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Electron-spin-resonance center of dangling bonds in undoped- Si:H
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A variety of electron-spin-resonan¢&SR) spectra of dangling bondy& 2.0055) in undoped hydrogenated
amorphous silicond- Si:H) have been measured by the echo-detected ESR of pulsed ESR as well as the usual
continuous-wavecw) ESR for a wide range of two experimental parameters of microwave frequency (
=3-34 GHz) and®®Si content(p=1.6, 4.7, 9.1 at. % Using those spectra, we have carried out spectral
simulations on the whole dangling bond spectr@primary line and?®Si hf structurg, and also have
simulatedv and p dependence of the spectra. From detailed simulation analyses, we confirmed a previous
identification of the dangling bond center by Stutzmann and BiegéRbys. Rev. B40, 9834(1989], and
raised the reliability of ESR parameters; isotropic and anisotréiSichyperfine interactions were determined
to be approximately 7.4 and 2.1 mT, respectively, gpd 2.0039,g, =2.0065. The ESR parameters indicate
that the dangling bond center is localized predominantly on a single Si atom and is characterized asgstrongly
like, which are consistent with the case of the dangling bond at the interface between crystalline Siand SiO
the P, center.[S0163-182609)01307-1

I. INTRODUCTION spin of | = %) which are indicated by arrows in the figure, in
addition to a strong primary lin€°Si hf splittings originate
Amorphous silicon &-Si) and hydrogenated amorphous from the magnetic interactions betweéii nuclei and an
silicon (a-Si:H) contain threefold-coordinated Si atoms, i.e.,unpaired electron, from which the distribution of the un-
dangling bonds(DB'’s) with a density of 168-2° and paired electron relative to positions é¥Si nuclei can be
10*5-18cm3 for a-Si anda-Si:H, respectively:2 The incor-  revealed. For example, for DB’s on the surface of crystalline
poration of a great number of hydroget0—20 at. %greatly ~ Si(111) covered by Si@ the P, centers also show &Si hf
reduces the DB'S. However, low-defect-density structure in their ESR spectrum. Detailed analyses clarified
(<10”cm™®) a-Si:H responds with the creation of addi- that an unpaired electron of &, center distributes on one
tional metastable DB’s to strong illuminatidn® The meta-  Si atom by 82% where the electron wave function consists of
stable DB's are created in bulk regions up to a density oBs and 3 orbitals of approximately 10% and 90%,
10*”cm™3 and can be annihilated completely by thermal an-respectively’>”’” On the other hand, the DB spectrum of
nealing (= 150°Q. The microscopic mechanism of such a-Si:H convolutes the powder pattern as well as causes a
creation and annihilation has not been clarified yet, althoughtarge signal broadening due to its amorphous nature. There-
they were discovered more than 20 years ago. Therefordore, it is difficult to determine principal values of the hf and
microscopic and electronic structures of the DB’s have beeg tensors, unlike the case of tiig center.
investigated intensively, and further information is still re- A first analysis orfSi hf interactions of the DB center in
quired. a-Si:H was reported by Biegelsen and Stutzm&iiney ob-
The DB in a-Si:H shows an electron-spin-resonanceserved doublet®Si hf lines using a heavily®Si-enriched 93
(ESR signal with ag value(g) of 2.0055%* which is shown  at. % sample and determined the isotropic paki{) of the
in Fig. 1. This signal involves weak signals of the hyperfinestrong?°Si hf interaction from which the fraction of thes3
(hf) structure of?%Si (natural abundance of 4.7 at. %, nuclearorbital in the DB wave function was estimated for the first
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I TABLE I. List of our samples and their characters.
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simulations have two feature&) simulations of the whole

