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IMPURITY NMR. STUDY OF HEAVILY
PHOSPHORUS-DOPED SILICON

1. INTRODUCTION

1.1 Introduction
It is well known that in heavily-doped semiconductors, donors or acceptors interact
to form impurity bands which dominate transport properties at very low temperatures.
The electronic levels in impurity bands are separate from those at the conduction and

valence band edges. Whether these states are localized or itinerant depends on whether
or not the impurity concentration, na, exceeds a certain critical concentration, 71/4 at which

the metal-insulator transition (MIT) occurs.
The impurity band and low-temperature MIT have been extensively studied,

especially in the phosphorus-doped silicon (Si:P) donor system, by a wide variety of
experimental techniques, many of which will be discussed in the literature review
(section 1.4) below. Included amongst these are nuclear magnetic resonance (NMR)
studies of both the host lattice and impurity species. Since the local field at an impurity
nucleus is sensitive to its immediate surroundings, NMR of impurity nuclei is a powerful

probe of the local electronic structure and spin dynamics of the impurity site. It has been
applied successfully to both 31P and 11B impurities in silicon for doping concentrations in

excess of 1018 impurities/cm3 at liquid helium temperatures (Sundfors and Holcomb,

1964; Alloul and Dellouve, 1987). However, little is known of the microscopic
properties of impurity bands over wide ranges of temperature, including the important
region close to room temperature where semiconducting devices are fabricated and

operated. Studies of dilute nuclear species are difficult at higher temperatures because of
the 1/T temperature dependence of the nuclear spin polarization and the resulting

decrease in signal-to-noise ratio. With the development of highly automated
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spectrometers which allow extensive signal averaging, and high-field superconducting
magnets, measurements of dilute species at high temperatures have become feasible.

The present work is an extension of the study of Scott Fuller (1994) of the acceptor

band in heavily-doped Si:B to the more widely studied Si:P donor system. NMR data are
reported for both the host and impurity nuclei between 100 and 500 K for concentrations
as low as 4 x 1018 P /cm3. The data yield values of the hyperfine couplings for the donor

and silicon states for these doping concentrations. The impurity spin-lattice relaxation
times reveal a dramatic change in the impurity spin dynamics with concentration as the

MIT is approached. Furthermore, it appears that the influence of weakly localized donor
states extends to concentration ranges well above nc.

The remainder of this chapter is devoted to the theory of semiconductors and the

MIT, followed by a summary of previous work on this topic. Chapter 2 describes the
basic NMR theory and chapter 3 the experimental apparatus. Some other experimental
techniques that were used are introduced in chapter 4. The data is reported in chapter 5
and chapter 6 follows with a discussion of the results. The final chapter contains my
conclusions and some closing remarks.

1.2 Semiconductor Theory
Silicon crystallizes in the diamond structure. Every silicon atom has four valence
electrons (s2p2) and is tetrahedrally bonded to four nearest neighbors. The lattice spacing,

a, is 5.43072 A. The structure is the result of covalent, tetrahedral bonding of spa
orbitals. The room temperature energy gap, Eg, is 1.107 eV.
A group five element such as phosphorus has atomic configuration s2p3. When it is

substituted for the host element in crystalline silicon, four of the valence electrons go into
the chemical bonding and the fifth sees a singly charged ion screened by the large

dielectric constant, ic of silicon which is 11.4. Neglecting the short-range part of the
potential yields the effective-mass approximation in which the electronic wavefunction is
expressed as:

vi(r) = 0 ko (F),r(F)
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In the above expression,

is the Bloch wavefunction at the conduction band minimum

(k = ko) of the host semiconductor and z is an envelope function which satisfies a
hydrogenic wave equation:

f:-z(F) = Ex(F) .

(1.2)

Here E(k) is the conduction-band energy in the vicinity of the wavevector, k.
Silicon has six equivalent conduction band minima along the [100] directions,

roughly 85% of the way to the Brillouin zone boundary. Since the conduction band mass
for silicon is anisotropic, the is ground state wavefunction no longer has the spherically
symmetric exponential form exp(- r /a *), in which a* is the Bohr radius. It is well
represented by the variational form of Kohn and Luttinger (1955):
y2

x2

X(r)

b2

a2

(1.3)

x, y, and z are the components of the position vector along the minor and major axes of
the mass tensor and a and b are variational parameters, often referred to as the transverse

and longitudinal radii of the wavefunction. It follows from Eq. (1.3) that the constant
energy surfaces represent ellipsoids of revolution around [100]. Choosing the z-axis
along [100] yields for the energy near a [100] extremum
n2

E(k) =

h2

(kz k0)2

"(kx2 k2)

2m

(1.4)

The longitudinal (ml) and transverse (ma effective masses for silicon are (Sze, 1981)
0.98mo and 0.19mo , respectively; mo is the free-electron mass. ko in silicon is 0.85 (27rIa)

in the [100] direction.

The energy eigenvalues are, of course, the same for all equivalent extrema.

However, the 6-fold degeneracy is partially lifted because of corrections to the effective-

mass approximation. This is due to the fact that at small r the potential cannot be
described by the form used in Eq. (1.2), since the macroscopic dielectric constant is

meaningless at short distances. An additional short-range potential is introduced for
which the matrix elements between two plane waves do not decay with the wavevector k,
but remain finite at large k. These matrix elements connect wavefunctions belonging to
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different extrema. The result is a splitting of the impurity states, which were degenerate
within the effective-mass approximation, as well as a shift of the energy levels, which is

usually called the.chemical shift. In silicon the 6-fold degenerate ground state is split into
one singlet, one doublet, and one triplet state, with ionization energies 45.5 meV, 33.9
meV, and 32.6 meV, respectively.

The effective-mass radii in silicon are a 24 A and b

14 A, so that the outer

electron of the shallow donor moves with a large effective Bohr radius ( 20 A), which
encompasses many lattice sites. This makes the discreteness of the positions for a
substitutional impurity unimportant in describing the interaction between neighboring
donors and one may assume that the impurities are randomly distributed in a continuum.

In Si:P the nearest neighbor distance of the host lattice is 2.35 A. Therefore, the donor
electron is weakly bound to the donor center and located far from it on the average.

1.3 Metal-Insulator Transition
Experimentally, this transition manifests itself in the fact that the activation-type
temperature dependence of the conductivity characteristic of lightly doped

semiconductors, is replaced by a weaker temperature dependence. As T-3 0 the
conductivity does not vanish but tends to a finite limit. Since the conductivity of doped
semiconductors is much lower than that of ordinary metals, the term "metallic" reflects

only the finite limit of conductivity as T> 0.
At low donor concentrations, nd, there is negligible overlap of the hydrogenic

wavefunctions of the donor electrons. This means that the average separation between
impurities much exceeds the characteristic wavefunction size. The electrons are then

localized and the material is an insulator at T= 0. At high concentrations when the
overlap is large compared to the on-site electron-electron repulsions, the electrons

become itinerant and the material behaves as a metal. The transition from the insulating
to metallic state, that is, from activated to metallic conduction, occurs at a critical
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concentration, n when the average spacing between the impurities, 71i1/3, is about four

times the Bohr radius. This led Mott to the following universal scaling form:

nc/3a*

025

(1.5)

which has been confirmed in systems with nc varying over 9 orders of magnitude. For
Si:P the metal-insulator transition occurs at nc = 3.74 x 1018 P/cm3.

Another view of the transition, due to Anderson, involves localization due to

random one-electron potentials seen by the electrons. For low donor concentrations the
energy spread in the random potentials of the disordered system is large compared to the

energy bandwidth and the electronic states of the system are localized. At higher
concentrations, extended states appear, separated in energy from the localized states by a

mobility edge, Ec. Within this framework, the MIT occurs when the addition of electrons
pushes the Fermi level through Ec from the localized to the extended side at no.

Three main competing theories attempt to describe the features of disordered

systems near the MIT. Mott (1972) proposed that the zero temperature electrical
conductivity, o(0), decreases continuously with nd until a minimum value of
conductivity, o-m, is reached. Further reduction of na causes o(0) to drop discontinuously

to zero (Fig. 1.1(a)). Mott's theory is based on the criterion that in a metallic state the
electronic mean free path cannot be less than the inter-donor spacing.
Cohen and co-workers (Webman et al., 1975) viewed the MIT as classical

percolation of metallic regions in an insulating medium (Fig. 1.1(b)). This implies a soft
onset o(0) oc (nd - nc)` with t

1.8. There is not much experimental support for this

picture.

Scaling theories of localization for non-interacting electrons in disordered systems
(Abrahams et al., 1979) put the MIT in the context of the general theory of phase

transitions. Then o(0) has a continuous, but critical, onset given by

a(0) = o-o(-4-n 1)

,

nc

where oo

(1.6)

am and v is estimated to be unity (Fig. 1.1(c)). A corresponding critical

divergence is predicted in the dielectric constant as nd is raised to ?lc on the insulating side
of the transition.
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Mott

Percolation

a (0)

o-(0)

Non-interacting
Scaling theory

a (0)

o

at

>
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nd
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(c)

Figure 1.1 Illustration of various proposed theories for the
onset of conductivity: (a) Mott, (b) classical percolation,
and (c) scaling theory.

On the insulating side of the transition electronic conduction seems to proceed by

electrons hopping from one localized state to a neighboring state. Using this model
yields, however, unexpectedly large values for the characteristic length. For example,
Rosenbaum et al. (1980) observe rapid temperature dependence of the dc electrical
conductivity in Si:P with nd 3.7 x 1018 P/cm3. Rapid temperature dependence is

characteristic of activation-type conductivity on the insulating side of the MIT. The data
indicate characteristic electronic lengths of the order of 104 times the donor Bohr radius
which the authors attribute to hopping of barely localized electrons.
Thomas, Ootuka, Kobayashi, and Sasaki (1981) measured the low-temperature

conductivity and specific heat, C, in well-characterized samples of Si:P. The density of
states is determined from the slope of C/T versus T 2 and varies continuously through the

MIT. However, the conductivity, in the limit as T> 0, varies more rapidly than the
density of states for nd near no. This is attributed to rapid variation of the matrix element

in the expression for o(0).
In 1982 it was realized (Paalanen et al.) that nd could be varied continuously

through the MIT by applying uniaxial stress to a Si:P sample with nd just below nc. A
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sharp but continuous MIT is observed with v-- 0.49 in Eq. (1.6). This value is smaller by
about a factor of two than that predicted by existing scaling theories of localization.

In a follow-up study Rosenbaum et al. (1983) observed metallic-like behavior, that
is, a resistivity that decreases with decreasing T and is finite at T = 0, in a sample with nd
7 x 1018 P/cm3. Samples with nd 3.84 x 1018 P/cm3 and lower are insulator-like in

their temperature dependence. Near n, a small change in nd has a large effect on the

temperature dependence of the resistivity, especially at low temperatures. They find v
0.55 and no evidence of a minimum conductivity, am, near the MIT. From the small
value of v, the large value of ao ( 13o-m), and the temperature- and magnetic field
dependence of the conductivity, the authors conclude that Coulomb interaction effects are

important. It has been noted in Ge:Sb (Thomas et al., 1982) that samples with larger
compensation behave in a manner which increasingly approaches the behavior predicted

by the scaling theory of localization. This supports the claim that the rapid concentration
dependence of uncompensated Si:P is due to Coulomb interaction effects.
Conductivity measurements (Shafarman and Castner, 1986) of barely insulating

uncompensated Si:As samples yield results consistent with Mott's variable-range

hopping theory in the temperature range between 0.15 and 10 K. This is presented as
evidence that electron-electron interactions may be neglected. Within 7% of nc, the

exponent vin Eq. (1.6) is approximately unity. However, further from nc the dependence
on (ndln, - 1) is much stronger. The authors speculate that this may be due to the higher
temperature range of these experiments so that electrons are excited to states above the

Fermi level, but below the mobility edge. Thus empty sites are produced in the
immediate vicinity of the Fermi level by thermal excitation. This yields an increase of
random scattering centers in the system, reducing the relative role of electron-electron
interactions.
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1.4 Literature Review
The Si:P donor system has been studied extensively at low temperatures using a

variety of experimental techniques including NMR, electron spin resonance (ESR), and
static susceptibility measurements, in order to gain an understanding of the electron

wavefunction and its transport properties.
Some of the earliest work was that of Fletcher, Yager, Pearson, and Merritt (1954)

who observed a splitting of the ESR line at 4.2 K. For antimony-doped silicon (Si:Sb)
fourteen lines were observed. Eight of these are attributed to 123Sb
other six to 121Sb

= 7/2), and the

= 5/2). For arsenic-doped silicon (k = 3/2) four lines were observed

and 2 lines in the case of phosphorus-doped silicon (k = 1/2). These are interpreted as
resulting from the hyperfine interaction of the unpaired donor electron localized near the

impurity with the donor nucleus. The hyperfine splitting for phosphorus-doped silicon is
42 Oe, measured in a sample with nd =1017 P/cm3. The splitting is independent of
doping concentration as long as nd is sufficiently small.
For doping concentrations in excess of 1018 P/cm3 no splitting was observed, but

rather a single line is observed with a linewidth of about 3 Oe. Although the doping
concentration is still below that at which the MIT occurs, the tails of the impurity

wavefunctions begin to overlap. The result is an exchange interaction between
neighboring localized electrons causing electron spins to flip. Since electrons are
identical and indistinguishable, a given electron is, essentially, able to move from one

donor site to another or, equivalently, exchange its spin. As a result the electron
sometimes sees a phosphorus nucleus with spin up and sometimes with spin down. On
average, the electron experiences a vanishing hyperfine coupling. This is called
exchange narrowing of the ESR line.
As the doping concentration is increased above the MIT, the electron orbits overlap

to such an extent that the electrons become delocalized. The effect is the same as that
described above so that local hyperfine fields average out resulting in a single ESR line

(Feher, 1963).
Kohn and Luttinger (1955) interpreted the hyperfine splitting in phosphorus-doped

silicon as resulting from electrons in donor states. They computed v2(0) for donor
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wavefunctions with ionization energies of 0.04 to 0.05 eV as has been measured for
phosphorus in silicon. Agreement with the experimental values is better than could be
expected from the uncertainty of their calculation.

Feher (1959) performed electron-nuclear double resonance (ENDOR)
measurements on Si:P with a doping concentration of 1.5 x 1016 P/cm3 at 1.25 K. By

identifying the various lines in the ENDOR spectrum he was able to determine values for
the hyperfine coupling between the unpaired impurity electron and the magnetic moment
of the host silicon at various lattice sites. He observed a minimum in the ESR linewidth
at the critical concentration, nc. At doping concentrations below this, but still high
enough for no hyperfine splitting to occur, the author suggests that the local hyperfine

field is averaged out less effectively due to slower electron motion. At concentrations
above ?lc more collisions occur which again lead to broadening.

In a second paper Feher and Gere (1959) investigated the electron spin relaxation
processes that occur in phosphorus-doped silicon with nd = 7 x 1015 P/cm3. They

conclude that the electron relaxation time, 7' due to processes with Arns = ±1 (m, is the
spin quantum number for the electron), dominates at low temperature. For temperatures
between 1.25 and 2 K, 1/T, is proportional to T, whereas it is proportional to 7'7 between

3 and 4.2 K. Compensating with boron shortens the relaxation time, 7',. This is
explained in terms of acceptors, which empty an equal number of donor states, allowing a

`hopping' of electrons from occupied to unoccupied donor states. The result is an
impurity conduction process as described by Mott (1956).

In 1969, Hale and Mieher extended the work of Feher to obtain the hyperfine

interactions of silicon lattice nuclei in approximately 20 shells with the ground-state
electron in phosphorus-, arsenic-, and antimony-doped silicon. The study was performed
at liquid helium temperatures using ENDOR. Attempts to match their experimental
results to the existing theory of the Fermi contact interaction by Kohn and Luttinger were
essentially unsuccessful (Hale and Mieher, 1969b).

