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Information on the local environment of dopants in compensated and singly doped amorphous Si

has been obtained using NMR spin-echo double-resonance spectroscopy, a technique that is very

sensitive to interatomic distance. It is found that there is a nonrandom local configuration around

the dopants in these materials. In the compensated samples, almost half of the boron atoms have a
phosphorus atom in the first-neighbor shell. This is higher than the value for a random distribution

and indicates that there is significant clustering of the dopants in compensated material. In addi-

tion, the hydrogen atom is not directly bonded to either of these dopants. For the singly doped ma-

terials, the H-dopant structure is similar to that of the compensated samples for the P-doped sam-

ples but different for the B-doped material. For these, almost half of the B atoms have a hydrogen
atom in the first-neighbor shell. This is to be contrasted with the P-doped samples where the H

atoms are in second- or further-neighbor shells. Aspects of this local structure of P and B in hydro-

genated amorphous Si are similar to those proposed for the dopant-H structures in hydrogen-

passivated crystalline Si.

I. INTRODUCTION

Local bonding structures of dopants in crystalline and
amorphous silicon are known to play a key role in deter-
mining the electrical properties of these semiconductors.
The pertinent parameters are as follows: The number of
neighbors (threefold or fourfold coordinated), the type of
neighbors (Si, dopant, hydrogen), the local order (random
or clustered), and the near-neighbor distances. The local
environment of dopants in crystalline silicon has been
determined to be fourfold coordinated substitutional sites
with a local distortion of the surrounding Si tetrahedron.
In contrast, the local environment in hydrogenated amor-
phous silicon (a-Si:H) is not known. ' The fact that the
doping eSciency is quite low suggests that the majority
of the dopants are threefold coordinated rather than
fourfold. A local structural probe, extended x-ray-
absorption fine-structure (EXAFS) spectroscopy, has
been used to study the dopant near-neighbor environ-
ment for arsenic-doped a-Si:H. It supports the idea that
the inactive dopants are threefold coordinated whereas
the active dopants are fourfold. However, the fact that
EXAFS is not sensitive to the light hydrogen atoms can
cause substantial uncertainty in the conclusions about the
local environment from these experiments.

Hydrogen most likely plays a significant role in deter-
mining the doping mechanism and eSciency, in addition
to the Si coordination. In crystalline Si, it is known that
hydrogen passivates acceptor and donor ' states. Al-
though the precise mechanisms of acceptor and donor
passivation have not, as yet, been settled, the various
models that are consistent with the available data involve
local bonding configurations with the hydrogen atom
near the dopant atoms.

In contrast to x-ray structural probes such as EXAFS

and diffraction, NMR is sensitive to hydrogen. In addi-
tion, double-resonance techniques exist that provide rela-
tive distance information. Here we describe the results of
NMR double-resonance experiments, namely, spin-echo
double resonance, which was used to probe the local envi-
ronment around the dopants in singly doped and com-
pensated a-Si (Refs. 9 and 10). These double-resonance
studies differ from single-resonance studies of the dopant
atoms themselves in that the double resonance yields
direct information on the relative location of a particular
pair of atoms spectroscopically selected by the two NMR
frequencies used. The single-resonance experiments must
contend with the contributions of all the atoms present in
the material. Nonetheless, significant structural informa-
tion can and has been obtained from these experiments.
For example, in p-type material, boron has been report-
ed"' to reside in two distinct sites: one consisting large-
ly of axially symmetric BSi3 structures and another con-
sisting of BHSi2 sites with the B-H distance somewhat re-
laxed. In the analysis of P NMR in n-type a-Si, the ma-
jority of P was found to reside in threefold coordinated
structures. ' ' For the fourfold coordinated P atoms,
spin-echo-decay data indicated that P is about 5 A from
hydrogenated surfaces.

In this paper, we report on the local structure of
dopants in hydrogenated amorphous silicon as deter-
mined by the N MR spin-echo double-resonance
(SEDOR) technique. Section II describes the SEDOR
technique used, and Sec. III presents the experimental de-
tails and single NMR results. Section IV presents the
SEDOR results both on known structural standards used
to calibrate the spectrometer and on the a-Si samples.
Section V discusses these data and contrasts them with
other NMR measurements. Section VI presents the con-
clusions.
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II. EXPERIMENTAL TECHNIQUE

NMR spin-echo double resonance' ' is a technique by
which one can selectively measure the size of the local
magnetic field produced by the nucleus of a specific

species, J, at the location of another species, I. As a re-

sult, this yields information on the relative spatial posi-
tion of I and J since the dipolar coupling varies rapidly
with distance as 1/r Standard single-resonance NMR
techniques measure the total local field at the site of the
resonating nucleus, due to all the other nuclear spins in

the sample via the NMR linewidth. For a multicom-

ponent sample, the individual component interactions are
not determined, only their sum. SEDOR, on the other
hand, measures only a selected portion of the local field.
The spectrometer can be tuned to select out a particular
pair of spins, I and J, and determine their pair interac-
tions separate from the other interactions in a multiele-
ment sample, i.e., independent of the I-I, I-K,
. . . , interactions. One thereby acquires information on
the relative spatial relationship of the I and J spins.