DB spectrum(a primary line and°Si hf lines, and(b) simu-

FIG. 1. A typical DB spectrum of undopea+Si:H with [ 2%Si] lations of the dependence of the DB spectrum on two experi-
=4.7 at.% and a spin density of X@.0"cm 3. The spectrum was mental parameters of microwave frequeri8y-34 GHz and
measured by a standadiband (9.4-GH2 continuous wavecw)-  2°Si content of the samplél.6, 4.7, 9.1 at% The two ex-
ESR spectrometer with 2.5 h accumulation. Arrows point to hf linesperimental parameters can incre@sereduceg influences of
of 2°j. particular ESR parameters on the DB spectrum. Furthermore,
o _ _ we employed the echo-detected ESR technique of pulsed
time.” In their sample, however, there existed a large numbegSR in order to obtain the ESR spectrum with much flatter
of 2%Si nuclei surrounding a DB site, which caused an ex-haselines than that of conventional, continuous-wéwe)-
treme broadening of the signal due to wéaRi hf splittings. ~ ESR, which is advantageous for analyzing the weak signal of
Such a signal broadening smeared out finer features of th&s; hf lines. From detailed simulation analyses over a wide
strong #Si hf interaction. Following the first work, Stutz- range of the two experimental parameters, principal values of
mann and Biegelsen carried out a detailed simulation of afhe g and hf tensorsA;s, and A5, Were determined with
X-band (~10 GH2 ESR spectrum of a natural abundancenhigh reliability. Finally, we compare our results with those of
sample; from which further detailed information was ex- Stutzmann and Biegelsen as well as those forRpeenter.
tracted such as the anisotropic hf interactidy, {0 due to
the 3p orbital in the DB wave fun_ction. As a res_ult, they Il EXPERIMENTAL DETAILS
reported that the DB center ia-Si:H has approximately
50% of the distribution on one Si atom, which consists 8f 3 ~ Most of the ESR measurements a+Si:H have been car-
and 3 orbitals of approximately 10 and 90 %, respectively.ried out by a standar¥-band(9-10 GHz spectrometer so
They concluded that the origin @=2.0055 center is well  far*®921419n the present work, we used microwave fre-
described as the DB, although five-fold-coordinated Si atquencies of 3.0-34 GHz. The microwave frequency o
oms, so-called “floating bonds'(FB'’s),'® had been sug- simply related with the resonance magnetic fieldBofby
gested for an alternative origin @f=2.0055 and the two hv=gBB,, whereh is the Planck constant anglis the Bohr
models had been argued intens{-ﬂy¥8 magneton. Therefore, the primary line, which is broadened

However, since tails of the strong primary line are supermainly by the anisotropy of principaj values(i.e., powder
posed on hf lines in Fig. 1, it was very difficult to accurately pattern and fluctuations ofg values, can be narrowed by
deconvolute thé®Si hf structure from the total spectrum. In decreasingy, while the hf splitting does not chandéhus,
order to remove tails of the strong primary line, they made ahe degree of overlapping of the primary line and hf lines can
great effort to choose a smooth, structureless tail curve thdie experimentally controlled by changing
joins the main peak of the primary line continuously. The tail  Another parameter, thé°Si contents of the samplg),
curve was chosen by satisfying three qualificatigisit had ~ can determine the relative intensity of hf lines in a total spec-
no structure in the second derivative over the regiod®sf  trum. We varied the value g to 1.6 (diluted), 4.7 (natural
hf lines, and when the tail curve had been subtracted fronabundanck and 9.1(enriched at. %.
the total spectrum(ji) deconvoluted hf lines returned to zero  Undopeda-Si:H samples were deposited by the standard
for separating each hf line, arfiii ) each hf line had an equal rf-glow discharge technique from Sjtbn a metal foil at
area’ Choosing a suitable tail curve, they seemed to obtairsubstrate temperature$g) of room temperatur¢R.T.) and
the deconvoluted hf structure successfully. We point out250 °C. Deposited samplgd0—-40 mg were collected in
however, that the best approach is to calculate the whole DBigh-purity vitreous-silica tubes for ESR measurements. The
spectrum(the primary line and®Si hf lines without decon- DB densities ) and hydrogen contents of the samples
voluting hf lines, because the results may depend on how theere determined using ESR afH-NMR, which are sum-
tail curve is chosen. Furthermore, in order to confirm themarized in Table I.
reliability of ESR parameters determined in the simulation, it ESR measurements of the above samples were carried out
will be necessary to check the simulations for a variety of theby cw- and pulsed-ESR spectrometers. In cw-ESR measure-
DB spectra; Stutzmann and Biegelsen carried out the spectraients, we used a BRUKER ESP300E spectrometer, which
simulation for only onexX-band spectrum. can operate with microwave frequencies of 3.0, 6.5, 9.4-9.8,

In this paper, we present a detailed simulation study teand 34 GHz. All cw-ESR spectra were measured at room
confirm the conclusion of Stutzmann and Biegel®a@bur  temperature under the following conditions: microwave

magnetic field (mT)
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powers of 0.1(34 GH2 and 0.9 mW(3.0, 6.5, 9.8 GHy and

field modulation amplitudes in a range from 0.1 nG3.0 . . .

GH2) to 0.7 mT (34 GH2 and 100 kHz of a modulation B (0)=hv/g(6)B+K(6)/2 for the *Si hf lines.

frequency. In order to get a sufficient signal-to-noise ratio, (3b)

some spectra were accumulated for several hours. Although we calculated line positions of the hf lines in terms
In pulsed-ESR measurements, we used a home-buifitf the second order iKK,%3 they were hardly different from

pulsed ESR spectrometer that can operate with frequencidBe first-order result. Signal intensiti€¥¢) are calculated

of 8.2, 9.4, 11 GHz. The pulse widths were 17 and 34 nseé&

for 90° and 180° microwave pulses, respectively, and the 2T 2

microwave fieldB; was estimated to be less than 0.52 mT. P(6)=g:[gi/9(6)* cos’ 6+1]. “

