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SUMMARY 

Objective 

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 1%, with 
90% of the boron in a threefold coordinated state. On the other band, 
phosphorus NMR chemical $hif t 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 
Un1�ersity of Delaware. The defect density in the bulk of the films was
10 /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 ex�9sure to
strong light. However, it should be noted that these5samples have 10 spins
per cc, while good glow discharge films have only 101 spins·· per cc. Micro­
crystalline silicon samples provided hy Brookhaven National Laboratory were 
also examined. The pl;iosphorus-doped fiims 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 th e case of crystalline semicond uctors, th e incorporation of group 

III elements such as boron into h ydrogenated amorph ous silicon (a-Si:H) pro­

duces p-type doping. Unlike th e crystalline case, th e doping ef f iciency in 

a-Si:H is quite low and th eref ore relatively large amounts of boron must be 

incorporated into th e a-Si:H to ach ieve th e desired results. One major pur-

pose of th e present contract is th erefore to ch aracterize th e local structural 

environment of boron using NMR. 
A second signif icant problem addressed during the past year has been th e 

role of intrinsic and extrinsic def ects in th ese f ilms. For th is_work ESR h as 

been th e primary probe and in the past year f ilms·· grown by both glow disch arge 

and CVD have been studied. 

A f inal -objective 
-
of th e present work has been to study dopants �n _micro­

crystalline films With an eye to learning w h at f raction of th e dopant atoms 

(phosphorous or boron). reside in th e micr()crystals and wl:iat _fraction. resid e in 

th e amorphous matrix • .

Th e objectives of th is contract as outlined in th e  most recent work 

statement are as follow s: 

1) Perform magnetic resonance experiments on amorphous silicon f ilms.

2) Use ESR to study lig h t  induced def ects in amorphous silicon f ilms.

3) Perform ESR measurements on microcrystalline f ilms.

Th e research work of th is contract h as resulted in th r2e publications 

(appendixes A-C and ref . 1-3) as well as several presentations at scientif ic 

meetings • Th e following section contains excerpts of th e research accomp-

lish ments during the contract year f or w h ich details are available in th e 

Appendixes. 
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The films used in this work have been ob tained from RCA (D.E. Carlso� and 

J. Dressner), Brookhaven Na tional Labora tory .(P. Vanier), IBM (J.A. Reimer), 

Chronar (A. Delahay and F. Ellis) and the University of Delaware (R. 

Rocheleau). 

2.0 Fulfillmen t of Con tract Tasks 

Task 1.1. Magne tic Resonance Measurements 

Bo th NMR and ESR have been used to probe the defec t s truc ture and bonding 

in amorphous silicon films. Published work has included llB NMR s tudies of 

doped filmsl,2 (see Appendixes A and B) and ESR s tudies of carbon impuri ties3

(see Appendix C). In addition work has been done on dep th profiling of cen-

ters in CVD films. 

A. llB NMR Measuremen ts 

The doping efficiency of boron in a-Si:H is typically less than 1%. The 

high concen tra tion of dopan ts required leads to the possible exis tence of mid-
gap s ta tes associated wi th nonsubs ti tu tional impuri ties·.4,5 O ther undesirable 

phenomena possibly linked wi th doping include changes in morphology and hydro­

gen dis tribution,6,7 and gap-narrowing at tribu table to a decrease in the 

bonded H con ten t of the a-Si: H ne twork.8 Recen t op tical absorp tion measure-

men ts of heavily B-doped (1 at.%) a-Si: H revealed an anomalously high absorp-

tion coefficien t which was rela ted to changes in texture and even mechanical 

s tabili ty of the films.9 ·In addi tion, cluster calcula tions of threefold-

coordina ted B in a-Si:H yielded energies tha t produce sta tes in the gap while 

o ther trivalen t Group-III elemen ts were shown to be elec tronically passive.10

Knowledge of the local chemical environmen t of the dopan t a toms in a-Si:H 

should provide a framework for the discussion of the electronic and op tical 

proper ties a t tributable to the presence of large amoun ts of boron a t  nonsub-

s ti tu tional si tes. EXAFS s tudies of 1% As-doped a-Si:H showed tha t only 
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20+10% of the As atoms w ere fourfold-coordinated, 11 _and 3lp NMR chemical shift

measurements yielded a ratio of threefold to fourfold P sites of roughly 4 to 

1 in samples containing similar concentrations of P. 12 Previously reported

llB NMR quadrupole-broadened linewidths in heavily B-doped (10 at.%) a-Si:H 

(provided by RCA) w ere consistent with threefold coordination of at least 90% 
of the llB nuclei.13 In the current work w e  have looked at films containing

much less boron (0.7 at.%); one of w hich also contained 0. 6 at.% phosphorous, 

provided by Brookhaven National Laboratory (BNL). The uncompensated sample 

w as provided by IBM. 

In our original work on the highly doped material two m-IR lines w ere 

seen. Fig. 1 compares the spin echo (essentially the Fourier transform-of the 

line shape) for that sample with results obtained for the more lightly doped 

material. The RCA sample has a two component echo with charactarist�c times, 

T2*, at 61 MHZ of -13 µsec and -20 µsec. However the more lightly doped I:BM • 

sample shows only. one c.l.ine wi.th Tz* -20 µsec. Similar results . are obtained 

for the BNL sample. 

The magnitude of the quadrupole interaction observ.ed in a:-Si(H,B) pro-

7ides convincing evidence that the 11 B nuclei ( -90;� of the 11 B in the samples)

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

example; the llB linewidth in crystalline Si:B is <2 kHzl4 in accord with the

tetrahedral symmetry of the acceptor atoms; and, in borate minerals the llB
quadrupole coupling constant, e2q Q/h, is always found to be <0. 9 MHz w hen the

boron is four-coordinated and >2.4 MHz w hen it is three-coordinated regardless

of the asymmetry of the nearest n�ighbor bonding.15

The boron sites in the RCA sample have been tentatively identified as a 

boron atom bonded to three silicon atoms (BSi3) corresponding to the broad

line (e2qq/h=5. 8 MHz) and a boron atom bonded to two silicon atoms and a
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Fig. 1. Spin-echo signal of a) RCA at v0=61 MHz; b) IBM at v0=60 MHz
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hydrogen atom (Si 2B H) or possibly bonded to two hydrogen atoms and one silicon 

a tom (SiBH 2) for the narrow line (e 2qQ/h=3.5 MHz).13 We conclude tha t the

linewid ths of the IBM and the BNL samples are consis ten t wi th the presence of 

Si 2BH  or SiB H 2 units in bo th ma terials. 

