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SUMMARY

Objecﬁive

To report on the results of probing the defect structure and bonding of
hydrogenated amorphous silicon films using both nuclear magnetic resonance
(NMR) and electron spin resonance (ESR).

Discussion

The doping efficiency of boron in a-Si:H was found to be less than 17, with
90%Z of the boron in a threefold coordinated state. On the other ‘hand,
phosphorus NMR chemical shift measurements yielded a ratio of threefold to -
fourfold P sites of roughly four to one. Various resonance lines were observed
in heavily boron- and phosphorus-doped films and a-SiC:H alloys. These lines
were attributed to band tail states- on twofold coordinated silicon. In
a-SiC:H films, a strong resonance was attributed to dangling bonds on carbon
atoms. ESR measurements on low-pressure chemical-vapor-deposited (LPCVD)
a-Si:H were performed on samples provided by Chronar Corporation and by the
Uniyersity of Delaware. The defect density in the bulk of the films was

107" /cc with a factor of three increase at the surface of the sample. The
ESR spectrum of LPCVD-prepared films was not affected by prolonged exE9sure to
strong light. However, it should be noted that.thesissamples have 10 spins
per cc, while good glow discharge films have only 10 spins per cc. Micro-
crystalline silicon samples provided by Brookhaven National Laboratory were
also examined. The phosphorus-doped films showed a.strong signal from the’
crystalline material and no resonance from the amorphous matrix. This

shows that phosphorus is incorporated in the crystals and is active as a
dopant. No signal was recorded from boron-doped films, which indicates that
boron is also incorporated in the crystals. :



1.0 Introduction

As in the case of crystalline semiconductors, the incorporation of group
III elements such as boron into hydrogenated amorphous silicon (a=Si:H) pro-
duces p-type ddping. Unlike the crystalline case, the &oping efficiency in
a-Si:H is quite low and therefore relatively‘larée amounts of boron must be
incorporated info the a=-Si:H to achieve the desired results. One major pur-
pose of the present contract is therefo;e_to characterize the local structural
environment of boron using NMR.

A segond~$ignificant problem addresseduduring the past year hasr been the -
rolé of intrinsic”éﬁd‘extrinsic defects in these films. For this work ESR has
been ghe éfimary probg and'in~tﬁe past year films“grown“by both glow discharge
and CVD have been’studied; |

A finélﬁobjéctiVeybf the preSent'wo;k’has,Beeg to study dopants in micro-—
crystalliﬁe filmsxhith”anreye to :le;fning Whatifractibp of the 'dopant atoms
(phosphorous pr;bbroﬁ) residé_iqrphé micrécrystals and What.fraction.réside in
the amq;phous‘mét;ik._i o

The objectives of this contract as outlined in the most recent work
statement are as follows:

1) Perform magnetic resonance experiments on amorphous silicon films.

2) Use ESR to study light induced defects in amorphous silicon films.

3) Perform ESR measurements on microcrystalline films.

The research work of this contract has resulted in thrze publications
(appendixes A-C and ref. 1-3) as well as several présentations at scientific
meetings . The following section contains excerpts of the research accomp-

lishments during the contract year for which details are available in the

Appendixes.



The films used in this work have been obtained from RCA (D.E. Carlsomn and
Je Dressner), Brookhaven National Laboratory.(P. Vanier), IBM (J.A. Reimer),
Chronar (A. Delahoy and F. Ellis) and the University of Delaware (R.
Rocheleanl.

2.0 Fulfillment of Contract Tasks

Task l.1. Magnetic Resonance Measurements

Both NMR‘and ESR have heen used to probe the defect structure and bonding
in amorphous silicon films. Published work has included llB NMR studies of"~
doped filmsl> 2 (see Appendixes A and B) and ESR studies of carbon 1mpur1t1es3‘
(see Appendix C)f In addition work has been done on depth profiling of cen—
ters in CVD films. | .
A. ilB NMR Measnrements-

The doping‘efficiency of boron‘in a-Si:H is typicallyrless than 1% . Ther
high concentration of dopants required leads to the p0551b1e existence of mid-
gap statesvassociated wfth nonsubstitutional 1m.purities.4 5 Other undesirable
phenomena possibly 1inked with doping include changes in morphology and hydrof
gen distribution,6:7 and gap-narrow1ng attributable to a decrease‘ in the
bonded H content of the a—Si:H network 8 Recent optical absorption measnre-p‘
ments.of heavily B—doped’(l at.Z) a—Sl H :revealed an anomalously h1gh absorp—
tion\coefficient which was related to changes 1nvtexture‘and even mechanical
stabilit?v‘of‘the films.g. JIn addition, cluster calculations‘.of threefold- '
coordinated B in a-Si H yielded energies that produce states in the gap while
other‘trivalent Group;III elements were shown to be electronically passive.IO.‘

Kno&ledge of‘the local chemical environment of the‘dopant‘atoms in a-Si:H
should provide a framework for the discussion or the electronic and optical
properties attributableﬂto the presencet of large amounts of boron ‘at nonsubf

stitutional sites. EYAFS studies of 1% As—doped a=-Si: H showed that only



20+10% of the As atoms were fourfold-coordinated,]-l and 31p MR chemical shift
measurements yielded a ratio of threefold to fourfold P sites of roughly 4 to
l in samples containing similar concentrations‘of p.12 Previously reported
llg R quadrupole-broadened 1linewidths in heavily B-doped (10 at.%) a=Si:H
(provided by RCA) were consistent with threefold coordination of at 1least 90%
of the»llB nuclei.l3 In the current work we have looked at fllms containing
much less boron (0;7 at.%Z); one of’which also contained 0.6 at.Z phosphorous,
provided by Brookhayen National Laboratory (BNL). The uncompensated .sample
was provided by IBM.