The echo intensity was accumulated by a 50-nsec-wide boxEinally, the ESR spectrum of (B) is given by

car gate and then was digitized by a 12-AitD converter. i

Details of other setups of our spectrometer have been de- Y(B)=C désing P(H){(l—p)f(B—Br(e),W( 6))

scribed elsewher®:?! The echo-detected ESR spectra are 0

obtained by recording the amplitude of two-pulse Hahn echo

(90° pulse+—180° pulse+—echg as a function of +B fri(B— Br(e),th( 6))

magnetic-field strength. The magnetic field increment was 2

either 0.04 or 0.1 mT. The echo-detected ESR spectrum is P

equivalent to an integrated spectrum of cw ESR except for +§ fri(B—B, (8),W( 6))

its much flatter baseline than that of cw ESR because the

microwave pulses are not applied at a time of detecting thavhereB is the strength of the applied magnetic fieltljs a

echo signal and because phase cycling techniques ar®rmalizing constant; and f,; are broadening functions for

employed?®?! Pulsed-ESR measurements were carried out aihe primary and hf lines, and/(6) andW,(6) are full width

50 K with 7=240 nsec and 1 msec repetition time of pulseat half-maximum of those functions, respectively. _

sequences in order to achieve the highest signal-to-noise ra- Stutzmann and Biegelsen calculated separately the first

tio. The spin echo signal was often smaller than the cw-ESRerm (the primary ling and the last twahf lines) in Eq. (5).

signal, so that the longest accumulation time was prolonged ey deconvoluted the hf lines from a total spectrum using a
up to three days. smooth, structureless tail curve which joins the main peak of

the primary line continuously. On the other hand, in the
present work, we calculate the whole spectrum from a com-
lll. RESULTS AND DISCUSSION bination of three terms in Eq5) without deconvoluting the
A. Simulation method hf lines, and analyze the dependence of the spectrum on two
. - experimental parameters efandp. As a result, our spectral
It is necessary for determining ESR parameters of theim ation is not affected by the method of choosing the tail
2.0055 center to perform spectral simulation. We considereg e and thus the reliability of ESR parameters is increased.
the same spin system as tRg center for the present simu- Ajthough Stutzmann and Biegelsen adopted the Gaussian
lation, namely(a) the system has an axial symmetry the axishroadening function fof and f,; because of random fluctua-
of symmetry of which coincides with the direction of the 3  tions arising from the amorphous nature, we need to consider
orbital in the DB wave function(b) the electron spirBis  the broadening function in more detail.
3 and DB’s are isolated from each oti%éf, and (c) the It is considered that the signal broadening is caused by
nuclear spirl is either zero for DB’s orf®Si and®°Si atoms,  two dominant mechanisméi) distributions of ESR param-
or 3 for DB’s on 2°Si atoms>’ Although the DB defects in eters such ag,,g, ,A;,A, due to site-to-site variation of
the amorphous network are likely to hageand°Si hf ten-  structures, andii) additional hf interactions such as weak
sors which slightly deviate from axial symmetry, such minor 2°Si hf interaction from backbonded Si atoms and from more
corrections to our simple model seem to be smeared out b§istant Si atoms and weald hf interactions from nearby H
the large signal broadening due to site-to-site variation oRtOmS. o ) _
structure. Hence we apply the above simple model of axial In regard to the contributiofi), the broadening function

, ®

symmetry. may be well described by the Gaussian function because of
Under conditions ofa)—(c), an effectiveg valueg(#) and ~ random fluctuations of parameters. Now, we defie, W
a hf splittingK (6) are given by® and W', W} as full widths at half-maximum of Gaussian
distributions ofg,,g, andA;,A, in a field dimension, re-
9(0)?=gf cog 6+g? sir? 9 (1)  spectively. Equation§3a) and(3b) mean that fluctuations of
g andK increase the fluctuation of resonance fields linearly,
and assuming a smad-shift. Therefore, we assumed simply that

full widths at half-maximum of the Gaussian broadening

2 2_pA2n82 2.2 i
K(0)°9(6)"=Ajgi cos' 9+ AZgE si 6, 2) function increase linearly witg andK themselves, then
respectively, wherg,,g, andA,A, are principal values of 5 2 9\2 o
the g and hf tensors parallél) and perpendiculatl) to the W(8)*=(WP) cos’ o+(WD) sir 0, (6a)
direction of the axis of symmetry, respectived}is the angle Wi 6)2=W( )2+ Wi(6)2 (6b)
between the axis of symmetry and the applied magnetic field. '
Line positions are given by where