Fig. 2 lends fur ther suppor t to the site assignmen ts. The IBM sample was 

annealed a t  550 °C resul ting in removal of - 75% of the hydrogen from the film. 

The wid th of the echo is seen to decrease from - 20 µsec to abou t -12 µsec as 

would be expec ted for the recons truc tion of hydrogen-con taining structural 

uni ts in to Si3B uni ts. 

The 3lp NMR chemical shif ts in compensa ted a-Si: H indica ted an increase 

in fourfold phosphorus over the uncompensa ted ma terial and this increase has 

been interpre ted in terms of a model involving the forma tion of boron-

phos-phorous complexes.1 2 The experimen tal uncer tainties of the llB line-

wid ths and coupling cons tan ts do no t allow us to di� tinguish be tween threefold 

s truc tural uni ts con taining B-P or B-H bonds. We can, however, rule ou t the 

presence of significan t  numbers (-10 %) of fourfold si tes such as Si3P-BSi3. 

In mos t B-P complexes reported in the li tera ture, bo th the boron and phospho­

rous are fourfold coordina ted.16 Therefore absence of a de tec table signal due 

to fourfold coordina ted boron s trongly sugges ts tha t there is no t a signifi­

can t concen tra tion of such complexes in this film. I t  has been sugges ted tha t 

compensa tion would resul t in occupa tion of the boron pz-orbi tal (corresponding 

to a change in hybridiza tion from sp2 to sp3), leading to a significan tly nar-

rower NMR line.10 We find no evidence for such a mechanism, al though .there 

may be a small effect which is masked by the uncer tain ties in the linewid ths. 

In addi tion, elec tron spin resonance experimen ts give no indica tion of a line 

due to such a sta te. 
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The inverse dipolar linewid th due to mu tually resonant spins, T2, gives a 

rough measure of average spin-spin dis tance and, when compared to the concen-

tra tion, of the degree .of clus tering of boron a toms wi thin the film. For the 

IBM and BNL films we measure 850 µsec and 800 µsec respec tively for T2. On 

the other hand for a random dis tribu tion of boron a�oms � t  this concentra tion 

we would expec t T2 - 9 msec. This clearly indica tes tha t the boron in these 

films is clustered (The average B-B dis tance is - 6 A). On the o ther hand, 

the expec ted dipolar contribu tions for small boron-boron separa tio11s such as 

occur in B-B bonds or B 2H6 molecules predic t much more rapid T2 decays than 

are observed. I n  addi tion, 'experimental observati9ns in solid boron and boron 

carbide yield values 17 for T2 ·which are an order of ;magni tude smaller than 

tha t which is observed in a-Si:<H,B). Thus the NMR measurements sugges t tha t 

few B-B bonds or B 2H5 molecules exis t in our films. These conclusions are 

consistent wi th those drawn from infra�ed measuremen ts. of Shen and Cardona.18

To summarize the resul ts of our 1 1  B' NMR experiments to da te: (1) The 

boron is predominantely bonded the hyd�ogen containing uni ts such as Si 2BH, 

(2) No evidence for B-P,complexes has been observed, and (3) Th� boron is 

clus tered in rela tively boron rich regions. 

B. ESR Resul ts 

l� Carbon Center 

Al though most of the ESR work in a-Si:H .·. has focused on the trivalent 

silicon atom wi th a resonance at g=2.00SS, a number of other centers have also 

been observed. Lines a t  g=2.013 and g= 2.004 are observed in heavily boron 

doped and heavily phosphorous doped samples respec tively. These are a ttrib-

uted to band tail sta tes 19 or possibly to twofold coordina ted silicon 

a toms.20 In addi tion, defec ts due to impuri ties such as ni trogen, oxygen and 
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transition metals have been observed. films a strong reso-

nance at g= 2.003 is observed and has been attributed to dangling bonds on car-

ban atoms. 21 Dersch and coworkers have reported a similar line at g= 2.00 2a 2 2

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 this 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 of the carbon line in roughly the same manner, indi-

eating that this not an artifact of the annealing procedure. 

Th� spectra before annealing and after two different anne�ling tempera-
• 

tures are shown in Fig. 3. There are two lines present; ·one at g=Z.0055 due 

to silicon dangling bonds and a second sharper line at g=2.00 26 (H=12.52 kG) 

which is the focus of this wol;"k. It should be noted that the small shifts in 

tne positions of the lines are due to changes in the resonant frequency of the 

cavity and not to changes in the g-values of the resonances. It is seen that 

the g=Z.0026 line is present eve-n before annealing but that its intensity is 

significantly increased by annealing. 

In Fig. 4 the spectJ:a at resonant frequencies o-f 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 distribution in g-values and therefore its 

linewidth is proportional to frequency. The g- 2.0026 line- is however basic-

ally a homogeneously broadened line and hence its linewidth is nearly inde-

pendent of resonant frequency. 
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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 

the low temperature portion of the curve to room temperature gives a good fit 

with the results before annealing 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 an activation energy of about 1 eV. 

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

intrinsic de.feats are a.negatively charged divalent silicon atom and a dangl-

in� bond at an internal surface. However, one would not expect either defect 

to yield a homogeneously broadened line such as is seen here. Furthermore, 

this same defect is s. eenin a-Ge:H.23 

line is· due to an impurity atom. 

clearly indicating that this .resonance 

• 

The more obvious candidate for this center is carbon• 

ch�rge films contain iol9 to 1020 carbon atoms per cc.24 

Typical glow dis­

While the maximum 

signal seen by ESR is on the order of Sx1017 centers per cc. Further.nore, as 

mentioned previously, a s{milar line is seen in a-SixC1-x:H alloys21 and has

be�ri associated with a dangling bond on a carbon atom. For atoms with small 

atomi'C' number such as carbon the spirt-orbit touplirtg, 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. 

Miller and Haneman25 have seen a similar resonance on samples crushed in 

vacuum and argued that it was due to hydrocarbons adsorbed onto the surface. 

However, in their work the resonance was not detectable after exposure to air, 

while in the present study the signal is quite stable even after exposure to 
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air for several days. It therefore seems reasonable to conclude that the car-

bon has been incorporated into the bulk of the film during deposit�Qn. 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 acti­

vation energy is seen for hydrogen evolution from a-Si:H.6 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. 

We cannot, at present, say how the carbon i�purities could affect the 

electronic properties of the amorphous silicon films. One might speculate 

that a simple dangling bond on a carbon atom might yield a state in the gap as 

the silicon dangling bond does. The resolution of this question could come 

from tne<;isurements on the UHV films grown by the Xerox group in which the 

impurity content is significantly reduced. 