The SEDOR measurements are performed using a
standard spin-echo' pulse sequence (P, -r-P2) applied to
a receiver coil tuned to the I-spin resonance while also
applying a third pulse, P3, at another radio frequency to
a second NMR coil tuned to the J-spin resonance. The
I-spin echo occurs at a time ~ after the second pulse P2 or
at t = 2w after the first pulse P&. In the simplest case, P

&

is a 90' pulse that tips the I spins from their alignment
along the z axis, the direction of the external applied
magnetic field, Ko, down into the x-y plane, and P2 is a
180' pulse. We consider the case where the spin-lattice
relaxation time, T&, is infinite and so can be ignored.
This is a valid assumption in the systems studied here as
shown below in Sec. III. Following the 90' pulse, the I
spins precess in the x-y plane at the Larmor frequency,

s=yrKO wh~~e yr is the I-spin gyromagnetic ratio.
There is a spread of I-spin resonance frequencies, b,cpz,

due to the interactions with the other spins in the system,
due to a distribution in chemical shifts, and due to a
spread in the external applied field over the sample. This
width in resonance frequencies results in a width to the
NMR resonance signal and a corresponding dephasing of
the spins as they precess about the z axis at somewhat
different frequencies with a dephasing time of
Tz = I /b, co&. The signal induced in the receiver coil, the
free induction decay (FID), is proportional to the net
macroscopic nuclear moment and so decays with time
constant T2, i.e.,

If the pulse P3 is imperfect due to a distribution in rf field

strength over the sample, due to finite rise and fall times,
due to a deviation from 180', or due to having a frequen-
cy different from the J-spin resonance frequency, then the
change in the echo signal is reduced by a factor of a
which is ~1:

(2)bS(2~) =(Sp —S)/Sp =a[1 cos(—5codr)] .

The pulse width and frequency dependence of a goes as

a= Ajsin (Q~t~/2)(rof/QJ ),
with

(3)

QJ = [co, +(cp —Coj ) ] (4)

where co is the frequency of the applied J-spin pulse, co&

and t„are the amplitude in frequency units and pulse
width of the rf field applied to the J spins (rp, t =n. for a
180' pulse), and Az is the isotopic abundance of the
selected J spin. For a perfect 180' P3 pulse on resonance
and for AJ=1, a=1. For P3 far from the J-spin reso-
nance frequency, or for a 360 P3 pulse, a=0 and no
SEDOR destruction occurs. Values of a found in our ex-
periments were between 0.85 and 1. The small reduction
from 1 was due to imperfect pulses since the SEDOR
pulse was adjusted to be on resonance and to yield max-
imum destruction, i.e., cu, t =m..

Expressions (1) through (4) apply for identical I spins
coupled to a single J spin with J =

—,'. If the I spins are
coupled to NJ spins instead of just one, then the SEDOR
signal is given by

effects of T2, i.e., assume that it is infinite.
Consider an ensemble of identical I spins that are each

coupled to one J spin. For simplicity, take J=—,'. For
the double-resonance experiments an additional rf pulse,
P3, is applied simultaneously with P2, on a second coil at
the resonance frequency of the J spins, coJ. For a 180
pulse, the J spins are fiipped from pointing up (down)
along the z axis to pointing down (up). This produces a
modification of the local magnetic field seen by a nearby I
spin, resulting in a change in the precession frequency of
the affected I spins during the second ~ time interval. As
a result, all the I spins no longer rephase completely at
t=2r to form the echo signal. The extra phase is
58=5ro„r, where 5rpd represents the change in the dipo-
lar field due to the flip of the J spin. The echo amplitude,
S, is reduced by this phase factor

S ( 2T) =Spcos(5cdd T)

S(t)=Spexp( t/Tz ) . —
S =Sp g [ I —aj [1—cos(5cojr)]], (5)

This dephasing rate, 1/T2, consists of two parts, a homo-
geneous component, 1/T2, and an inhomogeneous part
due to a distribution of magnetic fields over the sample,
different chemical shifts, etc. As a result, I /Tz ~ I /Tz.
The portion of this decay due to the inhomogeneous
broadening of the line will refocus in the spin echo,
whereas the homogeneous decay is irreversible. So the
echo amplitude, which peaks at t =2~, will decay with
time as exp( —2r/T2), slower than the free-induction de-
cay of exp( —t/Tz). For the moment we ignore the

where the product is over the NJ I-J couplings with aj
given by Eq. (3) and

5' -y y A' (1—3cos 8. ) /r

for dipolar coupling. 8. is the angle between the vector
connecting I and J and the applied magnetic field, the z
axis. Here we ignore any indirect scalar or indirect dipo-
lar coupling which may be appropriate in many systems
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bcolJ =[ylyjfi /5](NJ/r ), (8)

where r is the distance between the I spin and the shell of
NJ J spins. If there are more than one shell of J spins
that are coupled to the I spin, then (NJ /r ) is replaced by

(QJ 1/r ), where the sum is over all the J spins located at
a distance r from the I spin. Equations (7) and (8) are
approximations to the more exact expressions of the pre-
vious paragraph but are rigorously equivalent to them in
the short-time limit, i.e., b~lJ~ && 1. In any case, the de-
cay of the signal amplitude with time is seen to be very
sensitive to the distance between the two participating
spin s.

Equations (1)—(8) assume that all the resonating I spins
are essentially equivalent as far as their coupling to the J
spins is concerned. If there are more than one ine-
quivalent site with significantly different environments,
such as I spins coupled to J-spin first neighbors and I
spins with no J-spin neighbors, then two or more expres-
sions of the type of Eq. (7) are appropriate. For the two-
environment case, Eq. (7) becomes

bS(2r)=(S0 —S)/SQ=a[1 —f, exp( —2bcolr )

—f~exp( —2b,cour )], (9)

where (f, +f,)=1 with f, and f2 being the fractions of
the I spins in environments 1 and 2 with coupling con-
stants hco, and Acoz, respectively. This is the expression
that will be used here to analyze the data in the amor-
phous materials where a large number of I-spin environ-
ments are expected but the signal-to-noise ratio obtain-
able does not warrant a more complex analysis. In this
case the two coupling constants are approximations to
the true situation. Nonetheless, due to the rapid distance
dependence of the SEDOR, the near-neighbor couplings
dominate the spectrum. This provides a substantial
reduction in the number of possible configurations. The
SEDOR is sensitive only to those configurations that are
different in their near-neighbor arrangement. Aco& can be
considered as due to first- or second-neighbor coupling
and Acoz as a mean coupling due to second and further

but appear to be insignificant for the systems studied
here. For a powder sample, Eqs. (5) and (6) must be aver-

aged over the powder distribution in 0-.
Equation (5) is unwieldy and can only be used to ex-

tract local structural information in simple cases. ' It is
convenient for the analysis here to use an approximation
to Eq. (15). Consider Eqs. (1) and (2) with a Gaussian
distribution in 6cod. Such a distribution is a reasonable

approximation for the systems studied here since there
will be a range of I-J couplings due to the powder average
in Eq. (6), due to a distribution in I-J spin configurations,
and so on. If we then average 5cod over a Gaussian distri-
bution in values, the resulting expression can be approxi-
mated by the relation