B,(6)=hwv/g(6)B for the primary line, (33 Wik (6)?=(W})?cos 6+ (W?)?sir? 6. (60)
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FIG. 2. lllustration of the isotropic hf splitting®\;so_pack, due to ‘
three backbonded Si atoms. Two figures show the casdsefore )
and (b) after taking into accoumg, packWhereq=1-p.
3.0 GHz
The validity of Eq. (68 has been confirmed in th@,
spectrun?® Two kinds of broadening parameters\af , W9 p—
and W' W are different in their dependence on With = g
increasingy, the former two should increase linearly, while

the latter two should remain constant. magnetic field

The contribution(ii) to W and W, is classified into two
groups. When additional weak hf splittings are comparable FIG. 3. Cw-ESR spectra of*Si-diluted undopeda-Si:H (N,
with or are greater than the sizes\&Wfand W, it may be ~ =9.4% 10%7 cm‘3) at various frequencies. Solid and dashed lines
inappropriate to descritfeandf,; by a single Gaussian func- mdlcate experimental and_ca!culateq spect_ra, respectively. The best-
tion. Such additional hf splittings will be caused by the iso-fit 9 Parameters are also indicated in the figure.
tropic hf interactions due t@°Si atoms at three backbond
sites of a DB®!! Although a first-principles theoretical cal-
culation reported that the next largest isotropic hf splittings
are yielded at some of the next-nearest-neighbor sites of tHRArameters.
DB, the number of such sites was also counted to B2 3.

by non-linear least-squares fitting based on the Levenberg-
Marquardt algorithrff and, as a result, we determined ESR

WhenA,.nackis defined as the average isotropic hf splitting B. Principal g values and frequency-dependence

due to backbondeé’Si, a single line splits into seven lines, of the DB spectrum

as is illustrated in F|g 2. Furthermore, even if additional hf As the first Step, we determined princi@'valuesl be-
splittings are rather smaller in size th&handW, they will  cause they determine the general shape of the spectrum. The

not only increase the broadening width but also affect thS)rimary line exhibits a slight asymmetry in its line shape that

line Shape. It is known that the line Shape is well describe s ascribed to anisotropy of tl"@tensoﬁa In addition, such

by the cutoff Lorentzian curve rather than the Gaussian curv@nisotropy causes asymmetry of #ii8i hf structure between

when the density of nuclear spins surrounding the spin cent@pe |ow-and high-magnetic-field sidésee Fig. 1.°

iS Very Sma”2.6 In faCt, |t was reported that the ”ne Shape Of The Over|apping of resonance lines with differgnlahjes

the 2.0055 spectrum as well as thg spectrum is well given  can be reduced asincreaseé.Thus, ourQ-band(34-GH2

by the Voigt function, which has a medium curve betweenmeasurements are more powerful for determiningalues

the Gaussian and the Lorentzian CUr%éAS a result, the than usualX-band (10_GH2) measurements; for examp|e, a

broadening widths ofV} ,W{ have a constant component at 0.001 difference in thg value makes a 0.6-mT difference in

v=0 in addition to the component in proportion#pand we  resonance fields at 34 GHz as against a 0.17-mT difference

evaluated Eq(5) using a group of seven Voigt functions, for X-band measurements.

f(B—B,(6),W(6),y,Aisoback, for the broadening function Figure 3 shows experimental first-derivative spectra of

of the primary line, wherg is a shape parameter and details 2°Sj-diluted (p=1.6at. %) undopeda-Si:H with Ng=9.4

are described in Ref. 27f—Gaussian wheny—0, f  x10Ycm™3 which were obtained by cw-ESR measure-

— Lorentzian whery—). For the broadening function of ments at frequencies of 3.0, 6.5, 9.7, and 34 GHz. This

hf lines, a group of seven Gaussian functiorfg(B  sample is convenient for determining tgeparameters be-

—B, (), Wi(0),Aisopac)s Was adopted, because hf lines cause of a lack of thé°Si hf structure.

should be greatly influenced by the Gaussian distribution due First, we analyzed the frequency dependence of the line

to largeA, andA, fluctuations. shape and width of the primary line. Peak-to-peak widths of
The numerical evaluations of E¢p) were carried out by the observed first-derivative spectteB(v) linearly in-

a numerical integral with an increment angl®@ of 0.45°.  creased with an increase of as is shown in Fig. @. A

The calculated spectra were fitted into experimental spectraroportionally increasing componentAB,,, originates from
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3 T T T 20 Figure 4a) also shows full widths at half maximum of

integrated(i.e., absorptionspectra, AB;,,. AB;,, increased
(@ O 4B,

with the same slope aAB,,, while the ratio ofAB, to
AB;, decreased ag increased. This means that asin-
creases, the shape of the primary line changes from the
Lorentzian curve 4B,,,/ABy,=1.73) to the Gaussian curve
(ABy2/ABp,=1.18). In other words, at low, the line shape

is determined to be the Lorentzian curve due to the influence
of weak hf splittings. On the contrary, the Gaussian fluctua-
tions of g values dominate at high.