2. Measurements .on CVD Films

We have performed ·EsR measurements on LPCVD a-Si:H provided by Chronar 

and the· University of Delaware. The only signal seen is the g=2.0055 silicon 

dangling bond line. The spin densities and details of the sample preparation 

are given in Table_l. The spin densities are given per unit area since the 

defect density -is somewhat larger near the growth surface than in the bulk of 

the film. This point is mo:re dlearly illustrated by the results of etch back 

experiments shown in Fig. 6 • . In this experiment we have progressively removed 

the silicon film from the substrate using a KOH solution. From the ESR spec-

tra taken after eac h  etch we are able 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 about, three times as high near the growth surface of the film as in the 

bulk of the film. No significant difference is seen near the interface of the 

film with Si02 substrate, however. 
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If the increased def ect density near the growth surf ace presents a sig-

nif icant problem in device manuf acturing, it should be corrected easily by 

either a modif ication of the method by which the reaction is turned of f or by 

a simple etching procedure such as was employed here. 

Table 1 •. LPCVD SamEle D etails 

Source fl Substrate Method Thickness Spins/cm.2 

Temp. (°C) (microns) (x1013 )

D el. 240-5 400 Flow l 8 
Del. 240-6 400 Flow 1.5 8 
D el. 240-7 400 Flow 2 8 
D el. 223 -C/ 43 0 Flow 2 8 
D el. 223 -D 43 0 Flow· 2 ·11

Chronar 735 470 Static 0.5 4 

< 
Chronar 736 470 Static 1 ·5

Chronar 737 470 Static 2 6 

Chronar 745 470 Flow 1 5 

Chronar 746 470 Flow 0.5 3 

Chronar 747 470 Flow 2 9 

D elaware 240 series were grown in 360 min. at 24 Torr. of disilane. 

The different thicknesses.corre:3pond to different positions in the 

tube. The 223 series was grown in 210 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 f low method material is some of the 

first which they grew and later runs have shown better electrical 

properties. 
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Task 1. 2 Ligh t Induced Effec ts 

The S tabler-Wronski effec t was firs t observed as a decrease in pho tocon­

duc tivi ty27 af ter prolonged exposure to strong illumina tion. This effect is

seen in ESR as an increase in the dangling bond line af ter exposure to ligh t. 

Resul ts for a glow discharge sample are shown in Fig. 7. The increase in the 

number of dangling bonds corresponds to an increase in trap densi ty and hence, 

a decrease in carrier lifetime and pho toconductivity. 

The origins of this effect are s till the subjec t of considerable 

con troversy. 28-31. I t  was the ini tial opinion of our group and o thers tha t

this could be due to impuri ties such as carbon or oxygen. However more recen t 

resul ts clearly indica te that this is no t the case.3 2 I t  should be no ted tha t 

this effec t is no t unique to a-Si:H and tha t quite s table and similar ESR 

cen ters may be induced in SiOz by sub-band gap ligh t.33 

gap of Sio2 is ·1oev.) and with higher energy pho tons.34 
• 

(Note that. the band 

In the case of SiOz the:-e is s+gnificant varia tion in the sensitiv_i ty

depending on processing s teps and so one migh t expect tha t the sensi tivi ty of
a-Si:H would also vary wi th processing. Inaeed there are indica tions that 

the pho toconduc tivi try of CVD prepared films is no t s trongly affec ted by
light. The ESR spectrum in the films investig:ted was also no t affec ted by
prolonged exposure · to s trong light. However, it should be no ted that these 

samples have ·1017 spins/cc while good glow discharge ma terial has only �1015

spins/cc. We could then induce ·1016 spins/cc in each and see a dr�IJIC1.tic 

effect in the glow discharge ma terial and only a sligh t effec t in the CVD 

ma terial. Clearly more work needs to be done on very high quali ty c:D films 

to determine the na ture of this effec t in those ma terials. 
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I. 

Task 1.3 Studies of Microcrystalline Films 

Microcrystalline silicon (µc-Si) is composed of very small (-lOOA) 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 materi�l 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 E SR lines at g=2.013 and g= 2.0043 respectively. At low 

temperatures (<30K) crystalline P-doped silicon has a sharp line at g�l.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.35 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 E SR spectrum. We have . . .  . 

looked at three films, one highly p hosphorous d oped a nd t he other t wo highly 

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 material a nd n o r esonance f rom t he a morphous matrix. 

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. 
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While we still need to look at more · films with a wider range of doping 

levels, it seems clear that E S R  could prove to be an extremely informative 

probe of dopants in �c- Si • 
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BORON .\ND HYDROGEN 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 

11a and 1a 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 
0.7 \\omic % B shows only one boron site, also threefold coordinated. tleasurements of 
the B spin-spin relaxation time T2 indicate that the boron sites are clustered in 
both the 10% B and O. 7% B materiars. The temperature dependence of the H spin­
lattice relaxation time T1 in. the 10% B film does not exhibit the sharp T1 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 
bottlJnec!t 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 ( <O. 1%) is 
effective in doping, the local bonding- configu­
rations of the vast majority of the b�lon atorp �re not well.known. For this reason, B and H NMR measureineAts have been performed on films of 
B-doped a-Si: H • prepared by the glow 'discharge 
technique. 

This paper repi;1sents an ex'tension of a previ­
ously reported • B NMR study of a B-doped a-Si:H 
film. l n1ose results will be summarized here' 
and new H NMR spin-lattice relaxation (T ) 
measurements performed on the same sample will 
be presenl_l.d and discussed. In addition, pre­
liminary B data taken on a second B-doped 
a-Si:H film wi�l be discussed. The sample 
obtained from RCA (hereafter denoted as "RCA") 
was a -3 µm film prepared on an aluminum sub-. 
strate heated to 230C, and contained -10 at. 'X, 
of both B and H. The other sample (denoted as 
"IBM") was prepared at IBM in a si,milar manner, 
differing only in substrate temperature (275C) 
and B concentration (-0. 7 % S.). Experimental 
de'tails concerning the NMR measurements can be 
found elsewhere.1•2 

2. RESULTS .\ND DISCUSSION 

Figure 1 (tafin from ref. 1) shows the Fourier 
transformed B NMR spin-echo signal at 61 11Hz 
for RCA. There are clearly two components to 
the lineshape, the broader line appearing as 
shoulders on the narrow line. The prim1!Y 
source of broadening for both lines is the B 
nuclear quadrupole interaction, since the value 
found for the spin-spin relaxation time 
CT2 :350 µsec) yields 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-

0 378-4363183/0000-0000/503.00 © 1983 '.'forth-Holland 

dure described in ref. 1. It turns out that 
QCC=S.8±1.0 �z for the broad line and QCC� 
3.5±1.0 MHz for the narrow line in Fig. 1. 
These QCC values are characteris�ic of boron 
atoms in threefold coordination, as four­
coordinated borons almost always have QCC 
<1 MHz.3 Considerations based on a Townes­
Dailey analysis 1'4 suggest that the structural 
group'ings that give rise to the linesha_pe in 
Fig. 1 are Si3B units for the broad component 
and Si?BH units for the narrow component·. The 
350 µsec T2 value obtained for the RCA sample is 
nearly a factor of four smaller than that 
obtained for amorphous 3B2s3. 7As2s3 (containing 
12 at.% B). Thi.s provides convincing evidence 
that the boron structural units are clustered 
rather than randomly distributed in the RCA 
material. 