Sundfors and Holcomb (1964) studied extensively the metallic transition in doped

silicon using NMR. They report values for nuclear spin-lattice relaxation times, Tl, the
free-induction decay time, T2*, the Knight shift, K, and lineshapes for both 31P and 29Si in

Si:P and for 11B and 29Si in Si:B. The Knight shift refers to a shift of the NMR resonance
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frequency relative to that of the same nucleus in a standard reference sample. This results
from an increase in the local magnetic field at the nucleus due to hyperfine interactions
between the nucleus and conduction electrons.
Silicon Ti's were measured at 1.6 K, 4.2 K, 20 K, 78 K, and 300 K for doping

concentrations in the semiconducting, transition and metallic regions. Boron and
phosphorus signals were measured at temperatures in the liquid helium range for nd in
excess of 1019 impurities/cm3 only. The Si:P data is the most relevant to the present
study.

In the metallic region, silicon Ti's are proportional to 1/T and nd-213 , respectively.

This is characteristic of nuclei that are relaxed by the Fermi contact hyperfine interaction

with conduction electrons and for which the density of states is parabolic, such as for selectrons. The inverse temperature dependence holds for samples in the transition region

too, but not the concentration dependence. The silicon Knight shift is proportional to
nd1/3 in the metallic region; a slower dependence holds in the transition region and K

vanishes in the semiconducting region. The linewidth is constant in the semiconducting

region. Broadening occurs in the transition and metallic regions and is attributed to a
distribution of Knight shifts.

For phosphorus nuclei short Ti's and large Knight shifts were observed. This is
attributed to a larger Fermi contact hyperfine interaction at 31P nuclei than at 295i nuclei.
31P linewidths are roughly 100 times larger than the expected dipolar width. The

linewidths are proportional to the applied magnetic field strength as would be the case for
a distribution of Knight shifts. The broadening is, therefore, inhomogeneous.
Based on these observations, the authors conclude that for Si:P with nd > 3 x 1019
P/cm3, the dominant interaction is the contact hyperfine interaction between nuclear spins

and mobile electrons. The silicon Ti's and Knight shift obey the Korringa relation in the
metallic region implying that the non-contact part of the hyperfine interaction is small
and that the donor wavefunction is largely s-like. The Korringa relation, which will be
discussed in greater detail in chapter 2, refers to the property that 1/(T1T) cc K 2. The

result is derived for metals and is based on the assumption that the principal mechanism
giving rise to both the Knight shift and nuclear spin-lattice relaxation is a hyperfine
coupling between the nucleus and s-state conduction electrons.
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For Si:B, however, the hole wavefunction has less s-character. The authors suggest
the possibility that the boron impurities form clusters in the metallic region whereas the
phosphorus impurities are randomly distributed.
Quirt and Marko (1973) performed ESR on Si:P powders with nd > 1019 P/cm3 at

temperatures of 1.1, 4.2, and 77 K. They observe that the electronic spin susceptibility,
zes, as a function of doping concentration becomes temperature dependent below ?id

4x

1019 P/cm3. This non-Pauli contribution to the susceptibility follows a roughly Curie-

Weiss law and is characteristic of 'impurity-banded' samples, that is, samples in which
the impurity band is well-defined with a width of the order of or less than kT. Donor
electrons then remain weakly localized in the impurity band and obey Maxwell-

Boltzmann statistics as opposed to the Fermi-Dirac statistics of delocalized, degenerate
electrons. The temperature-dependent contribution to the susceptibility vanishes at nd

4

x 1019 P/cm3. This suggests that local magnetic moments persist into the disordered

metallic phase and dominate the low-temperature thermodynamic properties. These
results seem to support the proposition of Alexander and Holcomb (1968) that the Fermi
level enters the host conduction band only at a doping concentration nd 2 x 1019 P/cm3.

Furthermore, Quirt and Marko find that although the linewidth is only wealdy
concentration dependent for nd < 2 x 1019 P/cm3, it becomes sharply concentration

dependent for larger values of nd. The linewidth decreases with decreasing temperature.
The authors conclude that the measured values of z: for nd

4 x 1019 P/cm3 are

within the experimental uncertainty of those predicted on the basis of a rigid-band model,

in which all the unpaired donor electrons are assumed to exist in silicon conduction band
states. However, a non-Pauli component of the magnetism persists for nd at least as high
as 4 x 1019 P/cm3.

This large enhancement of z: at low temperatures on the metallic side of the MIT
has been confirmed by various independent ESR measurements (Ikehata and Kobayashi,

1985; Paalanen et al, 1986). The enhancement of z: is accompanied by a sharp increase
of the ESR linewidth at low temperatures (Paalanen et al., 1986). The authors argue that
these effects are due to the enhancement of spin fluctuations and the accompanying
slowing down of spin diffusion near the MIT.
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Jerome et al. (1985) detected, using a double-resonance technique, a broad shifted
31P NMR signal in a 2.5 x 1018 P /cm3 sample.

New and Castner (1984) performed ESR measurements on Si:P and Si:As samples
with nd between 3 x 1016 and 9 x 1017 P/cm3 at 9.5 GHz for temperatures between 1.4 and

16 K. The ratio of the integrated intensity of the outer lines of the Si:P ESR spectrum to
the total integrated intensity of the spectrum obeys Poisson statistics, from which the
authors conclude that the characteristic volume, Vc, for cluster formation is
approximately 8.2 x 106 A3. Very weak bumps were observed at H0 ± 5A/6, in which A is

the hyperfine splitting ( 42 Oe). This corresponds to an allowed transition for donor
triad states, that is, a cluster of three electrons, and is presented as evidence for the
existence of such states.
Some of the most important recent work is that of Alloul and Dellouve (1987) who
studied Si:P using 31P NMR at 4.2 and 1.65 K in order to ascertain whether this

enhancement of z: at low temperatures is due to a large density of excitations in a highly
correlated gas or due to a spin localization. The Knight shift of the observed 31P NMR

signal is almost temperature-independent at these temperatures and the spin-lattice
relaxation rates, T1-1, measured at various frequencies along the NMR spectrum, satisfy

the Korringa relation. This behavior is characteristic of a Pauli electron gas. However,
the relative phosphorus NMR signal intensity per phosphorus atom decreases steadily
with decreasing doping concentration. The average 31P Knight shift, (K), increases with
decreasing nd and reaches a maximum for nd
nd

1.1n, whereafter it decreases abruptly for

1.1nc.

The authors conclude that the 31P sites that they observe are metallic. The
remainder become localized as the temperature is lowered and are, therefore, essentially

wiped out of the observed spectrum. This is the result of slower fluctuating hyperfine
fields at localized sites causing rapid spin-lattice relaxation and very large resonance
shifts. The temperature-dependent part of the spin susceptibility is then associated with
the nuclei wiped out of the 31P detected NMR, that is, with the localized sites. These

results imply an inhomogeneous description of the magnetization already on the metallic
side of the MIT. The authors argue that the existence of a single narrow ESR line above
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nc. is not proof of a homogeneous electron gas, but rather that a localized magnetization

appears which becomes more important as nd is decreased. The enhancement of silicon
spin-lattice relaxation rates at low temperatures (Kobayashi et a/, 1978; Paalanen et al,
1985) is an indication that even at 4.2 K the silicon nuclei are largely influenced by the
localized part of the magnetization.
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2. NMR THEORY

2.1 Nuclear Magnetic Resonance
The basis ofNMR is the fact that radiofrequency signals can be used to measure
resonant properties of nuclei in magnetic fields.

A nucleus with angular momentum, I, and gyromagnetic ratio, 7, has magnetic
moment

= y fil. The magnetic moment interacts with an applied magnetic field, ho,

according to the nuclear Zeeman interaction

(2.1)

130'

Assuming f3c, is parallel to the z-direction, the nuclear state splits into (2/+1) sublevels
with energies

E(mI)= y nhiniBo,
where mr runs from I to +I in integer steps. In thermal equilibrium the substates are
occupied with probabilities given by the Boltzmann distribution so that the nuclear spin
has a thermal average value
hmi exp(y nhmi.B0 / kT)

neiu +1)
3kT

exp(ynhnliBo / kT)

Bo

(2.2)

In obtaining the above result it was assumed that I -mfrool « kr. For the 8 T magnet
and phosphorus nuclei, y 100 = kT at 0.007K (the relation is satisfied at lower T for
silicon nuclei) so that the above approximation is well satisfied at temperatures above 1K.

The magnetization, defined by Mo = Ny h(Iz), is then, for a system in thermal
equilibrium, given by
0

zin

Po

with

Ny2h2AI

3kT

(2.3)

B--

0,

+1)
Po

(2.4)
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Nis the density of nuclear spins, f, is the nuclear spin susceptibility, and po is the
vacuum permittivity. It follows from Eq. (2.4) that the nuclear spin susceptibility has an
inverse temperature dependence known as the Curie law.
In pulsed NMR the sample is placed in a coil in a static external magnetic field, Bo .

A time-dependent oscillating radiofrequency field, he, of the form
By.

cos(cot)

is applied perpendicular to Bo for a time t,,. Such a field can be decomposed into two
magnetic fields rotating in opposite directions with frequencies ±co. IfBi<< Bo, as is
generally the case, the effect of a rotating field on a magnetic moment is negligible unless
its frequency of rotation, w, is in the neighborhood of the Larmor frequency, coL, defined

by -y,)30. Therefore, the effect of the counter-rotating field is completely negligible so
that the total field is composed of a static field 1.30 in the z-direction and a rotating field

A in the x-y plane.
Transforming to coordinates ijk rotating with the same frequency w as A, and

choosing the unit vector 7 in the rotating reference frame along A, the motion of the

nuclear magnetic moment, it, is described by the equation

(dlin
dt

x y .[(B0 +
rot

rn

+ Bid= A.

x(y he) .

(2.5)

The unit vector k is the axis of rotation and points along the static external magnetic
field, Bo

.

The solution to Eq. (2.5) is a precession of the magnetic moment around B,.
When w = coL, the effective field is just A and the magnetization precesses about it with

frequency col = -r.A. Energy is, therefore, continually exchanged back and forth
between the spin and the source as the spin precesses about the radiofrequency field.

In the case of a distribution of spins, this situation is termed resonant absorption. It
is characterized by competition between the high-frequency radiation that tries to
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establish an equal distribution of the sublevels, and the lattice that tries to establish a
Boltzmann distribution.

.

The 90- or 180-degree pulse width is defined as the time for which B, must be
applied in order to rotate the magnetization through 90° or 180°, respectively. Thus

ti=
2

and

2Y A

=

71"

A

(2.6)

.

After application of a 90°-pulse, the magnetization that was originally oriented in the z-

direction, is in the x-y plane. The radiofrequency field is now turned off so that the
magnetization precesses freely in the x-y plane with the frequency w of the rotating

frame. Due to dephasing and relaxation processes, the magnetization eventually decays
to zero. This process is called free-induction decay (FID) since it occurs in the absence
of the radiofrequency field.

Table 2.1 lists the NMR properties of the nuclei studied in the present work. In
practice, the resonance frequency is shifted from the Larmor frequency, coL, due to
enhancement (paramagnetic) or reduction (diamagnetic) of the magnetic field at the

nucleus by the electrons surrounding it. The resonance line also exhibits a width that is
associated with relaxation processes and inhomogeneities in the solid. Due to these
factors, NMR is a very powerful probe of the local electronic structure at the nucleus.

Table 2.1 NMR properties of nuclei

Isotope

y12/r (MHz/T)

Percentage Natural

Spin

Abundance
29Si

31p

8.4578

4.70

iy2

17.235

100

1/2
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2.2 The Resonance Shift
As discussed earlier, replacing a silicon atom with a phosphorus atom introduces an

extra electron. Four of the valence electrons form covalent bonds with the four
neighboring silicon atoms so that the bonding orbitals are spa and maintain their

tetrahedral symmetry. The unpaired electron moves about the phosphorus nucleus in a
`dielectrically-expanded' hydrogen-like orbit so that it is able to interact with the
impurity nucleus through a hyperfine interaction.
The Hamiltonian for the magnetic interaction of an electron with the nucleus can be

written as

H6.-yd,h 2I- [

r

r

3

F(". F )

r

+

87r
3

s8(d.
r

(2.7)

In the above expression y, is the electronic gyromagnetic ratio, 1 ands refer to the
electron orbital and spin angular momentum, respectively, and F is the vector from the
nucleus to the electron under consideration. If several electrons surround the nucleus, the
interaction Hamiltonian is the sum of the contributions of the individual electrons.
In solids the electron orbital angular momentum is quenched by the crystalline

electric field so that, to first order, the first term in Eq. (2.7) may be neglected. However,
the applied field partially unquenches the angular momentum and causes a precession of

the orbitals which generates a local field at the nucleus. This second order effect is the
origin of the chemical shift. For phosphorus nuclei, the shift due to spin paramagnetism
dominates the much smaller chemical shift.
The second and third terms represent the spin dipolar interaction between nuclear

and electron spins outside the nuclear volume. Averaging over all directions yields non

zero contributions only for electrons with / # 0 . The dipolar coupling vanishes in cubic
metals and otherwise gives rise to resonance shifts that depend on the orientation of the

static field with respect to the crystal axes. In powders this anisotropy leads to structure
and broadening of the NMR line. Since both the silicon and phosphorus nuclei in doped
silicon are situated in sites of tetrahedral symmetry, the dipolar coupling vanishes.
The last term in Eq. (2.7) is known as the Fermi contact hyperfine interaction and is
due to s-electrons which possess a non-vanishing probability inside the nuclear volume.
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Since they interact directly with the nuclear moment, the contact term will, in general,
dominate the interaction.
Considering only the 8-function coupling in Eq.

(2.7)

and summing over all

unpaired electrons, the interaction Hamiltonian may be written as

HIf =--82r y ey nh2I -E

(2.8)

1

Evaluating the expectation value of the above expression for appropriate electronic
wavefunctions and Fermi statistics yields for the fractional paramagnetic resonance shift,
Sp,

Sp = .4L°

(Iv(0)12)
3

coo

z:.

(2.9)

z: is the total electronic spin susceptibility and (10(0)12 )F. is the probability density of

the electronic wavefunction at the nucleus averaged over those electrons at the Fermi

surface. The factor

{8gpBly,(0)12>13),

in which pB is the Bohr magneton, is often

referred to as the hyperfine field, Hhf Eq.

(2.9)

then expresses the fact that if the

hyperfine field, Hhf,is a constant, si, oc z: .
For non-transition metals Eq.

(2.9)

has some special features due to the fact that

conduction electrons are (i) non-localized, and (ii) behave as a degenerate Fermi gas even

at room temperatures. In this case the resonance shift is called a Knight shift after Walter

Knight (1949)

who first

observed that the resonance frequency of 63Cu nuclei in metallic

copper occurs at a frequency 0.23% higher than in the diamagnetic salt CuCl. This shift

to frequencies approximately 0.1 to 1% higher than for diamagnetic samples is much
greater than can be explained in terms of the simple bulk susceptibility of the metal.

Townes, Herring and Knight (1950) suggested an orientation of the spin moments of
conduction electrons near the top of the Fermi distribution by the magnetic field. Since
the conduction electrons often have a very large probability near the nucleus, the shift

may be understood in terms of a 'lumping up' or concentrating of the local susceptibility
in the vicinity of the nucleus.
Then, in the free-electron approximation,

K. zp
83
71

ag

h(lyt(0)12)
F

(2.10)
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where

3N1
)(posit/ =

1

2

2kTF

(2.11)

is the Pauli spin susceptibility and refers to the susceptibility of the electrons at the Fermi

surface, possibly including corrections for electron-electron interactions. In Eq. (2.11) N

is the electron density, TF = EF k is the Fermi temperature, and p(EF) is the density of
states per spin at the Fermi surface. In contrast to the susceptibility of bound electrons,

for which
=

g2NP2BP0

4kT

)(posit/ , and therefore also the Knight shift, K, depends only weakly on temperature. Also,

since TF is of the order of 104 to 105K, zpa,d, is hundreds of times smaller than the

electronic spin susceptibility even at room temperatures. This is because the exclusion
principle is far more effective than thermal disorder in suppressing the tendency of the
spin magnetic moments to align with the field.