In order to determine principa values from the observed
spectra in Fig. 3, we carried out the simulation of the spectra
as follows. In this sample, we could simulate the ESR spec-
trum without including the discerniblé®Si hf structure and
by neglecting the line splittings due tSi hf interactions of
backbonded Si atoms. Namely, the first term in Eg}.was
only calculated and we need not consider a number of small
hf lines as shown in Fig. (B). Fitting parameters were
9,9, , WY, WY ,C,y, where bothg, andg, were set to be
common for all the spectra. In Fig. 3, the simulated spectra
are shown by dashed lines. The simulation minimized the
15 sum of deviations among four experimental and fitted spec-
tra, the so-calledy-square method. Figure(l®) shows the
linearity of W{ andW¢ with respect tov, in which residual
40 components av=0 are thought to arise from unresolved
microwave frequency v(GHz) weak hf splittings. The angular dependence of the unresolved
weak hf splittings seems to be very small becaus&Mf
~WY at v=0. Finally, principal values of thg tensor were

width of DB spectrum (mT)
1
&
ddgV/Z/I gy “odeys aur|

1.0

broadening parameters (mT)
£ “1oyowered adeys

03 determined to be
s ol o
E ° g,=2.0037-2.0042.0039, (79
= 03fF O
1 O g, =2.0060—-2.006(22.0065, (7b)
= 02f O
3 ® respectively, where values in brackets produced the best fit-
0.1+ ting. The deviations from the best values correspond to about
O a 50% increase in thg-square value from its minimum
00 1 | | |
0 2 4 6 8 10 value.
p @L%) Further discussion will appear in the last section in con-

nection with the discussion on other ESR parameters.
FIG. 4. (a) Frequency dependence of the width and shape of the

DB spectra in Fig. 3. Solid lines represent a linearityAd,,, (open C. 2sj hyperfine interactions
circles and AB;, (closed circles againsty. A dashed line is a i L.
guide to the eyes foAB,,/AB,, (crosses (b) Frequency depen- In order to determine principal values of the hf tensgr

dence of fitting parametet$ (open squargsW? (solid squares andA, , we simulated the whole DB spgctra?@& enriched
andy (plus symbols (c) AB,(»=0) plotted against th&®Si con-  (P=9.1at. %) sample by fully calculating E¢). The DB
tents, p. Solid and open circles correspond to samples with high-SPectra were obtained by the echo-detected ESR technique of
(20—30 at. % and low- (around 10 at. 9%hydrogen densities, re- pulsed ESR instead of cw ESR. Since #198i hf structures
spectively. for high- and low-spin-density samples are believed to be
almost the same®°!2we analyzed thé°Si hf structure of
the fluctuations ofy values and anisotropy of thgtensor, the sample witiNg=1.3x10%¥cm 3,
while a residual component, namelyB,(»=0), originates In Fig. 5, solid lines indicate the echo-detected ESR spec-
mainly from weak hf interactions. We estimatéB,(v  tra at frequencies of 8.2 and 11 GHz in the first-derivative
=0) of all our samples from the frequency dependence oform. Those spectra were differentiated in order to clarify the
AB,, and plotted them again$tSi contents of the samples detailed features of th&Si hf structure. As is shown in the
p, as shown in Fig. &). The figure clearly shows an appre- figure, two spectra were different in the degree of overlap-
ciable contribution of weak®Si hf interactions toA Bpa( ¥ ping of the primary and hf lines. Our simulation calculated
=0). A contribution of *H hf interactions to the signal two spectra simultaneously in order to reduce arbitrariness in
broadening was not found, because hydrogen atoms are moltge determination of hf parameters. In the procedure of the
than 0.4 nm from the DB site, which corresponds to 0.05 mTsimulation,g, andg, were fixed to values given by Eq5.a
of dipolar magnetic fields ofH.820:29:30 and (7b), and fitting parameters wel?, W9, y, Aicq bacio
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FIG. 6. Echo-detected ESR spectra %86i-diluted sample(p
=1.6at. %, N;=9.4x10"cm %) and natural abundance sample
(p=4.7 at. %, N,.=3.6x 10¥cm3) with a magnetic-field incre-
ment of 0.1 mT(solid lineg. Simulated spectra are also shown by
| | | dashed lines.
magnetic field DB wave function is composed ofs3and 3 orbitals of the

Si atom, the hf splittingK(6) is written asK(0)=A,
a-Si:H with Ng=1.3x 10! cm ™2 at frequencies of 8.2 and 11, GHz T Aanisd3 cog .ﬁg 1.)’9 whereAs, andAgqpiso are the isotropic
(solid line9 and corresponding simulated spectdmshed lings ~ and anisotropi®Si hf splittings due to 8 and 3 orbitals of

The best-fit hf parameters are also indicated in the figure. the DB, respectively. Thugs, andAgyisoare given in terms
of A, andA, as