-20 0 
11- !{, (kHz) 

Figure 1: Fourier transformed 113 Nl"!R spin-echo 
signal at 61 MHz for RCA (from ref. 1). 
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Preliminary data �or the IBM sample5 yield an 
NMR lineshape consistent with the presence of 
only one identifiable site which corresponds to 
the narrow component (attributed to Si2BH units) 
of the RCA lineshape. The T2 value found for 
IBM is 850±20 µsec which indicates substantial 
clustering of the boron units since one would 
expect roughly a tenfold increase in r2 over 
RCA, simply based on the relative boron concen­
trations in the two sample. 

Previous proton NMR studies of undoped a-Si:H6'7 
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 Flo/HM -4 kHz) Lorent­
zian line superimposed on a broad (FWliM -2SkHz) 
Gaussian line. 2 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. 

!he temperature dependence of the proton spin­
lattice r�laxation time, T1, has been studied 
for a wide variety of undoped a-Si: H films. 2' 7 
All films prepared by glow discharge exhibit a 
relatively frequency . independent T L minimum at 
about 30K. The T behavior in unaoped a-Si:H 
has 'been· explained1 l.n terms of a model, origi­
qa�y proposed by Conradi and Norberg, 8 in which 
trapped molecular hyarogen molecules act as the 
relaxation centers. Additional experiments 
performed in this laboratory2 and by Reimer et 
al.9 support the basic picture of a small number 
of H2 relaxation cente.rs. with .the bulk of 
hydrogen (bonded to Si) being relaxed via a spin 
diffusion process. 

It is reasoned 'that relaxation of the H, mole­
cules (about 1% of the total hydrogen content of 
the films) accounts for the important features 
of the T1 vs. temperature curve, in particular, 
the T1 minimum. For the bonded hydrogen the 
spin-lattice relaxation time is given as2 

T1(H) = 3/8 Ti(H2)[n(H)/n(O-H2)J+T1(SD) (1) 

where n(H) is ·the total concentration of hydro­
gen in the sample and n(o-H2) is the concentra­
tion of orthohydrogen in tlie material. T 1 lH,) 
is the spin-lattice relaxation time for tfie 
orthohydrogen molecules, and T 1 (SD) is a spin 
diffusion limited term which can produce a spin 
diffusion "bottleneck." 

A simple test of this model is to examine the 
effect of conversion of the orthohydrogen (I=l) 
to parahydrogen (I=O) on T1, since parahydrogen 
does not act as a relaxation center.2 !his 
conversion is a slow bimolecular process driven 
by the interaction between protons on adjacent 
H, molecules. 10 The ortho-to-para ratio (OPR) 
can 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 T1 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 (O, 17, and 49 days) . The T 1 behavior 

-of a representative undoped film2 is shown for 
comparison. 

1; 
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Figure :? : Temperature dependence of 1H spin­
lattice relaxation time T1 for: (a) crosses­
undoped a-Si:H (from ref. 2); (b) filled 
circles-RCA; (c) triangles-RCA after li 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 T1 vs. T curve 
is essentially unaffected by decreasing the OPR. 
although the magnitude of T1 (at a given temper­
ature) increases dramatically. This argues 
against the presence of signi:t;icant 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 1 initially 
measured (corresponding to the "0-days" curve). 
The most striking feature of the RCA T1 vs. T 
curves is the lack of a well-defined T1 minimum 
such as that observed in all undoped glow­
discharge fil:ns studied to date.2 Although T, 
does appear �o attain its minimum value at -30K� 
it remains at roughly the same value up �o -BOK 



Appendix a 

Local Bonding Arrangements of Boron in Doped a�Si:H 
·'·t 
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P. C. Taylor 
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Analysis of boron-11 filfR linewidths in films of boron-doped a-Si:H 

yields structural information concerning coordination and nearest 

neighbor bonding of the dopant atoms. A he3vily doped (10 at. %B) 
film exhibits two distinct boron sites, both of them being threefold 

coordinated. A second sample containing 0. 7 at. %B shows only one

boron site, also threefold coordinated. Annealing studie� of the 
latter samp1e suggest the formation of B-Si bonds as the hydrogen is 
driven off. The 

11B linewidth of a compensated film (cont�ining 

0. 7 at .%B and 0. 6 at. �J') is comparable to that. of the uncompensa�ed 

sample. 11B spin-spin relaxation (T2) measurements indicate that: 

the boron sites are clustered in all three materials. 

··-
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Introduction 

Most device applications of amorphous tetrahedrally-bonded semiconductor� 

depend on the controlled substitutional incorporation of Group III and Group V
impurities. The high concentration of dopants required to achieve the desired 

doping levels in a-Si :H (as compared to c-Si) leads to the possible existence 

of midgap defect states associated with the nonsubstitutional impurities.112 

Other undesirable phenomena possibly linked with doping include changes in 

h l d h d d. . b . 3' 4 d . . . .b • 1 morp o ogy an y rogen 1str1. ution, an gap-narrowing attri utao e to a
decrease in the bonded H content of the a-Si :H network .5 Rece'nt . optl.c�i

absorption measurements of heavily B-doped (""l at .%) a-Si:H.�eveated a� anoma­

lously high absorption coefficient which was related to changes in texture �rid 
even mechanical stability of the fil�1s. 6 In addition, cluster calcuiat.ion�;' of

threefold-coordinated B in a-Si:H yielded energies that pr�duce states in the 

gap while other trivalent Group-III elements were shown to be e:i.,ectronir;atly
. 7 .passive . 

Knowledge of the local chemical environment of the dopant atoms in a-Si:H 

should pro,1ide a framework for the discussion of the electronic and optical 

properties attributable to the presence of large amounts of boron at non-

substitutional sites. EXAFS studies of 1% As-doped a�Si :H showed that only
20±10% of ._the As atoms were fourfold-coordinated, 8 and 31P :Nt.lR chemical shift 

measurements y'ielded a ratio of 'thr�efold 'to fourfold p sites of roughly 4 to
1 in samples 

-
�ontaining similar concentrations of P. S " 11 Previously reported B

NMR quadrupole-broadened linewidths in heavily B-doped (lG at.%) a-Si :H were 
' . :ii ' . 1(}. 

consistent with threefold coordination of at least 90�' of the B nuclei. 