ES(2~)=(S0—S)/S0 =a[1—exp( —2bcolzr )], (7)

where hen&J is the second moment of the interaction be-
tween the I and J spins. The structural information is
contained in this coupling constant according to

neighbors. Equation (9) thereby provides a good repre-
sentation of the data with the major structural informa-
tion contained in the larger coupling constant, Ace&.

The preceding expressions were obtained under the as-
sumptions that T~ and T2 are infinite, i.e., much longer
than 1/5cod. This is true for T, , as will be discussed later
in Sec. III. However, it is not necessarily true for T2.
The T2 decay of the I spins themselves does not enter the
SEDOR decay since it only produces a change in the
echo intensity with r and is removed in the ratio of S(2r)
to S0(2r), the SEDOR signal. It will mainly effect the
range of ~ over which the SEDOR decay can be rnea-
sured with a reasonable signal-to-noise ratio, i.e., for ~ s

up to a couple of I-spin T2's. Beyond this point, the I-
spin echo is lost in the noise. The spin-spin coupling of
the J spin effects their orientation during the SEDOR
measurements. In simple terms, the J spin that is flipped
down by the 180' pulse does not stay down during the
SEDOR measurements. Rather it precesses in the field
due to the coupling to other J spins and can be flipped
back up. But since there is an ensemble of such interac-
tions, the major effect is to give a finite width to the J-
spin resonance. For the weak J-J coupling of the dopants
this presents no difficulty. However, the 0 spins are
more strongly coupled to one another due to their larger
magnetic moment and higher density, and so the dopant-
H SEDOR results could be effected. The J-spin pulse
amplitude has to be large enough to cover the entire J-
spin line, i.e., colJ & J-spin line width. Some of the
changes in the SEDOR decay due to a large J-spin width
will be accounted for by an increase in a since not all the
J spins will be flipped if the line is broad. The strongest
dopant-H coupling, hen&, is the least effected, and so we
will only draw conclusions based on it. The weaker
dopant-H coupling of Eq. (9), benz, represents some aver-

age that could be modified by the H-H coupling and so its
physical significance cannot easily by determined.

III. EXPERIMENTAL DETAILS

A. Experimental arrangement

The single NMR and SEDOR measurements were per-
formed on P- and/or B-doped a-Si:H as well as two
structural standards, BP and BPO4, which were used to
calibrate the SEDOR spectrometer. All the data were
taken at room temperature in a dc magnetic field of 74
ko for which the resonance frequencies are
co(P) /2~= 128 MHz, co(B)/2m. = 101 MHz, and
co(H)/27r=315 MHz. For the SEDOR measurements, a
standard spin-echo pulse sequence (P, 7. P2) was ap-— —
plied to a central receiver coil. The third pulse was ap-
plied at another radio frequency to a second coil in a
crossed-coil configuration. The central coil excites the I
spins at their resonance frequency to produce a rephasing
of these spins at a time 2~ from the initial rf pulse, P&.
The rephasing of the spins produces an echo signal of am-
plitude S0(2r) and is picked up by the same central coil.
A 90-~-180' pulse sequence was used for the nuclei that
were not affected by quadrupole interactions, i.e., phos-
phorus (I =

—,
' and, therefore, no quadrupole moment) and
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boron (I=—', ) in cubic environments. For B in the a-Si,

quadrupole interactions split the various spin levels. In
this case, the boron echo signal was maximized with a
quadrupole echo sequence, namely, a 90'-r-(45'-90')9Q se-

quence [(45'-90')9o denotes a pulse between 45' and 90',
inclusive, with a 90' phase shift]. A second echo pulse se-

quence is then applied with the addition of the third rf
pulse applied simultaneously with Pz, on the crossed coil
at the resonance frequency of the J spins. A 180' P3
pulse was used. The reduced echo amplitude, S(2r), was

then recorded and the ratio S(2r)/So(2r) calculated.
This ratio was measured as a function of ~ to give the
SEDOR decay. The I-spin pulse was large (co, /2n. =120
kHz) while the J-spin pulse was about 3 —4 times smaller

due to its larger crossed-coil volume. This was large
enough to cover the P line and suScient to cover most of
the H line.

B. Samples

All the a-Si samples were grown by glow discharge
from silane gas onto substrates heated to 230'C. 1% PH3
and/or 1% BzH6 dopant gases were added to the SiH4
gas. The plasma was produced by an rf excitation of
about 0.07 W/cm . The resulting amounts of B and P are
approximately 0.5 at. % for the singly doped samples and
2.0 at. % for the compensated samples as determined by
secondary ion microscopy and by the NMR signal inten-

sity, using BP as a standard. The amount of H, deter-
mined by NMR, is about 10 at. %. The pertinent NMR
results of the samples studied most extensively here are
listed in Table I. Similarly prepared samples were also
measured to verify the results but with fewer data points
and poorer signal-to-noise ratios. The discussion here
will emphasize these extensively studied samples and
reference to the other samples will be made only where
their results qualify the conclusions. Before discussing
the SEDOR results, we summarize the single resonance
data on the H and the dopants. '