In our original work on the highly doped material two NMR 1lines were
seen. Fig. 1 compares the spinnecho (essentially the Fourier transform- of ther
line shape) for that sample with results obtained for the more 1lightly doped
material.. The RCA sample has a tyo component echo with characterlstlc times,
To*, at 61 MHZ of 13 psec and 20 psec. However the more lightly doped IBM
~sample’shows only,onem;lineywrth Ty* =20 usec. .'Similar results.‘are obtained
for the BNL sample. - -

The magnltude of the‘qnadrnpole 1nteractron observed in . a;Si(H,B) pro-
71des conv1nc1ng ev1dence that the llB nuclel ( 90 of the llB in the samples5
g1v1ng rrse to the obseryed llnew1dthsrare not etrahedrally coordinated. For
example, the llB llnew1dth in crystallrnek81 B is <2 kHz.14 in accord withvthe
tetrahedral symmetry of the acceptor atoms; and in borate mlnerals Vthe llﬁ
quadrupole coupllng constant, e2 q Q/h, 1s always found to be <O 9 WHz when the
boron 1s rour—coordlnated and 2.4 MHz when it is three—coordlnated regardless’
of the asymmetry ot the nearest n: lghbor bondlng.15

The boron sites in the RCA sample have been:tentatively ident*fled‘ as a
boron atom bonded to three 3111con atoms (BSlé) correspondlng to‘“the broad

line (e‘qQ/h=5.8 MHz) and a boron atom bonded to two 5111con atoms and a
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Fig. l. Spin-echo signal of a) RCA at v,y=61 MHz; b) IBM at v,=60 MHz



hydrogen atom (SiyBH) or possibly bonded to two hydrogen atoms and one silicon
atom (SiBH;) for the narrow line (e2qQ/h=3.5 MHz).l3  We conclude that the
linewidths of the IBM and the BNL samples are consistent with the presence of
SiyBH or SiBH9 units in both materials.

Fig. 2 lends further support to the site assignments. The IBM sample was
annealed at 550°C resulting in removal of ~ 75% of the hydrogen from the film.
The width of the echo is seen to decrease from ~20 usec to about ~12 wusec as
would be expected for the reconstruction of hydrogen—containing structural
units into Si3B units.

The 3lp MR chemical shifts in compensated a-Si:H indicated an increase
in fourfold phosphorus over the uncompensated material and this increase has
been interpreted in terms of a wmodel involving the formation of boron-
phos—-phorous complexes.12 The experimental uncertainties of the 113 1ine-
widths and coupling constants do not allow us to distinguish between threefold
structural units containing B-? or B-H bonds. We can, however, rule out the
presence of significant numbers (710%) of fourfold sites such as Si3P-BSij3.
In most B-P complexes reported in the literature, both the boron and phospho-
rous are fourfold coordinated.l® Therefore absence of a detectable siznal due
to fourfold coordinated boron strongly suggests that there is not a signifi-
cant concentration of such complexes in this film. It has been suggested that
compensation would result in occupation of the boron p,-orbital (corresponding
to a change in hybridization from sp2 to sp3), leading to a significantly nar-
rower NMR line.lO We find no evidence for such a mechanism, although there
may be a small effect which is masked by the uncertainties in the linewidths.
In addition, electron spin resonance experiments give no indication of a line

due to such a state.
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Fig. 2. The effect of annealing on the spin echo (v,=76 MHz) of the 0.7 at
Boron sample (IBM).



The inverse dipolar linewidth due to mutually resonant spins, Ty, gives a
rough measure of average spin-spin distance and, when compared to the concen-
tration, of the degreejof clusterigg,of,boron atoms within the,film, For the
IBM and BNL films we aeasure 8507usgc and SSQO usec respéétively for Tp. On
the other hand for a random distribution of boron aﬁémé at this coqcentration
we would expect Ty ~ 9 msec. This clearly indiéates that the bordﬁ in these
films is clustered (The aver;ge B-B distance is -6 A). On the éther hand,
the expécted dipolar contributions for small boron-boron separatiods such as
occur in B-B bonds or BjHg molébules ~predict much more rapid Ty decays than
are obsér&ed. In addi&iéh,iexpef;mental obéer&at;onsbin solid boron éﬁd boron
carbidé yield Valﬁesi7 for Tziwhich are aq; ofder ofzbggnitude sﬁaller than
that which is observed in a—Si:(H,B). Ihus the NMR meééurements sugggst that
few B-B bonds or ByHg molecules exist ;iq;our films. These conclﬁsi&ns are
consistent with ﬁhose‘drawn froﬁ infraredfmeasurementszof Shen and Car-dona.l8

To s;mma;ize the results of our: lIBfNMR-\experihénts.§o date: - (1) The
boron is predominantely bonded thé hydrogen containing ﬁnifs such ;é Si,BH,
(2) No; evidence for B-P,comﬁlexeé hasf been observed, and (3) Thé boron is
cluste?ed in relatively boron rich rggions. ‘

B. ESR Results

l. Carbon Center

Aithdugﬁ'mést of the ESR" work in a-Si:H .. has focused on.th; trivalent
silicon atom with a résonance at g=2.0055, a number of other centers have also
been observed. Lines at g=2.013 and g=2.004 are observed in heavily boron
doped and heavily phosphorous doped samples respectively. These are attrib--
utad to band tail states 19 or possibly to. twofold coordinated silicon-

atoms.20  1n addition, defects due to impurities such as nitrogen, oxygen and



transition metals have been observed. In a=S5i,Cj_ :H films a stfong reso-
nance at.g=2.003 is observed and has been attributed to dangling bonds on car-
bon atoms.2! Dersch and coworkers have reported a similar line at g=2.002822
and speculated that it could be due to defects at internal surfaces but have
reported no detailed work on this line.>We have recently completed a more
detailed study of this defect3 (Appendix C) and can conclude that fhis line is
due to carbon within the film.

Three different samples were used in this work, the two which were also
used in the NMR work and a third undoped film obtained from Brookhaven. No
significant sample to sample variations were observed. Samples were annealed
‘either under vacuum or in a helium atmosphere. Either annealing procedure
increased the intensity 6f the carbon line in roughly the same manner, indi-
cating that this not an artifact of the annealing procedure.

The gpectra bef?reb annealing and after two different annealing tempera-
'tures are shown in Fig. 3. = There are two lines présent;'one at g:Z.OOSg due
to silicon dangling bonds and a second sharper line at g=2.0b26 (H=12.52 kG)
which is the focus of. this work. It should be noted that the small shifts in
the positions of the iines are due to chaqges in the resonant frequenéy of the
cavity and not to changes in the g-valuesvof the resonances. It is seen that
the g=2;0026 Iine is present even before annealing but that its intensity is
significantly increased by aﬁnealing.

