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Light-induced defect states in hydrogenated amorphous silicon centered
around 1.0 and 1.2 eV from the conduction band edge
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To take into account the presence of multiple light-induced defect states in hydrogenated amorphous
silicon (a-Si:H) the evolution of the entire spectra of photoconductive subgap absorptibm),

has been analyzed. Using this approach two distinctly different light-induced defect states centered
around 1.0 and 1.2 eV from the conduction band edge are clearly identified. Results are presented
on their evolution and respective effects on carrier recombination that clearly point to the
importance of these states in evaluating the stability of diffeaeBi:H solar cell materials, as well

as elucidating the origin of the Staebler—Wronski effect. 2@03 American Institute of Physics.
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Light-induced (LI) degradation in hydrogenated amor- to 1.5 eV, was measured using the dual-beam photoconduc-
phous silicon &-Si:H) is not only of scientific but also of tivity method® and the absolute values of(hv) obtained
technological interest because of its limitations on the perwith a normalization procedure to transmission and reflection
formance ofa-Si:H-based solar cells. Materials for solar measurements developed by Jiebal® The studies were
cells have been extensively studied and the results on the Idarried out on 1zm-thin films, and the electropr products
gap states measured on thin films are used to predict theere measured with volume absorbed light. Both dtfav)
stability and performance of the solar cells. Because LI degand um measurements were carried out at 25 °C with the LI
radation is generally associated with the creation of danglinghanges obtained under 1 sun illumination with tungsten-
bonds, the emphasis has been on determining their evolutidmalogen lamps with IR filters.
under illuminationt Although the neutral dangling bond Shown in Fig. 1 are the.r products at carrier generation
(D°) defect density can be directly measured with electrorrates of 18° cm™3s™* for the two materials in the annealed
spin resonancéESR the most commonly used method is state (AS) and their changes under 1 sun illumination at
photoconductive subgap absorption as a function of photo@5 °C. Also shown are thgr products for theR=10 mate-
energy a(hv). Generally, a(hv) is interpreted solely in rial at 75°C. It can be seen in Fig. 1 that in the AS, jbe
terms of I defect states, where their densities are directlyproduct of theR=10 material is about five times higher than
related to the magnituder(hv)|, typically forh» 1.1to 1.3  in theR=0 material, as is generally expected for better qual-
eV. Such an approach has been used to explain a plethora ity materials. Although there is a similarity in the kinetics of
results on LI changes in carrier recombination and their an-
nealing. However, results have also been reported that poin A
to the introduction of other defect states and th@hr) can-
not be interpreted in such a simple manhdhis includes 106 _8 8.
the widespread range of relationships found between light- [ 0O 5
induced changes ifw(hv)|, N3 as measured by ESR, and Y.V b%
electron mobility lifetime(w7), as well as the absence of any [
correlations with the fill factoréFF9 of solar cells$~°In this
letter, contributions to the(hv) of multiple defect states at
and below midgap are addressed by analyzing the evolutior v
of the entire spectra rather than just their magnitude. Al- v
though any direct correlation of these defect states below 107 L v i
midgap with the carrier recombination is limited by the pres- - v 1
ence of states above midgap, two distinctly different light i v R=025°C 1
induced defect states centered around 1.0 and 1.2 eV fron 5 ® R=1025°C w
the conduction bandCB) edge are clearly identified and - o v 1
their evolution found to be consistent with the corresponding : o R=1075C Yowl
changes inur. i iy ‘Vv

The results presented here are on two materials having 102 10°! 100 10! 102
radically different microstructure and consequently degrada- . )
tion kinetics. One is a protocrystalline material deposited 1 Sun Illumination (Hours)
with RE[Hz]/[SIH“J =10ata depo§|t|on ratg 0f 0.5 A/S’ and FIG. 1. Electron mobility lifetime products as a function of exposure to 1
the other is an undiluteR=0 material deposited at a rate of g,y jjjumination time forR=0 andR=10 materials at 25 °C and for the
20 A/s®" The photoconductive subgap absorption,fer0.9  R=10 material at 75 °C.
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— 5 Similarly, the reduction inx(1.2 eV) values of theR=0 ma-