In the present paper 11B .NtlR are presented data for additional n-doped a-'Si:H
films, including a compensated sample. Results are compared with previously 

published measurements on heavily B-doped a�Si :H10. 

2 



Expe rimenta l Procedure 
The a -Si : (H , B ) fi lms , ob tained from diffe re nt s o urces , �ere all prepared

on Al sub s t rates by glow d i s cha rge , and contained s imila r  amounts o f  H 
(-10 a t . %) . A 3 µm , 25 mg sample conta ining 10 a t . %  B was obtained from RCA
Laborato ries . A s e c ond s ample (IBL-l) from IB!-1 Wa tson Res earch Center consis ted
of a 10 µm film ( ...... 600 mg) with 0 .  7% B .  The comp ensa ted film , conta ining

0 .  7% B and 0 .  6% P and 7 µm thick ( ...... 500 mg) , wa s p r ovide d by Brookhaven

National Lab o ra tory (BNL) . 

All NMR mea surements were p e rformed at room t emperature with. a Hatec 
gated amp lifier in conj unc tion with an Intennag�etics Genera l sup erconducting 

s o leno id and N i c o l e t  model 1170 s i gnal avera ge r .  The ill'.IR frequency was varied

f r om 45 to 150 HHz . Spin-l attic e  relaxa tion times (T1)  wer e
_ 

<le_termined by a 

r�petition-ra te te chnique , sp in- sp in relaxa tion .t imes (T2) wer� obtained from
. . . 

the spin-echo inten s i ty dep endence on pulse s epa ra ti on fo l lowing a 9 0 ° - t - 180° 
pulse sequence ,  and the inverse linewi dth pa rame te r s  (T2*) were extra cte d from

e i the r the fre e - induction-decay or the spin- echo . The relaxation p r o c e s s e s  

were exp onential wi thin expe riment.a l e r ro r .  

Results and Dis cus s i o n  

I . Linewidths 

Figure l a  d i sp lays the sp in- e cho signa l "  ob s e rved in the RCA samp l e  a t

6 1  l'Il{z . I t i s  clear that there:- are two components t o .  the echo , eadi ch.::i rsc-

terized by a se:p_arat.e_ T2* , -13- j,! s e c fo r tn e de c a y  whi ch trans fo rms. into a 

broad l ine in frequency spa c e  and -20 psec for t:he components whi ch truns forms 

into a narrower line.  The spin-e cho fo r the IBl-l s amp l e s J t  1 Wiz is. shc':m in 
Fi g .  lb , and app e a r s  to reflect a s ingle component l ineshap e o f  app roxima tely 

the same wid th a s  the n a r r o w  ( in frequency space )  l ine in the RCA samp l e . A 
s im i l a r  line is se en for the BNL s amp l e . The und i s to rted NI·ffi ab s o rption 



spe c t ra are , in principle , obtainab le from e i the r the free induction decay or 

e cho s i gna l s  by s tanda rd Fourie r trans fo rm t e chn i ques . Howeve r ,  unles s 

quadrature pha s e  detection i s  employed (on res onance ) , p o s s ib le  asymmetries 

about the ID-lR frequency in the ab s o rp tion spectrum wi l l  no t be captured in the 

e cho shap e . Nevertheless  one can s till  derive useful s tructural information 
-

from the e cho decay cons tant T2* . The linewidth o f  a se cond-order quadrupole-
b roadened powde r  pattern coJ;responding to the central nuclear transition 

-
2 2 (m=+�-�) i s  p roportional to [ e  qQ] /hv when o ther s ources  o f  b roadening can 

0 

be neglected . In thi s _ exp re s s ion e
2

qQ/h � the nuclear quadrupole - coup li�g 

constant , eq i s  the maximum component o f  the diagona l ized electric field 
11 - -

gradient tensor at  the nuc l e a r  site , eQ is the B quadrup o l e  ITIOm�nt � and v0

p is the Ntffi spectrometer frequency . � The electric field gradient is assumed 

to be axi al ly symmetric . Figure 2 illustrates the dependence o f  the inverse 

linewidth paramete r T2•'>" on ID-IR frequency fo r both components of the echo in 

the _RCA s amp l e . The lines drawn through the po ints indi cate that the absorp-

tion l inewidths a re inve r s e ly propo rtional to v as exp e cted for the s econd- -
- ' c 

o rd e r  quadrupole  inte rac t i on .  I t i s  now pos s ib l e  tc obtain an e s timate o f  the 

quadrupole coup l ing cons tants associa ted with the s ep a rate l ines hape compo-

nents of the RCA sample s imply by � caling the ir  T2i: 1 s to th? t measured fer

3B2s3 · 7A�S3 , for whi ch e2qQ:::::2 .  7/h NHz (als� as sumed axi a l ly s�mmetri c )  . 1 0
SiII!i la r . dep endences o f  the

_ 
t2i: ' s of  the IBH and BNL s amp les on v0 are obsenred

and thus al l ow eva luation of the i r  coup ling cons tants in the s ame manne r . The 

1 1 B  e2qQ/l: value.s are l is ted in Tab le I .

The magnitude o f  the quadrupo le inte raction obs e rved i n.  a - S i  (H , B )  p ro­

vides convincing evi d e n c e  tha t the 1 1B nucl e i  (?:90�1v of the 1 1 B in the samples )

giving rise  to the observed l inewidths a r e  no t t e t rahe d r a l ly coo rdinated - Fo r 

examp l e , the 1 1B l i new i d th in c rys ta lline S i : B  i s  <2 kHz 1 2  in accord with the

4 



t e t rahe d r a l  symm e t ry o f  the a c cep t o r  a toms ; and > in bo ra te minerals the 1 1 B  
qua d rupo le c o up l i ng c o ns tant i s  a lways found to b e  <O . 9 tiliz when the b o ron i s  

four- co o rdinated and >2 . 4  HHz when it is th ree-c o o rdina ted rega rdless o f  the 

f h . hb b d .  13 asymmetry o t e nea r e s t neig or on  ing .