FIG. 5. Echo-detected ESR spectra si-enriched undoped

A, A, Wf W?, and C. Among thoseA paa\ameters, Ao (A +2A,)/3=6.9-7.9 mT 93
frequency-independent parametebs, A, , W', W', and
Aiso.backWWere set to be common for two spectra. As is shownand
in Fig. 5, an excellent fitting was obtained, from which prin-
cipal values of the hf tensor were determined to be Aaniss= (Aj—A)/3=1.8-2.5 mT. (9b)

Full widths at half maximum of the distributions &¢., and

Aj=108-123(11.9 mT, 8a A, were estimated to baVA = 1[(WA)2+4(WA)2]H2
=1.6mT and Whis= s[(W})2+(WHZ¥2=1.1mT, re-
A, =4.9-56(5.1) mT, 8D spectively. ansg~ 3LOWE)™ (W)

respectively, where the best-fit values are in the brackets and
deviations of parameters were obtained by the same proce-
dure as the case ofprincipal valuesAis,.packWas estimated Up to now, we have determined various ESR parameters.
to be 1-2 mT. The broadening widtrwf and W} were In this section, we compare the present results with previous
approximately 2.6 and 2.0 mT, respectively. In addition, weworks of Stutzmann and Biegelsen as well as theories.
have examined the parameters given in E&s) and (8b) Table Il summarizes ESR parameters of the 2.0055 center
employing samples wittp=4.7 at. %,N,=3.6x 10" cm 3  as well as thé®, center obtained by ESRand related meth-
and (p=1.6 at. %,Ns=9.6x 10'"cm™3), which is shown in od9 and theoretical calculations. On the whole, each ESR
Fig. 6. Even for the case gb=0.016, the echo-detected parameter obtained here is similar to that of Stutzmann and
spectra involve thé%Si hf structure clearly at the tail region, Biegelserf® Note thatA,, and A,s,, Which are the most
although it was not detected by cw ESR. Dashed lines in themportant ESR parameters for determining electronic and
figure indicate the simulated spectra that were calculated usnicroscopic structures of the center, were quite consistent
ing the values ofy;,g, ,A;,A, ,Aiso-nack determined above. with their previous conclusions. Therefore, with high reli-
As is seen in the figure, the simulations are successfuhbility over a wide range of microwave frequency afi8i
enough to ensure a high reliability of the hf parameters obcontent, our experiments support a previous conclusion of
tained here. Stutzmann and Biegelsen, namely, that the origin of the
The linear combination of atomic orbitaltCAO) picture  2.0055 center is well identified as the DB. Due to the nature
is quite useful for describing the wave function of localized of the DB, the DB center should have a unigue Si atom
centers in covalently bonded semiconducforsWhen the  where an unpaired electron is mainly localized and causes

D. ESR parameters—present versus previous work
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TABLE Il. ESR parameters of the 2.0055 center and Ehecenter reported by ESR and theoretical
works. N and Ny, represent a number of Si atoms accompanied with the largest and the next largest
isotropic2°Si hf interaction, respectively. For atoms counted iNig.., their positions are referred to either
NN (the nearest-neighbor sites, i.e., backbond kitesNNN (the next-nearest-neighbor site3he other
parameters are defined in the text. Values in brackets were given by assumptions.

Aiso Aaniso N back & Aiso—pact
Ref. g g, N (mT) (mT) position (mT)
The 2.0055 center in undoped Si:H
(ESR, eto).
Present 2.0037-2.0042  2.0060-2.0067(1) 6.9-79 1.8-25 (€] 1-2
Refs. 8, 9 2.0038-2.0042  2.0076-2.0084(1) 7.0-75 15-2.0 €] 2-3
Ref. 17 6.9-7.3 2.4-2.8
(Theory)
Ref. 1& 1 10.1 1.8-2.9 3 NNN 15
Ref. 18 2 6.0-8.9 0.3-0.5 2 NN 3.2-4.8
Ref. 38 2.0023 2.0037-2.0049
The Py, center at SiL11)-SiO, interface
(ESR
Refs. 6, 7 2.0011-2.0019 2.0080-2.0093 (1) 11 2.2 1.3
(Theory
Ref. 34 1 15.2 2.1 3 NNN 1.0

8Measured by ENDOR.

bCalculated for the DB center in a relaxeeSi;;, cluster.

‘Calculated for the FB center in relaxedSig; _gg clusters.

dCalculated for the DB center in relaxedSi;q_,H;5_»7 clusters.

