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deep levels. In upper temperature ranges , where the conduction electron
concentration is the dominant factor, the relaxation rate follows changes
in conduction electron concentration resulting from changes in donor impur-
ity concentration. At somewhat lower temperatures, where the conduction
electron spends part of the time in a trap level, the relaxation rate shows
a dependence upon the NMR operating frequency. The relaxation rate is

F higher at lower operating frequencies, indicating that the electron resi-
dence time (or correlation time) is longer than the Larmor period for one
radian of nuclear precession for the magnetic fields employed. At even
lower temperatures, below 40 K or 50 K, the electrons are essentially all
localized and the N~4R relaxation rate becomes dominated by the correlation
time of the trapped paramagnetic electron in one of its spin states, which
is closely related to the relaxation t ime , Te, of the electron spin. The
NMR relaxation rate increases sharply with decreasing temperature between
50 K and 20 K and becomes much less dependent upon I’1MR operating frequency,
indicating that Te is sn~aller than the Larmor period. At about 30 K-40 K
the steady state NItIR magnetization, M5, which was also measured in the
stud y , was found to deviate from Curie-law behavior , to decrease at lower
temperatures, and to disappear at about 20 K in all except the lithium-rich
10-17 sample. In the latter sample M5 decreased, leveled off, and then be-
gan to increase with decreasing temperature at about 10 K (before irradia-
tion). This behavior, along with results obtained from EPR and Hal]. mea-
surements, also a part of the study, supports the conclusion that lithium
forms pairs or clusters, with itself or with other impurities, which tend
to become diamagnetic at low temperatures through electron exchange inter-
actions.

Changes in the variation of the T~MR relaxation rate vs temperatureafter electron irradiation (~ 1 MeV at 1016 crn~~ fluence) and again after
annealing, as well as changes in other measured parameters, NMR magnetiza-
tion M5, EPR magnetization Me~ arid Hall effect related, indicate an increase
in the variety of trap levels after irradiation with only a slight reductios
in variety after annealing. In most samples irradiat ion appeared to produce
more deep levels than shallow (as compared with phosphorus), however in the
lithium-rich samples more shallow levels appeared to be produced than deep
levels.
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SUMMARY

SOLAR CELL MATER IALS

Bulk sample measurements have been made on n-type crucible-grown
silicon containing three different phosphorus concentrations with 10,
1, and 0.1 C-cm starting resistivities. Some of the sample wafers
(20 x 10 x 0.25 mm) also contained lithium in several concentrations
(of ~~~~~ lO 1P , lO~~, 10

18, iO~~ cm~~). The samples studied by both
NNR and EPR techniques were 10-15, 10-17, 1-0, 1-15, 0.1-15 where the
first number refers to the starting resistivity and the second is the
exponent of the Li concentration. EPR investigations have been extended
to other samples.

~ (PER IMENTAL PARAMETERS CONTROLLED MID MEASURED

In the NMR investigation the ~
1Si Spin-lattice relaxation time , T~,

and the steady state nuclear radiofrequency magnetization magnitude, M5,
were measured and the spin-spin relaxation time T2 (related to line
width) was monitored as a function of N~~ operating frequency (field)
and sample temperature, T, over a range fr om 8 to 310 K. The NMR operat-
ing frequency, f, was set at approximately 6 , 8.5, and 10.5 MHz in order
to obtain the effects of a variation in operating frequency (field).
The measurements indicated above were made on each of the samples in-
vestigated , first in their original state, then again after irradiation
with -~-l MeV electrons to a fluence of lO~ electrons/cm2. Immediately
after irradiation the samples were stored at 77 K to prevent Li diffu-
sion until the second round of measurements was completed. Finally the
measurements were repeated after annealing the samples at room tempera-
ture for periods of 12 to 60 hours. Each NMR sample consisted of 15 of
the 20 x 10 x 0.25 mm wafers or 0.75 cm . NNR measurements of T1 were
made for temperatures to 400 K for some samples.

In the EPR investigation a smaller sample 4 x 10 x 0.25 mm or
0.01 cm 1 was used and measurements were made before and after 1 MeV
electron irradiation (fluence of 1016 electrons/cm2) and after corre-
sponding annealing at room temperature. The measurements were made at
X-band microwave frequencies and at temperatures ranging from 6 to 310 K.
The quantities measured were the effective g factor (spectral position),
electronic steady state magnetization magnitude , Me, line width (re-
lated to electronic spin-spin relaxation, T2e), and splitting factor ,
AG, in the cases where multiplet structure was observed.

Supporting Hall coefficient and resistivity data were measured
under the same conditions of temperature, irradiation , and annealing.
A 20 x 10 x 0.25 mm sample size was used with five contacts of gallium-
indium alloy applied with ultrasonic vibrations .
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~D(PERIMEN TAL REB IJL~~ AND HIYSICAL I’()DELS - NMR

In measuring the 2mSi spir--lattice relaxation time, T1, a saturating
operation is first performed on the sample in order to reduce the magne-
t izat ion M, due to the 29Si nuclear moments, to zero; i.e., the spin
populations are equal for the m = ~ and m = -~~~ spin states. Then the
NMR field and sample temperature are held constant for a period of time
t during which the magnetization M is found to grow exponentially accord-
ing to the relation M(t) = M5[l - exp(-t,T1)]. The state of M (t) is
tested at time t by means of a quasi-adiabatic fast-passage through the
NMR resonance , sensing the dispersion mode . The process is repeated for
several values of t. The quantity 1/TL then represents the rate of
recovery or growth and M5 represents the steady-state or maximum value
of M.

In this investigation the rate of recovery 1/T1 is controlled
entirely by either (1) conduction electrons or (2) paramagnetic elec-
trons such as single electrons occupying a shallow or deep trap. There
are two main factors involved in the influence of the electrons on l/T1.

~ 
j One of these, the strength of the electron-nuclear interaction, can be

thought of as the strength of the local magnetic field, due to the
electron , at the site of a ~~Si nucleus. This field is called hL(t).
Of course, different nuclei will “see” different values so that hL
represents a mean of a statistical variable with some distribution about
the mean. rhe second factor in the influence of the electron on l/TL
is the t ime variation of hL(t) or specifically the component in the fre-
quency spectrum (power spectrum ) of hL(t) which falls at the NMB operat-
ing frequency, w = 2itf.