The b o ron s it e s  in RCA have been tenta tively ide ntified a s  a boron atom 
bonded to three  s i li con a toms (BSi

3
) co rre spo nding to the b road line (e

2
qQ/h= 

5 .  8 MHz) and a b or o n  atom bonde d to two s i l ic on atoms and a hydrogen atom 
(Si2BI!) o r  possibly bond e d  to two hydrogen a toms a nd o ne s il i con atom (SiBH2)

• 

f o r  the na rrow l ine ( e
2

qQ/h=3 . 5 tillz ) . l O  We conc lu d e  tha t the linewidths o f  

the IBM and the BNL samp l e s  a r e  c ons i s tent with the p r es ence o f  Si
2

BH or SiBH
2

units in b o th materia l s . 31P ��1R chemi ca l shifts i n  c ompens ate d a-Si : H  indi-

cate an increase i n  fourfo l d phosphorus and this incre a s e  has b een interp r eted 

9 in te rms o f  a model- invo lving the f�nma tion� o f  b.o r9n ... phosphor�s comp lexe� . 

The experimental uncertain t i.es o f  the : 1B linewidths and co
.
up l ing constants do -

no t a llow us to dis tinguis h  b e tween thre e f o l d  s t ru c tural units containing_ B-P 

or B-H b onds . We c a n , howeve r 1 rule out the presence of significant numbe rs

(_::10%) o f  fou r fo l d  s i tes suc:t as S i3P-BS i3 . In m o s t  B;.. P comp l ex e s  reported in 
the l i t erature , 

1 4  
b oth the bo ron a n d  pho sphorous a r e  fourfold . coordina ted.

Therefore ab s ence o f  a de tectable s igna l due to fourfold coo-rdinated bo ron 

s trongly sugge s t s  that th'e re is no t a s i gni f i cant concentration of such c om-

plexes in this fi.lra. It. has been sugge s ted that comp ensatio n would result in: 
occupa t i o n  of the boron :rr - o rbi ta l (corresponding, to a change in hybridi.z..a tion.

z 

f rom sp
2 

t o  sp
3 ) , ::e�ing. to a si.grri.ficantlyc n a r ro-.. .-e r NHR line . 7 . Ye find no -

evidence f o r  suc h  E mechanism , a l tho ugh the r e  may be a sma l l  e f fect which is 
masked by the unce rtaint i e s  in the l inew i d ths . I n  a dd i tion , e le ctron s p in 
resonance expe riments g ive no ind i ca t ion o f  a l ine due to such a s ta te . 

5 



The Im-1 samp l e was a nn e a l e d a t  5 5 0 ° C  re sul ting in the removal of --75% 0£
t.he hyd rogen . The resul ting l i newid th wa s ob s e rve d  to  b r o a den to approxi-

mat e ly that of the b ro a d  component of the RCA s a mp l e . Thi s result lends 

furtt,.e r support to the o ri g ina l s i te a s s ignments . Figure 3 s hows the unan­

nealed and annealed IBM 1 1 B sp in-echo e s . 

II . Relaxation Times 

··;; 
The room . temp e r a ture 1 1 B  T va lue s f o r  the thr e e  s ample s  are lis ted in

1 

Tab l e  I ,  and a r e  longer than tho s e typi c a l ly found in ne two rk glasses s uch a s  

B2o3 . 1 5  Thus , nuc l e a r  dip o l e  co upling t o  p a rama gne t i c  centers does not app e a r

t o  b e  the dominant relaxa t i o n  mechani sm . Spin-lattice relaxation of quadru-

po l a r  nucl e i  in amo rphous ma t eri a l s  p r o ceeds p r imarily through the coup l ing o f
the nuclear quadrupole  mome nt to the exc itation spectrtim a s so ciated with.

two-leve1 - system (TLS ) d i s order modes . 15 The l op.g T 1 ' s of a - S.i : (H",B) . rriay b e 

re l a ted to a lower dens i ty of TLS . mo de s  in . comp a r i s on with ma terials su�h as

a-B2o3 ; a l t hough the results. of o ther techniques g ive dif;fe rir,ig result� for 

the dens i ty of TLS· mod e s in a - S i : H : 1 6 
Howeve r ,  the temp e ra ture and , freque::J.cy

d ependeirc e s  o f  11:B T1 in a - S i :  (:H ,.B }  would have to b e  d e t e rmi ned. in o rder to
dem on s t ra te thi s po in t c6nc lus i�ely : 

The l lB .,.. I 
� 2  s a r e  a l s o  l i s t e d  ·in Tab le L ' T2 repre s ents the · inve r s e

d ip o l a r  linewidth due to  mu t ua l ly resonant spins . Contributions to the e c�o

de cay from he teronuc l e i  s uch as 1H can be neglected" on the b a s is o f  1 1B N'HR
resul ts for mate ria ls with hi gher con c entra t i ons o f  hyd r o ge n . 1 7 Exp e r imenta l 

r e s u l ts � o r  t'ne -tandard s amn le 3B S · �A- S o· n c e  a g a in cnn be produc tivel�J� J. ::. � 2 3 I "' 2  3 l � -
emp l oye d . In the b o ro n - a r s e n i c - s ul f i d e  glass  i t  i s  rea s onab l e  to a s s ��e tha t
the b o ro n  i s  randomly d i s t r i b u t e d  on wha t would o th e rwi s e  b e  a r senic s i te s  i n  

The T 2  o f  1 3 0 0  p s e c  in 3B?S ·J · 7As ')s 3
1 0  

p rovides c l e a r  evide!::ce
- .J "-

tha t the mo re rap i d  T2 in the RCA samp l e  ( containing a s imilar concentration 

6 



of B )  r esults from s igni f i cant clus te ring o f  the b o ro n s tructura l units in the 

film . S imil a r  c onclus ions cau b e  d rawn for the I BM and the BNL s amples s ince 

their T2 values a re a l s o  too s ma l l  to r e s u l t  from a random d i stributi on of 

0 . 7  a t . %  b o ron . I t  s hould b e  no ted that , to within exp e rimental res o lution , 

the two separate components in the RCA s amp l e  have the s ame T2 . 
The T2 results a l s o  p l a ce l imits on the degree o f  bo ron clustering _in 

a-Si : (H ,B) . Ca l cula tions o f  the expected dip o l a r  c ontributi ons for small

boron-b o ron s epa rations s uch as o c cur in B-B b onds or B2116 mol e cules predict 

much more rapi d  T2 de cays than a re ob s e rve d . In addition ,  experimental 

obs e rvations in s o lid boron and bo ron c a rb i d e  yield values 18 for T2 whi ch are 

an o rder of magnitude sma ller than tha t whi ch is ob s erved in a - S i : (H , B) . Thus 
the mm meas urements s ugges t  that few B-B bonds o r  B2H6 mole cules exist in our

fi lms . The s e  conclus ions a �e cons is tent �7ith tho s e  drawn f rom infrared 
10. measu_rements o f  . Shen a nd Cardona . -' 
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RCA 1 0  
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* 

Table I 
1 1B inve rse linewidth 
T;:,·(µsec)  at v = 61 r1Hz2 0 

12 (broad)  
20 (narrow) 

23 

23 

5 . 8  
3 . 5  

4 . 0  

4 . 0  

ave rage value for bo th b road and narrow components 
--!-;-;; 

also contains 0 . 6% p

10 

(broad ) 350* 
(narrow) 

85 0 

800 

8 . 5* 

-15
-15



Fig . 1 .  