In Fig. 4 the spectra at resonant frequencies of 35 GHz and 9.3 GHz are
compared. As has been shown by Dersch and coworkers,22 the g=2.0055 line is
inhomogeneously broadened due to a distriﬁution in g-values and therefote its
linewidth is proportional to frequency. The g-2.0026° line is however basic-
ally a hoﬁogeneoﬁsly bfoadened line and hence its linewidth is néarly inde-

pendent of resonant frequency.
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Fig. A3., -The ESR spectra takeh at 35 GHz of one of the Brookhaven samples. .
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Fig. 4. The ESR spectra at 9.3 GHz and at 35 GHz of the IBM sample after
annealing to 500°C. The spectra have been shifted so that the

central portions are aligned.
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As shown in Fig. 3, the intensity of this line is strongly affected by
annealing temperature. This is shown in detail in Fig. 5 which gives the
intensity of this line as  a function of annealing temperature. Extension of
thé low temperature portion of the curve to room temperaturengives a good fit
with the results before annealing and yields an activation eﬁergy of about 0.2
eV, Onkthé high temperature side, the»cu:ve is,much steeper and while there
aré tob few data to determine whether the process is activated, a straight
liée through the points giveé an activation energy of about i ev;

There are several.modeis to consider for the g=2.0026 line. Two possible
inﬁrinsic«défeéts'ére'a'néé5ﬁiveiy charged divalent silicon atom and a dangl-
ing bond at an intermal sﬁéface. However, one would ‘not expect either defect
to yield'a homdgengously bfbadeﬁed line such as is seen hefe. ~ Furthermore,
this same defect is s in a-Ge:H.23 clearly indicating that thisAresonance
line is" due to an impu:ity[atom. .

The more obvious ;and}date for this qen:er.is'catbpn; :Typical glow dis—_
chérge films contain 10%9 ﬁo 1020 carbon atoms per cc.24  While the maximum
siénal seen by ESR is on the order of 5x1017.centers per cc.‘ Furthermore, as
me;tioned previously, a Sfmilar line is seen in a-8i Cj_y:H i alloys21 and has
beén'associated with a déﬁgling bond on a carbon atom. For atoms with small
at;mfé*ﬁumber SUCE“as carbon*thé spin-orbit toupling, which ;hifts the g-value
from the free elecﬁron value.'of 2.0023, is small, so it is difficult to dis-
tinguish one carbon center from another solely on the basis of the g-value.

Miller and Haneman25 have seen a similar resonance on samples crushed in
vacuum and argued that it was due to hydrocarbons adsorbéd onto the surface.
quever,:in‘thei; wqu the resonance was not detectable after ‘exposure .to air,

while in the present study the signal : is quite ‘stable even after exposure to

12
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air for several days. It therefore seems reasonable to conclude that the car-
bon has been incorporéted into the bulk of the film during deposition. From
the annéaling data it seems likely that as the sample is heated C;H "bonds are
broken réleasing hydrogen and creating paramagnetic centers. A similar acti-
vation enérgy is seen for hydrogeh.evolution from a-Si:H‘6 The sharp drép in
the number of centers would.then be due to a reconstruction process taking
place before the sample aéfually crystaliiZes‘at about 600°C.

Wegéannot, at present, say how the carbon impurities could affect the
electronicrpropé;tiés of the amorphous silicon films. One might speculate
that a ;imple dangling bond on a carbon atom might yield a state in'the gap as
the siliéén dangling bond does. The resolutiqq» of this question could come
from meaSurements on the UHV films grown by tﬁe Xerox group in which the
impuritykcontent is significantly reduced.

2. Measurements on CVD Films

We?have pe;fdfmed ‘ESR measurements on LPCVD a-Si:H providéd by Chronar
;nd the:University of Delaware. The onl& signal seeni}s the g=2;005$.éiliéon
dangliqé bond line. The spin densities and details ogithe sampié preparation
are given in Table 1. The spin densitiés are given pér unit area since the
defect density is somewhat large: near the growth surface than iﬁ the bulk of
the film. T\Thié point is moreAdlearlyvillust;ateavby tﬁé résﬁits of etch back
experimentsréhown in Fig. 6. In‘this gxpepimént ;e have prdgréssi?ely removed
-the silicon film from the éubstfaté usiné a’KOH*éolution. From the ESR spec—
tra taken after each etch we are éblé to do a depth profile of the spin dens-
ity as shown for three films in Fig. 6. This indicates that the spin density
is aboutith;ee timgs »as_high near tbe g:owth surface ofv the film_as ‘in the
bulk of theyfilm; No significant difference is seén near the intérface of the

film with SiO9 substrate, however.
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If the increased defect density mnear the growth surface presents a sig-
nificant problem in device manufacturing, it sﬁould be corrected easily by
either a modification,of-;he method by which the reaction is tﬁrned off or by
a simple etching proce&ure such aé was eﬁﬁioyed here.

Table 1. LPCVD Sample Details

Source o Substrate Method Thickness. ° | Spihs/cm.2
£ Temp.(°C) : (microns) : (x1013)
Del. 240-5 400 Flow L s
Del. 240—61} , 400  Flow 1.5 _ 8
Del. 240-7-,1 400 Flow 2 : 8
Del. 223-C; 430 d Flow _,” o2 1 8
Del. 2230 830 Flow 2 : 11
Chronar 735 ; ‘{~ 470 '1fvv Static 0.5 - ,‘:4
Chronar 736.1 . 470 Static 1 . ‘;’5
Chronar 737 - 470 Static. : 2 ; 6
Chronar 745 j;‘ 4&0 ' Flow . ) ' 1 - f. 5
Chronar 746 § 470 Flow 0.5 _ 3
Chronar 747 470 Flow 2 9

Delaware ?40 series were grown in 360 min. at 24 Torr.7qf“disilane.
The different thicknesses .correspond to different positions in the
tube. | The 223 series Qés‘groﬁ; in 215 min. at 30 Torr. of disi-
lane.

Chronar samples were grown at 20 Torr. of disilane at a rate of
about .06 microns/min. The flow method maéerial is some of the
first which they grew 'and later runs have shown ~better electrical

properties.
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Task 1.2 Light Induced Effects

The Stabler-Wronski effect was first observed as a decrease in photocon-
ductivity27 after prolonged exposure to strong illumination. This effect is
seen in ESR as an increase in the dangling bond line after exposure to light.
Results for a glow discharge sample are shown in Fig. 7. The increase in the
number of dangling bonds corfesponds to an increase in trap density and hence, -
a decrease in carrier lifetime and photoconductivity.