The power spectrum of the electronic local field is related to the
auto-correlation function of hL(t) through the quantity T called the
auto-correlation time (or correlation time). A number of theories have
been treated relating to this problem , of which the most reasonable
ones find that the power spectrum and therefore 1/Ti are proportional
to hL-i(1 + w t ). The quantity ‘~ can then be interpreted as a measure
of the lifetime of an electron in a localized state or in a spin state.
Phe frequency ~i is then taken to be the MMR operating frequency.

The above relation appears in two different temperature ranges in
the analysis of the experimental results . In the range from 310 K down
to - bout 60 K , is interpreted as the lifetime of an electron in a
trap . At temperatures below about ~4O K , -t is related to the relaxation

~~~

4 
. t ime of the electron : i.e., the lifetime in a spin state.

- 

~rer ornper~i ture Region

In the upper temperature range the lifetime of an electron in a
spin state , r e, is very short , as is seen by the very wide EPR linewidth
observed at 310 K (r~ less than lO~~ s). 

1 Tnder these conditions the

~ i nucleus “sees” the nverage value of the electron magnetic moment ,
iv~ r i ~~~i over m ~, and m — - ‘ spin states , however , the average value

iv
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is not zero, but rather ~.t = ~ie(~~Ho/kT) where the fraction in parenthesescomes from the Boltzmann factor. The correlation time -t in this range
then represents the longer time that an electron sits in a trap and
appears (to the °9Si) to have a moment ~i (less than 

~e) 
and a local field

hL proportional to i. In the plots of l/TL vs. T (see Figs . 5-19).
samples 0.1-15 and 10-17, dominated by phorphorus and lithium, respec-
tively, the measurements are seen to be frequency independent (converge)
at room temperature, to drop to lower rates as the temperature is
lowered, and to become increasingly frequency dependent. This is an
indication that ~‘r becomes increasingly greater than unity or -t > 1/u.
For the NNR frequencies of 6 , 8.5, and 10.5 MHz 1/u has the values of

‘
~ 28, 20, and 16 ns, respectively, thus providing lower limits to the

localized electron lifetimes. Below about 60 K a different mechanism
becomes dominant as discussed below.

A comparison of the plots for 0.1-15 and 10-17 shows that the l0-l’7
plot has a smaller slope (in the 60 to 310 K region), is shifted slightly
toward lower temperatures, and shows a slight frequency dependence at
room temperature. This is interpreted to be the result of a smaller
average trap binding energy for Li (lower temperature) and a broader

F distribution of trap depths about the average (smaller slope) including
some larger trap energies (room temperature frequency dependence), thus

p supporting the contention that Li in oxygen-rich silicon forms several
different types of donor sites.

In the samples of lower donor concentrations (10-15 , 1-15, 1-0)
the room temperature frequency dependence is proportionally larger as
compared with the overall smaller rate 1/TL (longer T1) indicating that
deeper traps than phosphorus are competing on a roughly equal basis in
contributing to 2mSi relaxation. A projection of the curves to higher
temperatures suggests that perhaps 600 K would be required to reach
frequency independence, implying that traps perhaps twice as deep as
phosphorus are present in roughly equal concentrations. Since the
slopes are smaller , a distribution of trap energies is indicated.

1’
The plot of l/T1 vs. T for other samples, before and after irra-

diation and annealing, have been studied in a similar manner and the
indications in the upper temperature range (60 to 310 K) are that, gen-
erally, irradiation causes a small decrease in temperature-independent
room temperature relaxation rate, corresponding to a decrease in con-
duction electron density, followed by a smaller increase after anneal-
ing. An increase in frequency dependence and a smaller slope is evident
after irradiation and this effect does not recover after annealing.
This indicates that , generally, there is a broader distribution of trap
energies after irradiation which persists after annealing .

Low Temperatur e Region

In the lower temperature region (20 to ~4O K) there is a sharp in-
crease in rate l/T~ , with decreasing temperature , observed in all samples.
Since the electrons have , at this temperature, long lifetimes as

-~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~ —-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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localized electrons, the power spectrum in this range results from the
electron changing spin states or from ground state to excited state in
the trap potential. A number of investigators have studied the electron
relaxation rat e l/Te in thi s region and have found that different

L processes have temperature dependence proportional to T~ or T
9 or

exp A/kT. These studies all indicate that there is a very rapid in-
crease in Te with decreasing temperature, and, if this is taken to be
the correlation time a in the expression hL-r/(l + u2 v~) for the power
spectrum of the local field, a useful model results for the interpreta-
tion of l/T1 vs. T in this region. The position of the characteristic
slope in this region is shifted toward lower temperatures in the case
of smaller trap energies (as in 10-17) and shows a smaller slope in the
case of a distribution of trap energies. A study of the plots of l/T1
vs. T in this range again shows an increase in average trap energy and
a broader distribution of energies after irradiation which does not
recover completely after annealing.

N1~R Magnetization vs. Temperature

Elementary theory indicates that the NMR magnetization ( steady
) state), M5~ should increase with decreasing temperature in proportionto l/T (Curie ’s Law).  The plot of M5 vs. T (Figs . 4 , 20) shows Curie ’s

p Law behavior down to temperatures of approximately 140 K below which a
sharp drop in M5 occurs , with different samples dropping off at different

‘I temperatures. A comparison of the 10-15 , 1-15, and 0.1-15 reveals that
higher P concentrations drop at higher t emperatures. In contrast , a
comparison of 10-17 vs. (10-15, 1-15, 0.1-15) vs. 1-0 reveals that higher
Li concentrations drop off at lower temperatures. This indicates (as
expected) that larger phosphorus concentrations correspond to higher
concentrations of (unpaired ) paramagnetic electrons at low temperatures
which serve to remove contributions to M from the observed NMR line
when some of the electrons have -r (or Tj sufficiently long (in the
millisecond range) to produce locally inhoinogeneous fields.

The surprising result in the contrasting behavior of M5 vs. Li
-
~~~ concentration is taken as evidence that Li, being mobile , tends to form

-I-,  Li~. pairs (and also Li P pairs) or clusters which , at low temperatures,
become partially diamagnetic thus reducing the low temperature paramag-
netic concentration with increasing Li concentration. These conclusion
are supported by evidence obtained from EPR results and from Hall effect
and mobility studies . This effect is particularly noticeable in the
10-17 samples where Ms (with decreasing temperature) starts to decrease
and then levels off and starts to increase at 10 K, indicating that
many of the paramagnetic sites at 20 K have become diamagnetic at 10 K.

‘4.