Fig . 2 .

Fig . 3 .

Figure Captions 

Spin- e cho s ignal to a) RCA at " =6 1 'MHz ; b )  IBt-1 at v =60 �.!Hz 0 0 

Invers e linewidth parameter r2�� versus . .N� frequency for s ep a rate

lineshape components . S tra i ght lines are drawn s imply as an aid in 

viewing the data p oints . 

The effec t  of annealing on the spin echo ( v  = 7 6  �friz) o f  the 0 . 7  at . %  
0 

Boron s ample ( IBM) . 

1 1  
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Append i x  C 

THE ANKEALING BEHAVIOR OF THE g=2 . 0026 ESR LINE IN a-SI : H  

W .  E .  CARLOS 

Nava l Res e a rch Lab o rato ry 
Wa shing ton , DC 20375

The ESR line a t  g=2 . 0026 is shown to b e  due t o  c a rbon incorporated i nto 
the a - S i  :H f i lm during the d ep o s ition proces s . Results fo r d i f f er ent 
f i lms , b o th doped and undoped , g ive s imilar r esults . The annea ling 
r e sults sugg e s t  that this r e s onance is due to a d angling b ond on a carbon 
atom . It i s  a l s o  s e en that contamination from vacuum pumps can g ive a 
s im i l a r  s igna l which can mask the S i  dangling b ond line . 

1 .  INTRODUCTION 

Electron Sp in . Res onance
. 

(ESR) has p roved to b e  a power ful too l for probing 

the d e f e ct s tructure o f  amo rp hous s emi conducto r s . 1 Although mos t  o f  the ESR 

w o rk in a - S i : H  has fo cuse d  on the t r iva lent $ i licon atom with a r e s onance : at 

g=2 . 0055 , a numbe r  o f  o ther c�nters have a ls o  been ob s e rved . Lines a t  g=2 . 0 13
a nd g=2 . 004 are ob s e rved in heavi ly b o ron dop e d  and heavily . phosphorous doped 

s amp l e s  respe ctively . Jhe s �  a r:e attributed to band
. 

t a i l  s ta·te s 2 or p o s s ib ly to

two f o l d  coordinated s il i con ·atoms . 3 In additi on , d e f e ct s  d·ue to impurities 

s uch as nitrogen , oxygen .and · trans i t ion meta l s  have · been ob s e rved . In
a - S i  C : H  films a s t rong r e s onance at g=2 . 0 0 3  i s  obs e rved and has b eenx 1 - x  
a ttributed t o  dangl ing bonds on . c a rb o n  a toms . 4 D e rs ch a n d  cowo rkers have 

reported a s imi l a r  l ine at g=2 . 002 8 5  and sp e cu l a t e d  tha t i.t could be due . to 

d e f e c t s  at int e rna l surfa c e s  but have rep o rted no detailed work on this l ine . 

Miller and Haneman6 have rep o r t e d  a s im.ilar line on various c rystals , incl u ding 

s il i con , whi ch we re crushed and anne a l e d  in va cuum . They a t tribute d  the res o ­

nance to c a rbon introduced b y  hydro carbon contam ina tion from the va cuum pump s . 

In the i r  work the res onanc e  d i s appe a r e d  upon exp os ure to a i r . 

2 .  EXPERIMENTAL TECHNIQUES 

Thre e  samp l e s  were u s e d  in thi s  s tudy . One , obt ained from the IBN Re search 

Cente r ,  conta ined 0 .  7 a t . %  boron in addition to - 1 0  a t . %  hyd rogen . Two other 

s amp l e s  we re ob tained from B r o o khaven Xationa l Lab o ratory (BNLl and BNL2 ) .  
Both o f  the s e  conta ine d � 1 0  a t . %  b o ron and 0 .  6 a t . %  pho sphorous . All three 

s amp l e s  w e re d ep o s ited onto hot s ubstrates (-27 0 ° C ) . Samp l e s  BNI.2 and IB�l were 

dep o s i te d  onto a l uminum s ub s t ra t e s  whi c h  w e r e  then r emoved us ing d i lute HC l . 

Samp l e  BNL l wa s depos i te d  onto a qua rtz s ub s trate and wa s l e f t  on the s ub s trate



during mea s urements . No s i gnifi cant s amDl e  to s amp l e  va riations were s ee n  in 

the s p e c i f i c  resul ts reported here . 
lfos t annea l s  were performed under vacuwn us ing a d iffus ion pump wi th a cold 

trap whi ch was cleaned p ri o r  to thes e  exp e riments and kept cold throughout the 

course o f  thi s  work to p revent contamina tion from p ump o i l s . In addition , s ome 

a nnea l s  were mad e  in a helium a tmosphere to aga in check for p o s s ible contamina ­

tion . Results for the two a nnealing p ro cedures were virtually ident i c a l  c on­

firming that the results were not due to s imp l e  c ontamination during the 

anneal ing p ro ce dure . .  

The ESR spectra were taken us ing a s tandcrd Varian spectrometer at resonant 

f re quencies o f  35 GHz and 9 .  3 GHz . nea surements were generally mad e  a t  room 

temp e ra ture a s  no change in the l ineshape y;as obs e rved on cooling to 77K .  

3 .  RESlJLTS 

The spectra before annealing and a fter two different a nnealing temp e ra tures 

a re shown in Fig . 1 .  The re a re two lines pres ent ; one at g=2 . 0055 due to 

s i l icon dangl ing bonds and a s econd sha rp e r  line a t  g=2 . 0026 whi ch is the 

p rima ry focus of this p ape r .  I t  should be noted that the small shifts in the 

s�p o s itions · o f _.t.he l ines a �e ·· du€! to �ha�ges in the resor:ant frequency · o f  the 

cavity and . no t  to- changes in . the g-values of the res onance� . It is s ee n  that 

· the �=2 . 0026 l ine is pres ent even before annealing but that i ts intens ity i s  

s i gnifi cantly increas e d  by anneal ing . 