U R —— - T
: : : VV 8 3 te_rial in the 75°C DSS is consistent with the cor_responding
| ( vv088@ higher values ofur, but not by the factor of>2. Since for
. ( { VVV v I the R=0 material, no difference inu7 kinetics is present
—.E | W%Qégoo ] between 25 and 75°C, as expected, there were none in the
CANY |v .‘ 4 a(hv) spectra. It is quite apparent from the results just dis-
g [ :ooo°°°" v. e ] cussed that the evolution of multiple defect states has to be
2 0.0 v e ) taken into account in interpreting(hv) spectra. This be-
s o | wvvv" .. ; comes even more evident from the(hv) spectra for
@ 0] \ A
ﬁ O v A '.o. . hv<1.1 eV, which, as can be seen in Fig. 2, are virtually
= o1 vva : ...? identical despite the large differences in the corresponding
S v ...O ' d R:100 :SS uT products.
& ..*o. | g E=1025“c 150Hrs Any interpretation ofa(hv) in terms of the density and
...o° I | ¥ R=025C 150Hss energy distribution of multiple .defect states is cornphcatt_ad
o® I ©® R=1075°CDSS by the nature of photoconductive subgap absorption, which
ool . J . T is determined byN(E), the densities of electron occupied

states, and not directly by the total defect dend\ygr.
Photoconductive subgap absorption is determined from the
Photon Energy hv (eV) absorption of photons, which excite electrons into the ex-
tended states in the CB, whose density is then measured as
FIG. 2. Subgap absorption as a function of photon energy foRta®@ and  the generated photocurrent. Thus, for any given photon en-
R=10 matgrlal_s in the AS and c)after 150 h of 1 sun illumination at 25 °C, andergy’ a(hv) is a measure of the number of electrons excited
the R=10 film in a DSS at 75 °C. . . L .
into the CB Ec) which are located withithv of E¢ and is

given by
their initial LI changes, there is a marked difference in their
evolution towards a degraded steady st@&S. At 25°C,
the protocrystalline material attains a DSS in approximately
100 h, whereas in thR=0 material, the commonly reported . . .
kinetics with ~t~ 2 extends for 400 h with no approach to The integral takes into account that can excite electrons

_ _ 1/2 - . . i
DSS. It should be noted here that after 150 h, gheproduct L?Ct".’uedEfC tE<dh1(jd. ':ICtO(E. ic) CIBIZ the %arabotlr:c %'.Sml
are~ten times higher in th®=10 than in theR=0 material. ution ot extended states in the epenas on the dipole

When the temperature of degradation is raised to 75 °C thet@atrix elements for transitions from localized to extended
is virtually no change in the kinetics of the 20 A/s material, states and is assumed to be consta.the case of a single

whereas theR=10 reaches a DSS with ar values that is ;tjype 'El)f gefect St"ﬁ]e’ Itis po?_smleft?hrelaﬂetE?[ tO_Nde'(E)t ined
~two times higher than at 25 °C. irectly because the occupation of these states is constraine

In Fig. 2, thea(hv) spectra are shown for the two ma- by charge neutrality. However, in the case of multiple defect

terials in the AS, as well as after 150 h of degradation alSt‘."‘tes the electron occupation of each type of statieier-

25°C. Also shown are the results for the DSS of Rre 10 mined by the kinetics of carrier recombinatiamd depends
j ot only on their energy distribution in the gap, but also on

film degraded at 75 °C. The effects of the valence band stat% i relative densiti d i i f th
on a(hv) spectra can be observed above 1.3 eV, where th elr rle ative densities and caplure cross sections of the
tates! Despite these complexities, information can be ob-

values for the two materials differ because of their bandgapg

(Ea2000, Which are 1.86 and-1.80 eV for theR=10 and ti'lrlljed at:jo_ut thte_z elvoItL:]thn of thz_ ILg_Et-lnduceld dgfe(;ts
R=0 materials, respectively. In the AS, the(hv)| in the (LIDs) and in particular their energy distributions. In order to