In the case of semiconductors the conduction electron orbits are spread over the

whole sample. For high N and low temperatures, the electronic states may be degenerate
and will obey Pauli statistics. If, however, their distribution is a Boltzmann one, their
spins are not paired off to the same extent so that the susceptibility per electron is larger

than in metals.
There is a fundamental difference between the Knight shift and a paramagnetic shift

of the nuclear resonance in a non-metallic substance (besides the very different

temperature dependence). In the latter case each nuclear spin 'sees' the magnetic field of
only one electron spin and it is permissible to replace this field by its time average

because of the very frequent flips of that spin, caused by exchange or very short spinlattice relaxation time. In a metal where the conduction electrons are not localized, each

nuclear spin 'sees' comparable magnetic fields from all the electrons of the sample at the
same time and the appropriate average is an ensemble average.
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2.3 Broadening Mechanisms

In crystals the shape and width of the absorption line is determined primarily by the

interactions between the magnetic dipoles. In addition to the applied magnetic field each
nucleus experiences a local magnetic field due to the surrounding nuclei. This local field,
which varies from site to site, depends on the spins and magnetic moments of the nuclei,
the crystalline structure, the lattice constant, and the orientation of the crystal in the

magnetic field. Thus there are a very large number of possible local fields symmetrically
distributed about a center located at the Larmor freqeuncy. The net effect is a spread in
the resonance frequencies and a corresponding broadening of the NMR line.
The interaction of two magnetic moments "AL. = rnaht and ;u4 = rintili is given by

the dipole-dipole coupling interaction
77.) }

4h2
g 2

r.
where

(2.12)

.1

rn

is the vector describing the relative positions of

and ii). .

To calculate the lineshape from Eq. (2.12) is complicated and no exact solution of
this problem exists. It is possible to obtain expressions for certain properties of the
lineshape by using the method of the moments of the resonance curve.

For a resonance curve described by a normalized shape fimction AO with a
maximum at a frequency coo, the nth moment, M., with respect to the point coo is defined

as
Ad. = f (a)

w 1(0)&0

(2.13)

Van Vleck (1948) expresses the mean frequency in terms of commutators of the
Hamiltonian

H = Ham, +

(2.14)

In the above expression Ildrc is the truncated dipolar Hamiltonian given by

Hai

= I rinr31.2 h 4 ;1

3cos2 190

(1 3 cost Ov)
4

+

.

.

,

(2.15)
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in which It = 4 ± iiy , and 9, is the angle between the vector Fu and the z-axis, the z-axis
being parallel to the applied field. The truncated Hamiltonian commutes with Ham, so
that it is unable to mix together states of different total spin quantum number, MI, thus
avoiding satellite lines at at= 0, 2coo, and 3coo.

The first two even moments are then given by

(2.16)

M2 =

Trf[Hrpoci,,[Hr:leIxr
and

M4 =

(2.17)

Tri/

respectively. Van Vleck showed that in a powder the second moment of the absorption
line of nuclear species I due to magnetic dipole interactions with like spins I and unlike

spins P (which may be electron spins also) is

M2 .(ec02)=0(02), +0(02),.
3

1

(Aco2), =-5y1h2/(/+1)E

with

00))

4

2

and

r

(2.18)

6

i

1
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k

(2.19)

ik

In deriving the expression for the second moment due to interactions with unlike spins
the second term in Eq. (2.15), that is, the flip-flop term, which does not commute with the

Zeeman Hamiltonian, was suppressed. Under the usual assumption of a Gaussian
distribution
Acommt

AvPww

27t-

235 r,A0) 2 )11 /2
2ff IA

(2.20)

where 0v Fwiaf is the full width at half-maximum intensity.
The above expressions provide exact theoretical results to compare with
experiments.

However, in addition to the direct dipole-dipole interaction between nuclei
additional broadening may occur due to either spin-lattice relaxation, the presence of
paramagnetic impurities, or indirect interactions due to perturbations of the intermediate
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electrons by the nuclear magnetic moments. The latter, namely the indirect exchange
interaction, is of the most consequence for the present study.

The basic mechanism for this reaction is a coupling between the magnetic moments

of two nuclei via their hyperfine interaction with the conduction electrons. An electron in

the vicinity of a nuclear spin moment g is polarized by that moment. The polarized
electron then presents an effective field at another nucleus designated isin. . By the same

kind of hyperfine interaction kn. feels the effect of the net polarization and interacts with
.

Clearly, for this effect to be large the electron must spend an appreciable amount of

time in the vicinity of both nuclei. Therefore, only binding electrons need be considered
in this interaction.
Although the exchange mechanism is a second-order effect involving the electron-

nuclear contact hyperfine interaction given in Eq. (2.8), contributions to the second
moment may be an order of magnitude greater than the regular dipole-dipole second
moment (Bloembergen and Rowland, 1955).

Assuming Bloch wavefunctions, q)k(F) = uk(r)," , the Hamiltonian is (Ramsey,
1953)
1-1,,,d,ge= CS'

/2m,,)'
2mh

where S is the total electron spin, Eg is the energy gap of the semiconductor, and

Ai a
is the matrix element of the hyperfine interaction for the s-electrons with atomic

wavefunction uh(F).
Assuming spherical energy surfaces it has been shown that (Ruderman and Kittel,
1954)

EZA1:
i>j j

H
with

sl2in*iva(i),va(
= 2,42/i +1X2Ii +

4

(2.21)

,

r
[2kmr# COS(2kmr#)

sin(2k4)] .

(2.22)
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Here SI is the atomic volume, m* is the density of states effective mass of the conduction

band in grams, and va(i) is the atomic hyperfine structure splitting of nucleus i. The

conduction band is assumed to be filled in both spin states from k= 0 to km. 4 is given by
(IV2

vhf

IV2 (1 atomic

Va

PA

in which vhf is the hyperfine splitting for a conduction electron.

is generally less than

but of the order of unity.

Using Van Vleck's result

0c02)exchange =,r(r+0EA:
3h

(2.23)

Eq. (2.23) suggests that no exchange broadening exists between like nuclei. Notice,

however, that the unlike spins, I', might be electron spins also.

2.4 Nuclear Relaxation

2.4.1 Definition of Nuclear Relaxation Times

The nuclear relaxation times, T1 and T2, are characteristic times associated with the

approach to thermal equilibrium. For a sample that is initially unmagnetized, the
magnetization process is described by an exponential rise to the equilibrium
magnetization, that is

M = M0(1- e-"A) .

(2.24)

Including in the above result the driving of M by the torque and the fact that in thermal
equilibrium under a static field the magnetization will wish to be parallel to Bo, yields the
Bloch equations:

dt

Mo Mz +7, nocy x

dM
dt

+y
T2

x

,

24

_M

d

dt

x lby

(2.25)

T2

It should be noted that the Bloch equations are assumed to have the above form. The
definitions of Ti and T2 are, however, more general. It follows from Eq. (2.25) that the
components of the magnetization in the x-y plane will decay exponentially with T2 (called

the transverse or spin-echo decay time), whereas a z-component will develop
exponentially with the spin-lattice relaxation time, Ti.
A spin echo, referred to above, is a 900-180° sequence, the pulses being separated

by a refocus time, r. Essentially the effect is to reproduce the free-induction decay signal
a time 2r after the initial 90°-pulse, hence the name spin echo. Following the initial pulse
the thermal equilibrium magnetization lies in the x-y plane and decays exponentially with

a time constant T2. However, magnet inhomogeneity leads to a spread in precession rates
so that the spins will dephase with a time constant T2* of the order of 1/(yAH); AH is the

spread in static field over the sample. The 180°-pulse, a time r later, rotates the spins by
180°. Clearly, during a second time interval r, individual spins will advance the same
amount as during the first interval r, so that after a time 2r all the spins are again in

phase. The size of the magnetization producing the echo signal at a time 2; MX2r),
obeys the relation

Mx(2z)

moe-2er,

(2.26)

so that T2 is called the spin-echo decay time. In reality, of course, the radiofrequency
field is not infinite so that the 90°- and 180°-pulses have non-zero duration. It then

follows (Slichter, 1990) that the time at which the echo occurs is not 2r after the initial
90°-pulse but a time

t=2z+t, +-2 iz/2
IT

thereafter.

(2.27)
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2.4.2 Spin-lattice Relaxation Mechanisms

There are two distinct interactions between spin-% nuclei and the conduction
electrons in metals that lead to spin-lattice relaxation, namely interactions of the nuclear

spin with, respectively, the orbital motion of the electrons and the electron spins. If the
spin is greater than %, there is always a possibility of quadrupolar relaxation, especially
in a semiconductor at low electron concentrations. Since both silicon and phosphorus
nuclei have spin %, quadrupolar relaxation does not occur and interactions with the
conduction electrons are the main relaxation mechanism.
The first of these, due to interactions with the orbital motion of the electrons, is
small in the present case because s-electron effects dominate so that it may be neglected

in the present discussion. Orbital relaxation can be dominant in transition metals, such as
vanadium.

Heitler and Teller (1936) developed a theory for the spin-spin interaction using a
simple dipole coupling term pB,u,/r3, in which r is the distance between the electron and

nuclear spin. They predicted a value for the spin-lattice relaxation time, T1, that varies
inversely as the absolute temperature.
It turns out that the dipolar coupling due to p-electrons is negligible compared to the

Korringa (1950) process in which nuclei couple to the spins of s-like conduction
electrons through the Fermi contact hyperfine interaction of Eq. (2.8). It can be thought
of, rather simply, in terms of collisions of the conduction electrons with the nuclear spins.
This provides a strong mechanism for the transfer of energy from the nuclear spins to the

translational motion of the electrons and hence to the crystal-lattice vibrations. The
Fermi contact part of the hyperfine interaction, repeated here for convenience, is given by

8,r

Hie = Tr
sr nh 2 I s8(r),

(2.28)

in which the diagonal elements produce the Knight shift discussed earlier whereas the
off-diagonal elements contribute to spin-lattice relaxation.
The

operator may, for a single electron, be expanded as follows

7 g = IZss +

+ Ls+ .

(2.29)
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The off-diagonal part, which is responsible for spin-lattice relaxation, is non-zero only

when dm, = -Am!. In other words, any relaxing transition produced by the hyperfine
interaction requires a mutual flipping of electron and nuclear spins in opposite directions.
In order to ensure energy conservation during the mutual flips of these two magnetic

moments that have very different magnitudes, the kinetic energy of the electron must also

change by an amount h(y,

)Bo. The fact that conduction electrons in metals obey

Fermi statistics has two important consequences. First, the average kinetic energy of the
electrons is much larger than the thermal energy kT and is of the same order of magnitude

as the Fermi energy, EF. Secondly, because of the Pauli exclusion principle most
conduction electrons cannot take or give up the small energy required for a mutual spin
flip, so that only the fraction kT/EF of electrons on top of the Fermi distribution

contribute to the nuclear relaxation process.
Evaluating the probability of a nuclear spin flip under the above conditions, it can

be shown (Abragam, 1961) that

(1)
Korr

=

k 2
64°3 2 2 3
r sr nn (1v40)12 {p(EF)}2 kr ,
9

(2.30)

where (1 v1(0)12)F is the average value of the electronic wavefunction evaluated at the

Fermi surface on the NMR nucleus and p(EF) is the density of states per spin at the Fermi
surface.

Since the contact part of the hyperfine interaction is the dominant mechanism in

both the Knight shift and nuclear spin-lattice relaxation due to conduction electrons, it is
not surprising that there exists a relationship between them. This result, which was first
derived by Korringa (1950) for an independent particle model, is given by
)2
(T)K07,1c2 =

LbecT

(y.)

(2.31)

While the effects ofp-electrons and electron-electron interactions were neglected, the
above expression remains an extremely useful approximation because its parameters are
available from independent experiments.
In semiconductors the conduction electrons obey Boltzmann rather than Fermi

statistics (Bloembergen, 1954). This is due to the small density of electrons in the
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conduction band resulting in a non-degenerate electron gas. Essentially, the exponential
tail of the Fermi distribution function determines the occupation of the allowed

conduction band states so that Boltzmann statistics is appropriate. The probability for a
simultaneous flip of electron and nuclear spins to occur is then modified by a weighting

of the initial electronic states by the Boltzmann factor IE T. This yields
1

64
m3kT)K
= --i-KN I VE(Orr!74T-

(2.32)

where Nis the total number of conduction electrons per unit volume and lvE(0)12is the
electronic density at the nucleus for an electron of energy E.
In the case of silicon Eq. (2.32) becomes

N,
T

--Tre2

r,, flviE(0)r(27u#T)%,
2 ATA

(2.33)

in which me3 is the product of the anisotropic effective masses, and I = 6 is the number of
equivalent minima in the conduction band of silicon.
Jerome (1968) found from studies of 29S1 relaxation in phosphorus-doped silicon, at
a doping concentration of 2.5 x 1018 P atoms/cm3, that the nuclear spins interact strongly

with a degenerate electron gas. He concluded from his results that, although the electron
gas is non-localized, it remains strongly peaked in the vicinity of the impurity centers.
Therefore, the electron probability density for nuclei far from the impurities remains at a
value much lower than it would have been if the electrons were thermally excited into the
conduction band.
Paalanen et al. (1985) observed that the relaxation rate of 29Si nuclei near the metalinsulator transition is up to 103 times larger than that for nuclei interacting with free,

degenerate electrons. They suggest a description in terms of intrinsic, quasistatic spins.
In light of the above, a theory of relaxation in semiconductors needs to take into
account interactions with both conduction electrons and fixed paramagnetic moments.

Warren (1971) describes this situation by introducing a time correlation function, ;
appropriate for the interactions responsible for relaxation. This yields for the probability
of a nuclear spin to undergo a transition from a state mi to a state mr±1
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,12 )

W./../±1

2r

±1111.1+0),02

(2.34)

In the above expression col, is the nuclear Larmor frequency.

For the Korringa process described earlier, the appropriate correlation time is re,

that is, the time during which an electron is 'resident' on a particular nuclear site.
Considering only the limit of short correlation times (covre<< 1) for which the nuclear

magnetization approaches equilibrium with a single time constant, yields
1
T1

16kT ir )
h2 P(EF

2

(2.35)

Y.

Eq. (2.35) predicts an enhancement of the relaxation rate relative to the prediction of the
Korringa relation if the electrons remain in the vicinity of the nucleus for average times

longer than hp(EF) . Therefore, an enhancement parameter,

q= (-;-;-)/(;)

= re / hp(EF) ,

(2.36)

is introduced as a measure of the tendency for the electrons to localize on a particular
site. Since (1/71)K,,, can be computed easily from measured values of the shift, the above

result provides a measure of the localization of the conduction electrons from the point of
view of the time that they reside on a nuclear site.
In the above derivation it was assumed that p(EF) is constant over an energy range

kT. It should be noted that this may not be true in the impurity band regime if the
impurity band is very narrow and P(EF) is not a well-defined quantity.
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3. EXPERIMENTAL APPARATUS
AND TECHNIQUES

3.1 NMR Spectrometer
The data were taken on a commercially available CMX340-1436 pulsed NMR

spectrometer that was purchased from Chemagnetics, Inc. (Fort Collins, CO). It is
interfaced with an Intel (Intel Corporation, Santa Clara, CA) 80286 microprocessor.
Two PTS-500 (Programmed Test Sources, Inc., Littleton, MA) frequency
synthesizers generate continuous wave (CW) radiofrequency ranging from 1 - 500 MHz.

The present study required single resonance techniques only. The pulse width is set in the

pulse program, that is, the software that controls the experiment. This is loaded into the
SM4 interface board that delivers a TTL logic (on or off) signal to the transmitter and
receiver thus generating a pulse of the desired duration.
Since the phase of the applied pulse determines that of the NMR signal, the local
oscillator frequency (LO) from the PTS 500 synthesizer is mixed with an intermediate
frequency (IF) of 262 MHz that carries the phase and frequency offset pulse information.
A 150 MHz-band low-pass filter (150BLP) filters out the unwanted high-frequency

component. The IF is, in turn, obtained by mixing the 22 MHz output from a VDS-3000
303 frequency synthesizer with an oscillator frequency of 120 MHz (doubled to give 240

MHz) followed by appropriate use of band pass filters. This IF and its 90° phase shifted
counterpart are also, during data acquisition, the reference signals that are mixed with the
recorded NMR signals.
A linear radiofrequency pulse amplifier of the 3000 series from American Microwave
Technology, Inc. (Fullerton, CA) amplifies the generated pulse.

