-
kinetics of light induced degradation is similar for intrinsic tions. This results in higher electron lifetimes and photocon-
films. It was obtained from the analysis that fReatios are  ductivity. As R increases so does the sensitization and,
low for these films in the annealed state and did not show &ence, photoconductivity. This is the only physical reason to
drastic decrease in the stabilized soaked state. This meaagplain the higher photoconductivities measured on defec-
that both the neutral and charged defect states are creatéide undopeda-Si:H films.
with almost the same rate in intrinsic films. However, non- Because of the large differences in the densities of
intrinsic films exhibit wide range of degradation kinetics charged defects, intrinsic and nonintrinsic films exhibit com-
with different time dependencies. This is because of the difpletely different degradation kinetics. Photoconductivities
ferences both in the densities of the neutral and charged delegrade according to a time dependence giveti Bywhere
fect states and in thR ratios for the annealed state. TRe x is 0.26 for intrinsic films and changes from 0.30 to 0.53 in
ratio decreases for all films in the stabilized soaked state to monintrinsic films studied here. Correspondingl1.2 eV)
value between 1.5 and 1.8, and this implies that during théncreases according to time dependetGevherey is 0.24
light soaking the neutral and charged defect states are creatéat intrinsic films and changes from 0.24 to 0.12 in nonin-
with different rates for different sample. trinsic films. The results here clearly show that there is no
unigue relation for the kinetics of the Staebler—Wronski ef-
fect in a-Si:H films such as the™® rule (o,=Gt"® or
Npos*GtY3, where G is constant generation ratewhich
was based on two Gaussian distributions offiie D° states

It was shown here that the distribution of the chargedwith positive correlation energl/Therefore, there is no di-
defect states can be used for self-consistent analysis of thect correlation between the degradationogf and the cor-
results of the steady-state photoconductivity and subbandesponding increase of subband-gap absorption.
gap absorption for a wide range of generation rates in non- In the stabilized soaked state, tRaatio decreased dras-
intrinsic a-Si:H films both in the annealed and stabilized tically for all nonintrinsica-Si:H films and very slightly for
soaked states. The differences in the ratios of the charged totrinsic films. It reached to values close to 1.0. The density

0, (£2-em)(G=2x10'9)

Slope=1.2

10° 3 /
E Slope=1

IV. DISCUSSION
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of the neutral defect states created is higher than those of the Si:H films3* They found that the coalescence of transients
positively and negatively charged defect states. Thus, tha early time regime is less perfect in the light soaked state
subband-gap absorption measured at low generation ratkie to an increase in recombination rate. Then they specu-
DBP or using CPM is mainly dominated by the density of lated that there is a light induced change in the conduction
the neutral defect states. In contrast with the case in thband tail regime.
annealed state, there are good agreements between the den- The evidences for the charged defect states in the bulk of
sities of neutral defects derived and those obtained frona-Si:H films and their effects on different measurements was
(1.2 e\)x3x 10 relation. Furthermore, density of the neu- extensively discussed by Branz and SifVeand later by
tral defect states obtained from the analysis are very close owell and Deari® however, for the significance of the re-
those directly measured by ESR for both intrinsic and nonsults derived here, we revisit some of those experimental
intrinsic a-Si:H films. results in the literature. As mentioned earlier, the first LESR
In addition to the results discussed above, which depengbsults ona-Si:H indicated roughly equal electron and hole
on the majority carrier properties, we have also measuregpsorption lines and it was a conclusion that an insignificant
minority carrier, hole, diffusion lengths using the SSPG tech+raction of dangling bonds is charged in undopedi:H?
nique on the same nonintrinsicSi:H films in the same an- | ater, Ristein and co-workerand Hautala and co-workérs
nealed and stabilized soaked states. Excellent agreement Wa$ried out a more careful study of ESR and LESR using
found between the experimental diffusion lengths and thos%and-gap and below band-gap light on thigkand 15xm)
derived from the best fit results of numerical analysis. Theres_si-H films. They found that LESR with band-gap light
fore, qsing SSPG techniqge and the results of numeri.C ives equal electron-to-hole absorption lines; however,
analysis of photoconductivity and subband-gap absorptiofesr with IR light increased the ratio of the narrow line
on thin films, important information about the minority car- (gjectron ling to the broad absorption linghole ling. This
rier hole mobility can be obtained. This will be an extremely gighonortionality was attributed to excitations of electrons
important parameter for the modeling of solar cell deviceyy, thep - states located close to the valence-band edge to
characteristics where both minority and majority carriers,e ¢onduction-band-tail states. They concluded that the den-
play a role. sities of theD ~ states were higher than the density of B2