C. Hydrogen %MR

The hydrogen NMR line widths obtained are typical of
undoped materials prepared in the same manner and
have been interpreted' as arising from a clustered
phase (broad line) and a dilute phase (narrow line). The
narrow line has a full width at half maximum (FWHM)

of about 3 kHz and contains about 3 at. % H. The broad
line has a FWHM of about 25 kHz and contains the
remainder of the H. No substantial difference in the H
content or distribution due to the doping is apparent, ex-
cept for a somewhat smaller fraction of the H contribut-
ing to the narrow line for the B-doped material (=2 at. %
versus a more typical value of 3 at. %). Other studies
have observed increases in the H content with dop-
ing, ' ' but this does not appear to be the case for these
samples where the other parameters that strongly effect
the H content, like substrate temperature and gas compo-
sition, were kept the same. Also, using multiple-quantum
NMR (Refs. 23 and 24), differences have been observed in
the H cluster size of the clustered phase as the dopant
level is changed, but these small changes are beyond the
sensitivity of the single-resonance technique used here.
In addition, the values of the H spin-lattice relaxation
time, T„are similar to those in the much-studied
undoped a-Si, and the relaxation process is due to the
presence of a small number of H2 molecules trapped in
voids in the material (about 1 —3% of the H) (Refs. 30
and 31).

D. Phosphorus NMR

The phosphorus spin-echo amplitude for both the com-
pensated and the n-type samples decays exponentially
with increasing ~ over more than an order of magnitude,
yielding a long T2 of approximately 1.1 msec. This long
T2 and single exponential behavior are both consistent
with a dilute-spin system. If the 2 at. % P of the compen-
sated sample is placed on a simple cubic lattice, then T2
can readily by estimated from the Van Vleck second mo-
ment of the line, bco, as I/Tz=(bco )'~ . For 2 at. %
P and the a-Si density, the mean spacing of the P is about
10 A, and the calculated T2 due to P-P dipolar interac-
tions is 4 msec. Such a calculation overestimates T2. A
spread in distances appropriate for amorphous systems
and a random rather than an ordered distribution will
substantially lower T2 due to its strong I/r distance
dependence. The measured value of 1.1 msec can, there-
fore, be consistent with P-P dipolar interactions and, in
fact, is in agreement with a calculation' using a random
distribution of P. The dipolar interactions with Si are
too weak to account for the observed T2. A similar
cubic-lattice estimate yields T2 (P- Si) =20 msec. H

TABLE I. Pertinent NMR results of the most extensively studied doped a-Si samples.

Sample

Compensated
a-Si:(H,B,P)

P-doped
a-Si:(H,P)

B-doped
a-Si:(H,B)

Dopant
conc.

(at. %)

2% P
2% 8

0.5% P

0.5% B

conc.
(at. %)

13

10

10

H Tl
(sec)

2.8

1.8

1.4

P Tl
(sec)

1100

90

B Tl
(sec)

143

P T2
(msec)

1.15

1.10
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could account for the measured value, but a previous
study involving the removal of H by annealing concluded
that P-P interactions dominated the P-echo decay. '

It is interesting to note that the same value of T2 is ob-
tained for the singly doped sample despite the fact that
the total phosphorus concentrations in the two samples
differ by a factor of 4. This fact may indicate that the
phosphorus resides in regions of the material where the P
concentration remains constant. Nonetheless, it is even
more interesting that P interactions alone can account for
the P T2, despite the fact that a much higher concentra-
tion of H is also present in the sample. Since P is dilute
and H has a large magnetic moment and is more concen-
trated, one would expect that the P-H dipolar interaction
should dominate the P T2. The fact that this is not the
case implies that the P resides in regions of the sample
where the H is dilute, possibly the dilute phase.

A previous study has observed 20% of the total P to be
fourfold coordinated P and exhibit a rapid echo decay
(T2 200 @sec) due to close association to H clusters. '3'4

Our echo results show no indication of such a large and
rapid decay. ' All of the P contributes to the echo since
the echo amplitude measured down to v =25 psec and ex-
trapolate to t =0 agrees with the FID amplitude. Al-
though the decay is not a perfect exponential, a corn-
ponent of order 20% with a different T2 is not present. It
appears, however, that this fourfold coordinated P is
metastable. ' It requires a dark anneal to be present and
can be eliminated by light soaking. Our samples were ex-
posed to light so that any metastable, fourfold P that
might be present is eliminated.

The phosphorus free-induction decay is significantly
faster (T2 =20 psec) than the echo decay indicating that
the primary source of resonance broadening is inhomo-
geneous in nature. It is most likely due to a distribution
of chemical shifts and chemical-shift anisotropy, both of
which refocus in the echo.

The spin lattice relaxation time (T&) of the phosphorus
is an order of magnitude larger for the compensated sarn-
ple (1100 sec) than for the n type sam-ple (90 sec). Such a
variation is expected if the dominant relaxation mecha-
nism is interactions with conduction electrons. The re-
cently observed' frequency dependence of T, indicates
that there is a component due to disorder modes.
The relaxation may then be due to a combination of con-
duction electrons and disorder modes. In any event, it is
weak and gives rise to very long T, 's, thereby making P
NMR measurements difficult.

E. Boron NMR

The boron echo decays for both the compensated and
p-type samples were fast and highly nonexponential, indi-
cating a substantial quadrupolar coupling. Also due to
the large linewidths, the B linewidth parameters were
determined using quadrupolar echos.