Figure 3.1 shows the duplexer setup that allows the same coil to be used for both
pulse transmission and signal acquisition. Whereas a single diode passes current only in

one direction, crossed diodes (1N4148) act as a switch (Fig. 3.2). They pass current in
either direction provided the potential driving the current exceeds a fairly well-defined
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Figure 3.1 Diagram of the duplexer setup

(a)

(b)

Figure 3.2 (a) Crossed diode circuit and (b) its symbolic representation
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Figure 3.3 Crossed silicon diode characteristic curves

threshold, approximately 0.5 V for most silicon diodes. Typical characteristic curves for
crossed silicon diodes are shown in Fig. 3.3.

The crossed diode unit, therefore, acts as a good conductor to large incoming signals
such as the transmitted pulse, but like a poor conductor to small incoming signals of either
polarity as, for example, during data acquisition.
During pulse transmission it is desirable that the preamplifier be electrically isolated

from the transmitted high-power pulse in order to reduce preamplifier dead-time. This is
achieved by connecting a quarterwave (V4) cable before the preamplifier as shown in Fig.
3.1.

The V4-cable acts as an impedance transformer with the transformation given by
= IZ12,

(3.1)

where Z and Zo are the input and output impedances, respectively, and Z is the

characteristic impedance of the cable, typically 50 a Since a 7114-line's bandwidth is ten
percent of its design frequency, it is only effective near this value where it acts as a
selective filter.

During pulse transmission the input impedance to the V4-line is small. Hence the

output impedance is large so that the 4-line acts as an open circuit for signals within ten
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percent of the design frequency. All other frequencies are attenuated. The receiver
preamplifier is then essentially disconnected from the transmission line and the probe.

Alternately, during the receiving mode the series diode box acts as an open circuit
disconnecting the transmitter output circuitry from the probe and the preamplifier in order
to reduce noise. The free-induction decay (FID) will pass through the 714-line which acts
as a short now, without attenuation. The signal is still mixed with the remains of the

transmitter pulse passing through the matching network. The crossed diodes to ground
act as a shunt for signals exceeding the 0.5 V threshold while acting as if it were not there
at all for the small NMR signal which is typically in the µV range.

Broadband Miteq (Hauppauge, NY) and PABUF-6 (preamp buffer) preamplifiers

amplify the signal. Quadrature detection is used to record two NMR signals that are 90°
out of phase whereafter they are digitized by a 2 MHz analog to digital converter (ADC).
The signal acquisition scheme has a background phase cycling capability that corrects for
instrumental artifacts such as transmitter ringing, dc offset, and receiver gain differences,
by adding or subtracting the phase-cycled signals in data buffers.

Quadrature detection is advantageous over single-phase detection in that it allows
more information to be extracted from the signal. For example, using single-phase
detection only one component of the transverse magnetization is recorded in the rotating
reference frame so that one is unable to determine whether the magnetization is precessing

faster or slower than the carrier frequency. Consider, for example, an NMR signal with a
Larmor frequency offset from the rotating reference frame frequency by 100 Hz. After a
90° pulse the tip of the magnetization vector describes a spiral in the rotating x-y plane at

100 Hz with its direction of rotation depending on whether the offset is positive or

negative. With one detector alone only one component can be detected so that clockwise
and counterclockwise rotations cannot be distinguished.
When the rate of digitization is too slow, reflected features may arise due to aliasing.
Since such reflected features have opposite symmetries in real and imaginary spectra they

will cancel whereas true features will add. Noise, on the other hand, being uncorrelated,
will only increase by a factor of root two resulting in a net increase of root two in the
signal-to-noise ratio.
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Using quadrature detection consecutive data points are stored alternately in the real
or imaginary channel, so that fewer data points occur in the preamplifier dead time for
each channel thereby reducing baseline distortion. This becomes less of an advantage as
the digitizing rate is increased.

Since the absolute phases of the reference signals, and therefore also the recorded
signals, are random some phase correction is necessary. By definition, the absorption
spectrum is symmetric and the dispersion spectrum antisymmetric.

3.2 Superconducting Magnet
All the measurements were performed in an American Magnetics, Inc. (Oak Ridge,
TN) 8.0 T superconducting magnet with a cylindrical three-inch room temperature clear

bore. The field homogeneity is approximately 1 ppm (part per million) over 1 cm3.

3.3 NMR Probe

The data reported here were measured with a variety of NMR probes. The basic
properties of any tunable radiofrequency probe will be outlined first followed by the
specifics of the probes used for the present work.

3.3.1 Basic Properties

The probe largely consists of a sample coil that is matched to the impedance of the

electronic devices through a resonant circuit. Figure 3.4 shows a typical parallel resonant

circuit. It is referred to as a tank circuit since it acts as a storage 'tank' for radiofrequency
energy. Capacitors store electrical energy in the electric field between their plates;
inductors store energy in the magnetic field induced by the coil winding.
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L

Ct

Figure 3.4 Typical "tank" circuit design

The energy stored in the individual tank circuit components varies with time. When
the capacitor is fully charged no current is flowing and all the energy is stored in the

capacitor's electric field. The capacitor then discharges through the inductor creating a
magnetic field and hence a change in flux. According to Lenz's law the induced emf
opposes the change in flux. Eventually the induced emf becomes large enough to totally
cancel the current created by the transfer of energy from the capacitor to the inductor. All
the tank circuit's energy is now stored in the magnetic field of the inductor and the voltage

potential across the inductor again begins to charge the capacitor. In the absence of any
losses the tank circuit current would oscillate forever at the resonance frequency of the

tank circuit, namely 1/ 27r1rLT.
In reality the coil has a small resistance, r, associated with it. The impedance of the
tank circuit is then given by
r2 + co2L2

Z

r

i

rC,

(3.2)
co2LC,1

The resonance condition is that which causes the impedance to be real, namely

1 co2LC,

rC

= O.

(3.3)

Therefore, for a particular choice of capacitor, Ct, and inductor, L, the above expression
determines the resonance frequency of the circuit. For this reason Ct is called the tuning
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capacitor. This yields for the impedance at resonance

Z. = r2 + a)2 L2

(3.4)

For most coils r << aL so that the resonance condition and the impedance at

resonance approximates to the well-known expressions w = 1/ TLC': and Z. = (021)2/r,
respectively. The quality factor, Q, defined as coL /r, is a measure of the efficiency of the

tank circuit. The impedance at resonance is then Qat. A parallel resonant circuit is a
high-impedance tank circuit, that is, the impedance is a maximum at resonance.

Cm

Figure 3.5 NMR probe circuit

In addition to the above constraints, the maximum power available from a power
source is transferred to the load when the load impedance is equal to the complex

conjugate of the source impedance. Since, in general, neither the source nor the load
impedance can be changed a matching network is introduced. In the case of NMR probe
circuits an additional capacitor, C, (called a matching capacitor), is added in series (Fig.
3.5) to transform the load impedance to 50 1.2.

The circuit impedance is now given by the expression

Z

1

aCtit r

r2 + w2L2

co[L Ct (r2 + cf)2 L2 )j

Assuming, as before, that r << wL this can be simplified to

(3.5)
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co' L(Ct + C,)]
aC,(1 02LC)

.[1

(1 co'LCt)2

(3.6)

which yields for the resonance and matching conditions
co'L(C't +C,) =1

and

4L2, cm2

= 50f/,

(3.7)

respectively. These constraints uniquely determine the values of Ct and C. for a particular
coil and resonance frequency. The impedance at resonance is still given by Eq. (3.4).

For closewound coils, that is, coils with 7 or more turns per centimeter, the
inductance, L (in pH), of a single layer air-core coil can be calculated roughly from the
expression (American Radio Relay League, 1991)
L=

d2n2

(3.8)

(45.7)d + (101.6)/

where d is the coil diameter in centimeters, I is the coil length in centimeters, and n is the

total number of turns. This formula is a good approximation for coils with a length equal
to or greater than 40 percent of the coil diameter.

3.3.2 Single Resonance Magic Angle Spinning (MAS) Probe

This probe, which was purchased from Chemagnetics, Inc., uses the same coil for

frequencies ranging from 33 to 140 MHz. The circuit capacitance is varied sufficiently
using different combinations of fixed plug-in capacitors in addition to the normal tuning
and matching capacitors as shown in Fig. 3.6.

Since the wavelength of the radiofrequency pulse is very much greater than the

length of the probe, the expressions of the previous section are applicable. The expression
for the impedance then becomes

[1 co(at
Z=

[1 aCts (at

ac1
top

1

aC

XC t+C

(3.9)

aC,,,[1 aCt i (at,
top

in which it was assumed that r « (at 1 I aCtop) and with C,1= Ct + C

.

The
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Figure 3.6 Resonance circuit of the single resonance MAS probe

appropriate resonance and matching conditions are, respectively,
co(caL

aCtop

)(q+C,)=1 and
co2C,2 (caL

1

= 501).

(3.10)

The coil has 6 turns, outer diameter 0.94 cm, and a length of 1.40 cm. Both the
tuning and matching capacitors have a range of 0.1 to 10 pF. Suitable values of the plugin capacitors for the nuclei under consideration are tabulated in Table 3.1.

Table 3.1 Appropriate values of the plug-in capacitors for the single
resonance MAS Probe

Nucleus
31p

"Si

Frequency (MHz)

Crop (pF)

Cbeffon, (pF)

138

2.13

open circuit

67.611

39.2

open circuit
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The quality factor, Q, of the coil at a particular resonance frequency, vo, can be
determined by tuning the probe at the desired frequency and measuring the ratio of the
reflected to transmitted voltage as the frequency is changed without readjustment of the

tuning and matching capacitors. From a plot of the corresponding power ratio versus
frequency, Q is given by
vo

Q= v

(3.11)

v is the full width at half-minimum of the power ratio. For the coil used Q is 178 at "Si
frequencies and 226 to 239 between 137.77 and 138.7 MHz as appropriate for 31P nuclei.
Figure 3.7 shows the results of a typical measurement of Q.

3.3.3 Jye's Probe

Figure 3.8 shows the circuit diagram of the probe that Show-Jye Cheng built. A
characteristic feature of the circuit is the addition of a second tuning capacitor, Ca, in

series with the coil. The reason for this is two-fold: (i) to lower the reactance so that
higher resonance frequencies can be obtained with the same tuning and matching
capacitors, and (ii) to increase the range of frequencies over which a particular coil may be

tuned. To perform measurements at low frequencies it may be advantageous to short out
Ca and add an optional capacitor, C., in parallel with the tuning capacitor.
Clearly, Eq. (3.9) is again the appropriate expression for the circuit impedance

with C replaced by Ca and Cbeno,by C,,. The specific circuit components are
= 0.1

10 pF,

Ct2 = 0.3

3 pF,

and C, = 0.1
A coil with 7 turns, resistance 0.02

S2,

10 pF.

length 1.50 cm, outer diameter 1.07 cm, and

inductance 1.9 pH, tuned at 138 MHz as appropriate for 31P nuclei. Shorting out Ca and

adding a capacitor C. = 8 pF, the same coil tuned between 28 and 39 MHz. A 12
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Figure 3.7 Resonance curve of the tuned probe in a determination
of the quality factor of the coil at 67.617 MHz
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Figure 3.8 Circuit diagram of lye's probe
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turn, 1.80 cm long coil with outer diameter 1.22 cm, resistance 0.03 fl, and inductance 2.5

pH, tuned at "Si frequencies.
Due to the presence of phosphorus in some probe components and a resulting
background signal of the same order of magnitude as the NMR signal, Jye's probe could

not be used for phosphorus measurements.

3.3.4 Low-Temperature Probe

The low-temperature probe was designed and built by Mark Shroyer in order to
perform, firstly, NMR at liquid helium temperatures and, secondly, optically excited

experiments. Standard commercially available high-power radiofrequency variable
capacitors (Polyflon Company, New Rochelle, NY) cannot be used at such low

temperatures due to freezing and contraction. Therefore, tuning and matching capacitors

Hollow nylon
cylinder

L'

L

(a)

(b)

Figure 3.9 Mechanically variable capacitors in the form of two concentric
conducting cylinders: (a) top view, and (b) side view
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in the form of two concentric conducting cylinders (Fig. 3.9) were introduced. The
capacitance is varied mechanically by sliding a hollow nylon cylinder of finite thickness in

and out of the spacing between the coaxial cylinders thus changing the dielectric.
Assuming that the dielectric completely fills the gap between the two conducting
cylinders, the capacitance is given by
L + (K. 1)L'
21n(ro.

where L is the length of the cylinders, L' is the length of dielectric that is inserted between
the cylinders, xis the dielectric constant (approximately 3 for nylon and 1 for air), and row

and r,, are the radii of the outer and inner cylinders, respectively. The circuit is the same
as described in earlier sections.

3.4 Variable Temperature Apparatus

3.4.1 Gas-Flow System

The temperature can be varied continuously between 100 and 468 K using a gas-

flow system that was supplied by the spectrometer manufacturer (Fig. 3.10). A series of
water and oil filters and an FTS (FTS Systems, Stone Ridge, NY) AD-80 heatless dryer
dry the air. Clean dry air is crucial to efficient operation of the variable temperature
apparatus below 0°C in order to avoid the build up of ice in the lines which hinders the
flow of air.

An FTS )CR11851 air jet cooler cools the thy air to 208

K. To reach

temperatures

below this value the cooled dry air is channeled through an optional copper heat
exchanger immersed in a liquid nitrogen bath. The air is, lastly, heated and the
temperature regulated by a pulsed non-inductively wound furnace. This is lowered onto
the top of the NMR probe from where the air blows onto the coil containing the sample.

For experimental temperatures above room temperature the air does not need to be cooled
before passing through the heater.

Insulator Tubing
Leads from the thermocouple
and heater to the
temperature controller

Connection from air flow sensor
to temperature controller

Furnace

Water
filters

DTI
FTer S

air

dry

)))

Air flow
regulator

Sample coil

FTS
Air
Jet
Cooler

<--- Magnet

1

Drainage
For temperatures
below room temperature only

Heat exchanger

For temperatures
below 208K only

Figure 3.10 Diagram of the gas-flow variable temperature apparatus

Probe
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A type 100W30 Platinum Resistance Temperature Detector (RTD) provides
temperature feedback to the RKC (RKC Instrument, Inc., Tokyo) REX-C1000

Temperature Controller which regulates the current to the heater. The furnace is
protected against overheating by an airflow sensor that requires approximately 90 SCFH

(standard cubic feet per hour) to turn on. A standard cubic foot is the amount of gas that
would occupy 1 ft3 at 298 K and a pressure of 1 atm. The temperature detector is situated
in the bottom of the heater and, therefore, a couple of centimeters above the sample. This
is to avoid interference with the radiofrequency in the probe. In general, after the
temperature had stopped oscillating it took approximately one hour for the sample to
reach thermal equilibrium, that is, for the tuning to stop changing.

3.4.2 Oxford Instruments Continuous Flow Cryostat

.

The temperature can be varied continuously between 3.8 and 500 K using the

continuous flow cryostat setup that was purchased from Oxford Instruments, Inc.

(Fremont, CA). The setup is shown in Fig. 3.11.
Liquid helium is pumped from a dewar, through a gas flow shielded (GFS600)

transfer tube to a heat exchanger at the bottom of the sample space in the cryostat. The
sample space and radiation shields of the CF1200DNMR. cryostat are thermally isolated

from the room temperature surroundings by an outer vacuum chamber, which is pumped

to high vacuum before cooling begins. A thermocouple and heater mounted on the heat
exchanger at the bottom of the sample space are connected to an Intelligent Temperature

Controller (ITC503), which regulates the temperature of the helium gas. In addition a Tthermocouple was mounted in the probe above the sample in order to determine the
sample temperature more accurately.