S'Tcg t?e;R ra:jlodls d|fferentt folr d'ﬁfiﬁnt films mlthe_ a}ates measured with ESR in the dark. Unfortunately, they
annealed state and decreases 1o aimost the same value In fife gpje 1o explain these results using the two Gaussian
stabilized soaked state, this brings about different rates fo

distributions of bulk defect states, and since that was not
the creation of neutral defects and charged defects for differ- ’

ent films so that steady-state photoconductivity and subban&)OSSIble’ they attributed the observed phenomena to the high

. . : . : densities of surfacefinterface states even inub%thick
gap absorption follow different time dependencies for d|ffer-ﬁ|mS- In addition, similar LESR results were reported by

ent films. This is clearly seen in Fig. 6 for the measurement%himizu et al. that a large fraction of defects states in un-

carried out in different nonintrinsia-Si:H films; however, dopeda-Si-H is charged defect stat%é’.hey speculated that

intrinsic films showed almost the same degradation kinetic?hese charaed defect states are due to nitrooen impurities in
since they all had similaR ratios in the annealed state. In the . arg g P
a-Si:H films. Later, these results were reinterpreted by

case of nonintrinsic films, the(hv) measured with low gen- 5 .
eration rate DBP or CPM during the intermediate light soak-Br"’mz?I az thgl deIk charg_ed defefct-;tates_ar&aH. Morg .
ing periods will still be under the influence of both the neu-écently, detailed comparisons of absorption data and spin

tral and the charged defect states. Therefore, it will be€NSity using LESR experiments have shown that there are
inappropriate to characterize the kinetics of light induced deSyStematic deviations from _thgéproportlonallty between elec-
fect creation using the “the stretched exponentials modeltron and hole absqrptlon lin _'It was fF’P”d that _LESR

or so-called “impurity model® since this model assumes measurements carried out at high intensities result in propor-
only the neutral defect states as the main defect created ddfonal electron and hole absorption lines. However, low-

ing the light soaking and characterizes them using CPMNtensity LESR experiment shows a disproportionality,
spectrum. where the hole spin density is much higher than total elec-

It is also interesting to note that an increase in the charlfon density. The explanation of the low-intensity LESR re-
acteristic energy of the conduction band tail states was inSults required the presence of a broad band of positively
ferred from the modeling of the stabilized state in both in-charged defects, th ", in the region of 0.4 0.70 eV below
trinsic and nonintrinsica-Si:H films even though no the conduction-band edge. To maintain the charge neutrality
significant change was detected fBy,. At this time the in the dark, these positively charged states must be balanced
reason for this phenomenon is not known although the simiby negatively charged states below the Fermi level. Such
lar changes have been reported by Takada and Fritzchestates were also detected in an IR-LESR experiment by
based on their results of drift mobilities. They explained theRistein and co-worker§? In addition, Schumm and co-
decrease in drift mobility upon the light degradation of workers also quantified the ratio of charged to neutral defect
n-type a-Si:H films by an increase in the density of the density,R, both in the annealed and light soaked states. They
conduction-band-tail states within 0.35 eV below the elec+eported that the values & ratio change from 5 to 10 in the
tron mobility edge or by decrease of microscopic mobility. annealed films which then decreased to around 1.0 in the
More recently, Haret al. have studied the transient photo- light soaked state. These fundamental evidences on the
charge measurements on annealed and light soaked undopelthrged defect states in the gap of undope$i:H films are
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consistent with our results derived from the analysis of phoneutral defect density of 4 was obtained for material with
toconductivity and subband-gap absorption. E-=0.85 eV from the conduction-band edge. The energy

The supporting experimental results just discussed angositions for charged and neutral defect states they derived
the self-consistent analysis of the photoconductivities andre very close to those obtained from our analysis, especially
subband-gap absorption spectra over a wide range of generte total densities of state®( + D~ + D°) obtained for the
tion rates in variousa-Si:H films are strong evidences for the film deposited ail ;=240 °C with a similar Fermi level po-
distribution of neutral and charged defectsaiBi:H materi-  sition is the same as their results. Although this model was
als. The positively charged defect statBs are located used to predict the nature, densities, and energy spectra of
above the Fermi level and the neutf2! and the negatively many observations in the annealed state, no results on light
chargedD ™~ states are located below the Fermi level. Modelssoaked materials have been reported. However, recently
proposed for undoped-Si:H materials must include such Schumm and co-workers explained their LESR and
states both in the annealed and light soaked states. Therefgsgbband-gap absorption results using their defect pool
models that do not result in charged Si dangling bonds suctodel. They found that during light soaking the densities of
as the bond breaking modeind the impurity modélappear ~ both neutral and charged defect states increase witiDthe
to be inadequate for explaining the Staebler—Wronski effecstates increasing more quickly. Theratio decreases from
in a-Si:H films. about 5 to 10 in the annealed state to around 1.0 in the light