®Converted byAiy,, Aaniso (MT)=0.1068X Aisy, Aaniso (1074 cm™Y).

fCalculated for the DB center in an unrelaxed,Bp, /SigO,gHg cluster with spin polarization.

discussed in terms of the electronic structure of the defect
later on.(ii) The estimated value @isy.packWas smaller than
that obtained by electron-nuclear-double-resonafiEsl-

the main®°Si hf interactions® Thus, there will be two iden-
tifications for the DB center(i) the doublet?®Si hf structure
should be observed in p=100at. % sample, angi) the

intensity ratio of 2°Si hf lines and a primary line should
amount top:1—p. The observation of the doublé®Si hf

DOR) measurement as well as an analysis on the signal
broadening o?°Si hf lines in ap=93at. % samplé&!* Al-

structure in a 93 at. %8Si-enriched sample was consistent though estimations oA, packfluctuated among experiments

with the former identificatiof. In addition, our spectral

because of the difficulty of estimating it accurately, the

simulations present the latter identification for the range ofresent and previous experiments agreed #Wg{pa is
p=1.6-9.1at. %. In contrast to the DB model, the FBMuch smaller than the main isotropic hf splittiag,, of ap-
model anticipated that there are two or three Si atoms whergroximately 7.5 mT;>*!which also agrees with the theoret-

an unpaired electron is mainly locat&dTherefore, the FB

ical simulation for the DB cas¥

picture is inappropriate for explaining the present as well as

previous results.
Different from the present study, Hikitat al. reported

from spectral simulations oX-band ESR spectra that the

primary line includes théH hf structure with an isotropic hf

E. Microscopic structures of the DB

ESR parameters, especially hf parameters, are closely
connected with the electronic and microscopic structures of

splitting of 0.6 mT*® However, ESR measurements at quitethe DB. For the cases of puresand 3 orbitals of the Si

low frequencied<1 GH2) clarified that the hf splitting due
to 'H was estimated to be less than 0.1 Af?:*°In addition,

atom, which are denoted Bs) and|p), respectivelyA;, and
Aniso have been theoretically calculated to be 149.0 and 3.6

we demonstrated that the whole DB spectrum and its deperd T, respectively’" Applying the LCAO expansion, the wave
dence onv andp can be calculated without a convolution of function [#) of an unpaired electron is written as

such a peculiar hf structure. Therefore, sucianf structure
is unlikely to exist.

We found some differences in ESR parameters between

the present and previous works on ESR. Our g, was

|¢f>=2 ai(ai|s)+ m|p)). (10

smaller than that of Stutzmann and Biegelsen by about

0.0015° The 0.0015 difference in thg anisotropy yields a
0.9-mT difference in the width of spectrum at tQeband, so
we could detect this difference. Accordingly, baghandg,

were different from the case of tH®, center, which will be

wherei indexes all atoms within the extent f) and the
projection coefficientsy;, o, and ; obey the normaliza-
tion conditions3;a?=1, o?+ w?=1 for all i.5=° The local-
ization strength at a threefold coordinated Si site 1)01%,
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and 3 and 3 components on the site'f and 77%, respec- metry to be thez axis. For the case oP, center,Ag;

tively, are approximately calculated as (=Ag,,) was almost zero, whildg, (=Ag,=Ag,,) was
, as large as 0.00%&ee Table I.>’ The fact thatAg,=0 can
a;=47-67%, (118 be easily obtained from Eq12), because wave functidig)
) of the P, center consists almost of a localizeg,3orbital
01=6-9%, (11D |p,) andL,|p,)=0. On the other handAg, will have a
and nonzero value becaut&;,y| p,) # 0. A quantitative evaluation
of Eq. (12) for a DB in Si clusters led to the resultg,~0
72=91-94%, (119  andAg, >Ag,.* For the 2.0055 center, we can find a simi-

) 62 lar relation in theg shift; Ag,~0.002 andAg, ~0.004.
by the same manner as previous studiesNamely, the  therefore, the DB picture was also suggested in terms of the
unpaired electron of the 2.0055 center is localized on g gt The difference betweehg, andAg, reflects on the
threefold-coordinated Si atom by more than one half of thedistribution widths ofg, andg, , i.e., WS andW¢ , respec-

1 e, W T

tOtslél detr;]sny and |]Estr<]:2>aractetr IS ftilmcpshke. luded thai tively. The fluctuation ofA g, is not affected by the distribu-
3 800r84$ casze_cl)l 12%/cen e;' IZXVSS ng; lé,?eA 1 tion of eg—epy|¢¥) and|m), in contrast to the case dfg, ,*
— O~ 0aY0, 0= A= 1270, andar = 66— 69v0. VY which brings about the relatiod?<W9¢ . In fact, it was

S|m|I§1r sP hybrldlz_at'lon. ratio |ng=2..0055 an_d theey, cen- reported for the?,, signal thatW? was three times larger than
ters indicates a similarity of the microscopic structure be-Wg 629 ikewise. ina-Si‘H. WO was estimated to be larger
tween the two centers. On the other hand, the two DB centers - - ! o 9