After passing through the sample space the cold exhaust gas from the cryostat flows
back along the arm of the transfer tube so that its enthalpy shields the liquid flow from the

room temperature surroundings. The exhaust gas passes through a VC30 gas flow
controller, which monitors and controls the flow of cryogen through the cryostat. First

VC30 Gas flow
controller

To atmosphere

Pressure guage

IExhaust gas

Flow
meter

ITC503 Temperature
controller

Needle valve

v adjustment
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

GFS600
Transfer tube
Bladder

E CF1200 DNMR

Low
temperature
probe

cryostat

O
Helium
dewar
GF3

Pump

Figure 3.11 Diagram of the Oxford Instruments continuous
flow cryostat variable temperature setup

Heater element
with thermocouple
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the pressure of the exhaust gas is recorded. The output passes through a GF3 gas flow
pump to promote flow through the system and then through the flow meter on the VC30
from where it is vented to the atmosphere.
Temperatures as low as 1.6 K can be achieved by cooling the system to its base

temperature as described above and then pumping on the sample space to lower the

pressure.

3.5 Samples

Well-characterized, uncompensated samples of Si:P were obtained from two

sources, mostly commercially in the form of silicon wafers. In order to avoid skin-depth
effects all samples were powdered. Table 3.2 lists all the samples that were studied in the

present work, their sources, resistivities and doping concentrations. For ease of reference
samples are labeled H, H-I, I, L-I, and L, respectively, where H refers to the highest doped

sample, I the intermediate doped and L the lowest doped sample. H-I and L-I denote
high- and low intermediate, respectively.

Except for the highest doped sample, which was received in a powdered form,

resistivities were verified using four-point probe measurements. The carrier concentration
of sample H-I was measured using the Van der Pauw Hall technique. In all other cases
carrier concentrations were inferred from the resistivities using standard ASTM tables

(ASTM Standard, 1988). The dopant density is assumed to be equal to the carrier
concentration.

Samples of diluted phosphoric acid and powdered 99.9999% pure silicon were used
as references for the 31P and "Si Knight shifts.
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Table 3.2 Table of Si:P samples, their sources, resistivities
and carrier concentrations

Sample

Supplier

Dopant

Resistivity

Carrier

(II-cm)

Concentration

Description

(cni3)

H

Don Holcomb

P

-

8 x 1019

Paraffin slug

P

0.0050 ±

1 x 1019

2-inch wafer

(Cornell University,

NY)

H-I

Virginia

Semiconductor

0.0007

300 gm thick

(Fredericksburg,

VA)

I

Virginia

P

Semiconductor

L-I

Virginia

Virginia

Semiconductor

7 x 1018

0.0004

P

Semiconductor

L

0.0069 ±
0.0115 ±

455 pm thick
4 x 1018

0.0003

P

0.0157 ±

2-inch wafer

1.2-inch wafer

401 pm thick
2 x 1018

0.0016

2-inch wafer

264 gm thick

3.6 31P Measurements

Due to the broadness of the phosphorus signal, the FID is of the order of the coil
ringing so that a spin-echo pulse sequence was used. This is a 90°-180° pulse sequence,

the two pulses being separated by a refocus time, r, of 50 gs. For the MAS single
resonance probe, te2 was 13 ps at phosphorus frequencies and a radiofrequency power

level X= 3.5. Due to the short FID, data was acquired at a digitizing rate of 2 MHz. The
rapid spin-lattice relaxation of the phosphorus nuclei allowed the use of extensive signal
averaging with a pulse delay of 25 ms between successive experiments.
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The 31P linewidths

50 kHz) are much larger than the pulse spectrum ( 30 kHz)

so that the radiofrequency pulse at any given frequency only excites a fraction of the

nuclei. In order to measure the complete spectrum it is necessary to step through
frequencies and map out the spectrum. The intensity at a particular frequency is then the
integrated area of the full width at half-maximum intensity of the echo at that frequency.
The uncertainty at any given frequency was estimated by integrating over regions of equal

width in the noise region. In this way the spectra were mapped out and fitted to a function
of the form
1

1

Y = yo + A

x-x.+14/2

1+e

W2

1

x-xe- w,12

1+e

ws

The above function is of no special significance and does not represent a general shape
function. It was simply chosen because of its asymmetry.

In general, the spectra were asymmetric with a tail on the high-frequency side. The
frequency shift was measured at the point of maximum intensity relative to phosphorus in

phosphoric acid, for which the resonance occurs at (137.7714 ± 0.0001) MHz. Intensities
were measured by integrating the fitted spectra between the half-maximum points.
Spin-lattice relaxation times were measured with a modified inversion recovery pulse

sequence, namely
180° - relaxation time - 90° - refocus time - 180° - acquisition time

pulse delay,

in order to incorporate a spin-echo detection scheme. The signal intensity varies as a
function of the relaxation time and is fitted to a single exponential. Spin-lattice relaxation
time measurements were made at the points of maximum intensity in the broad phosphorus

spectra.

3.7 29S1 Measurements

Silicon signals were measured using a single-pulse pulse sequence. Since this is the

host species very few acquisitions were needed to obtain a good signal-to-noise ratio.
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However, the spin-lattice relaxation time, Ti, of29Si nuclei is long (tens of seconds and

greater) so that it was important to allow sufficient time for the nuclei to relax between
tuning and starting the experiment, typically 3 or 4 times T1. For the MAS Single
Resonance probe, 4/2 is 11 1.ts at a power level of 3.0 and 9.5 Lis at X= 3.5. With Jye's
probe, 4,2 is 10 1.is at X= 3.0 and 15 LAS at X= 2.5. In order to avoid distortion due to
the strength of the silicon signal the preamplifier gain was set to unity. The digitizing rate

was between 100 and 170 kHz due to the longer FID and narrower lines ( 1 kHz) of
silicon compared to phosphorus.
The FID was Fourier transformed using a Fast Fourier Transform algorithm and

phase corrected to obtain a symmetric absorption curve. The resonance frequency was
measured at the center of the spectrum and the intensity obtained from the integrated area
between the half-maximum points. The reference frequency is that of 99.9999% pure
silicon, namely (67.6083 ± 0.0003) MHz. Pure silicon has a T1of the order of 2 hours at
room temperature (Sundfors and Holcomb, 1964).
Due to the slow spin-lattice relaxation rates of silicon nuclei a saturation recovery

sequence was used to measure T1. The nuclei are saturated by applying a hundred
consecutive 90° pulses, the time between pulses being much shorter than T1. After a
recovery time, z, a 90° pulse is applied and the signal recorded. The signal intensity is
measured as a function of the recovery time and the results fitted to a single exponential.
Since the nuclei are saturated before the measurement, the initial magnetization is of no

consequence. The main advantage of this technique is, therefore, that nuclei do not have
to relax fully between consecutive experiments so that the pulse delay can be chosen
arbitrarily short. This technique is especially suited for nuclei for which T1 is long.
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4. OTHER EXPERIMENTAL TECHNIQUES

4.1 Electron Spin Resonance
Electron Spin Resonance (ESR) only occurs when an electron system has non-zero

spin magnetization. Therefore, in pure silicon, at absolute zero temperature for example,
where the bonding is covalent, there is no net spin magnetization because the electron
spins pair off into a spin singlet. In principle, at non-zero temperatures there are always
some intrinsic carriers that can generate spin paramagnetism. Imperfections such as
donors or acceptors introduce unpaired electrons or holes resulting in a net spin
magnetization.

To first order, the spin Hamiltonian that includes both nuclear and electron

interactions is given by
Ha =

.130 15,d, -130 EP 40--83 ffil.--iiniv(0)12-837cDe
/

1

1

-

Pn Pe

In Eq. (4.1) A , And, and

3[14

Faile

inIV(F1)12

(4.1)
Fi)]

are the magnetic moments of the electron, the donor nucleus,

and a silicon nucleus at the /-th lattice site, respectively. F/ is the position vector from the

donor nucleus to the /-th lattice site, and ly(4)12 denotes the probability density of the

electronic wavefunction at that site. The first three terms in the above expression
describe the Zeeman interaction of the magnetic moments with the applied field, Bo .
The next two are the hyperfine contact interactions of the electron with the donor and the
lattice nuclei, respectively, and the last results from the dipolar coupling between the

electronic moment and the nuclear moments of the host. The dipolar coupling between
the electronic moment and the magnetic moment of the donor nucleus is negligible
compared to the much stronger hyperfine coupling between them.

For strong magnetic fields the electron Zeeman term is usually much larger than the
hyperfine coupling energies so that, to a good approximation, .14, commutes with S. The

50

applied field is assumed to be along the z-axis. In first order the terms proportional to

si,/

i

,

and Sy/y1 have no matrix elements diagonal in ms. Therefore, for cubic

crystals (Feher, 1959)

H, = y 100S, +[-8; y

+E

S,.1:1kOr - y`,,ItaBoId
(4.2)

r8g

2

erSih2Ssliz IV(F1)I

etihBOliz 1

1

This yields for the energy
= YAMom,

,17004]

sr ndh2m.141V(012

(4.3)

rtihBond.

-FEH-87r Vs: h2

3

Since S2,

1,21,

ld, and /1, all commute with the Hamiltonian in Eq. (4.2),

suitable eigenfunctions are a product of nuclear and electron spin functions, namely

V.,44

(4.4)

145....91,4X4m4

An alternating field produces transitions described by the operator

H.=(7,ThSx-rndrii: rs11t1,9H, cos cot.

(4.5)

Clearly, Eq. (4.5) can be written in terms of the electron spin and nuclear spin raising and

lowering operators. This yields for the case of electron spin resonance, that is, Am, = ±1,

and Am',

= 0,
871

coe=r)30+3 rerd.hmilVM12.

(4.6)

Terms proportional to m,m1 are not resolved and lead to broadening of the ESR line. The

second moment of the ESR line, which results from hyperfine interactions with the
silicon nuclei, is then given by
ee

M2 =
1.0

47C

Si

2

2
2

IV41:01)

(4.7)

wherefis the fractional abundance of 29Si and m is the number of equivalent silicon sites.
Feher (1959) found that 80% of the broadening could be attributed to hyperfine
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interactions between the electron and the first four shells of silicon neighbors around the
phosphorus impurity.

From Eq. (4.6) it can be seen that in the case of isolated donors, the electron
resonance is split into (240-1) equally spaced lines, their separation given by the
hyperfine coupling between the electron and the magnetic moment of the donor nucleus.

As discussed earlier, in Si:P for example, for doping concentrations in excess of
1018 P/cm3 the hyperfine splitting is narrowed due to an exchange interaction between

localized impurities so that only a single ESR line is observed.

In the more general case where the principal axes of the hyperfine interaction and

the electronic moment do not coincide, it can be shown that a simultaneous nuclear and
electron spin transition occurs. Actually, during an electron spin flip a nucleus in a state
of given mid goes to a state comprised of a mixture of different values of mil.

Furthermore, the intensity of the ESR line is proportional to the electron spin
susceptibility, xes, according to the relation

zi (H)dy

2r
71W L

(4.8)

o

where e is the imaginary component of the complex susceptibility given by

= ZIix"
In the case of ENDOR (electron-nuclear double resonance), initially, the Am, = ±1

transition is saturated. Momentarily, the electron oscillator is switched off and the
nuclear oscillator is switched on, that is, Am; = ±1. This results in a disturbance of the
previously saturated electron resonance. Thus, the nuclear resonance produces an

observable effect on the electron spin resonance. By identifying the various ENDOR
lines it is, therefore, possible to determine the strength of the hyperfine coupling between
the donor electron and different silicon lattice sites within the donor orbit.
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4.2 Four-Point Probe Resistivity Measurements
An instrument called a four-point probe can be used to measure the bulk resistivity

of starting wafers. As shown schematically in Fig. 4.1, a fixed current, I, is injected into
the wafer through the two outer probes and the resulting voltage, V, is measured between

the inner probes. If probes with a uniform spacing, s, are placed on an infinite slab of
material of thickness, t, the resistivity is given by

p=

for t s.

2113;r7

(4.9)

When the wafer thickness, t, is 10% (or less) of the probe spacing the appropriate
expression for the resistivity is

P

(4.10)

(lnfft2)7V

In practice, silicon wafers are often thinner than the probe spacing, s, and have

finite diameter, d Correction factors, F1 and F2, are introduced with p

= F1F2P.d

The correction factors are plotted in various references (for example, Jaeger, 1988) as a
function of (t/s) and (d s), respectively.

V

wafer
Figure 4.1 Four-point probe apparatus with probe spacing, s,
which is used for direct measurement of bulk wafer resistivities.
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The resistivity measurements for the present study where performed in the

Department of Electrical and Computer Engineering, Oregon State University. The setup
has a probe spacing, s, of 1 mm. The wafer thicknesses ranged between 360 and 450 um,
so that the correction factor, F1, is between 0.28 and 0.34. On the scale of the probe
separation the wafer diameters are very nearly infinite. Therefore, to a very good
approximation, the correction factor, F2, for the finite diameter of the sample is unity.

The results of these measurements range from 0.005 to 0.016 a-cm and are tabulated in
Table 3.2 with other details of the samples.

4.3 Van der Pauw Hall Measurements
Hall-effect measurements involve the application of a magnetic field, B,

perpendicular to the direction of current flow, I, in a semiconductor sample. The Hall
effect refers to a voltage drop, VH, between the faces of the sample normal to both the

direction of current flow and the applied field. Assume that sample dimensions along the
x-,

and z-axes are 1, d, and t, respectively, that the B-field is along the z-direction, the

current density (Ix = Iltd) along the x-direction and the Hall voltage or E-field (Ey = VH/d)

is developed along the y-direction. Then the Hall parameters, that is, the Hall coefficient,
RH, the resistivity, p, when B = 0, and the Hall mobility, pi, are defined by

R= E

=

J xBz

VA td

//

and

141

=

p

Vt
H
BI

(4.11)
(4.12)
(4.13)

respectively. VA is the voltage applied across the ohmic contacts at the x-ends of the

sample. It can be shown that
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rH

RH :=

ep

r
en

for p» n
(4.14)

for n» p,

where rH is the Hall factor and e is the electronic charge. p and n refer to the hole or

electron concentrations, respectively, which are given by p = NA ND and n = ND NA.
NA and ND are the acceptor and donor concentrations. The dimensionless Hall factor is a

theoretical quantity which depends on the material, the carrier type, the dominant
scattering mechanisms, temperature, and the magnitude of the B-field. Typically rH is
close to unity.

The Van der Pauw method is a popular configuration for routine material

characterization of flat, arbitrarily shaped samples. The method requires only four ohmic
contacts along the periphery of the sample, knowledge of the sample's thickness, and
some electrical data.

The method is based on the results of Van der Pauw (1958) who found that the
specific resistivity and the Hall effect of a flat sample of arbitrary shape can be measured
without knowing the current pattern if the following conditions are fulfilled:

(a) The contacts are at the circumference of the sample.
(b) The contacts are sufficiently small.

(c) The sample is homogeneous in thickness.
(d) The surface of the sample is singly connected, i.e. the sample does not have isolated
holes.

When the above conditions are fulfilled the following relation holds:
eXP(RRAB,CDt) + , eXp

(g1:113CJDAt)

=1.