The behavior of M s vs T with varying lithium concentration, as con-
trasted with varying phosphorus concentration, is thus attributed to the
mobility of the Li ion and to a tendency of the Li ion to form a weak
bond with other donor impurity sites (including Li-Li , Li-LiOV, Li-F ,
Li-deep trap, and others) partially due to electron exchange interactions
as discussed in the EPR section in some detail (see Eq. 86 and following).
The most probable situation for Li, being mobile, is to minimize the
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r
I ~total energy and thus to maximize the value of the exchange energy

parameter J by adjusting the distance from neighboring donors (pairing
or clustering). This situation also serves to maximize the population
of the lowest level singlet state (S = 0). Since this state is diamag-
netic, the paramagnetic electron population at lower temperatures is re-
duced below that expected in the case of a pure system of immobile ions,
such as phosphorus , which cannot make such adjustments in position. All
of the donor sites do not become diamagnetic, of course, and those that
remain paramagnetic, whether isolated sites or clusters with nonzero
spin, eventually attain correlation times and effective magnetic moments
of sufficient magnitude to displace neighboring 296i spins from the ob-
served NvIR signal and thus cause a reduction of M5, however, at lower

‘1 temperatures than in lithium-lean samples.

E~CPERIMEN TAL RES ULTS AND PHYSICAL ~~DELS - EPR 
. -

At room temperature the EPR line is very weak and broad, if seen
at all, indicating a very short lifetime of the electron in a paramag-

~ J netic state (one ns or less). At about 100 K the line has narrowed to
about 3 G (T2e about 10 ns) and the g-factor can be measured to better
than one part in l0~ . In P-rich samples, g corresponds to reported
values for phosphorus site electrons . In Li-rich samples, two different
g factors were observed and were in agreement with g for LiO and LiOV
type sites.

At temperatures lower than 30 K the P-site line was observed to
split into a doublet (AG = 142 G) and in P-rich samples weaker triplet
and quadruplet structure was observed. This splitting behavior results
from interaction of the electron with the phosphorus nucleus (s = 

~
) in

the case of the 142 G doublet . The triplet and quadruplet result fr om
an exchange interaction between two or three adjacent phosphorus sites
and appear when kT has become smaller than the exchange energy J. The
two electrons can assume a triplet state (s = 1) and remain paramagnetic,
or a singlet state (S = 0) and become diamagnetic. In the latter case
the contribution is lost from EPR magnetization and also NMR magnetiza-

:~ tion is increased and NNR relaxation rate is decreased. In the triplet

~~~~ 

- state the two phosphorus nuclear moments combine to produce the three-
• . . component line in the EPR spectrum. The lithium lines do not show a

nuclear hyperfine splitting even though the dominant 7Li nucleus has a
spin of 3/2. This results from the lower symmetry of the interstitial
Li position and the strong p-state character of the donor electron as
contrasted with the strong s-state character of the phosphorus donor
electron . In the p-state the electron density at the nucleus is small
and thus also the hyperfine interaction.

The pairing of Li (or clustering) is revealed , however, in the
behavior of the 10-17 sample upon irradiation . An increase in electron
magnetization of an order of magnitude was observed at 25 K after irra-
diation, which then reduced nearly to the original level after 24 hr
room temperature annealing . This can be accounted for by a break-up of

vii
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lithium clusters by the irradiation, followed by a relatively rapid
return to cluster formation upon annealing. This model is also sup-
ported by the Hall measur ement s and by the NMR M5 vs. T data.

In contrast with Curie Law behavior , all of the samples generally
show a decrease in electronic steady-state rf magnetization , Me, with
decreasing t emperatures in the region below about 25 K. Several mecha-
nisms can contribute to this effect : (1) change in neighboring pairs
from paramagnetic to diamagnetic states when kT becomes less than the
pair exchange energy j , (2) increase in local field inhomogeneity when
the electronic relaxation time becomes sufficiently long, or (3) partial
saturation of the spin system . Tests were made to see if partial satu-
ration could be present but the indications were that this was not
responsible for the observed non-Curie behavior. Evidence from EPR ,

• NMR , and Hall measurements all tend to support the first two of the
above mechanisms . Thus , if two (or more) donor sites are neighbors
(30-40 i or less), whether they are P-P, Li-Li , P-Li, Li-LiOV , or other ,
at low temperatures the electrons localized on these sites form exchange-
energy pairs, some of which are in the diamagnetic lowest energy state
and do not contribute to the EPR magnetization Me. In addition , the
remaining paramagnetic electrons achieve long relaxation times suffi-
cient to increase the local field inhomogeneity and remove contributions
from the observed EPR linewidth .

The increase in low-temperature EPR magnetization , Me~ after
electron irradiatibn is interpreted to indicate that these pairs (or
clusters ) are scattered or broken-up by the bombardment , and further
that the clusters tend to reform after annealing , again reducing Me~

HALL EFFEC T AND RESISTIVITY MEAS UREMEN TS

Conduction electron density, n;  resistivity, o; and mobility, ~i,

were obtained from Hall effect and resistance measurement s as a function
of temperature and then redeterniined after electron irradiation and
after annealing (see Figures 22 -25) .

Generally, the conduction electron density showed a decrease after
irradiation , indicating a loss of con duction electrons to deep traps ,

• except in the case of the 10-17 sample (li thium-rich ) where the conduc-
tion electron density showed an increase after irradiation as well as
af ter annealing . h i s  is viewed as supporting evidence for lithium
pairing or clustering. After irradiation , the deeper trap defects are
outnumbered in the lithium-rich sample by the scattered Li interstitial
shallow donors thus increasing the con duction electron density. Upon
annealing , the further increase in conduction electron density indicates
that the lithium heals the deep trap defects more rapidly than it re-
turns to clusters.

he mobility, generally, sh ows an increase with decreasing tempera-
P
t .  L~r-e , however the ~r eat ~~;t rate of increase occurs af ter  irradiation

~rii i
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(before annealing), especially in the lithium—bearing samples. Since
the low-temperature mobility reflects the contribution from shallow-
trap electrons (the only ones still ionized), the greater low-temperature
mobility after irradiation apparently results from very shallow traps ,
again supporting the increase in isolated Li interstitial donors upon
irradiation .
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INT~)DUCTION

- 
GEN ERAL

—~~This contract effort represents an experimental and analytical
investigation of electron irradiation-damage and lithium-annealing
processes in bulk n-type crucible-grown silicon samples. Objectives of
the program were to obtain experimental data from nuclear magnetic
resonance (NMR), electron paramagnetic resonance (EPR), and Hall effect
measurements, and to correlate these data with the assistance of appro-
priate accepted theories, all with the goal of increasing the knowledge
of the radiation-damage and lithium-annealing processes.

• TECHNICAL APPROACH

In the NIvIR investigation, the 
- - 9Si nuclear magnetic moments

(spin - -
~~ ) 

were used as effective probes to reveal energy transfer and
other processes in the bulk samples. The spin-lattice relaxation time,

I T1, and the equilibrium nuclear magnetization, M5, were measured as a
function of temperature fr om 8 to 310 K (to 1400 K in selected cases).
The linewidth, l/T2, and spectral position (Knight shift) were also
monitored. These measurements were made at three different NMR operat-
ing frequencies , w , before electron irradiation, after irradiation, and
after annealing. The samples were irradiated with —~-l MeV electrons at
room temperature to a fluence of 1016 cm~

2 and immediately stored in
liquid nitrogen to inhibit lithium diffusion until the second round of
measurements was completed. The samples were then annealed at room
temperature for periods varying from 12 to 60 hours and reexamined.

Three different phosphorus concentrations were used, corresponding
to resistivities of 0.1, 1, and 10 0-cm. The lithium concentrations

- used were 0, 1015 , and 101 cm~
3. The samples studied were labeled

- t 10-17, 10-15, 1-15, 0.1-15, and 1-0 where the first number refers to
- , the phosphorus-related resistivity and the second to the exponent of

- -.~~~ the lithium density. Each NMR sample consisted of 15 slabs, 20 x 10 x
0.25 mm , insulated from one another by teflon film, to provide a silicon
volume of 0.75 cm.

f ~ In the EPR investigation, the same sample categories were studied
~~, I under the same conditions of irradiation and annealing and over the same
‘
~21 

range of’ temperatures. The measured quantities were rf’ electronic
equilibrium magnetization, Me; spectral position, g; linewidth , l/T?e;
and splitting factor AG, in the case of multiplet structure. The sample