L
are different in regard to the localization strength, iaﬁ; t%anvvﬂ [see Fig. 40)]. The reason whWg, deviates from

the 2.0055 center is much more delocalized tharRpeen- zero a-S|_:H might pe re_lated with delocalization .Of the
ter. wave function of DB’s. Since the DB wave function of

When ¢ is defined to be the angle between the directiona'Si:H is more spread out, we have to take into account the

of 3p orbital of the DB and three backbonds, the valuepof co_ntributions oL pX'Y>. (7&.0) for atoms ofi 1, which wil
is approximately given by CQﬁZ—O'/WX(Tl’/Wl where bring a nonzero contribution tdg,. Furthermore, smaller

o2/ 2 represents the-p hybridization ratio of paired elec- Ag, in a-Si:H might be also ascribed to the smaller density

trons of backbonds and nowf/ 7%~ 3. From this relationg of |p,) at the DB site. .
is estimated to be about 100°, which is smaller than a norm In egumatmg th? unpa|r'ed elect'ron populat!ons sra8d
tetrahedral angle of 109.27°. Thus, it is considered that th?p orbitals of a Si atom in the singly occupied DB wave

local structure of DB's is close to a planar structure such a unction, we did not co_nS|der the ht contribution from the
a  electron on arsp? network plane rather than a normal spin densities, which might be induced by the effect of the

tetrahedral structure in asp® network. Likewise, theP, spin polarizatiqn of b_onding. glectrons and core elgctrgns.
center should have a similar structure to that of DB’s in?rhe sign of hf Interactions arising from thg spin p(_)larlzat|on
a-Si:H. Namely, it is considered that the threefold coordina-> not necessarily the same as that of hf interactions due to

L - ) : he singly occupied DB wave function. For both cases of

tion in the Si network prefers such a planar configuration 01I N . o .

Si atoms rather than the normal tetrahedral structure. "’."S"H. ar_1d the Srlll)/S|Oz mterfgce, the .spln—dependent.
We recall the result thatWv® —1.6 mT and WA first-principles theoretical calculations predicted that the spin

iso aniso i ; i i i it434-35
~1.1mT, which are different only by a factor of 2 from the fﬁ;i;ﬁ“%ﬁé:ggﬁgf’biﬂ?ir;sfﬁgo\?vlgvszjﬂgoﬁgé ;21 thba;
case of 2°Si hf lines in the P, spectrum whereW? P 1 may
10mT andWA 0.7 mT52° WA d WA h'lsﬁ even smaller. Namely, the local structure of the DB may be a
AOMEandWanjsg—®. /M. iso &N whic more planar structure, when the spin polarization is taken

aniso’
represent the size of fluctuations Af, and Aaniso, Will in- jn44 account. In fact, a recent molecular dynamics simulation
) in an amorphous

dicate the degree of site-to-site variation of microscopic, ,nq completelv planar DB's &~ 90°
structure of DB’s. Thus, in the vicinity of DB’s, the degree peey P 4
of disorder seems to be similar between amorphous networ
and well-ordered $111)-SiO, interfaces.

issHg supercelf®

The electronic structures of the DB are also considered in IV. SUMMARY
terms of theg shift. Theg shift from a free-electroig value
(2.0023 can be calculated by Our objective was to confirm a previous conclusion on the
, , dangling bond centerg=2.0055) in undopedh-Si:H of
(z/;|L2)|m><m|)\i(ri)L§,')|<//) Stutzmann and Biegelsénwhich was based on a simulation

Ag,w:zgo Z (12) analysis of the spectrum obtained only by 10 GHz and
p=4.7 at. %, and was affected by a deconvolution procedure
wherely) is the DB wave function of the ground state, i.e., of 29Sj hf lines. For that purpose, we measured a variety of
Eq. (10), and|m) represent that of excited stateg, ande, DB spectra using'=3-34 GHz and samples with=1.6,
are energies of the ground and excited states, respectively, 4.7, and 9.1 at. %, and also employed the echo-detected ESR
is the spin-orbit coupling constant of dnatom, r; is the  technique of pulsed ESR as well as cw ESR. Using those
position of the unpaired electron relative to an atom, @nd ~ ESR spectra, we carried out the spectral simulations on the
LEQV are componentsy,v=x,y,z) of orbital angular mo- whole dangling bond spectruia primary line and®®Si hf
mentum operator with respect to a position ofiaatom 32 lines) without the deconvolution of hf lines, and successfully
Immediately, it is clear thag orbitals do not contribute to the reproduced ther andp dependence of the DB spectra. The
g shift becausé ,|s)=0. Now, we consider the axis of sym- principal g values were obtained to bg,=2.0039, g,

€07 €m
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=2.0065, and?®Si hf splittings were determined to b,
—6.9-7.9MT,Ags=1.8-2.5mT, andAiqy pac=1—2 mT.
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