The origins of this. effect are still the subject of Jéonsiderable
controversy.28'31. It was the initial ‘opinion of our group and others that
this could be due to impurities such as éarbon or oxygen. However more recent
results clearly indicate that this is not the ;:ase.32 It should be noted ghat
fhis effect is not wunique to a=Si:tH and that quite stable and similar ESR.
centers may be inducea in - Si09 by sub-band gap light.33 " (Note that the bandf
gap of Si0p }s ~10eV.) and-with higher energy phéténa.34

| In the .case’of SiOé ;thé:e is significant variation in the seﬁqiciv;tyl
depending on processing steps and‘so one might éxpect that the sensitivity ofv
a=Si:H  would also vary with»processing. Indeed there are indications tha;ﬂf
the photoconéuctivitry ofJ>éVD prepared films is not strongly affecte& by‘
light. The ESR speétrum in the films investig:ted was also not affected by
prolonged exposure ‘to strong light. However, it should Se noted that tﬁese'
samples have ~10l7 spins/cc while good glow discharge material has only “1015
spins/cc. Wé could éﬁen induce ~1016 spins/cc in each and see a:dramatic
effegt in the glow discharge material and only a slight effect in the CVD
material. Clearly more work needs to be done on very high quality C'D films

to determine the nature of this effect in those materials.
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Task 1.3 Studies of Microcrystalline Films

Microcrystalline silicon (pc=Si) 1is composed of very small (~1003) cry-
stals of silicon embedded in an matrix of a-Si:H. Crystalline silicon is much
more transparent than amorphous silicon, so the microcrystalline film provides
a "window" into the pn junction of a solar cell. This materitl must be doped
with either boron or phosphorous.

It is the intention of this work to help understand where the dopants in
these films are located. As mentioned previously, boron and phosphorous doped
a=Si:H give distinct ESR lines at g=2.013 and g=2.0043 respectively. At low
temperatures (<30K) crystalline P-doped silicon has a sharp line at g=1.997
due to conduction electrons at high doping levels and at lower doping l=vels a
doublet split by 42G and centered about this g-value is observed.3 Boron
doped crystalline silicon36® is more complicated and a resonance will appear
only in a stressed sample. In principle a great deal of information about the

location of the dopants should be obtainable from the ESR spectrum. We have

looked at three films, one highly p hosphorousd opedandt heother t wohighly
boron doped. All were ©provided by Brookhaven National Laboratory. In the
phosphorous doped film we see only the resonance due to the conduction elec-
trons in the crystalline materiala ndn or esonance f romt he a morphousmatrix.
This clearly indicates that the phosphorous is incorporated into the crystals
and is active as -a dopant.

In the boron doped films we see no resonance at all and while this is
disappointing it can be explained in only one way. The boron must also be
incorporated into the crystals and furthermore the crystals must be under
relatively low stress. If the crystals were stressed or if most of the boron

were in the amorphous matrix then we would see a resonance.

19



While we still need to look at more - films with a wider range of doping
levels, it seems clear that ESR could prove to be an extremely informative

probe of dopants in uc-Si.
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BORON AND YDROGEN BONDING IN B-DOPED a-Si:H - AN NMR STUDY

S. G. Greenbaum, W. E. Carlos and P. C. Taylor

Naval Research Laboratory
Washington, D. C. 20375 USA

113 and IH NMR measurements performed on boron-doped films of a-Si:H prepared by glow
discharge are reported. A sample containing 10 atomic % B exhibits two distinct boron
sites, both of them being threefold coordinated. A second sample containing
Q.7 al:lomic % B shows only one boron site, also threefold coordinated. Measurements of
the B spin-spin relaxation time T, indicate that the boron sites are clus{.ered in
both the 10% B and 0.7% B materials. The -temperature dependence of the "H spin-
lattice relaxation time- T, in the 10% B film does not exhibit the sharp T, minimum
commonly observed in undoped a-Si:H films prepared by glow discharge. Suppression of
the T, minimum in the B-containing material is explained in terms of a spin diffusion
bottleneck in the relaxation pathway of the Si- or B-bonded protons in the film.

1. INTRODUCTION

Boron is routinely employed as a p-type dopant
in films of hydrogenated amorphous silicon
(a=Si:H). Although it is known that only a
small fraction of the boron atoms (<0.1%) is
effective in doping, the local bonding configu-
rations of the vast majority of the bci on atoTs
are not well known. For this reason, B and "H
NMR measuremeats have been performed on films of
B-doped a-Si:H _ prepared by the glow discharge
technique. .
This paper reprgsents an extension of a previ-
ously reported “~"B NMR study of a B-doped a-Si:H
film.! Those results will be summarized here,
and ‘new H NMR spin-lattice relaxation (T.)
measurements performed on the same sample wih
be preseuv.leld and discussed. In additiom, pre-
liminary B data taken on a second B-doped
a-Si:H film will be discussed. The sample
obtained from RCA (hereafter denoted as "RCA")
was a ~3 um film prepared on an aluminum sub-
strate heated to 230C, and contained ~10 at. %
of both B and H. The other sample (denoted as
"IBM") was prepared at IBM in a similar manner,
differing only in substrate temperature (275C)
and B concentration (~0.7 % B). Experimental
details concerning the NMR measurements can be
found elsewhere.l’2

2. RESULTS AND DISCUSSION

Figure 1 (talﬁn from ref. 1) shows the Fourier
transformed B NMR spin-echo signal at 61 MHz
for RCA. There are clearly two components to
the lineshape, the broader line appearing as
shoulders on the narrow line. The prim 1y
source of broadening for both lines is the B
nuclear quadrupole interaction, since the value
found for the spin-spin relaxation time
(T2 ~350 usec) vyields a dipolar linewidth of
less than 1 KHz, Estimates of the quadrupole
coupling constants (QCC) associated with each of
the lines can be obtained following the proce-

0378-4363/83/0000-0000/503.00 © 1983 North-Holland

dure described in ref. 1. It turns out that
QCC=5.8*1.0 MHz for the broad 1line and QCC=
3.5£1.0 MHz for the narrow line in Fig. 1.
These QCC values are characteristic of borou
atoms in threefold coordination, as four-
coordinated borons almost always have QCC
<1 MHz.3 Considerations based on a Townes-
Dailey analysis!’% suggest that the structural
groupings that give rise to the lineshape in
Fig. 1 are Si,B units for the broad component
and Si,BH uniés for the narrow component. The
350 uséc T2 value obtained for the RCA sample is
nearly a factor of four smaller than that
obtained for amorphous 33283.7A525 (containing
12 at.% B). This provides convuxging evidence
that the boron structural units are clustered
rather than randomly distributed in the RCA
material.

v-Yy (kHz)

: - . - 11 .
Figure 1: Fourier transformed "3 NMR spin-echo

signal at &1 MHz for RCA (from ref. 1).
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Preiiminary data for the IBM sample® yield an
NMR lineshape consistent with the presence of
only one identifiable site which corresponds to
the narrow component (attributed to Si, BH units)
of the RCA lineshape. The T, value “found for
IBM is 850%20 psec which indicates substantial
clustering of the boron units since one would
expect roughly a tenfold increase in T, over
RCA, simply based on the reiative boron concen-
trations in the two sample.