~~~~~~~~ i size was 10 x 14 x 0.25 nm-i or 0.01 cm .

- - The Hall measurements included the determination of conduction
electron density, resistivity, and mobility for the same sample cate-
gories, the same conditions of irradiation and annealing, and over the
same range of temperatures .

- 1

S
.4

~

—~~ ~~~~~~
-
-

- 
~~~~~~~~~~~~~~~~~~ 

~~~-J-- 
- 

T~ ~~~~~~~~~~~~ ~~~~~~~~~~~ ~ _ _ _



r - - 

~~

- - -
~
- 
~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 

r~~~~~~~~~~~~~~~~ —~~~

r

NMR INVEN TIGATIONS

GENE RA L

ihe usefulness of NMR in studying semiconductor properties and
radiation damage in silicon results from a number of circumstances.

The active magnetic nucleus , ~Si , accounts for 4.67% of the
naturally occurring silicon, the remaining, 92.28% ~~Si and 3.05% Si,
have zero nuclear spin and are inert from the standpoint of NMR . Then,
there is a relatively dilute and stable active nuclear moment system
numbering about 2 x 10 1 in the 0.75 cm ’ sample volume used in the

— 
experiment. This provides a reasonably narrow (less than 0.14 G) line-
width in an external magnetic field of — 10,000 G and a useable signal-
to-noise ratio for the dispersion mode .

The ~Si system concentration is , of course , unaffected by changes
in field , sample temperature, electron irradiation, annealing , and

- I l ithium concentration and is essentially unaffected by changes in
phosphorus concentration .

f The 2~Si nuclear spin of 1/2 ensures that direct transfer of
nuclear magnetic energy (Zeeman interaction energy between nuclear
moment s and external magnetic field ) to the crystal lattice is virtually
impossible , however , it is easy to transfer energy into the spin system
by means of a radiofrequency magnetic field whose frequency is adjusted
to the Larmor precession frequency of the “9Si nuclei in a strong con-
stant external magnetic field. The time scale (spin-lattice relaxation
time, T1) for energy transfer from the spin system to the lattice in
high-puri ty silicon at low temperatures has been estimated to be of the
order of weeks or more . However, if electrons of a paramagnetic charac-
ter are introduced , such as non-degenerate conduction band electrons ,
degenerate conduction band electron s at finite temperatures , or localized
unpaired electrons , in traps shallow or deep, the spin-lattice relaxation
time of the nuclear spin system is reduced to the order of tens, hun-
dreds , or thousands of seconds and these times can be measured with
reasonable success in the laboratory. Thus , the rate of transfer ,
1/ F~ , of ene rgy from the nuclear spin system to the lattice , in the
specific samples investigated, for all practical purposes, is entirely
dependent upon the state of the donor electron system , whether in the
conduction band or in shallow or deep traps .

• The conduction band electrons contribute to this rate in a dif-
ferent way from the localized electrons as functions of sample tempera-
ture and Larmor frequency so that , by controlling these laboratory
paramet ers , the separate contributions can be sorted out and analyzed
in term s of irradiation and annealing effects.

The theoretical structure that describes nuclear magnet ic  resonance
and relaxation for the ‘

~Si system is reasonably straightforward and

2

- 

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ T~ ~~~~~~~~



- -  - -  -~~~~~~~

I
- - well known , partially because of the spin 1/2 nucleus and partially

because of the several orders of magnitude variation in the Larmor fre-
quency, w; the NMR linewidth , ~~~~i = l/T~ ; and the ~pin-lattice relaxation

- rat e, 1/ 1 .  ~hese quantities are, respectively, 5 x 10 (10,000 0),
-
~~ 2 x 10 (0.14 5) ,  and less than 0.01 s _ I . The latter values are suf-

- ficiently well removed from one another to allow the choice of other
- I laboratory parameters , such as rf amplitude and sweep rates for

- resonance display, which simplify somewhat the necessary theoretical
- treatment for un derstanding the laboratory measurements.

¶ R EVIEW OF LITERA TUR E

Since the pioneering experiments with nuclear magnetism by Rabi ,
Purcell , and Bloch,a extensive NMH literature has developed , mostly
involving high-resolution spectra of nuclei in molecules for the pur-

— pose of determining chemical structure . ~his review is restricted to

- 
studies of solids , semiconductors , and in partiruIr~r to relaxation
processes .