In the compensated sample, three resonance lines
could be distinguished in the echo spectrum: one very
broad line (FWHM & 120 kHz, Tz =3 @sec) due to half
the B, one moderately broad resonance (FWHM=27
kHz, T2 = 12 psec) accounting for one quarter of the sig-

nal, and an additional narrow line (&2 kHz, T2 & 180
@sec) due to —,

' of the B. The very fast decay could only
be recorded using a spin echo due to its short decay time
of 3 @sec compared with the longer time of 8 psec for the
receiver system to recover from the large overload of the
rf pulses. The value for the width of the very broad line
is a lower limit due to the limited spectral width (120
kHz) of the applied rf field. We can only give an upper
limit to the width of the narrow line due to signal-to-
noise limitations at times far from the echo peak. For the
p-type sample, the boron resonance exhibits two reso-
nance lines: one very broad line (FWHM & 220 kHz) cor-
responding to a very fast decay (1.2 @sec), similar to the 3
@sec decay in the compensated sample, and one
moderately broad line (FWHM=13 kHz, T2 =25 @sec).

The linewidth of the boron resonance in a-Si has been
shown" to be inversely proportional to the applied rnag-
netic field, indicating that second-order quadrupole in-
teraction is the primary source of line broadening. The
moderately broad lines in both samples compare well
with data from previous studies"' of a-Si:(H,B) and
borate minerals in threefold coordinated sites. As a re-
sult, the moderately broad lines can be identified as due
to threefold coordinated boron. The very broad line
arises from boron residing in regions of the material with
very large electric field gradients due to larger distortions
than for the threefold coordinated sites of the borate
minerals. One can only speculate that these may be due
to highly distorted BSi3 andlorBSi2H units.

The width of the narrow boron line, as seen only in the
compensated sample, is quite comparable to the linewidth
of tetrahedrally coordinated boron ( & 2 kHz) measured in
crystalline silicon. Thus we attribute this resonance to
fourfold coordinated boron atoms. This component cor-
responds to about —,

' of the 8 or 0.5 at. %. This is very
large considering the fact that the doping efficiency is
quite low in a-Si. However, the doping e5ciency in com-
pensated samples can be two orders of magnitude larger
than in singly doped material. But as will be seen later,
about half of the 8 have a P near neighbor. So these
fourfold coordinted 8 atoms, only observed in the com-
pensated material, most likely consist of 8 with three Si
and one P, i.e., BPSi3 units.

IV. SEDOR EXPERIMENTAL RESULTS

A. Structural standards

The 8 echos in BP and BPO4 were measured as a func-
tion of time, ~, while applying the double resonance pulse
to the P to obtain the SEDOR decay. The amplitude of
the 8 echos with a pulse spacing of ~ were measured at
t =2r both without, So(2r), and with, S(2r), the P3 de-
struction pulse. The ratio S(2r)/So(2r) was obtained for
a number of ~'s to give the SEDOR decay. A 8-P
SEDOR signal decay in BP is shown in Fig. 1. The nota-
tion that we will use in labeling these results is that the
first atom mentioned, the 8, is the I spin, the species
whose echo is observed. The second atom listed, the P, is
the J spin, the one Aipped to cause the I-spin decay. In
Fig. 1, the line through the data points represents a fit us-
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FIG. 1. B-P SEDOR decay for the structural standard BP.
The curve through the data points is a one Gaussian fit to the
data that yields the B-P first-neighbor environment in agree-
ment with the known structure. 670 700
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ing a single Gaussian of the form in Eq. (7). The obtained
B-P coupling constant is

(Au )' /2m=1. 64 kHz .

The 8-P spacing and number of near neighbors obtained
from this decay, using Eq. (8}, are within 4% of the
known structural parameters of the zinc-blende structure
of BP (1.96 A and 4 P neighbors}. If the 12 P third neigh-
bors at 4.94 A are added, little change in the fit is ob-
served, consistent with the strong distance dependence of
the SEDOR.

From Fig. 1, it is evident that S/So approaches 0.15
and not zero as v.~~. This provides a determination of
a=0.85. P has an isotopic abundance of 100%, and the
P pulse was optimized for this measurement, that is to
say, its frequency was adjusted to be on resonance and its
amplitude and width set for a 180' pulse. As a result, the
deviation of a from 1 is due to the known imperfections
in the SEDOR pulse, namely, inhomogeneities over the
sample and finite rise time, fall time, and width. This
provides a calibration of the spectrometer for the 8-P
SEDOR measurements. The tests using BPO4 provided
similar results. The determined 8-P coupling constant of

(b,a) )' 2m. =0.66 kHz
0

yields 4 8-P pairs with a spacing of 2.76 A, in agreement
with the known structure having a B-P spacing of 2.73 A.
For the 8-H SEDOR, BH&-NH& was used to test the
high-frequency (315 MHz} crossed coil for the H pulse
and to calibrate the spectrometer for these experiments.

8. Amorphous materials

For all the amorphous materials, the SEDOR pulse,
Pz, was applied at the hydrogen NMR frequency, giving
information on the B-H and P-H local structure. In addi-
tion, for the compensated material, the echo pulses were
applied at the 8 NMR frequency while P& was applied at
the P frequency, giving 8-P local structural information.
Due to the small number of dopant atoms in the samples,

FIG. 2. Spin echos for phosphorus in singly doped a-Si:(H,P).
The bottom trace shows the destruction in this echo amplitude
due to flipping the hydrogen atoms. The echo ~ is 350 @sec; 45
echos were averaged for these curves, and the t =0 of the time
axis is taken at the first pulse, P~, of the echo sequence.

the I-spin-echo signal has a poor signal-to-noise ratio.
As a result, averaging was employed and typically 100
echos were summed at each time ~ to get the SEDOR de-
cay. Representative P echos, both without and with the
P~ destruction pulse, are shown for a-Si:(H,P) in Fig. 2.
7 =350 @sec & T2/2=550 ysec and 45 averages were
used. The reduction in the echo amplitude due to P& is
evident. In addition, the 6nite signal-to-noise ratio that
limits the precision of the structural determination is ap-
parent.