Previous proton NMR studies of undoped a-Si:H®’'’7
have revealed the presence of two distinct
hydrogen environments, isolated from each other.
Although preparation conditions (e.g. deposition
parameters, substrates, etc.) of the samples
vary considerably, roughly the same proton NMR
"signature" exists in all samples<-a narrow
(full width at half maximum FWHM ~4 kHz) Lorent-
zian line superimposed on a broad (FWHM ~25kHz)
Gaussian' line.? The proton lineshape in  the
boron-doped RCA film is well within the range of
the undoped sample-to-sample lineshape varia-
tions, and therefore does not provide informa-
tion regarding the existence of structural units
containing boron-hydrogen bonds.

The temperature dependence of the proton spin-
lattice relaxation time, T,, has been studied
for a wide variety of undoped a-Si:H films.2’7
All films prepared by glow discharge exhibit a
relativély frequency independent T, minimum at
about 30K. The T, behavior in undoped a-Si:H
has been'explaine& in terms of a model, origi-
na}ly proposed by Conradi and Norberg,® in which
trapped molecular hydrogen molecules act as the
relaxation centers. Additional experimests
performed in this ‘laboratory? and by Reimer et
al.® support the basic picture of a small number
of. H_  .relaxation centers with the bulk of
hydrogen (bonded to Si) being relaxed via a spin
diffusion process.

Tt 'is reasoned that relaxation of the H, mole-
cules (about 1% oi the total hydrogen content of
the films) accounts for the important featuyres
of the T, vs. temperature curve, in particular,
the T, minimum. For the bonded hydrogen the
spin-lattice relaxation time is given as?

T,(H) = 3/8 Ty () [a(H)/n(0-K,) 14T (SD) (1)

where n(H) is -the total concentration of aydro-
gen in the sample and n(0-H,) is the concentra-
tion of orthohydrogen in tHe material. TI(H’)
is the spin-lattice relaxation time for the
orthohydrogen molecuies, and T,(SD) is a spin
diffusion limited term which can produce a spin
diffusion "bottleneck."

A simple test of this model i{s to examine the
eifect of conversion of the orthohydrogen (I=1)
to parahydrogen (I=0) on T,, since parahydrogen
does not act as a relaxdtion center.? This
conversion is a slow bimolecular process driven
by the interaction between protons on adjacent
H, molecules.!® The ortho-to-para ratio (OFR)
c3n be substantially decreased simply by keeping

the sample at liquid helium temperature for
several weeks (this ratio will be frozen in
during the normal running of an experiment).
The dependence of T, on temperature for RCA is
displayed in Fig. 2.  The three "B-doped" curves
correspond to different OPR's obtained by main-
taining the sample at 4.2K for different lengths
of time (0, 17, and 49 days). The T, behavior
.of a representative undoped film? is shown for
comparison.
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Figure 2: Temperature dependence of 1H spin-

lattice relaxaticn time Tl for: (a) crosses-
undoped a-Si:§ (from ref. 2): (b) filled
circles-RCA; (c) triangles-RCA after 17 days
held at 4.2K; (d) open circles-RCA after 49.days
held at 4.2K. The curves drawn through the

~ points are intended as aids in viewing the data.

It is clear that the shape of the T, vs. T curve
is essentially unaffected by decreasing the OPR,
although the magnitude of T, (at a given temper-~
ature) increases dramatically. This argues
against the presence of significant relaxation
processes (e.g. due to sample paramagnetism)
that are independent of the OPR. It should be
noted that annealing the sample at room tempera-
ture restored the values of T, inmitially
measured (corresponding to the "0-diays" curve).
The most striking feature of the RCA T, vs. T
curves is the lack of a well-defined T, minimum
such as that observed in all undopéd glow-
discharge films studied to date.? Aithough Tl
does appear to attain its minimum value at ~3CK,
it remains at roughly the same value up o ~30K
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Local Bonding Arrangements of Boron in Doped a-Si:H

S. G. Greenbaum"T and ¥. E. Carlos
U.S. Naval Research Laboratory, Washington, D.C. 20375 USA

P. C. Taylor

Department of Physics, University of Utah, Salt Lake CltY, UT 84112 USA

Ahalysis of boron-11 NMR linewidths in films of boron-doped a-Si:iH

yields structural information concerning coordination and nearest

neighbor bon&ing of the dopant atoms. - Avheavily doped (10 at.%B)

film exhibits two distinct boron sites, both of them being threefold .

coordinated. A second samnle containing 0.7 at.¥B shows only one

A

boron site, also threefold coordinated. Anneallng studies of the

latter sample suooest the'formation of B-Si bonds as the hydrogén is

11

driven off. The B linewidth of a cbmpensated‘film“(cbntéiﬁing

0.7 at. %B and 0.6 at.%P) is connarab e to that of the uncompehsated

11

sample. B spin- spin relaxaulon (T ) measurements indicate that

“the boron sites are clustered in all three materials.
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Introduction

Most device applications of amorphous tetrahedrally-bonded semiconductors
depend on the controlled substitutiohal incorporation of Group III and Group V
impurities. The high concentration of doéants‘required‘to achieve the desired
deping levels in'a?Si:H-(as compared to c;Si)‘leads'tofthe possible'eXistenee
of midgaﬁ defeet states associated withthe"hohshhstitutional'impurities.l’2
Other undesirable phenemeha‘possiblyvlinked“with'&bping include changes in
morphelogy ahd hydrogen distrihution,3’4 and gap;narroﬁing.attribdtable to a
decrease in the bonded H content of the a-Si:H nétaark}s'”Récehtpdbti¢5i
absdrption measarehehts‘of hea;ii§ E-do?ed (~1W5£"%) a?Si;leeQealed ah anoma-
vlously h1gh absorptlonvcoeff1c1th whlch was related to changes in texture’ and
even mechanlcal StabllltY of the fllms 6 In aadltlon cluster calculatlons of
threefold coordlnated B 1n‘a -Si: H ylelded energles that produce states in the
gap whlle other trlvalent Group TII elements were shown to be e}ectronlgally
pa551ye. o o

| Knowiedgefof the‘lecalﬁthemical en&irbhhentwdf‘the doéaht atoms in a~Si:H
shouid prevideha framework.fer the discussidh df.the electrehit and optiéal
properties attributable to the presence.ef'iarge'ahounts:of boron at non-
substitutional sites. EXAFS studies of 1% As-aoped a-Si:H showed that only