- j Attempt s to account for spin-lattice relaxation by direct arid
Raman type phonon-nuclear interactions , in analogy with the work of

I. I Waller 4 on electron paramagnet ic relaxation , proved to be unsuccessful
since the predicted relaxation times , TL ,  were much longer than were
observed experimentally . B 1oembergen ’ ’~ found that  the introduction of

-

- 
paramagnetic impurities (unpaired electrons) produced sub stantial

- changes in the relaxation rate , l/ T - and its temperature dependence.
He proposed an order of magnitude theory , bas ed on a diffusion of spin
energy to the lattice via the paramagnetic centers , to account for the

- increased relaxation rates observed . This spin diffusion theory has
been extended by many authors - ’ and has become a standard model for de-
scribing nuclear relaxation in solids .

- - I

- The importance of paramagnetic electrons in nuclear relaxation w a s
confirnied8 through relaxation rate studies of LIF before and af ter

• X-ray bombardment . The change in relaxation rate due to irradiation
indicates that NMR can be used as an experimental technique to study
radiation effects .

Conduction electrons , interacting with nuclei via the contact part

~~ 

, of the hyperfine interaction , can dominate the relaxation behavior in
semiconductors near room temperature . Theoretical curves , descriti:~the conduction electron contribution to the temaeratur e dependence of

~~ T L for the - ‘Si syst em , were pr oposed~ sever- years before any ur--o~-

- experiment al dat a on semicondu ctor silicon hec~ ue available .
~~I

- In 1955, Holtzman 1 and associates succeeded in measuring TL at
- 

- room temperature in purif ied fused s i l i ca . They found TL to be 10 hour s
~ with a 9 .2 kS s t - t i c -  f ield and 1.3 minutes in the Earth ’s field . Since

the above in i t ia l  -:ur - :. , several a utho rs have i r e  ~~~ to investigate the
- ~‘i nuclear rc~l a x - L i o n resulting from phosphorus and other impurities.
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For the present investigation, phosphorus , a substitutional impurity
covalently bound to the silicon lattice,~--’ and interstitial lithium, in
a variety of complexes with oxygen and vacancies,12,13 serve as donors
supplying the bulk of the electrons responsible for the relaxation
process.

Room temperature studies1~ ”~ ”6 of phosphorus-doped semiconducting
silicon have revealed that nondegenerate carriers control the relaxation
rate , T1 ’, for concentrations between 5 x 1016 and 1018 carriers/cm~ .
For lower carrier concentrations, the 29Si relaxation was attributed to
unidentified parainagnetic centers, which are not ionized at room tem-
perature. Their effect on nuclear relaxation depends on neither the
elemental donor impurity added to the silicon, nor the sample prepara-
tion . In p-type silicon, T1 was found to be approximately eight times
longer than in n-type material of the same carrier concentration

- 
.
~ (5 x l01 _1018 carriers/cm3). This difference becomes smaller with de-

creasing carrier concentration . For mobile carrier concentrations near
1014 carriers/cm3, the room temperature relaxation rates in p-type
silicon were found to be approximately 1.5 times longer than in n-type
material .

j  Combrisson and Solomon17 measured T~ for the 
23Si system in the

semiconducting range (5 x 1016 P/cm3) at 300, 77, and 4 .2 K but not at
intermediate temperatures. Their values at 300 K (5 m m )  and 77 K
(9 m m )  agree with the results of the present investigation in a similar
impurity concentration range. They used dynamic polarization tech-
niques18

’
19 to measure the 29Si spin-lattice relaxation time at 14.2 K.

Samples with donor impurity concentrations both higher and lower
than 5 x 1016 P/cm? were considered in the present investigation . With
decreasing temperature the quantity TL was found to increase to a maxi-
mum near 50 K by a factor as high as 7.5 times that at 300 K and then
decrease at lower temperatures . In the same sample, the equilibrium
magnetization, M5, as measured by NMR techniques increases with de-

- - creasing temperature (following Curie ’s Law) but reaches a maximum near
35 K. At 25 K the quantity M5 is approximately one-half the maximum
value.

As the donor impurity concentration is increased above 2 x
P/cm , the impurity electron wave functions strongly overlap and the
electrons become delocalized forming an impurity band. When this occur s ,
the low temperature electrical resistivity and Hall coefficient measure-

¶ ments indicate a transition from semiconductor to metal.20 Several
authors have used NMR to investigate this transition in phosphorus doped
silicon.21 ~ Their results for concentrations less than 10 18 P/cm3 can
be compared with the findings of the present investigation. The work of
Sundfors and Holcomb is typical of these researches.2-1 They measured T1
for the 1Si system at 1.6, 4.2, 20, 78 , and 300 K for impurity concen-
trations in the range from l0~ to 10 P/cm 1 . A Knight shift appeared
in the 273i resonance frequency at the metallic transition. Recent
measurements~~ at 4.2 K give this critical concentration for impurity
band formation as N

~ 
= 14 x l0 1

~ P/cm~ for phosphorus-doped samples.
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NMR techniques have been used to study the semi conductor-to-metal
transition in other solids . Alexander 25 observed both the ~Si and
NMR spin-lattice relaxation rates in nitrogen-doped SiC . Look~~ ’ and
associates studied CdO which was heavily doped wit-la indium and observed
nonexponential recovery of the ‘1 Cd N~~ line at 14.2 K. Adams?R, ~~ and
associates studied the semiconductor-to-metal transition in chlorine-
doped CdS .

In semiconducting silicon at low temperatures, the nuclear spin
diffusion model can be used to define two classes of - Si nuclei with
different relaxation behavior. Nuclei near paramagnetic sites couple

- 
- with the localized electrons via the scalar contact hy-perfine inter-

action or the direct dipole-dipole interaction and proceed quickly to
thermal equilibrium with the lattice. Nuclei farther from the para-
magnetic centers approach equilibrium at a spin temperature different

k from the lattice temperature, and then exchange energy with the lattice
by spin diffusion to the impurity centers at a much slower rate . The
latter process is the result of a direct dipole-dipole coupling between
more distant nuclei and the nuclei near the parainagnetic centers.