1. Compensated sample

The SEDOR signal decay versus v for the B-P in a-
Si:(H,B,P) is shown in Fig. 3. The line through the data
points represents a Gt using two Gaussians of the form in
Eq. (9) and is discussed later. The other curves represent
the decays for three other structural models. In all these
model calculations, we used a =0.85, as determined
above. Curve A is the clustered case where all 8 atoms
are bonded to a P atom at a distance of 1.96 A appropri-
ate for BP. Curve 8 corresponds to an approximation for
a random distribution of the 8 and P atoms. This distri-
bution consists of 8% of the B having one P first neigh-
bor at 1.96 A. (8%=2 at. % times four first neighbors. )

This 8% of the total B echo, therefore, has a rapid
SEDOR decay. In addition, 24% of the 8 have a P in the
second-neighbor shells at about 3.5 A and have a slower
decay. And so on for the further neighbor 8-P pairs.
Only the first part of the decay is shown in Fig. 3. Curve
C corresponds to the maximum possible 8-P mean sepa-
ration of 8.6 A by placing the 2 at. % 8 and 2 at. % P
atoms in a CsC1-type structure. None of these models 6t
the data, although the data are between the fully
clustered and totally random cases. Of note here is the
rapid initial decay in the data, indicating, via Eq. (7), a
short 8-P distance in the compensated sample.
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FIG. 3. The B-P SEDOR decay for compensated a-Si. The
curve through the data points is a two Gaussian fit as described
in the text, with the results listed in Table II. Curve A is for a
totally clustered situation, i.e., each B bonded to a P. Curve B is
for a random distribution of B-P pairs, and Curve C is for a
CsC1 arrangement of the 2 at. % B and P. None of these three
situations is seen to reproduce the data.

This is confirmed by the two Gaussian fit to the data,
shown as the solid line through the data points. The two
inequivalent B sites that fit the data are 40%%uo of the B
with a B-P coupling constant of

(b,co[)' /2n =0.8 kHz

and the remainder of the B with a B-P coupling constant
of

(ba)2)'i /2n =65 Hz .

These coupling constants correspond, via Eq. (8), to 40%%uo

of the B with a P atom at 2.1 A and 60%%uo of the B with P
at a mean distance of about 3.8 A. These results are sum-
marized in Table II. The distances from the dopant, I-
spin atom to the nearest neighboring J-spin atom is given

by r, along with the associated percentage of dopant, I-
spin atoms and with this distance. The value r2 can be
interpreted as a characteristic distance derived from an
average value of the coupling constant for all other
dopant sites not included in r, . It is not necessarily to be
taken as a specific B-P distance for a second or third
neighbor. Rather it means that 60% of the B atoms have
P atoms further than 2. 1 A and closer to 3.8 A. Also
shown in Table II are the values expected if the bonding
were totally random and if the selected pair of atoms
were clustered, e.g. , all B bonded to a P. The first site in-
dicates that 40% of the B and P are clustered since their
B-P distance is close to that in BP. It should also be
mentioned that an a of 0.85 is found, consistent with that
determined from the BP standard.

Similar measurements were performed on this sample
flipping the H atoms instead of the P atoms. This B-H
SEDOR decay curve is shown in Fig. 4. Curve A is the
decay expected if all the B have a H atom bonded at 1.4
A. This value is one expected for direct B—H bonds in
a-Si since r(B—H) =1.2A and 1.4 A in B2H6 and r(Si-
H)=1.4 A. Curve 8 is the first part of the decay for a
random distribution with 34% of the B having a H first
neighbor at 1.4 A [34%%uo =4 neighbors X 13 at. %
H X (1—0. 13) ]. Neither of these curves follow the data
since a hydrogen atom in the first-neighbor shell of the B
causes too rapid a decay. From the data we see that no
significant fraction of the B atoms can have a H directly
bonded to them. The two Gaussian fit to the data, the
solid line through the data points in Fig. 4, confirms this.
The determined value of a is about 0.85. The results, list-
ed in Table II, show that the shortest distance consistent
with the data is 2.5 A, closer to a second-neighbor B-H
distance.

A third SEDOR measurement was performed on this
compensated sample, namely, a P-H SEDOR. The decay
of the P echo versus v due to flipping the H atoms is

TABLE II. Phosphorus and boron SEDOR results for compensated a-Si:(H,B,P) and samples singly
doped with P and B. The two-peak experimental results are shown, with Fract. being the fraction of

0
the atom pairs with the given distance. The uncertainties in the experimental results are about +0.3 A
in distance and 15% in the fraction of pairs at a given distance. For comparison, the expected near-
neighbor arrangements for a random distribution and for a clustered local environment are also given.
Both of these cases have the same distances.

Experiment
peak 1

Experiment
peak 2

Random and
clustered cases

Sample

a-Si:(H,B,P)
2 at. % P
2 at. % B

13 at. % H

a-Si:(H,P)
0.5 at. %%uoP
10 at. % H

a-Si:(H,B)
0.5 at. % B
10 at. % H

SEDOR
pair

B-P

B-H
P-H

P-H

B-H

0

(A)

2.1

2.5
2.6

2.6

1.6

Fract.
(%)

40

40
50

53

72
0

(A)

3.8

3.7
4.3

4.1

3.1

Fract.
(%)

60

60
50

47

(A)

1.96

= 1.4
1.42

1.42

= 1.4

Rand.
fract.

43
43

35

35

Clust.
fract.

100
100
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FIG. 4. The B-H SEDOR decay for compensated a-Si. The
curve through the data points is a two Gaussian fit as described
in the text, with the results listed in Table II. Curve A is for a
totally clustered situation, i.e., each B bonded to a H, and Curve
B is for a random distribution of B-H pairs. Neither of these
situations reproduces the data.