8 31

20£10% of .the As atoms were fourfold-coordinated, P NMR chemical shift

heasdrements yaeided a ratio of threefold to fourfold P sites of roughly 4 to
‘1v1n samples tonta ining similar concentratlons of P. 9""}?’reviously.Ireport:ed 113
ﬁVMR cuadrupole-b*oadened 11new1dths in heaVLly B-doped (10 at.%) a-Si:H were
conslstent w1th threefold coordination of at least 90% of the 1'B huclei;}

'In the present paper ilB NMR are presented data for addltlonal B-doped a-Si:H-
fiihs, inelhaing a coﬁpehsated sample. Results are compared with previously

published measurements on heavily B-doped a-Si:H™ .



Experimental Procedure

The a-Si:(H,B) films, obtained from different sourceé, were all prepared
on Al substrates by glow discharge, and contained similar amounts of H
(~10 at.%). A 3 pm, 25_mg sample containing 10 at.% B was obﬁained from RCA
Laboratories. A second sample (IBM) from IBM Watson Reéearch Centerbcodsisted
of a 10 pm film (~600 mg) with 0.7% B. The compensated film, containiﬁg
0.?%’B aﬁd 0.6% P and 7 pm thick (~500 mg),' was provided by Brookhaven
Natiqnal Labbratory‘(BNL). |
| vAll'NMR measu;ements were performed at room £em?erature with a Matéé
gated amblifier in éoﬁjﬁhctioﬁ Qith an Intermagnetiés Generaluéuperconducting
splenoid and Nicolet model 1170 signai averager. The NMR.frequenéy w#s varied
f;pmlés to 150 MHz;‘ Spin-lattice’relaxation times (T1) were determined by.é.
;?petition-rate technique,‘spin—spin felaxation.t%mes (TZ).werg obtained from
tﬁe é?in-echo intehsity dependénce on pﬁlse sépa:ation foilowing a 90°-1-180°
pulse sequence, and the in&erse linewidth parameters (TZ*) were extracted from
eiﬁhet the free—induction—decéy or the spin-eého.' The reléxatidn processes

were exponential within experimental error.

Results and Discussion

I.  Linewidths

Figure 1a displaysfthe spin-echo signaI'bbserved in the RCA sémplé at
61 MHz. It 1is éiear that there are two components to. the echo, each charac-
terized by avsepa:ate_IZ*,‘~13"psec fbr the decav which transforms. into a
"broad line in frequency space and ~20 psec for ﬁhe compohents which trensforms
into a narrower }ine. The spin-echo for the.lBH samples at 1 Mz is shown iz
Fig. 1b, aznd ampears to reflect a single c0mponeﬁt lineshape of appfoximately
the same width as the narrow (in frequencf space) line in the RCA sample. A

similar line is seen for the BNL sample. The undistorted NR absorption



spectra are, in principle, obtainable from either the free induction decay or
echo signals by standard Fourier transform technigues. However, unless
qnadrature phase detection is employed (on reaonance), possible asymmetries
’about the NMR frequency in the absorption epectrum willbnot be capturedvin the
echo shape. Nevertheless one can»stiil derive.useful etructural information
‘from the echo decay constant T2 The linewidth of»a second—order qnadrupole-
broadened powder pattern correspondlng to the central nnclear tranaition '
:(m—+ﬁ9 -%) is proportlonal to [e qQ] /hv when other sources of broadenlng can
be neglected. In thlS expre551on equ/h s the- nuclear quadrupole coupllng_
constant; eq 1sr the maximum component of the d1agonallzed electrlc field
gradient tensor at the nuclear $1te, eQ is the B quadrupole moment ’and‘vo
ia the NMR'spectrometer frequency.11 The electric fleld gradlent is asaumed
to‘be axially eymmetric. Figure»z iliustratea the dependence-or the inverse
linemidth'parameter TZ* on NrR frequency for both components of the‘echo‘in

the‘RCA aample. The llnes drawn through the p01qts 1nd1cate that the absorp-
tlon 11new1dths are 1nversely proportronal to v, as expected for the second-
order quadrupole interaction. It is now possible to‘obtaln an estimate of the
quadrnpoTe coupllne constants aseoc1ated nltn the“separate 11neshape compo-
nents of the RCA sample 51mply by scallng thelr TZ*'S to thatvmeasured fer
3B S 7&528 .ror whlch e qQ~2 7/h NHz (alao assumed ax1ally synmetrlc) 10
kSlmllar dependences of rhe T *‘5 of the IBM and_h*L samoles on v are cdserved
ancrthnsrallow eyaluatlon of their coupllng constants in tne eame.manner! The
113 equ/h-palues are listed in fahle I; | | |

The magnitude ot the quadrupole‘interaction obseryed in'a-Si(ﬁ,B) pro-
‘vides conpincing evddence that the»llB nuclei (250% of the 118 in theisemples)

giving rise to the observed linewidths are not tetrahedrally coordinated. TFor

example, the llB linewidth in crystalline Si:B is <2 kHz12 in accord with the



tetrahedral symmetry of the acceptor atoms; and, in borate minerals the 1

B
quadrupole coupling constant is always found to be <0.9 MHz when the boron is
four-coordinated and >2.4 MHz when it is three-coordinated regardless of the
asymmetry of the nearest neighbor/bonding.13

The boron sites in‘RCA have been tentativel? idéntified as a boron atom
bonded to three silicon atoms (BSi3)’corresponding to the Broad line (equ/h=
‘5.8 Mdz) and a boron ;tom bonded to two silicon atoms and a hydrogen atom
(SizBH3 or possibly bonded ti.two hydrogen atoms and one siliéon atom (SiBHz)

 for the narrow line (equ/h=3.5 MHz).lo We conclude that the linewidths of

‘the IBM and the BNL samples are consistent with the presence of SiZBH or SiBH
‘ 31