(4.15)

A, B, C, and D are successive contacts along the circumference of the sample. The
resistance RAB,CD is defined as the potential difference VD -VC between contacts D and C

per unit current through the contacts A and B. The current enters the sample through
contact A and leaves through contact B. p is the specific resistance and t is the thickness
as defined earlier. Therefore, Eq. (4.15) determines uniquely the value of p as a function
of the two resistances RAB,CD, RBC,DA and the thickness, t.
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The Hall mobility is measured by determining the change of the resistance,
ARBDAC, when a magnetic field, B, is applied perpendicular to the sample and is given by

the expression
PH =

t AD,AC
B p

(4.16)

Van der Pauw Hall measurements were performed on sample H-I at room
temperature by Dr. Subramanian, Department of Electrical and Computer Engineering,

Oregon State University. The magnetic field strength is 3200 G. A constant current of 1
mA was passed through the sample and the voltages measured along different directions.
Measured voltages were of the order of tens of millivolts.
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5. DATA

5.1 Phosphorus NMR Data

5.1.1 Spin-Echo Spectra
31P NMR signals were measured in the four highest doped samples, H, H-I, I and L

I, respectively. Figures 5.1(a) and (b) show the NMR spectra at four different
temperatures for each of the above samples. The position of the NMR resonance peak
shifts to higher frequencies as the temperature is lowered from 500 to 100 K. The nature

of the resonance shift changes with doping concentration. The highest doped sample, H,
exhibits a change in the distribution of the shifts whereas in the case of the intermediate

doped samples, H-I, I, and

the shift is homogeneous in the sense that it changes more

than the corresponding increase in line-width.

Figure 5.2 is a plot of the shift of the NMR resonance peak relative to the

phosphorus resonance in phosphoric acid as a function of temperature for all four Si:P

samples. The resonance shift of a Si:B sample of similar doping concentration (nd= 1.4
x 1019 B/cm3) over the same temperature range (Fuller et al, 1996) is included for

comparison.. The shifts of the three intermediate phosphorus-doped and the boron-doped
samples exhibit a "Curie-like" temperature dependence, that is, a shift that increases

rapidly with decreasing temperature. In the case of phosphorus, the shift increases from
about 800 to 4000 ppm over the above temperature range. This is about thirty times

larger than the corresponding shift of the boron NMR line. The shift of the phosphorus
resonance in phosphoric acid was found to be independent of temperature between 212
and 353 K within the accuracy of the measurement, namely 0.1kHz.
In Fig. 5.3 the average shift of the NMR resonance is plotted as a function of

doping concentration for various temperatures and compared with similar data of Alloul

and Dellouve (1987) at 4.2 K. The Alloul and Dellouve spectra are roughly a factor of 26
broader than those observed at higher temperatures so that their shifts are distributed over

a wide range, namely 0 to 30,000 ppm. For temperatures of 183 K and lower the
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138.4

138.6

Frequency (MHz)
Figure 5.1(a) NMR Spectra of samples H and H-I at
four different temperatures. The data have been normalized
for the Curie dependence of the nuclear magnetization and
for the spin-echo decay.
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.

138.6

Frequency (MHz)
Figure 5.1(b) NMR Spectra of samples I and L-I at
four different temperatures. The data have been normalized
for the Curie dependence of the nuclear magnetization
and for the spin-echo decay.
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Figure 5.2 Temperature dependence of the peak resonance shifts
for 3113 and 11B (Fuller et al, 1996), respectively. Shifts are measured
with respect to reference samples H3PO4 for 3IP and NaBIlafor 11B.
The lines are guides to the eye, except for sample L-I, which was
fit to a Curie law, that is, NMR shift = a + bIT, with
a = (-627 ± 73) and b = (544,854 ± 13,049).
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Figure 5.3 Average shift of the 31P resonance as a function
of doping concentration, na, at four different temperatures.
The data at 4.2 K (Alloul and Dellouve, 1987) are
shown for comparison.
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average 31P resonance shift increases with decreasing doping concentration. It reaches a

maximum at a doping concentration, nd 2.7n where n, is the critical doping
concentration at which the MIT occurs. At this point the slope changes and the average
shift decreases as the doping concentration is decreased further. At 4.2 K the behavior is
similar but the observed slopes are much steeper and the maximum of the average shift
occurs at nd

1.1k.

At temperatures above 183 K the average resonance shift decreases with doping
concentration over the whole concentration range but the slope is larger below nd 2.7nc.
The 31P full-width half-maximum (FWHM) linewidth increases with decreasing

temperature in all four samples (Fig. 5.4). However, as in the case of the shifts, the
nature of the temperature dependence differs for the different samples. For the highest
doped sample, H, the increase in linewidth is almost linear with temperature. The
intermediate doped samples, H-I, I, and L-I, exhibit a 1/T temperature dependence.
Figures 5.5 (a) and (b) show the temperature dependence of the 31P and 11B

intensities, respectively. In both cases the data are normalized for the Boltzmann inverse
temperature dependence of the nuclear magnetization and the number of signals acquired.
In the case of phosphorus, for which a spin-echo detection scheme was used, an

additional correction for the effect of the spin-echo decay was made using data to be
discussed in the following section.

Within the error bars of the measurements the normalized intensities of the
phosphorus data are very nearly independent of temperature (Fig. 5.5(a)). Only in sample
L-I does the normalized intensity decrease by a factor of two over the temperature range.
The relative intensities in Fig. 5.5 do not reflect the relative signal strengths of the
various samples since data were taken in different probes and with different pulse
parameters over the span of three years.
The 31P intensity results are very different to those observed for boron in boron-

doped silicon over the same concentration and temperature range (Fuller, 1994). In all
three boron-doped samples (denoted by H, I, and L for high-, intermediate-, and low
doping levels, respectively) the 11B intensity decreases strongly as the temperature is
lowered with the greatest effect occurring in the lowest doped sample.
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Figure 5.4 Variation of the 31P linewidth as a function
of temperature. For samples H-I, I, and L-I the data
are fit to functions of the form a + bIT.
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Figure 5.6 A comparison of the temperature dependence of the
31P spin-echo decay and spin-lattice relaxation rates in
samples (a) H-I, and (b) I, respectively.
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5.1.2 Nuclear Relaxation

The spin-echo decay time, T2, was measured at various temperatures in samples H-I

and I, respectively. Figures 5.6 (a) and (b) show the results of these measurements
together with their respective spin-lattice relaxation rates, 1/Ti. The T2 data, referred to
earlier, were used to correct the phosphorus signal intensity for the effect of the spin-echo

decay using Eq. (2.26). For samples H-I and I the available data were extrapolated to
determine values for Ti over the whole temperature range. Due to the similarities
between T2 and T1 in samples H-I and I, T2 was assumed equal to T1 in the remaining two

samples. For sample H, a linear extrapolation was used and in the case of sample L-I the
available T1 data were fit to an exponential curve in order to determine values for T2 over
the whole temperature range.
Figure 5.7 is a plot of the temperature dependence of the 31P spin-lattice relaxation

rates, 1/Ti, and reveals a significant change of the impurity electron spin dynamics as the

phosphorus concentration is varied. For the highest concentration sample, H, 1 /Ti is
nearly proportional to T. This is close to Korringa behavior, indicated by the solid line,
expected for weakly- interacting itinerant carriers with degenerate statistics. As the
doping concentration is decreased the spin-lattice relaxation rate becomes increasingly

enhanced at low temperatures. In sample I the relaxation rate actually increases with
decreasing temperature and in sample L-I it increases rapidly as T is decreased. In all
cases the 31P spin-lattice relaxation times were measured at the peaks of the NMR

resonance. The temperature dependence of the 11B spinlattice relaxation rates reveals
the same dramatic changes with doping concentration.
In order to compare the present data with the Korringa prediction, Fig. 5.8 shows
(TiTf112 as a function of the peak NMR resonance shifts. It follows from Eq. (2.31) that

the slope is given by
1

zerk(ye
h ye ;471

(5.1)

which evaluates to 7.886 x 104 (sK)-1/2(ppm)-1 in the case of31P nuclei with r7 = 1. The

parameter 77 denotes the deviation from the Korringa relation as described in section 2.5

(Eq. (2.36)).
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In comparing the observed relaxation to the Korringa prediction we have to be

concerned with the effect of a shift contribution from the chemical shift. Since the shift
scale is linear in Fig. 5.8 the effect of the chemical shift is simply to shift the effective

origin. In Fig. 5.2 it was noted that the temperature dependence of the resonance shift of
sample L-I very nearly obeys a Curie law, so that an estimate of the chemical shift can be

obtained from its infinite-temperature resonance shift. Another determination was made
from an extrapolation of (T/7)-1/2 versus shift (Fig. 5.8) for the same sample to the shift at

zero relaxation rate, where the Knight shift must vanish (Eq. (5.1)). These procedures
yield an average value of (-582 ± 45) ppm for the chemical shift in sample L-I. As a first
approximation one can assume that the chemical shift is independent of composition, so
that the above result was used for all samples.
The solid line in Fig. 5.8 indicates the Korringa relation with the origin shifted to

correct for the effects of the chemical shift. As the doping concentration is lowered the
slope, (1/7'17K2)1/2, increases and (T/ T)"1/2 is increasingly enhanced at large shifts.

In order to observe the temperature-dependent deviation of the observed spin-lattice

relaxation rates from Korringa relaxation, the enhancement parameter, 77, is plotted as a
function of temperature in Fig. 5.9. The Korringa spin-lattice relaxation rates, TIK', were
computed from Eq. (5.1) with 77 = 1 and Knight shifts, K, computed from the NMR
resonance shifts and the chemical shift, that is K = (NMR shift + 582) ppm.
For sample H, 77 is very nearly unity across the whole temperature range, increasing

by about 30% as the temperature is increased from 100 to 500 K. In samples H-I and I,

77

is larger than unity and increases with temperature. The error bars for sample L-I are
large. However, with the available data 77 seems to be independent of temperature with a

value of roughly 5 in this sample.
31P spin-lattice relaxation rates are inhomogeneous across the NMR spectra. Figure

5.10 shows the results of 21 measurements at various frequencies across the spectra of

samples H, H-I, and I at fixed temperatures for a couple of different temperatures. The
data are compared with the Korringa relation corrected for the effect of the chemical shift
and with similar results of Alloul and Dellouve (1987) at 4.2 K.

Both at 4.2 K and at higher temperatures the product of the relaxation rate and the
inverse of the absolute temperature, (TIT11, is increasingly enhanced at larger frequency
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shifts as the doping concentration is lowered. Within the error bars of the measurement it
is not conclusive that the behavior of sample I deviates from this pattern.

5.2 Silicon NMR Data

"Si signals were measured in all five phosphorus-doped samples using a singlepulse acquisition sequence. Figure 5.11 shows a typical 29Si FID and its Fourier
transform. Generally, the silicon spectra are asymmetric with a high-frequency tail. A
second peak of weaker intensity is always present. It is the result of silicon in the silica
glass sample holders.
The temperature dependence of the 29Si resonance shift relative to 99.9999%) pure

silicon is shown in Fig. 5.12. In all samples the shift is very nearly independent of

temperature. The shift of the highest doped sample exhibits a linear increase of about 6%
as the temperature is lowered from 300 to 100K. In sample H-I it increases roughly by
10% below 213K above which it is nearly independent of temperature. The temperature

dependence is smaller in the three lower doped samples. No temperature-dependent shift
was observed for silicon in the 99.9999% pure silicon reference sample.
This behavior is similar to that observed for silicon in boron-doped silicon (Fuller,
1994), the main difference being that the 29Si shift in phosphorus-doped silicon is about

an order of magnitude larger than in the boron-doped case.

Figure 5.13 shows the temperature dependence of the silicon linewidth between the
full-width half-maximum points. In samples H-I through L the silicon spectra broaden as
the temperature is decreased. Both the linewidth and its temperature dependence increase
with increasing doping concentration. However, in the highest doped sample, H, there is

no clear temperature dependence due to large uncertainties in the measurements. The
29Si spectra in all three boron-doped samples, referred to earlier as H, I, and L, exhibit

roughly equal broadening at low temperatures.
The integrated intensity of the 29Si resonance was found to decrease with decreasing

temperature in all five phosphorus-doped samples. Since 29Si spin-lattice relaxation rates

are known across the whole temperature range (Fig. 5.16) in all five samples, care was
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Figure 5.11 (a) Free-induction decay of 29Si in sample H-I at 292 K
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taken to ensure relaxation times between 3 and 5 times 71. This avoids saturation and
ensures that at least 95% of the signal intensity is observed. The decrease in observed
signal intensity indicates that fewer 29Si nuclei contribute to the observed signal at lower

temperatures. The relative intensities of samples H-I, I, and L, measured under identical
conditions, are shown in Fig. 5.14 and the temperature dependence of the remaining two

samples, H and L-I, in Fig. 5.15. In all cases the data have been normalized for the
inverse temperature dependence of the Boltzmann nuclear spin polarization and the
number of acquisitions. In contrast, no loss of 29Si signal intensity was observed at low
temperatures for boron-doped samples (Fuller, 1994).
In all samples the 29Si spin-lattice relaxation rates, 1/T1, increase with temperature.

The temperature dependence increases from a linear dependence in the highest doped
sample to T 815 in the lowest doped sample (Fig. 5.16). Figure 5.17 is a plot of 1/(T1T) as

a function of temperature. For Korringa behavior, that is, spin-lattice relaxation rates
linear in the temperature, 1/(T17) is constant. In the highest doped sample 1/(T17)

decreases with increasing temperature. The behavior is opposite in the four lower doped
samples.
The temperature dependence of the 29Si spin-lattice relaxation rates in boron-doped

silicon exhibits the same behavior as the four lowest phosphorus-doped samples, only
with weaker temperature dependencies.

5.3 ESR Data
ESR data were taken for temperatures ranging from 4 to 300 K by Dr. A.
Hofstaedter and Dr. W.W. Warren at the Institute of Physics, Giessen University,

Germany. Continuous wave (CW) ESR measurements were made at a frequency of 9.5
GHz and at radiofrequency levels of 20 RW. The intensity was measured as a function of
power level and found to be linear in the power over the range 5

40 ILW indicating an

absence of saturation. The spectra obtained are the derivative of the absorption line as is
typical of CW experiments where the field or frequency is modulated. The spectra were
integrated in order to obtain the absorption curve from which the integrated signal
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Korringa behavior 1/(Ta) is constant.
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(a)

(b)

Figure 5.18 Comparison of the temperature dependence of the ESR integrated
signal intensity and the 31P NMR resonance shift due to paramagnetism in
samples (a) I and (b) L-I, respectively. The shift due to paramagnetism is
computed from the NMR shift by correcting for the effect of the chemical
shift. In (b) the NMR data are fit to a Curie law as indicated by the solid line.
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Figure 5.19 Plot of 31P NMR resonance shifts versus integrated
ESR signal intensities for samples (a) I and (b) L-I. In each
case NMR. shifts were determined at the exact temperatures of
the ESR measurements from fits of the available NMR data.
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intensities could be determined. It follows from Eq. (4.8) that the signal intensity is
proportional to the electronic spin susceptibility,
Figures 5.18 (a) and (b) show simultaneously the temperature dependence of the 31P

NMR resonance shift due to paramagnetism and the ESR integrated signal intensity for

samples I and L-I, respectively. For sample L-I the NMR data are fitted to a Curie law
which is extrapolated to lower temperatures (solid line). For both samples the shift and
ESR intensity only converge to similar temperature dependencies at the lower

temperatures in the shift data. Above roughly 100 K the temperature dependence of the
ESR intensity is smaller than that of the NMR shift.
Figures 5.19 (a) and (b) are plots of 31P NMR resonance shifts versus ESR signal

intensity for the same samples. If the ESR spectra and the NMR shifts are due to the
same susceptibility and the hyperfine coupling is constant, the plot of shift versus ESR

intensity would be linear. The intercept corresponds to the NMR shift when the electron
susceptibility vanishes, that is, the chemical shift for phosphorus. For intensities
calibrated in terms of the electron spin susceptibility the slope yields a value for the
phosphorus hyperfine coupling.

The plot of NMR shift versus ESR intensity for sample L-I is nearly linear with

intercept (-4976 ± 336) ppm. The plot for sample I is quite non-linear. This may
indicate that in the more concentrated samples at higher temperatures ESR, which does
not look selectively at electrons near phosphorus, is experiencing the effect of some
conduction electrons that do not contribute to the NMR shift in the same proportion.
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6. DISCUSSION OF RESULTS

6.1 Phosphorus Spin-Echo Data
As discussed in chapter 2 (Eqs. (2.10) and (2.11)), the Knight shift in metals is

independent of temperature. All samples in the present study have doping concentrations
well above the critical concentration (n, = 3.74 x 1018 P/cm3) at which the MIT occurs

and should be characterized by metallic behavior. However, only the highest doped
sample, H, exhibits a weakly temperature-dependent shift as expected for the Knight shift
in metals. The 31P NMR resonance shift in samples L-I, I, and H-I increases

homogeneously from about 0.1% to 0.4% as the temperature is lowered from 500 to 100
K.