1 2 . 4  1 2.5 
H(kG) 

I l 
1 2 . 6  

FIGURE 1 
The central p o rtion o f  the ESR s p e c t rum 
b efore annealing ·. and after a nnealing for 20 min . at the ind i cated t empe ra­
ture . The b road e r  l ine i s  at g=2 . 0055 
and the na rrow l ine , at �he h i gher 
field, is 2t g=2 . 0026 



In Fig , 2 the spectra at  resonant frequencies  o f  35 GHz and 9 .  3 GHz a:::-e 

comp a re d .  As ha s been shown by Ders ch and cm.;orkers , 5 the g=2 . 0055 l ine is  

inhomogeneous ly b roadened due to  a dis tribution in g-values and the refore  its  

linewid th is  p ropo rtional to frequency . The g=2 . 0026  l ine is  however b a s i c a l ly • 

a homogeneous ly b roadened line a nd henc e  its l inewidth is nearly independent o f  

resonant frequency . 

As s hown in Fig .  l �  

annealing temp e ra ture . 

intensity o f  this l ine 

the 

This 

as a 

i ntensity o f  this 1 ine is strongly affected by 

i s  s hown in d eta i l  i n  Fig . 3 which gives the 
function o f  annealing temperature . Extens i on of 

the low temperature portion of the curve to room temperature gives a good fit 
; 

with the before annea ling resul ts and yields an activation energy o f  about 

0 . 2  eV . On the high temp e rature s ide , the curve is much steeper and while  

there are too  few data to  determine whether the p ro c e s s  is act ivate d , a 

s traight l ine through the points gives  an a ctiva tion energy o f  about 2 eV . 

9 .3GHz 

9=2.0026 j ·,...,-

35GHz 
i.- 20kG � 

H -

F I GURE 2
The ESR spe ctrum o f  one samp l e  (IBM) a fte r annea l ing to 5 0 0 ° C  at  two dif­
ferent frequencie s . Note tha t the 
narrow line width is not a s trong 
function of frequency . 
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I
-1 

1 .6 

The intens i ty o f  the g=2 . 0026 line in 
BNL2 as  a fun ction o f  anneal ing temper-
ature . 

There a re severa l models  to cons i d e r  for  the g=2 . 0026 l ine . Two pos s ible 

intrin s i c  defec ts a re a negatively cha rged diva l ent s i l icon atom and a dangling 



b ond a t  an inte �na l s urfa c e . Howeve r ,  one would not e xp e c t  neither d e f e ct to 

y i e l d  a homog�neous ly broadened line s u ch as is s een h e r e . Furthermo re , this 

s ame d e f e c t  is s een in a - Ge : H , 7 c l e a rly ind i ca ting that this resonance l in e  is

due t o  an impurity a tom . 

The mo s t  obvious candidate 

charge films contain 1 0 1 9 to 

for this cent e r  is c a rbon . Typi c a l  g l ow dis-
20 10  c a rbon a toms per c c . 8 while the maximum 

s igna l s een by ESR i s  

mentioned p revi ous ly , 

been a s s ociated with 

1 7  on the o rder o f  5 x 1 0  centers p e r  c c . Furthe rmo re , a s  

a s im i l a r  line i s  s e en in a - S i  c 1 : H  alloys 4 a n d  has
x -x 

a dangling b ond on a c arbon atom . For atoms with small 
a tomi c numbe r  s uch as ca  rbon the spin-orb it coup l ing  , whi ch s hifts the g -va lue 

f rom the free e le ct ron va lue of 2 .  002 3  , is sma l l  , s o  it is diffi cult to dis­  

t i nguis h  one carbon center f rom another s o l e ly on the b a s  i s  of the g -va lue . 
From the work o f  Miller a_nd Haneman  , 6  i t  i s  s e en that a  s imil a r  res onance 

appears in s amp l e s  of c rushed materi a l s  he ated in va cuum  .  They a rgue tha t  the 

res  onance is due to hydro c a rb ons a d s o rbed on_ the mat e r i a l  a nd cra cke d during 

he ating . Howeve r ,  in the i r  wo r k the res  ona nce was not detectable a ft e r  expo­ 

sure to ai r ,  whi l e  in the p r e s e nt s tudy the s igna l is quite s table even a fter 
expo sure to a i r  for s everal days .. It therefore s eems rea s onable to conclude

that the carb on ha s b een incorpo ra ted into the bul k of the f ilm during depo s i ­
tion . From the annealing da ta i t  s e ems l ikely tha t a s  the s amp le i s  heated C-H · 

bonds a re b ro ken re l ea s ing hyd rogen and c reating p a ramagnetic centers . A
s imil a r  a c tivation ene rgy i s  s een fo r hydrogen evo lution from a -S i-H . � The 

sha rp d rop in the numb e r  o f  c enters would then b e  due to a re cons truction 

p r o c e s s  ta king p l a c e  b e f o re the s amp le actua l ly c rys ta l l i z e s  a t  about 6 0 0 °C .
As a f ina l note o f  caution i t  shoulc b e  po inted out tha t 2 s ignal s imi la r to 

this . is e a s ily induced in s amples s ea l ed in .a  tube or a nnealed in a poor 

va cuum . This is d ue to c ontamina tion , a s  in the case  o f  Mi l ler and Haneman , 6

and can lead to spurious e f f e c t s . As can b e  s e en in Fig . 2 ,  the g=2 . 0026 and
the g=2 . 0055 r e s onanc e s  a re not e a s i l y  d i s t inguished at 9 GHz .
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observed i n  heav i l y  boron - and p h o s p h o rus - doped fllms and a - S iC :  H a l l o_ys . These 
l i n es were attri buted to band ta i l  s ta te s  o n  two fo l d coord i na te d  s i l i co n . I n  
a - S i C : H  fi l ms ,  a s trong re sonance was attri buted to d a ng l i ng bond s  o n  c a rbon atoms . 
E S R  mea s u rements on l ow- pres s u re chemi ca l - va por-depo s i ted ( LP C V D ) a - S i : H  were 
perfo rmed o n  s ampl e s . The defect d e n s i ty i n  the b u l k of the f i l ms wa s 1 01 7/ c c  
wi th a factor of 3 i nc re a s e  at the s u rface of the sampl e .  T h e  E S R  s pectrum o f  
LPCVD- p repared f i l ms wa s n o t  a ffected by p rol onged expo s u re to s trong l i g h t . � i c ro ­
cry s ta l l i ne s i l i con s amp l e s  were a l s o  exam i ned .  The p h o s p horu s - do ped fi l ms s howed 
a s t ro n g  s i gna l from the c ry s ta l l i ne mater i a l  and no resonance from t he amorphous 
matr i x .  Th i s  s hows that phosphorus i s  i nco rpora ted i n  the c ry s ta l s and i s  a c t i ve 
a s  a dopan t .  No s i g n a l wa s recorded from the boro n - doped f i l ms .  
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