FIG. 6. The B-H SEDOR decay for p-type a-Si. The curve
through the data points is a two Gaussian fit as described in the
text, with the results listed in Table II. The rapid initial decay
indicates that a significant fraction of the B atoms have a H
atom at a short first-neighbor distance.

shown in Fig. 5. The solid line is a two Gaussian fit to
the data using Eq. (9), with a determined value of a= l.
The extracted distances are given in Table II, and the
conclusions are similar to those for 8-H: no significant
fraction of the P atoms have a H bonded directly to them
but rather half have an H at a distance comparable to a
second-neighbor spacing.

2. Singly doped samples

The SEDOR signal decay versus r for the P-H in a-
Si:(H,P) is similar to that for the compensated sample
shown in Fig. 5. The two inequivalent P sites that fit the
data are about 53% of the P with an H atom at 2.6 A and
the remainder of the P with H at a mean distance of
about 4.1 A. These results are listed in Table II. Again,
the H is not directly bonded to a measurable fraction of
the P but rather close to 53% have a H in roughly the
second-neighbor shell.

The dopant-H SEDOR of Figs. 4 and 5 is to be con-
trasted with the B-H SEDOR in singly doped a-Si:(H,B),
shown in Fig. 6. Unlike these other curves, Fig. 6 shows
a rapid initial decay, indicative of a short B-H distance.

1.0

P-H SEDOR
a-Si: (H,P,B}

C)
CfJ

CO

The two Gaussian fit, the solid line in the figure, yields
the distances in Table II. 40% of the 8 atoms have a H
atom at about 1.6 A, very close to typical 8-H distances
in boranes. The remainder of the 8 have H neighbors
further away at a mean distance of 3.1 A. These results
show that the H is bonded very close to about half of the
dopant atoms (very likely direct bonding) in p-doped a-Si
but not in n-doped or compensated material. It should be
mentioned that the precise fraction of the H that is bond-
ed to the 8 varies somewhat from sample to sample.
Another B-doped sample prepared under similar condi-
tions gave about 25% of the 8 with a H in the first-

neighbor shell, rather than 40%. Nonetheless, the basic
conclusions, namely, a significant fraction of the 8 having
a H in the first-neighbor shell, is confirmed.

Before concluding this section, we should mention the
tests performed on the analysis of the data using the ap-
proximation of Eq. (9). We analyzed a more rigorous
model appropriate for a random distribution of dopant
and hydrogen atoms. We approximated the local atomic
configuration around the dopant with that of crystalline
silicon, using the appropriate dopant-dopant and
dopant-hydrogen distances known from standards. The
probability that a certain atomic arrangement exists
within the first four shells was calculated using a random
distribution. We then calculated the expected SEDOR
decay as a superposition of effective decays associated
with each possible arrangement using a powder averaged
form of Eq. (5}. The results confirmed the analysis using
the simple expressions. These tests implied that the ap-
proximate expression, Eq. (9), provides an adequate
description of the data.

0 I

250
T

500 750
V. DISCUSSION

7 (psec)

FIG. 5. The P-H SEDOR decay for compensated a-Si. The
curve through the data points is a two Gaussian fit as described
in the text, with the results listed in Table II.

The single-resonance results on the P and B that are
pertinent to a discussion of the double-resonance results
are summarized as follows. The P dopants have a long
spin-echo-decay time T2=1.1 msec. From this plus the
fact that T2 is dominated by P-P interactions, it can be
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concluded that the P resides in regions of the sample
where the H is dilute. For the 8 singly doped samples, all
of the 8 signal occurs in moderately broad or very broad
lines. These quadrupole-interaction-broadened lines can
be identified as due to the threefold coordinated boron
with differing local distortions. In the compensated sam-
ple, there is an additional very narrow line containing
about 25% of the 8, or 0.5 at. %, that we attribute to
fourfold coordinated boron atoms. But for this compen-
sated sample, about half of the 8 have a P near neighbor.
So these four-fold coordinated 8 atoms, only observed in
the compensated material, may consist of 8 with three Si
and one P, i.e., BPSi3 units.

The essential SEDOR results are summarized in Table
II. The 8-P results for the compensated sample indicate
that B-P clustering occurs for about 40% of the boron.
The fact that this is well beyond the random value of 8%%uo

indicates that 8 and P have a chemical affinity for each
other in a-Si, a result which is substantiated by reports
that 8 and P dopant concentrations in compensated films
tend to equalize during growth even if the dopant-gas
concentrations in the plasma are quite different. Also
the fact that the 8 and P tend to cluster has implications
for the band structure and may give rise to neutral donor
states above the valence band that are observed in com-
pensated material.

From this SEDOR data, we may also expect to see a
heteronuclear broadening component of the P resonance
comparable to the measured 8-P SEDOR coupling of

(b,coi)' 2n. =0.8 kHz,

or, equivalently, T2 =200 psec. This interaction
(B—P)

should manifest itself as a short-time component of 200
psec in the P echo decay for 40% of the P signal, the
fraction of the P that are strongly coupled to the B.
There is no indication of such a short decay in the 1.1
msec P-echo decay. ' However, this shorter decay would
only be observable if those boron nuclei which are near
the phosphorus are also strongly coupled to the other bo-
ron atoms, that is, only if

1/T2 ~ 1/T2

But, the 8 is very dilute and experiences a large quadru-
pole interaction which tends to decouple the 8 dipolar in-
teraction. This quadrupolar decoupling essentially makes
1/T2, already small due to the dilution, even smaller.

(B—B)
In such a case, the 8-P coupling does not contribute to
the P echo decay. This is because the Hamiltonian that
describes this couplilng (5codI,J,) commutes with the rest
of the Harniltonian describing the other interactions. It
then cancels out of the expression for the echo signal.
When the B-B dipolar coupling is substantial, the B-P
coupling does not commute with the rest of the Hamil-
tonian and, as a result, does not drop out of the expres-
sion for the P-echo decay. This is not the case here due
to the quadrupole interaction and the large B-B separa-
tion.