Assuming all the donor electrons are located in the impurity band 45.5 meV below
the conduction band edge, the number of these that, at a given temperature T, are
thermally excited into the conduction band can be computed from the expression
(Shldovskii and Efros, 1984)
r

1/2

(ndiv c) e-E0i2e

(6.1)

2

where

(27

*

4";kT)3/2
= 2.5(md
7r3 3
mo

(300K

x1019 / cm3.

(6.2)

Here md* is the density of states effective mass of the conduction band. In the case of
silicon, which has 6 equivalent conduction band minima, md* is given by
m; = V36m/mt2 -z-1.08mo

mo is the free-electron mass and Eo is the donor ionization energy. Nc is the effective

density of states in the conduction band and evaluates to 2.8 x 1019 cm-3 at 300 K. Using
the same expression the fraction of the impurity electrons excited at a given temperature
into the doublet state of the impurity band 11.6 meV above the singlet state can also be

computed. The results for these calculations are tabulated in Table 6.1 for the samples
studied. In contrast, at liquid helium temperatures, where most of the earlier work on this
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topic has been done, the majority of the electrons remain localized in the singlet impurity
band.

In samples H-I, I, and

the shift is attributed, due to its magnitude and roughly

Curie-like temperature dependence, to hyperfine interactions between paramagnetic

donor electrons and impurity nuclei including a small, temperature-independent
correction due to the chemical shift. The same field in which the nuclei precess produces

the paramagnetic imbalance in the electronic spin populations. This results in a net
electronic moment leading to an effective field at the impurity nucleus. This is the
observed paramagnetic shift and is proportional to the impurity electron spin
susceptibility (Eq. (2.9)).

Table 6.1 The percentage of donor electrons, from Eq. (6.1), that
are thermally excited into the conduction and doublet impurity
bands at temperatures of 100 and 300 K, respectively.
Sample

nd

% thermalized

% thermalized

% thermalized

% thermalized

in

into the

into the

into the

into the

1018

conduction

conduction

doublet

doublet

P/cm3

band at

band at

impurity band

impurity band

T = 100 K

T = 300 K

at T = 100 K

at T = 300 K

H

80

1.7

17

12

33

H-I

10

4.9

49

35

95

I

7

5.8

59

42

100

L-I

4

7.7

78

55

100

The shifts observed for 11B NMR (Fuller, 1994) are roughly two orders of

magnitude weaker but exhibit the same Curie-law temperature dependence. Since boron
acts as an acceptor in silicon the impurity wavefunction at boron sites is formed mainly
from states at the top of the valence band, which have considerable atomic p-character.
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These have a vanishing density at the impurity nucleus resulting in a smaller hyperfine
coupling.

The similar temperature dependencies of the ESR intensity data and an
extrapolation of the NMR shift data below 100 K (Figs. 5.18 (a) and (b)) confirm the

above interpretation. This coincidence suggests a linear shift-intensity correlation at
these temperatures. However, above 100 K, the ESR intensity converges to a larger
value than the NMR shift and exhibits a weaker temperature dependence. Therefore, Fig.
5.19(b) would not be linear if extended below 100 K. This explains the large discrepancy
between the chemical shift values obtained from ESR experiments (-4976 ppm) and that
obtained from NMR data (-582 ppm).

It is possible that ESR is seeing also the effect of thermally excited electrons, the

number of which increases with temperature and doping concentration. Assuming that
the 31P hyperfine coupling of carriers in the conduction band is more inhomogeneous

than that of impurity-banded states, the latter will dominate the NMR signal. One may
then expect that the conduction electrons will show ESR intensity that does not contribute

as strongly to the NMR shift. ESR is not partial to electrons near impurity nuclei. Below
100 K these thermally excited electrons do not, however, appear to contribute much so
that similar temperature dependencies for the shift and intensity are observed.
It is known from the splitting of the ESR line that the hyperfine field at isolated P
nuclei, HhfP, is 34 k0e/pB. Combining electronic spin susceptibility data of Quirt and
Marko (1972) from ESR experiments at, respectively, 4.2 and 77 K for a sample with
doping concentration red

1.3 x 1019 P/cm3, with NMR shift data, the hyperfine field at

the impurity nucleus, Hhf, can be determined. NMR shift data for sample H-I are
extrapolated to 77 K and corrected for the chemical shift, yielding Hhf = 14.7 k0e/P.B.

A similar result, namely 14.2 k0e/pa, is obtained by using results of Alloul and Dellouve
(1987) for the average NMR shift at 4.2 K corrected for the effect of the chemical shift.
These hyperfine fields are more than a factor of two smaller than those observed for
isolated 31P donors.

The present ESR data for sample I was calibrated and found to correspond to 1.83 x
1018 Curie spins at 300 K. This yields for the molar electronic spin susceptibility, zivr
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7.18 x le per mole of Si and for the molar electronic spin susceptibility due to the

impurity, Z m , at 300 K, 5.12 x 104 emu/mole P. At any temperature 7',

'(T)
Esn

x,p(T) /Est(300 K) x 5.12 x 10-4,
in which /EsR(T) is the integrated ESR signal intensity at temperature T, so that

zM .p(100 K) = 6.75 x 104 emu/mole P. Combining this result with NMR shift data for
sample I at 100 K, corrected for the effect of the chemical shift, yields HhfP = 38.6

k0e/gB. Agreement with the hyperfine field observed for isolated 31P donors is
remarkably good.
It is known from ESR data that the splitting of the ESR line vanishes for samples
with doping concentrations above 1018 P/cm3. At doping concentrations below this value
there is very little overlap of the electronic wavefunctions of two neighboring impurity

sites so that the fluctuations of the hyperfine field are slow compared to the time scale of
the measurement.

As discussed earlier, at higher concentrations the ESR splitting first vanishes due to

exchange narrowing. As the doping concentration is increased above the MIT the
impurity electrons become delocalized.

All the samples for the present study fall in the latter regime. However, it is evident
from the data that the electrons are not delocalized but rather weakly localized. If they
were strongly localized, hyperfine fluctuations would be so slow that 31P nuclei would

relax too quickly to be observed. Clearly that is not the case.
Another characteristic feature of the data is the large temperature-dependent
broadening observed for both the 31P and 11B resonances. Other than sample H, the 31P

linewidths exhibit a roughly 1/T temperature dependence (Fig. 5.4) superposed on a

temperature-independent contribution. Using the Van Vleck method of moments (Eqs.
(2.18) to (2.20)), the dipolar broadening of 31P due to interactions with like and unlike

spins may be computed. The lattice sum was evaluated for the first 51 nearest neighbors

in sample H-I. The results are tabulated in Table 6.2. Clearly dipolar broadening does
not account for the broadening which, in the high-temperature limit, tends to roughly 42
kHz, more than 100 times the expected width.
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Table 6.2 Van Vleck dipolar broadening of the 31P signal
computed for sample H-I.

Ow% in (Hz2)
0.0417 x 106

(Aw2)si in

(2)

1.047 x 106

(Aco2)Tote in (I-Iz2)

A vnviim in (kHz)

1.0887 x 106

0.390

Sundfors and Holcomb (1964) observe 31P linewidths about 100 times the dipolar
width at 4.2 K in samples with doping concentrations of 14 x 1019 and 9 x 1019 P/cm3.

They attribute the' broadening to -a distribution of Knight shifts. The authors compare the
ratio of linewidth to magnitude of the field shift for 31P and 29Si and find them to be 0.86

and 0.82, respectively. In the case of 29Si, the Van Vleck dipolar broadening (see Table

6.3) is a significant fraction of the observed width so that this contribution was first
subtracted from the observed 29Si linewidths. They argue that these similar ratios for 31P
and 29Si for greatly differing magnitudes of linewidth are consistent with an assignment

of a distribution of values ofK as the source of the broadening.
Performing a similar analysis on the present data is much less satisfying. In 31P and

"Si the respective ratios have opposite temperature dependencies. This is the result of
the very large low-temperature shifts in the case of 31P for all but sample H, yielding
small ratios for 31P at low temperatures. 31P shifts are corrected for the effect of the

chemical shift in sample H-I, I, and L-I. In comparison, the temperature dependence of
the silicon shifts is much smaller. Most of the temperature dependence of the ratio is
contained in the "Si linewidths, which increase with decreasing temperature, resulting in
large values for the 29Si ratio at low temperatures. Only for sample H, which has a

doping concentration similar to that used by Sundfors and Holcomb and which exhibits

essentially metallic behavior, are the ratios similar at 103 K. The ratios are 0.67 and 0.76
for 31P and 29Si, respectively. In all other cases at 103 K the 31P ratios are smaller than

their corresponding 29Si values by at least a factor of 2. The discrepancy increases as the
doping concentration is decreased.

It would seem appropriate to compare in samples H-I, I, and L-I the ratios at high
temperatures where the temperature dependence of both the shifts and linewidths
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decrease for both 31P and "Si. At 469 K for these samples the 31P ratio is consistently
larger than the 29Si ratio by roughly a factor of two. Using instead the high-temperature

limit for the linewidths and average values of 800 ppm (corrected for the effect of the
chemical shift) and 40 ppm for the 31P and 29Si shifts at high temperature, yield ratios of

0.22 and 0.16, respectively. The agreement is reasonable considering the very different
magnitudes of the 31P and 29Si data.

Based on the above and because no other sources of broadening are present, the
temperature-independent broadening is, in the present case also, attributed to a

distribution of shifts. It would only require a small (5 24%) inhomogeneity in the
hyperfine couplings of different impurity sites to produce the observed temperature-

independent broadening.
The temperature dependence of the shift and linewidth data is consistent with that
expected for electrons in a well-defined impurity band with weak localization setting in at
low temperatures. Impurity-banded states obey Boltzmann rather than Fermi statistics
when kT is larger than or of the order of the impurity bandwidth.
The net electronic magnetization is then given by an expression analogous to Eq.

(2.3) for nuclei. Thus zes is inversely proportional to temperature. This results from an
increased population of lower energy states and hence an increased electronic
magnetization with decreasing temperature. The NMR shift which is proportional to the

therefore, also varies as 1/T. Since the observed shift and linewidth data can be
explained in terms of Boltzmann statistics, it appears that even at doping concentrations
well above nc the impurity bandwidth is of the order of kT for temperatures as low as 100

K suggesting impurity bandwidths

9 meV.

It on the other hand, impurity bands were so broad that they overlapped with the
conduction band, the electron states would be degenerate and obey Fermi statistics with

population probabilities that are independent of temperature. Clearly this is not the case.
Since no decrease in 31P signal intensity is observed with decreasing temperature,

other than in sample L-I, there is no evidence for complete localization. Complete
localization would also be inconsistent with ESR data mentioned earlier. Problems with
an impurity band interpretation are: (i) the discrepancy with the boron intensity data
(Fuller, 1994), which decreases at low temperatures, (ii) the loss of "Si signal intensity in
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Si:P at low temperatures, and (iii) the data of Alloul and Dellouve (1987) at 4.2 K which

is characteristic of itinerant carriers.

However, at 4.2 K, kr 0.4 meV and is small compared to the impurity bandwidth
so that the electrons obey Fermi statistics. In this case, the electronic magnetization is

given by
00

M:

f dEfy(E)v(E) - ft(E)},

(6.3)

0

in which

1

fIrt(E)
1+ expRE

(EF ± glie)} / kr]

is the Fermi distribution function with the Fermi energy, EF, shifted in opposite directions

for electrons with opposite spin in a uniform magnetic field. g 2 for electrons.
Evaluation of the integral in Eq. (6.3) yields the Pauli susceptibility (see Eq. (2.11)),
Z Pauli

(gliB)2
2

AEF),

which is independent of temperature. However, although this description seems to
account for the NMR data at 4.2 K, it cannot be reconciled with spin susceptibility data
from total susceptibility and ESR measurements which changes rapidly over this

temperature range, nearly as la (Quirt and Marko, 1973).
In the boron data there is strong evidence for the onset of localization at low

temperatures. The signal intensity decreases at low temperatures indicating that fewer B

nuclei are contributing to the resonance. The B broadening correlates with the loss of
signal intensity. This is not the case in Si:P.
Consider the effect of an inhomogeneous description with a minority of localized

sites that are not observed in NMR. The impurity nuclei with itinerant electrons then
couple to electron spins on a minority of localized sites via the itinerant electrons as

described by the Ruderman-Kittel interaction. An indirect coupling of this sort would be
smaller than the direct coupling between phosphorus nuclei and localized electrons. In
analogy with the coupling of copper nuclei in Cu:Mn with the localized d-electrons of
manganese ions via the conduction electrons, the interaction is given by Eq. (2.21),

rewritten in the form
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Hesse
E E viv)
ge
i>

j

(6.4)

where gi is the total spin of the localized impurity electron, which is assumed to be at the

origin, and AO is the impurity nucleus at if . The expression for Ay (Eq. (2.22)) can
then be written in the form
112m;

Ur:

(6.5)

in which v.,' is the exchange coupling between localized and conduction electrons. All
other quantities are as defined in chapter 2. The angular contribution is assumed to be
unity and the hyperfine splitting of nucleus j is replaced with that due to an exchange

interaction between the localized and conduction electrons. The density of states
effective mass for the conduction band, ma*, in silicon is 1.08mo and the atomic volume is

a3/8; a is the lattice spacing. The square ofAy enters into the sum in Eq. (2.23) for the
second moment due to exchange interactions. The lattice sums, 1/ri; and lin!, evaluate
to 248.4 /a4 and 3504.6/as, respectively, when summed over the first 22 nearest neighbors.

A weighting factor needs to be included for the probability of a site to be occupied by a
phosphorus impurity. The hyperfine splitting, viy(P), is 117.4 MHz as determined from

ESR measurements. The only unknown quantity is the exchange splitting between
localized and conduction electrons.
Assuming this indirect mechanism is the source of the observed 31P temperature-

independent broadening ( 42 kHz), yields for the exchange coupling in sample H-I a
value of 1.31 x 1015 Hz, which corresponds to an energy of 5.4 eV. This is of the same

order of magnitude as the previously determined exchange coupling ( 1 eV) between
localized d-electrons and conduction band s-electrons in Cu:Mn. The above derivation
assumes that all the observed 31P temperature-independent broadening is the result of the
Ruderman -Kittel interaction and neglects contributions due to dipolar interactions and
magnet- and sample inhomogeneity, so that the result should be viewed as an upper limit.

The exchange coupling determined above is, therefore, not unreasonable in the light of
previous results in Cu:Mn.
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An indirect interaction of this type shifts the nuclear resonance line for the impurity
nucleus at T., by

hAcoi = E 4,(s,z),

(6.6)

where (Sft) is the average magnetization of the j-th localized impurity electron, which is,
in the presence of a magnetic field along the z-axis, non-zero only along the z-axis.
This interpretation does not, however, account for the data reported at liquid helium

temperatures by Alloul and Dellouve (1987). They observe a temperature-independent
shift and large temperature-independent broadening of the 31P resonance when comparing

spectra at temperatures of 4.2 and 1.65 K. This is nearly a factor of three in absolute
temperature. As mentioned earlier, the spin susceptibility from total susceptibility and
ESR measurements changes rapidly over this temperature range, nearly as 1/T. It follows
that the observed phosphorus nuclei are not coupling to the states producing the observed

spin paramagnetism. These results suggest that the majority of the sites are decoupled at
4.2 K. Decoupled behavior is never observed at the higher temperatures of the present
study.