L. Jerome, R?,rter , and Winter3-- have presented experimental evidence to
show that 29Si nuclei near phosphorus donor sites are relaxed by the
contact interaction. A solution to the spin-diffusion equation for this
case has been made by Buishvili.3~-

The “hopping” model for impurity conduction of Miller and
Abrahams32 was extended and app1ied~ ’ to the relaxation via localized - -

electrons . These authors considered the small but nonzero overlapping
of the electron wave functions near donor impurities as an ingredient
of a tunnel phenomenon. The “hopping” of an electron from donor site
to ionized donor site modulates the dipole-dipole interaction which con-
trols spin diffusion. A distribution of hopping frequencies implies
that only those which satisfy certain criteria will participate in the
relaxation . Jerome and Winter - - were able to observe this relaxation
mechanism by controlling the number of un-ionized donor sites by compen-
sating n-type silicon (6 x lO’~ P/cm3) with boron . The experiments to
demonstrate this mechanism were performed at liquid helium temperatures
where the electron spin-lattice relaxation time, Tie, is large compared
to a nuclear precession .

In high resistivity silicon (60 to 2,500 t-cm) T1 was measured as
a function of field and temperature using adiabatic fast passage tech-
niques.34 T~ was reported to be independent of field between 10 and
10,000 G (290 mm 5%) at room temperature. In the temperature range

~~~~~

_
_ from 195 to 565 K the relaxation rate could be described by the empirical

formula T1 1 
= ?~ exp(-W’kI), where W is an activation energy on the

order of 0.07 eV. An explanation using the spin diffusion theory implied
an increase in the number of relaxing centers with increasing temperature.-

.; I This is possible if some of the impurities are excited from a di’tm’ grietic
state to a paramagnetic state. The spin system then relaxes by spin
diffusion to these paramagnetic centers. At temperatures above 565 K
the intrinsic conduction of silicon masks these effects. -

- - -
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Recent investigations~~ done in this laboratory indicate that the
spin diffusion theory could be used to explain an observed field de-
pendence at room temperature in moderate resistivity samples (10 t-cna).
This relaxation behavior was attributed to the formation of oxygen re-
lated paramagnetic complexes. In addition, low temperature data on a
10 h- -cm phosphorus doped sample with 1018 Li/cm? added, revealed a two-
fold increase in T1~~ with decreasing temperature between 50 and 25 K.

The extensive experimental and theoretical supporting literature
and the sensitivity to changes in its electronic properties make semi-
conducting silicon a fruitful system for investigating radiation damage
effects. Consequently, much effort has been spent on its electronic
behavior after exposure to a variety of energetic irradiations. The
earliest theories on radiation-induced defects were developed from
experiments3~~

37 on germanium performed at Purdue University and at
Oak Ridge . These suggested that the formation of vacancy-interstitial
pairs (Frenkel pairs) and other simple defects were responsible for the
large changes in sample conductivity after irradiation. It was soon
realized that the defect electronic structures are complex and rely on
the nature and concentration of sample impurities.~~~ 

)

3
F Not all radiation-induced defects are paramagnetic, but those

which are can relax the 1’- ’Si nuclear system. A comprehensive discussion
of the many centers which have been observed in silicon can be found in
the book by Vook.4°

c- I
Aside from their contribution to nuclear relaxation , these centers

are of interest for their role in semiconductor technology. Irradiation-
induced damage sites often act as recombination centers which trap
electrons and shorten the minority carrier lifetime.4’ This effect de-
grades the performance of silicon devices used in radiation environments.

-
~~ In 1966, J. J. Wysocki4’ and associates discovered that the

addition of lithium to silicon solar cells improves their resistance to
radiation damage . They attributed this effect to the mobility of
lithium . When lithium interacts with a damage site, it may form a corn-
plex which no longer acts as a recombination center . Thus, lithium
serves to anneal radiation-induced defects. Faith4 and associates and
others ’ - ‘ have used junction capacitance techniques to study this anneal-
ing process in electron-irradiated silicon solar cells.

E~S/iE~t OF THEORY

Theoretical aspects of nuclear magnetic resonance and relaxation
are reviewed as they pertain to this investigation . The classical and

— quantum mechanical theories of weakly interacting .spins~ 
- -  

~~~ complement
each other in illustrating the gross aspects of NMR . Several texts

L have developed these theories and may be consulted as references. ~~
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Nuclear magnetic resonance of strongly interacting spins, as it
applies to the present investigation, will be reviewed in terms of the
recent theory due to Provotorov49 and its extensions by Goldman ’~’ ,5 i

and ;-Jeber .52 Though no attempt is made in this report to study the line
shape problem in silicon, the results of these calculations are needed
to justify the use of the adiabatic fast passage technique for relating
the recorded N}~ line to the magnitude of the sample magnetization . i.e
latter technique has been used by most investigators studying the ~‘i
system. A notable exception is the use of pulse techniques by Sundfors
and Holcomb.2’

Also , nuclear spin lattice relaxation mechanisms will be reviewed.
As Bloembergen and many others have demonstrated, paramagnetic electrons
control the relaxation rate, T1~~ , and the observability of the NMR
effect in most solids. In a semiconductor, such as silicon, impurities
and crystalline defects provide the paramagnetic electron system. It is
convenient to divide this pararnagnetic concentration into nonlocalized - -
and localized systems. At higher temperatures and/or higher donor
impurity concentrations , conduction electrons can produce field-
independent and field-dependent contributions to nuclear relaxation.
These results from the interactions of conduction electrons with - 9Si
nuclei, either directly with th e 238i nuclei or indirectly through
electron trapping at donor impurity sites. The field-dependent contri-
bution to T1

1 , due to the interactions of conduction electrons with
ionized donor impurity sites, has received little attention in the —

experimental literature.

With deeper trap sites and lower temperatures, localized electronic
effects become important. To describe their role in nuclear relaxation , —

the interactions between localized electrons and nuclei are considered.
Also, those aspects of spin-diffusion theory which are pertinent to this
investigation are reviewed.