region from 1.1 to 1.3 eV, commonly used in evaluatingrelate“(hv)’ vv_hich includes the c_ontrib_ut_ions from all the
a(E), is ~four times lower than that dR=0 material. Al- electron-occupied states at energies withinfrom Ec, to
though this is consistent with the valuesof, it is important the energies Of. the_ defect states relativ&{q it is necessary
to note the striking difference between the shapes of th o take the derivative of the(hv) spectra. In the case when

a(hv) spectra. Thd&R=0 spectrum has the commonly found . (B) ﬁhan?fe rap;?\:y Wllztr_EE Sli,czh as s Qagssg:m d.'smbfu'
shoulder, whereas the=10 continually decreases with tion, t.e effect ofNcof c) '~ on t € .Jomt ensllty °
due to its protocrystalline nature. This clearly indicates astates is small. Consequently, the derivative of @)yields
significant difference in the intrinsic gap states of the two  kN(E)=(hv)d[a(hv)]/dE— a(hv). 2)
materials.

In the degraded states, the differences between the varf-ne evolution of the LI gap states can be characterized by
ous spectra are subtler since they have similar values dformalizing the values obtained from E@) for kN(E) after
a(hv). After 150 h of illumination at 25 °C, th&®=0 film  degradation to that in the AS, yielding
clearly develops a shoulder similar to that in fRe0 mate- _ _
rial. The |a(hv)| values in the region 1.1 to 1.3 eV in the P(E) =KkNps(E)/KNas(E) =Nps(E)/Nas(E). )
two materials are consistent with thosewaf, higher|a(hv)| The P(E) spectra obtained from the results in Fig. 2 are
values correspond to loweir values. However, the small shown in Fig. 3, where their magnitude represents the in-
difference of~30% in a(1.2 eV) is completely inconsistent crease in the densities of electron-occupied states at different

with the difference of a factor of 10 in thgr products. energies in the gap from the AS. Because of the complexities
Downloaded 02 Dec 2008 to 130.15.116.200. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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35 T v T . v v The results presented here, which identify distinctly dif-
30 b ferent LID states centered around 1.0 and 1.2 eV fiem
= and their respective effects on carrier recombination, are
2 25} ——@—— R=1025°C 150 Hrs consistent with a variety of results which cannot be ex-
3 == R=025“f150 Hrs plained in terms of a single state located around midgap.
) 20 O Rel075CDSS Their evolution is also consistent with the presence of
£ 15 “slow” and “fast” defects,**as well as with the degrada-
i tion kinetics ofa-Si:H films and cell$?® Since recently direct
@ 10} correlations have been established between the LI changes in
= wrand the FF of corresponding solar céflst is important,
therefore, to take into account the presence of at least these
0

two defect states in evaluating the stability &fSi:H solar

09 1.0 11 12 13 14 15 16  cell materials. No conclusions are drawn here about the de-
Energy E_-E (eV) fects associated with these states; however, their distinct dif-

ferences in their creation kinetics cannot be overlooked in

FIG. 3. TheP(E)=Nps(E)/Nas(E) spectra as a function of energy from the attempts on establishing the origin of the Staebler—
the CB obtained for the results shown in Fig. 2. Wronski effect

mentioned earlier, quantifying the(E) spectra in terms of The authors would like to thank Dr. Matsuda for supply-
Npe(E) cannot be made without numerical modelfig. ing thin films, Dr. Jiao for helpful discussions, and X. Niu for
Nevertheless, it is possible to identify their energy distribu-technical assistance. This research was supported by the Na-
tions and relate the differences to thoseuin which clearly  tional Renewable Energy Laboratory under subcontract NDJ-
is not possible fola(E)|. From the results in Fig. 3, the 2-30630-01.
creation of two distinctly different LID states centered
around 1.0 and 1.2 eV froa: can be clearly identified. In
the case of th&k=0 material after 100 h of degradation at
25°C, there is a predominant contribution from the peak
around 1.2 eV that dominates the spectrum, with an almostH. Fritzche, Annu. Rev. Mater. Sc&1, 47 (2002.
negligible tail extending towards midgap. In the case of the®C. R. Wronski, J. M. Pearce, R. J. Koval, X. Niu, A. S. Ferlauto, J. Koh,
protocrystalline material, on the other hand, this contribution ,a"d R W. Collins, Mater. Res. Soc. Symp. Prét5 A13.4(2002. _