Figure 6.1 is a comparison of the present data with that of Alloul and Dellouve in

samples of similar doping concentration. Clearly, the high-temperature shifts are small
compared with the Alloul and Dellouve spectrum. Furthermore, their spectrum ranges
from 0 to 27,000 ppm, which is much broader than the high-temperature data reported
here. The high-temperature lines are certainly not simple averages over their spectrum.
The spins that give the large, supposedly temperature-independent shifts on the right-

hand side of Alloul and Dellouve's line are not observed at all at high temperatures.
The discrepancy between the high- and low-temperature data is indeed puzzling and

at present not understood. Alloul and Dellouve attribute their broadening to a distribution
of hyperfine fields, that is, of the electronic wavefunction on the nuclear site (I vi(0)12),

averaged at the Fermi level. This is indicative of a very inhomogeneous environment,
which they explain in terms of the onset of localization as the doping concentration and

temperature is decreased. The intensity per phosphorus atom decreases with decreasing
doping concentration indicating that some sites are becoming localized. These sites relax
so rapidly that they are not observed in the NMR. The sites that are observed exhibit
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Alloul and Dellouve (1987)
31P in Si(P) at 4.2 K
(6 x 1018 P/cm3)

0
31P in Si(P) sample I
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(7 x 1018 P /cm3)
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Figure 6.1 Comparison of 31P spectra of Alloul and Dellouve (1987)
at 4.2 K with spectra at higher temperatures for samples with similar
doping concentrations. The lines for the high-temperature data
represent fits to the data for sample I as shown in Fig. 5.1(b).
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metallic behavior, namely temperature-independent shifts and broadening and Korringa
like relaxation.
In contrast, at high temperatures the data are very homogeneous, in the sense that

the frequency shifts by more than the linewidth increases, and is characteristic of
impurity-band behavior, that is, a well-defined impurity band with a width of the order of
or less than kT. The effects of itinerant electrons are never observed although one would
expect more electrons to be excited into the conduction band at high temperatures due to

thermal activation alone. The question is then what happens to these delocalized sites?
Diffusion in silicon is very slow so the phosphorus nuclei cannot go anywhere and one
does not expect any sort of motional narrowing in the usual sense. The actual disorder
should be the same at all temperatures. It appears that somehow, in raising the
temperature from 4.2 to 100 K, there is a kind of thermal averaging of the disorder to
give relatively homogeneous behavior at higher temperatures.
One possible explanation is that the localized sites at 4.2 K become weakly

localized at temperatures above 100 K so that their spin-lattice relaxation rates, although

still large, are small enough for the signal to be observed with NMR. The hyperfine
coupling due to such weakly localized states will be more homogeneous than that of the

delocalized states and will dominate the high temperature NMR. Essentially, the NMR
spectra due to the delocalized states are so broad that the signal intensity at any given
frequency is very weak compared to the more homogeneous signal of the weakly
localized states.
Another possibility is that the samples used by Alloul and Dellouve at 4.2 K are
inhomogeneously doped, so that the observed metallic behavior is due only to a highlydoped region.

6.2 Phosphorus Relaxation
It is evident from the comparison of the transverse (1/T2) and longitudinal (1/ Ti)
relaxation rates in Figs. 5.6 (a) and (b) that T1 processes determine the transverse

relaxation rate.
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The temperature dependence of the nuclear spin-lattice relaxation rate (1/ Ti) of the
31P nuclei changes dramatically with doping concentration. In the highest doped sample,

H, 1/Ti essentially exhibits Korringa behavior as is characteristic for a relaxation
mechanism due to the coupling of nuclei to the magnetic moment of s-state conduction
electrons. It appears that the relaxation rate at low temperatures is increasingly enhanced

with decreasing doping concentration (Fig. 5.7). Similar behavior is observed for the
relaxation rate of11B nuclei in Si:B and seems to support a description in terms of the
onset of localization at low temperatures.
This can be understood in terms of Eq. (2.30) for the relaxation rate due to

conduction electrons. The relaxation rate depends on the average value of the electronic
wavefunction evaluated at the Fermi surface on the NMR nucleus, that is, the hyperfine
field at the impurity nucleus, and the rate at which the hyperfine field fluctuates.
Whether the electrons are localized or itinerant does not affect the electron density at the

nucleus. In the first instance the electron density at the nucleus consists of a single
localized wavefunction whereas for the latter many wavefunctions overlap to give the
same net electron density at the nucleus. The important point is that the rate at which the

hyperfine field fluctuates is much reduced for localized electrons. Therefore, on average,
an electron resides at a particular nuclear site for a time longer than hp(EF). This results
in an enhancement of the nuclear spin-lattice relaxation rate.
Figures 5.8 and 5.9 examine the nuclear relaxation behavior in terms of the

Korringa relation, which would be satisfied if the shift and nuclear relaxation are both
due to interactions with conduction electrons. Since only one mechanism is considered in
the Korringa relation one expects that the experimental T1 should, if anything, be shorter.

The reasons for plotting (Ti Tim versus shift (Fig. 5.8) are (i) that the chemical shift is

not known and (ii) that the Korringa relation becomes a straight line. The parameter,

7/,

which is a measure of the enhancement of the Korringa behavior, increases with
decreasing phosphorus content. Within a given sample the data fall on a straight line but

with a slope different to the Korringa value. It appears, therefore, that at these
temperatures all the spins in a given sample are aware of the impending localization. In
Fig. 5.10, however, for Alloul and Dellouve's data, 1/(TiTK2) is not only constant but

close to the Korringa value for the very large shifts observed at 4.2 K. For their lowest
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doped sample, which has a similar doping concentration to that of sample L-I in the
present study, 77=1.06, compared to 5.21 for sample L-L
It should be noted that for Fig. 5.10, (T1T)"1/2 is plotted versus shift at a fixed

temperature for Ti's measured across the spectrum. For Alloul and Dellouve's data,
however, (TIT11/2 falls on the same curve versus shift regardless of whether the

temperature is 4.2 or 1.65 K. This is reasonable evidence that these sites are Korringa
like so that a comparison with the high-temperature data in Fig. 5.8, which were
measured at peak shifts as a function of temperature, is appropriate.

Figure 5.9 shows the temperature dependence of the Korringa enhancement. For
sample, H, which exhibits very nearly Korringa behavior, 77 is of the order of unity as

expected. In contrast with the prediction made from Fig. 5.7 that 1/Ti is enhanced at low
temperatures, 77 increases with temperature for sample

and I.

The Korringa analysis shows that for all samples and over the whole temperature
range 1 /(T1TK 2) is constant (Fig. 5.8). This indicates that most of the temperature
dependence of the 31P spin-lattice relaxation rate is associated with the shift, that is, with

the uniform electronic magnetization and not with a temperature-dependent change of the

electron dynamics. The dynamics appear in the concentration dependence; lower
concentrations give generally higher Korringa enhancements or, put another way, slower

fluctuating hyperfine fields for the same uniform magnetization, indicating a tendency
towards electronic localization with decreasing doping concentration.
It is evident from Fig. 5.10, which compares spin-lattice relaxation rates at various
frequencies across the spectrum at fixed low temperatures, that Ti is inhomogeneous

across the spectrum, at least at these temperatures. This could be the onset of the
inhomogeneous behavior observed by Alloul and Dellouve at 4.2 K. It could also
account for the observed low-temperature broadening in terms of a distribution of shifts.

6.3 Silicon Data
29Si resonance shifts are roughly two orders of magnitude weaker than those of the

impurity nuclei. Since the majority of the observed "Si sites are far removed from an
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impurity, the amplitude of the impurity wavefunction is greatly reduced at these sites,

resulting in weaker hyperfine couplings. Electron-nuclear double resonance (ENDOR)
experiments yield hyperfine fields in the range 700 to 800 Oe/.LB at the average distance,
given by -1-ni15 (about 20A), from the impurity of 29Si nuclei. Correlating the 29Si shift

in sample H-I, extrapolated to 77 K, with susceptibility data (Quirt and Marko, 1972)
yields for the average hyperfine field produced by the impurity at the host 29Si nuclei,

Hh"

143 0e/gB. This is again smaller than the hyperfine coupling due to isolated P

nuclei, suggesting either a weaker coupling due to electrons in the conduction band or
some sort of indirect coupling mechanism.

The shift of the 29Si resonance in Si:P is larger than in either pure silicon or Si:B. In
Si:B the 29Si shift is of the order of a few parts per million and depends only weakly on

temperature. The shifts due to the carriers in Si:P are larger than in Si:B due to the
stronger hyperfine couplings of conduction band states versus valence band states,

essentially s-like versus p-like. Although the doping concentration of the lowest doped
sample, L, is below that at which the MIT occurs, there will still be a significant amount
of thermal excitation into the conduction band at temperatures above 100 K. At liquid
helium temperatures those carriers should "freeze out" and the shift should approach that

of undoped silicon. In fact, the shift in sample L is decreasing with decreasing
temperature.
The 29Si linewidths of samples H-I through L also exhibit 1/T temperature-

dependent broadening (Fig. 5.13) superposed on a temperature-independent background.

The infinite-temperature limit is roughly 430 Hz. Table 6.3 shows the temperatureindependent dipolar broadening due to interactions with neighboring phosphorus and

silicon nuclei as predicted by the Van Vleck method of moments. The lattice sum was
evaluated for the 51 nearest neighbors for sample H-I. Dipolar interactions account for
most of the temperature-independent broadening observed in the four lower doped
samples. As discussed at length in the case of31P the remainder of the temperatureindependent broadening is attributed to a distribution of shifts.

As in the case of phosphorus nuclei, the temperature-dependent broadening results
from an increase in electronic magnetization with decreasing temperature.
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Table 6.3 Van Vleck dipolar broadening of the 29Si signal
computed for sample H-I.

(Aa.)2)p in (Hz2)

(Ao.)2)si in (Hz2)

(Aco2L in (Hz2 )

A VpwRid in (kHz)

4463

567,542

572,005

0.283

The asymmetry of the 29Si spectra is attributed to the fact that the distribution of

hyperfine fields on silicon atoms neighboring phosphorus impurities is such that more
nuclei experience a local field larger than the average local field than a field smaller than

the average local field.
Another feature of the present data is the decrease in 29Si signal intensity observed

at low temperatures in all five samples (Figs. 5.14 and 5.15). This behavior was not
observed in the boron-doped samples. It indicates that at low temperatures fewer silicon
nuclei are contributing to the NNIR signal. This usually happens when nuclei are so close
to a paramagnetic impurity that their resonance shift and nuclear relaxation rates become
so large that they cannot be observed. This does not seem likely since no corresponding
decrease in 31P signal intensity is observed. Unless there is a minority of localized sites,
which remain localized at all temperatures, so that their 31P signal is never observed.

However, then one would not expect the loss of silicon signal intensity to be temperature

dependent.
The impurity wavefunction has an effective Bohr radius of roughly 20 A, which
encompasses 1562 neighboring silicon nuclei, that is the first 51 nearest neighbors. One
could imagine that at any given time, a significant fraction of the silicon nuclei could be
so close to a "weakly localized" donor electron that their shift is too large to be observed.

This would result in "wipe-out" of the silicon signal intensity. One would expect the
fraction of sites that is wiped out of the signal to increase with decreasing temperature
and doping concentration as localization increases. This is consistent with the data.
However, in contradiction with the data one would not expect the silicon signal intensity
to decrease in the highest doped sample which exhibits essentially metallic behavior.
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In the case of boron, the acceptor states have atomic p-character so that the
hyperfine couplings are weaker and no loss of silicon signal intensity is observed.

As described in chapter 2, the temperature dependence of the spin-lattice relaxation
rate due to conduction electrons is predicted to be weaker in semiconductors than metals
due to the fact that conduction electrons in semiconductors obey Boltzmann rather than

Fermi statistics. Observed silicon spin-lattice relaxation rates differ from the predicted
T1/2 dependence. In sample H, 1/71 exhibits Korringa behavior as expected for

delocalized, itinerant carriers. As the doping concentration is decreased, the relaxation
rate increases from the linear T dependence in sample H to T8/5 in sample L.

In order to illustrate the deviation from Korringa behavior, Fig. 5.17 is a plot of
(1/T1T) versus temperature. For Korringa behavior, (1/T1T) is a constant. Figure 6.2
illustrates that, other than in sample H, (717)-1/2 is not proportional to the shift. Clearly

the Korringa relation does not apply, although within a given sample the spin-lattice
relaxation rate never deviates far from the value predicted by the Korringa relation.
In deriving Eq: (2.32) for the spin-lattice relaxation rate of semiconductors due to
conduction electrons, the Fermi distribution function is replaced by the Boltzmann

distribution function, P(E) = a exp(E / kT). The constant a is so chosen that

a1

dE

(6.7)

.

0

In Eq.

(6.7),

Nis the total number of conduction electrons per unit volume and is

assumed to be independent of temperature. The normalization to N/2, rather than N,
results from the fact that only half of the electrons, those with spin +, may contribute to a

nuclear flip from to +. Then

a=
and it can be shown that (Abragam,

(6.8)

2.1p(E)e-""dE

1961)
1

ATI/2.

If, instead, Nis not assumed to be independent of temperature, using p(E)
N oc akT-17k1' x T3/2

(6.9)

a Elf2,

yields
(6.10)
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29Si NMR resonance shift (ppm)
Figure 6.2 Korringa analysis of the 29Si spin-lattice relaxation rate.
The solid line indicates the Korringa relation for "Si nuclei.
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100

so that Eq. (6.9) becomes
.

(6.11)

Therefore, the temperature dependence of the spin-lattice relaxation rates of the host
suggests that even at temperatures above 100 K, the carrier density is still temperature
dependent. At higher temperatures, all the donors will be ionized and 1/Ti will be

proportional to ra.
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'7. CONCLUSION

In conclusion, the data presented show that the characteristics of heavily-doped
semiconductors are qualitatively different at high temperatures than at liquid helium

temperatures. Although all samples studied, except sample L, have doping
concentrations well above that at which the MIT occurs, it appears that the impurity band

is still playing a significant role in the electron spin dynamics. The type of behavior
expected due to decoupled, itinerant electrons is only observed in the highest doped

sample, H, which is near the saturation limit for phosphorus in silicon. All other samples
exhibit shift and broadening temperature dependencies characteristic of Boltzmann
statistics. When the fraction of impurity electrons in the conduction band is small

Boltzmann rather than Fermi statistics apply. This is an indication that even at doping
concentrations of 2.774. the impurity band is still separate from the conduction band.

Impurity spin-lattice relaxation rates reveal a tendency towards localization as the

doping concentration is decreased. Within a given sample, the temperature dependence
of the impurity spin-lattice relaxation rates is associated with the uniform electronic
magnetization rather than with a change of electron spin dynamics.

The high-temperature behavior is inconsistent with that observed previously at

liquid helium temperatures (Alloul and Dellouve, 1987). At these temperatures impurity
NMR signals are characteristic of decoupled electrons. An inhomogeneous broadening
of the 31P resonance is observed reflecting a large distribution of local hyperfine fields.

Evidence for localization at decreasing temperatures and doping concentrations is also
observed.

Although doped semiconductors are, by their very nature, disordered systems the
high-temperature behavior is very homogeneous compared to that at 4.2 K. All 31P nuclei

experience the same average local field. In all samples other than L-I, no temperaturedependent decrease in impurity NMR signal intensity is observed indicating that none of

the observed sites are becoming localized. The decrease in silicon signal intensity is
attributed to rapid spin-lattice relaxation of silicon sites near wealdy localized electrons.

As expected the effect increases with decreasing temperature and doping concentration.
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A problem with this interpretation is that the silicon signal intensity in sample H

decreases also, despite Korringa relaxation and wealdy temperature-dependent shifts and
broadening in this sample which is characteristic of itinerant electrons.

It appears that the disorder is thermally averaged out in some way that is presently
not understood. If anything, one would expect the electrons at high temperatures to be
delocalized due to thermal excitations alone.

The low-temperature data was, however, performed in a 2 T magnet, with different
samples and in a different laboratory. The above discrepancies are a big motivation to
extend the present data to liquid helium temperatures in order to determine

(i) whether there is for the present samples a signal at 4.2 K, and, if so,
(ii) whether their behavior in the 8 T magnet is the same as that observed by Alloul and
Dellouve.
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