- - 
- NMR of Weakly Interacting Spins

When a nuclear magnetic moment , 
~n’ 

interacts with a magnetic
field , 1-I, its energy is quantized. The Hamiltonian for this nuclear
Zeeman interaction is written

(1)

The quantity ~~~~ is collinear with the nuclear angnlar momentum, L = ~~I ,
and is related to L by the gyro-magnetic ratio 

~~~ 
- -

.
~~~~ 

~n = 

~~~~ 
(2)

The simplest quantized system occurs for a static field, ~ =

Here, the allowed energies are proportional to the strength of the field ;

= ~
‘m~1-flm) = - - . (3)

* 

.~
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The azimuthal quantum number , m , takes on (21 + 1) hal f - in teger  values
(m = -I , -I + 1, .., I - 1, I). For the 29Si nucleus I = 1/2 and

= -8146 Hz/G. The Zeeman energies for ~Si nuclei are sketched on
the following energy level ~i ia~rarn .

E, 
_____________

A E E  E 
~~~Y n~

lHo
E_~_ _ _ _ _ _ _ _ _ _ _ _

If a sp in is originally in the state r n ) ,  a transition to the
state ?m ’) will occur if a perturbing field is present to induce the
transition . The simplest perturbing field is a rotating field ortho-
gonal t o the st at ic field ;

.‘ H~. = H1 cos (wt Y~~ + H1 sin (wt Y~y . ( 14)

Thi s field may be thought of as an applied oscillating field or as a
spectral component of the local field acting orx the nucleus. In either
case the interaction is written

3 = 

~~n . = -v~~~iH 1 cos (wt ) I~ + H1 sin (wt ) I y ] (5)

or

= - y ~H1[I ÷exp (-imt ) + I e x p  ( i w t ) ]  (6)

In Eq. (6) 1÷ and I _ are the quantum mechanical raising and lowering
operators defined by

I± 1x ± i ly .  (7)

First-order time-dependent perturbation theory determines the
probability per unit time for transitions between the states. 1be
familiar result is written

L~ -
~~~ ~m~~m’ = (2 ) (  H~/14)!(m ’ I~ + i jm ) !2 ( g (w ) / ~ ) (8)

where g(w) is the normalized line-shape . For free spins , g(w) is
essentially the Dirac delta-function with origin at the energy level
separation w = ~~~~~ The width of g(w) is determined by the transition

-
- 

.~~~ time between the states. The perturbation expression reveals that
transitions occur only between the quantized states and that the
resonance response occurs at the frequency L~E/~~. In a field of 10 kG
the ~~Si NMR occurs at approximately 8.146 MHz.¾. 4

t ~~~1

Before proceeding to a macroscopic system, it is instructive to
review the Heisenberg equation of motion for a free spin . This

3 
equation of motion has the following form for an arbitrary field, H:

~~/dt = (‘/~~
) [ L

~
1] - (~~/i~ ) [~ ~,L1 . (9)

8

- 

-- 

- - .

-S. A



--

By expanding a component of Eq. (9) , the explicit form of the equation
of motion is implied;

/ 

dLz/dt = (yn/Th )(Hx{Lx, Lzi +

= i n (HxLy - HyLx)

= 

~n(L 
x 
~
)z (10)

The commutation relations, [L~,L~] = i~ Lk Ej j k ,  were used to simpli fy
the terms . By combining Eq. (2)  and (10), the correspondence of the
quantum mechanical and classical descriptions of the motion is demon-
strate~ ;

d n/dt = 7n~n 
X H . (II)

This result is general but will be restricted in further developments
to a spin 1/2 system.

In a typical NMH experiment one deals with more than a single
spin. Consider a system of N weakly interacting spin 1/2 nuclei in a
static magnetic field. If this system were prepared in a state where
th e individual spins have equal probability of occupying either of their

N
quantized states, the bulk nuclear magnetizatior ~ = would be

I
’ i - i

zero . At normal temperatures and in a static field, H = H~~5, thermal
interactions of these spins with their surroundings (lattice ) resul t in
a dynamic equilibrium governed by the Boltzman n function ,

N_/N÷ = exp (- ~~H ‘~~-~L) 
- (

~~)

N~ are the populations of the m = ± 1/2 states and TL is the tem~er~ ture
of the lattice.

The approach to equilibrium is governed by two rate I rocesses;  i. e .,

(1) T1 ’, the rate of energy exchange with the lattice , and

(2) T~~
1 , the rate of magnetic energy distribution within

the spin system .

~ -. -‘c--
4. Experimentally one finds, when the static magnetic field is turned

¾. on or off , the approach to equilibrium is governed to a good approxi-
mation by

dM5(t)/dt = - Mz(t)1/Ti . (13)

H Thus , when the field is turned on

M
~
(t) = ~~[l - exp (-t/Th )] , (114)

-
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and when the field is turned off

M5(t) = M~exp (-t/T1) . (15)

In these equations M
~(t) 

is the z-component of the bulk magnetization
at time t and ~Vt is the equilibrium [Eq. (114)] or initial {Eq . (15)]
magnetization in the field of strength H

he Bloch equations were written to Jei-~cribe the evolution of the
magnetization for a system of weakly interacting spins. They include
the torquing cu ed of the applied field and both relaxation effects
through the parameters T1 and T2. Since the rate process involving T2
conserves energy within the spin system, this relaxation process in-
vol-;t~s components transverse to the static field . Note also that the
linearity of ~~~~~~ (11) -irid ( 13)  is used in generalizing to the macro-
scopie fcnn ;

dN~/dt 
= 

~~~~ 
x H)

~ 
- (M~/T~)

F dM~/dt ~n
(
~ 

X H)y - (M~/T2) , and (Bloch equations)

dt1~, dt = 

~n(~ 
x H)~ 

— (M1 - ~—‘~ )/T1 . (16)

In the i-r-ese rice of a rotating field in the form of Eq. ( 14) ,  it is con-
venient to write the Bloch equations in a reference frame rotating with
fre iuency w = 

~~~~~~~ ~his transformation yields

dM
~./

dt = t nMy’(Ho + ~~/ ~~r 1)  - (Mx~/T2)

~ /dt - - n M~~H1 
- M~ .(H0 + c/;v n)l - (M~ ./T2) , and

- (Mi’ .- M )/T1 , (17)

where -
~~~~~

. , My’ , and Mz’ in the ~- - t-iting frame correspond to Mx, M~,
. J ~~~ and 

~
- -
~~ 

in the laboratory frame.

he steady state solution in the rotating fram e 
~~

/ r
~
t)rot = 0,

is particularly illuminating ;