The first model that considered the charged defect stategpaked state.
was proposed by Adlérwith significant densities of charged
Si dangling bonds having negative correlation energy already- CONCLUSIONS
present in the annealed state. Although this model can ex- |t was found that only the distribution of the charged
plain the native charged defect statesiSi:H films, itisnot  gefect states can be successfully applied to the detailed
sufficient for explaining the light induced degradation. Ac- gnalysis of the steady-state photoconductivity and subband-
cording to this model, photogenerated electrons and holes afgy absorption results of nonintringiendopedl a-Si:H thin
trapped in the previously present charged Si dangling bondgims over a wide range of generation rates both in the an-
which are then converted to the neutral Si dangling bondsnealed and stabilized light soaked states. This distribution
This leads to an increase in the densities of feand to a  jncludes exponential valence and conduction band tail states,
decrease of charged dangling bonds. Both our and LESR pand of positively charged defect states located above the
results indicate that both the charged and neutral defects afgsrmi level, and two bands of the neutral and negatively
created by I|ght Therefore, the Original Adler model is inad-charged defect states located below the Fermi level.
equate to explain the Staebler—Wronski effectaiSi:H In the annealed state, the energy location of the neutral
films. defect states is around 0.80 eV from the valence band mo-

The potential fluctuations model proposed by Branz andility edge, which is similar to those obtained in intrinsic
Silver® uses a defect pool model in which there is no weaka-Si:H films; however, charged defect states are located at
Si—Si bond breaking mechanism involved. They proposedilightly higher energies in nonintrinsia-Si:H films. Even
that large densities of charged dangling bonds are present though the densities of the neutral defect states do not
the annealed state due to potential fluctuations. In this modethange significantly, those of positively and negatively
the D” states are above and tiie~ states are below the charged defect states and tReatio are drastically different
Fermi level. Similar to Adler's model, during the light soak- for different films. These results derived for the densities and
ing photogenerated electrons and holes are trapped in thRe R ratio are consistent with those determined from the
charged states which are then converted to Bifestates. ESR and LESR measuremehtBecause of the higher den-
Consequently the densities of thH2° states increase and sities of the charged defect states dominating in the annealed
those of charged defect states decrease after light soakingtate, the subband-gap absorption spectrum measured by
which is in disagreement with our findings as well as that ofCPM or low generation rate DBP can no longer be correlated
LESR experiments. directly with the densities of neutral Si dangling bonds.

The defect pool model used by Schumm and BHuer In the stabilized light soaked state, almost the same gap
involves a hydrogen entropy contribution to the chemicalstate distributions and parameters as in the annealed state
potential of defects and a weak-SEi bond conversion pro- have been used in the analysis. It was found that both the
cess. Simultaneous formation of defects in all three chargeeutral and charged defect states are created by lightRThe
states are considered with different microscopic reactions inratio decreases drastically to a value close to 1, which is
volving zero, one, and two SiH bonds mediating a weak similar to those of intrinsi@-Si:H films. Because of that, in
Si—Si bond breaking process. The derived densities and ereach film the neutral and charged defect states are created
ergy location of the charged and neutral defect states hauwsith different rates so that photoconductivity and subband-
more charged than neutral defect states in the annealed filmgap absorption follow different degradation kinetics. Thus
Recently, Powell and Dedhconsidered a defect pool model, there is no unique degradation kinetics &6i:H. The den-
“the improved defect pool model,” with wide pool and two sities of the neutral defect states derived from the analysis
Si—H bonds mediating the weak-SiSi bond breaking re- were directly correlated with those measured by ESR and
action. The energy spectra and the densities of charged amXcellent agreement was obtained. In addition to these re-
neutral defect states were calculated using inputs from thesults, minority carrier hole diffusion lengths measured by the
experiments on thin-film transistors and a ratio of charged t&SPG technique on the same films were correlated with
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