2

units in bdth materials. P MR chemical shifts in compensated a-5i:H indi-
cate an increase in fourfold phosphorus and tﬁis increase has been interpreted
,in terms of a model- involving the fprﬁation~of borqn:phosphorgs complexe_s*.9
The expériméntﬁi uncertaintiesrof thei}lé'linewidths‘and tdupling‘constaﬁts dé
not allow us to distinguish between threefolé structural units containing_B-P

or B-H bonds. We can, however, rule out the presence of significant numbers

> : ' :
(~10%) of fourfold sites such as SiSP-BSiS. In most B-P complexas reported in

4

the literature, both ;he boron . and phosphorous are_fourfold.coordinated.l
Therefofe absence of a detectable signal due to’fourfqld coordinaﬁed‘Boron
strongly guggésts that there is ﬁot a significant cﬁncéntration of sucﬁ'com-
'plexes in this fiim. It has been suggested that compensatioﬁ would result in
oecupétion of the borom pz-orbital Ccorres?ondﬁng to a change in hybridizaticn
from sp” to sp3), *=2ding to a significantl¥ narrower MNR line.7-.Ueffind'no>
evidence for'such # mechanism, although thefe'may be a small effect which is
masked by the uncertainties in the linewidths. 1In addition, electron spin

resonance experiments give nc indication of 2 line due to such a state.

)



The IBM sample was annealed atv550°C resulting in the removal of ~75% of
the hydrogen; The resulting linewidth was observed to broadea to approxi-
mately that of the broad component of the RCA sample. Thiévrésult lends
further support to the original site assignments. AFigure 3”show; the uman-

nealed and annealed IBM 11B spin-echoes.

II. Relaxation Times

The roomitemperatuféallB‘Ti values for the three samples are listed in
Tabie I, and are loﬁger'than those typically found in network glaséésusuch as
- ._" 15 )
3203.

to be the dominant relaxation mechanism. Spin-lattice relaxation of quadru-

Thus, nuclearvdipole Coubling to péramagnetic centers does not appear

polarvnﬁcléi in ﬁﬁo}pﬁéué ﬁéteriais ﬁréceedé primafily‘thfough ﬁhé cduﬁling of
‘ﬁhe ‘nucléérA‘qﬁédfu@;lé .hoieﬁf fo tﬁe excitation spectrum associsted with
iwé-leQéi-sysﬁéh (TLS) disﬁrder modesv.:{'5 The long Ti;s of a-Sﬁ:(H,B)'méy be
related to a lowé; density of TLS.modes in"compa?iéon with magetfalstsﬁéh as
a-BZOB; although the results of other techniques give différigg‘:gsult§ for

: - S ; . . 16 . . .
the density of TLS modes in a-Si:H. “However, - the: temperature and.frequency
11

dépéndéhEES of B Tl in a=-Si: (H,B) would have to be- determided in order to

' demonstrate this point conclusively.
11

The "'B T,'s are also listed “in Table I.7 T,

dipolar linewidth due to mutually resonant spins.

represents -the  inverse
scatributions to the eche

- 1 . . , . 11
decay from heteronuclei such as "H can be neglected on the basis of ~ "B N

' . . . . 17 .
results for materials with higher concentrations of hydrogen. Experimental

results for the 'standard sample 38253'7As

283, once again can be productively

employed. In the boron-arsenic-sulfide glass it is reasonable to assume that
the boron is randomly distributed on what would otherwise be arsenic sitas i
<2 . . io . . 3
pure Aszs3. The T2 of 1300 usec in SBOSq-7nsqS3 provides clear evidence
- I o~

that the more rapid T2 in the RCA sample (containing a similar concentration

=]



of B) results from significant clustering of the boron structural units in the

film. Similar conclusions can be drawn for the IBM and thevBNL samples since
their T2 values are also too small to result from a random distributior of
0.7 at.% boron. It should be noted that, to within experimental resolution,
‘the two separate components in the RCA sample have the same T2.

The T2 results also piace limits on the degree of boron clustering in
a—Si:(H,B). Calculations of the expected dipolar contributions for small
boron-boron separation; such as occur in B-B bonds or BZH6 molecules predict
much more rapid T2 decays . than are observedf Inr addition, expefimentai

observations in solid boron and boron carbide yield value518 for T, which are

2
an order of magnitude smaller than that which is observed in a-Si:(H,B). Thus
the NMR measurements suggest that few B-B bends or B2H6 molecules exist in our

films. These conclusions are consistent with those drawn from infrared

, ' 1o
measurements of Shen and Cardona.
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Table I

11B inverse linewidth

Sample (source) at.%B Tg(psec) at V= 61 Miz 11

B eZQQ/h(MHz)' Tz(psec) Tl(sec;

RCA - 10 12 (broad) 5.8 (broad) 350%  8.5%

: ~ .20 (narrow) 3.5 (narrow)
IBM 0.7 23 4.0 850 ~15
BNL 0.7%% 23 4.0 800 ~15

~

average value for both broad and narrow components

~ also contains 0.6% P

10



Figure Captions
Fig. 1. Spin-echo signal to a) RCA at vo=61 MHz; b) IBM at uo=60 Mz
Fig. 2. Inverse linewidth parameter TZ* versus NMR frequency for separate

lineshape components. Straight lines are drawn simply as an aid in

viewing the data points.

Fig. 3. The effect of annealing on the spin echo (v0=76 MHz) of the 0.7 at.%

Boron sample (IBM).
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Appendix C

THE ANNEALING BEHAVIOR OF THE g=2.0026 ESR LINE IN a-SI:H

~W. E. CARLOS

Navai Research-Laboratory
Washington, DC 20375

The ESR line at g=2.0026 is shown to be due to carbon incorporated into
the a-Si:H film during the deposition process. Results for different
films, both doped and undoped, give similar results. The annealing
results suggest that this resonance is due to a dangling bond on a carbon.
atom. It is ‘also seen that contamination from vacuum pumps can give a
similar signal which can mask the Si dangling bond line.

1. INTRODUCTION

Electron Spin”Resonance‘(ESR) has proved: to be a powerful tool for probing

the defect strﬁcﬁure‘of amorphous semiconductbrs.lv Although most of the ESR

work in afSi:H has focused on the trivalent silicon atom with a resonance at

g=2.0055, a nﬁhber of other centers have:ralso been observed. Lines at g=2.013

and g=2.004 are observed iﬁ héavily boron doped and heavily;phosphorous doped

samples respectively.  These are attributed to band tail states? or possibly to

‘twofold coordinated silicon atoms.® In addition; defects due to impurities

such as nitrogen, oxygen and‘ transition metals have "been observed. In

a-Sixcl—x:H films a strong resonancé at g=2.003 is observed znd has been

attributed to dangling bonds on carbon atoms.® Dersch and coworkers have.

reported a similar line at g=2.0028° and speculated that it could be due to -

defects at internal surfaces but have reported no detailed work on this line.