. . . _°P. Stradins, S. Shimizu, M. Kondo, and A. Matsuda, J. Non-Cryst. Solids
to the P(E) spectrum is drastically reduced, so that there is 299-302, 460 (2002.
now a broad peak centered at 1.0 eV, with only a shoulder atg. von Roedern, Appl. Phys. Le62, 1368(1993.
1.2 eV. The creation of large densities of the LID states in the®J. M. Pearce, R. J. Koval, R. W. Collins, C. R. Wronski, M. M. Al-Jassim,
R=0 material around 1.2 eV can be attributed to its poor and K. M. Jones29th IEEE Photovoltaic Specialists Conference Proceed-

. truct d t tH fast rate d it te. ClI | ings (IEEE, New York, 2002, p. 1101.
m'Cr‘?s .ruc ure due to the aS. r‘?‘ N _GPOSI ion rate. Llearlyeg Koval, X. Niu, J. Pearce, L. Jiao, G. Ganguly, J. Yang, S. Guha, R. W.
identifying these states and distinguishing them from those collins, and C. R. Wronski, Mater. Res. Soc. Symp. P@@9, A15.5
around 1.0 eV cannot be as readily done in materials depos-(2000.
ited at slow rates. This enormous differencePl.2 eV) M. Kondo, T. Nishimoto, M. Takai, S. Suzuki, Y. Nasuno, and A. Matsuda,
bet the t .f'l in Fia. 3 cl Vi d.' t th Technical Digest of the 12th International PV Science and Engineering
etween the two 'ms seen 'n 'gj Clearly in 'c,:a Qs e ConferenceJeju, Korea, 11-15 June 2001, p. 41.

presence of a large difference in their gap state, which is ther|. jiao, H. Liu, S. Semoushikina, Y. Lee, and C. R. Wronski, Appl. Phys.
reflected in the factor of 10 difference in their corresponding Lett. 69, 3713(1996.

ditre _ et . .
w7 products. A more quantitative comparison can be made L- Jia0. I. Chen, R. W. Collins, C. R. Wronski, and N. Hata, Appl. Phys.
Lett. 72, 1057(1998.

between the Contr'bUt'Ons_ of the tV\_IO states fr¢ﬁ( E)| 1w, B. Jackson, S. M. Kelso, C. C. Tsai, J. W. Allen, and S. J. Oh, Phys.
spectra on the same material under different degradation conRev. B31, 5187(1985.

ditions. It is seen in Fig. 3, that for tHe=10 material in the 1A, Rose,Concepts in Photoconductivities and Allied Problefiseiger,
improved DSS at 75 °C, there is only a slight reduction in thelzlj\\‘/le"é:r‘]’g; 1Cg.7g'. Wronski, and T. J. Mcahon, J. Appl. PHe, 2260
defect states around 1.0 eV. The much larger suppression of ;g4

those around 1.2 eV, on the other hand, can explainuthe *3L. Yang and L. Chen, Appl. Phys. Le$3, 400 (1993.

values that are a factor of2 higher. However, since no **J. M. Pearce, R. J. Koval, X. Niu, S. J. May, R. W. Collins, and C. R.
corresponding information is currently available about the \r:\i’éﬁnsé"e'rﬂ;?]y'zggfoe&”r gc\)/ogolz; Egneggé&%nference Proceedings
states located above midgap, no definite conclusions can bey pearce, x. Niu, R. Koval, G.’Gar;gtily,.D. Carlson, R. W. Collins, and C.

drawn about the nature of these two defect states. R. Wronski, Mater. Res. Soc. Symp. Pr664 A12.3(2001).

Downloaded 02 Dec 2008 to 130.15.116.200. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