Second, examine the P-H results for both the compen-
sated and singly doped n-type samples. A distance of 2.6
A for both samples is too large to be attributed to direct

H

FIG. 7. Schematic of the local bonding configurations for
about half the dopant sites that have hydrogen near neighbors
in the singly doped samples. For 8 the H is a first neighbor,
whereas for P the H is a second neighbor.

P—H bonding which is typically 1.4 A, similar to that of
Si—H. Neither the random nor the clustered case ap-
plies to P-H. One possible interpretation of these results
is that the hydrogen is back-bonded to a Si nearest neigh-
bor to a P. However, the determined P—H distance of
2.6 A would require an H-Si-P angle that is much smaller
than the tetrahedral angle. This structural arrangement
is shown schematically in Fig. 7.

This structure is similar to a proposal for passivated n-

type crystalline silicon. ' For this crystalline case, it is
found that the total-energy-minimum position for H is at
the antibonding site of a Si nearest neighbor for a substi-
tuional P atom. The direct bonding of H to a P has a
significantly higher total energy than the bonding to a
neighboring Si. The detailed structure of this model,
however, is different from that of Fig. 7 in that it has the
H in the Si antibonding site opposite the P atom. This
neighboring Si is bonded to three other Si s, the P, and
the H. With the H in this antibonding site, it is
significantly further from the P than for our model in
Fig. 7. The calculations found that the other three anti-
bonding sites that are closest to the P are less favorable
than this further site. The amorphous case, however, has
significantly more H, and the bulk of this H provides the
fourth bond to a Si that is threefold coordinated to other
Si. It ties up the Si dangling bond and is not thought to
provide a fifth bond to the Si. As a result, Fig. 7 is not
unreasonable for a-Si. The main point here, however, is
that the model for the crystalline case has the H bonded
to a Si neighbor to the P and not directly to the P, just as
our model for amorphous Si.

From our SEDOR data, we may also expect to see a
heteronuclear dipolar broadening component of the P
resonance comparable to the measured P-H SEDOR cou-
pling of

(b,co, )' 27r=1.2 kHz,

or, equivalently, T2 = 130 psec. However, as for the
(P —H)

B-P case discussed earlier, this broadening would be ob-
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servable only if those hydrogen nuclei which are in close
association with phosphorus are also strongly coupled to
other hydrogen atoms, that is, only if

1/T2 1/T2

This should be the case since the T2 of the narow hydro-
gen line is shorter (=100 psec) than the P-H coupling
(=130 p,sec). This interaction should manifest itself as a
short-time component consisting of about 50% of the P
echo with decay constant of 130@sec. There is no indica-
tion of such a short decay in the P-echo decay. ' These
factors imply that the hydrogen that is closely associated
with phosphorus nuclei (as indicated in the P-H SEDOR
data) must be isolated from the general H-spin reservoir
such that

1/T2 ((1/Ti

In such a case, the P-H coupling does not contribute to
the P echo decay. When the H-H coupling is turned on,
then the P-H coupling no longer drops out of the prob-
lem and does contribute to the P-echo decay. These facts
led us to search for such a narrow hydrogen resonance
line due to this H that is only coupled to neighboring P
and decoupled for the other H. None was found, due
most likely to the fact that, if present, it is masked by the
line broadening from a distribution in chemical shifts.
Nevertheless, these results support the ideas mentioned
earlier that the P atoms probably reside in the dilute H
phase and not in the clustered H phase.

Third, examine the B-H results. The data for the p-
type material indicates that 40% of the B atoms have a
hydrogen atom near neighbor located at a distance of 1.6
A. This is relatively close to the B-H bonding distance
found in B2H6 (1.4 A) and in good agreement with a

0
theoretically derived B-H distance (1.63 A) in crystalline
Si (Ref. 4). Thus the data would indicate that 40% of the
B atoms have a hydrogen atom as a near neighbor, shown
schematically in Fig. 7. This 40% is very close to the
random value. In contrast, the data for the compensated
material indicate that there is no short B-H distance and
neither the random nor clustered case apply. Possibly
the clustering of the B and P in the compensated material
prevents significant B-H bonding.

This structure is very close to proposals for the B-H

structure in passivated p-type crystalline silicon. ' For
this crystalline case, it is found that the total-energy-
minimum corresponds to the hydrogen residing in a re-
laxed interstitial site between the boron and a Si neigh-

0
bor. This provides a B-H distance of 1.63 A in good
agreement with our 1.6 A. The antibonding sites of B
and of Si were found to have a higher total energy. Un-
like the P-H local structure, the H is a first neighbor to
the B.

VI. SUMMARY

The distance between dopants and hydrogen in com-
pensated and singly doped a-Si has been determined using
NMR spin-echo double resonance. This is an NMR tech-
nique that is sensitive to the relative spatial relation of a
selected pair of atoms. It is found that there is a nonran-
dom local configuration around the dopants in these ma-
terials. In the compensated samples, about half of the bo-
ron atoms have a phosphorus in the first-neighbor shell.
This is much higher than the random value of 8% and in-
dicates that there is substantial clustering of the dopants
in compensated material. In addition, the location of hy-
drogen relative to the dopants has been studied. The hy-
drogen is not directly bonded to the dopants in the com-
pensated material. This implies that the H has a higher
chemical affinity for Si than for B and P or that the clus-
ter modifies the H bonding in compensated a-Si. For
singly doped a-Si, the H-dopant structure is similar for
the P-doped samples but different for the B-doped materi-
al. For the B-doped case, one-quarter to one-half of the
B atoms have a H in the first-neighbor shell at 1.6 A.
This is to be contrasted with the P-doped samples which
have no H at this short distance. The H atoms are
second or further neighbors to the P atoms and are, at
their closest distance, back-bonded to a Si first neighbor
to a P. This structure and, particularly, the dramatic
difference between B and P in a-Si is similar to that pro-
posed for hydrogen-passivated crystalline Si doped with
Por B.
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