Miller and Haneman® have reported a similar line on various crystals, including
silicon, which were crushed and annealed in vacuum. They attributed the reso-
nance to carbon introduced by hydrocarbon contamination from the vacuum pumps.

In their work the resonance disappeared upon exposure to air.

2. EXPERIMENTAL TECHNIQUES

Three samples were used in thisvétudy. One, obtained from the IBY Research
Centef, contained 0.7 at.}% boron in addition to ~190 at.% hyvdrogen. Two oﬁher
samples were obtained from Brookhaven National Laboratory (BNL1 and BNL2).
Both of these contained ~10 at.% boron and 0.6 at.] phosphorous. All three
samples were deposited 6nto hot substrates (~270°C). Samples BNL2 and IBH’were
deposited onto alﬁminum substrates which were ﬁhen removed using dilute HCI.

Sample BNL1 was deposited onto a quartz substrate and was left on the substrate




during measurements.

No significant samole to sample variations were seen in

the specific results reported here.

Most anneals were performed under vacuum using a diffusion pump with a cold

trap which was cleaned prior to these experiments and kept cold throughout the

course of this work to prevent contamination from pump oils.

In addition, some

anneals were made in a helium atmosphere to again check for possible contamina-

tion.

firming that the results were not due to

Results for the two annealing procedures were virtually identical con-

annealing procedure.

simple contamination during the

The ESR spectra were taken using a standard Varian spectrometer at resonant

frequencies of 35 GHz and 9.3 GHz.

Measuremants were generally made at room

temperature as. no change in the lineshape was observed on cooling to 77K.

3. RESULTS

The spectra before annealing and after two different annealing temperatures

are shown in TFig. 1.

There are two lines present;

one at g=2.0055 due to

silicon dangling bonds and a second sharper line at g=2.0026 which is the

primary focus of this paper.

It shoﬁld be noted ‘that the small shifts in the

"p051t10ns of Ihe lines are-due to changes in the resonant frecuency'of the

cavity and .not to changes in . the g-values of the resonances

It is seen that

“the §=2.0026 line is present even before anneallng but that its intensity is

significantly increased by annealing.:

units)

ESR SIGNAL (orb.

Before Anne
(x8)

ais /
1

FIGURE 1

The central portion of the ESR spectrum
before ancealing  and after annealing
~for 20 min. at the indicated tempera-
ture. The broader line-is-at g=2.0055
and the narrow line, at the higher
field, is a2t g=2.0026 :



In Tig. 2 the spectra at resonant frequencies of 35 GHz and 9.3 GHz are
compared. As has been shown by Dersch and coworkers,® the g=2.0055 line is
inhomogeneously broadened due to a distribution in g-values and therefore its
linewidth is proportional to frequency. The g=2.0026 line is however basically
a homogeneously broadened line and hence its linewidth is nearly independent of
resonant frequency.

As shown in Fig. 1, the intensity of fhis line is strongly affected by
annealing temperature. This is shown in detail in Fig. 3 which gives the
intensity of this line as a function of annealing temperature. Extension of
the low temperature portion of the curve to room temperature gives a good fit
with the before annealing results and yields an activation energy of about
- 0.2 eV. On the high temperature side, the curve is much .steeper and while
- there are. too few data to determine whether the process is activated, a

straight line through the points gives apn activation energy of about 2 eV.

[ i i i i i
T T 1 1 ! ) ' B ]
. ¢ 7
L RN |
: = ° \.
:-“_’,\ > / N
5 S5 /  Ne
. S ‘_!,_ . \_
o - ,
gl 9=2.0026 o é N / o
& 35CHz S .\ / 4
7 | L / g=2.00286
& - 20kG (04 /
w n
WL e o
/
t ] L o L i - L i ! i L g
H— 1.0 1.2 1.4 1.6
' =1
o : _ 1000/T, (K- ")
~ ~ FIGURE 2° ' | FIGURE 3
The ESR spectrum of ome sample (IBY) The intensity of the g=2.0026 line in
after annealing to 500°C at two dif- BNL2 as a function of annealing temper-
ferent frequencies. Note that the - ature. : '

narrow line width is not a strong
function of frequency.

4. DISCUSSION

There are several models to consider for the g=2.0026 line. Two possible

intrinsic defects are a negatively charged divalent silicon atom and a dangling

.



bond at an internal surface. However, one would not expect nsither defect to
vield a homogeneously broadened line such as is seen here. Furthermore, this
same defect is seen in a-Ge:H,? clearly indicating that this resonance line is
due to an impurity atom.

The most obvious candidate for this center is carbon. Typical glow dis-

19 . 1020 3

charge £films contair -10 10 carbon atoms per cc.

while the maximum
signal seen by ESR is on the order of 52;1017 centers per cc. Furthermore, as
mentioned previously, a similar line is seen in a-SiXCI_X:H alloys* and has
been associated with a dangling bond on a carbon atom. For atoms with small
atomic number such as carbon the spin-orbit coupling, which shifts the g-value

from the free electron value of 2.0023, is small, so it is difficult to dis-

tinguish one carbon center from another solely on the basis of the g-value.
From the work of Miller a_ndHaneman,6 itisseenthata similar resonance
appears in samples of crushed materials heated in vacuum. Theyarguethat the
resonance is due to hydrocarbons adsorbed on the material and cracked during
heating. However, in their work the resonance was not detectable after expo-

sure to air, while in the present study the signal is quite stable even after
exposure to air for several days. It therefore seems reasonable to conclude
that the carbon has been incorporated into the bulk of the film during deposi-
tion. From the annealing data it seems likely that as the sample is heated C-H-
bonds are broken releasing hydrogen and creating paramagnetic centers. A
similar activation energy is seen for hydrogen evolution from 2-Si-H.¢ The
sharp drop in the number of centers would then be due to a reconstruction
process taking place before the sample actually crystallizes at about 600°C.

As a final note of caution it should be pointed out that 2 sigmal similar to
this .is easily induced in samples sealad in a tube or annealed in a poor
vacuum. This is due to contamination, as in the case of Miller and Haneman, ©

and can lead to spurious effects. As can be seen in Fig. 2, the g=2.0026 and

the g=2.0055 resonances are not easily distinguished at 9 GHz.
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