‘—‘ - ‘1 H T — ~~~~~ + H-3]T2
— - - 

~ 1 ~ ~~1I 1 T1 T~ + (
~~ ( - - - / ~~~~) + H~ ]T~~i ‘

H nH~T? 1 + ~~~~~~~~~ (l(w/~n) + H01T~~~ 
and

= v ~~~~~ ( - ‘ -
~~~~ - ÷ Hç ]T~ 12 

- . (18)
—~ + 

~ - :  
- 

- + ( -
~r~) +

-
These equations re~iict satw--~~-L on irt d line ~

;lct~-e properties for weakly
ii
~
ter—

~
c
~
ing spin systems : e.g., in liquids.
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I The experimental arrangement detects an escillating component of
the nuclear magnetism in the laboratory frame . For example ,

Mx = Mx ’ cos(ut ) + My~ Sin (at) . (19)

Changes in M~ (or My ) correspond to changes in the complex susceptibilit y

I y ( w )  = x ’ (w ) + -K ”(c)i (20)

thus ,

M
~(t) 

= 2H1[~~’(w) cos (- -t) + x ’( ~ ) sin (.-t)] . (21)

.
/ The linear driving field was written as a rot~tin~ field in Eq. ( 14) to

simplif y the analysis. In Eq. (21) the amplitude of the linear field,
2H , is used. The component in phase with the driving field is chosen
to be x ’ ( w ) ;

I 
-

L x ’(w) = ( - -
~

- - 

~
-
~~
)l + - 7 T T~~ + ( - ~T 1Y (22)

and

= (- c~~T-~/2)1 - ~~~~ + ( - --t (23)

where

Xo ~~~~~ , 
- ü +

= ~nH? , and w~ - 1~H (214)

The choice of these susceptibility components follows from the
I ~ 

effect of the total nuclear susceptibility. x (w), on the impedance of
an LRC tuned circuit. The nuclear system changes the inciuct-?nce of the
circuit from -f-~ to

= + 14~t a~
- ( c - ) ]  (25)

~~~~
. ~ where q is a filling factor , the susceptibility of the electron system

is ignored in Eq. (25). The impedance of the coil becomes

z = [R 0 ± 14-- q [ ~~u” ( w ) ]  + i~ :0[l + 14~ q; (a f l  - (26)

In these expressions
.~~

)y(w) Hiven by Eq. (22)] reflectia changes in the frequency
of t he tuned circuit with no net absorption or emission

.~~~~ of rf energy . The component ~‘ (a ) is called the dis- -

-,-.- laersion mode of the NMH signal.

11 H
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X ”(c ) [Given by Eq. (2 3 ) ]  reflects a net absorption or
emission of rf energy by the samDle . The component
x ” (~-) is called the absorption mode .

Phase detection techniques may be used to select either of these modes
or a mixture of these modes.

NMR in Solids

Th e Bloch equations adequately describe the macroscopic properties
of ~MR for gases and many liquids, where T1 T2. For strongly coupled
spins as in a solid , T9 << T1. In these solids , when the rf lev el is
small compared to the spin-lattice interaction (~ nHa Ta T? - -~< 1), the
populations of the nuclear Zeeman levels remain unchanged during the

.‘ measurement and ~-P-II-~ lineshapes similar to those predicted by the Bloch
equations are observed . However , for 1~trger rf levels ( -~~H~ T~ T2 >> 1)
the coupling of the nuclear Zeem an system with the rf field must be
included. Experimental results ’~~ on the absorption and 1~ s ersion modes
of copper and aluminum indicate chat the dispersion signal does not
saturate in the manner predicted by the Bloch equation s and saturational
narrowing is observed.  Redfield ’~ used thermodynamic arguments to
modify the Bloch equat ion s for rf levels which are large compared to the

— low field dipolar line width (H1 >> D/ ~~ This theory has been de-
veloped and confirmed by experiment.

Goldman59
’~ and associates have used this thermod~~amic a~~-i-o-cch

to describe the ~JMR dispersion derivative signal, which is recorded
during an adiabatic fast passage . Such a passage is defined by the
inequalities

-

- 

l/T1 << -~Y~ << l/T2 , (27)

wher e A: ’~ is the sweep rate (G/ s )  for the static field and D / n  is the
steady-state linewidth in the low rf field limit. In che 1 1-esent in-
ves i- -- tion the Inequalities (27) are sat-~~fied; T1 > 100 s, T2 1 ms,

‘ -~~~~ and - / ~ 
-
~~ 1 s~~ . The components 

~~ 
and Mz~ in the rotating frame are

• -
~ given by

-~~ --(
~ + c i  + D ) -

and

n 
~~~~~~~ 

+ F)- ) (28)

Equat ion s (28) imply that the magnetization remains ~-a ra~lleI to the~~~
- effective field during the adiabatic fast passage ; components of the

magnetization orthogonal to the effective field decay to zero in a time

~Goldman, Ref .  51. pp. 141-143.

lt
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of the order to T -~, and after completion of the passage the total mag-
netization is reversed. The di~~ei-sion derivative signal, which is
recorded iii the experiment , is obser ved to be asymmetrical because of
n~i r- ti - L saturation is not r C d i ~ tCd by Eq. (28) and is left to a
solution of the 1->rovotorov equations and their generalizations.

The Provotorov Equations

In the frame of reference rotating with the applied rf field , the
Hamiltonian for the spin system is written

- -4- ~-c~~I~ + H~ . (29)

Here , H is the secular part ([H3, Iz]  = 0) of the nuclear a i 1 n- c f iTl —

interaction in the rotating fram e , A - a - w~, and w-1 - -~~H1 .  Oscillat-
ing component s and interactions with the lattice are not included in
Eq. ( 29 ) .  For small rf fields (H : << H d) and far frorr. the center of the

— resonance line (A >> ‘nHd), the Zeemari and ii pol-ar terms may be con -
sidered separately as constants of the motion. the secon d condi t ion
may be relaxed through a deve1o~~ent of the Provotorov 

e-~u~i t ij n s  in the
L labora tory frame .* Provotorov suggested that the ~ceman and dipolar

systems come to equilibrium separately in a time on the order to T2 and
can thus be :lescr ibed by separate reciprocal t e n : - e r - -I tur e .-~ ( - , -- - ) .  The
density matrix formalism is used to describe the system fcc- T2 << t -t< T1.

— ~
-
. The de nsi t y matrix is written

+ (30)

~~~ where

= 1 - 
~~~~ 

tlz -

and — ‘ -i contains the coupling term 
~ - I-c which produces an evolution of

-~~and~~.

In the inteimctien representatio:~ a second-order i-er-turb-ition

~-~1cni -~t~on gives the evolution ef The density matrix and the Provotorov
ecuations for 

~~~~~~~~~~~~

and 

j  ~/~t - W ( - :~) — (::n — ‘L) ‘T~z

- W ( ’ \ ‘P ) ( - ~ — a’) — (
~ 

- 
~~
)TD . (31)

In the~:e e— 1 11 t ions  w W H )  = ~c- g(~~) and The quant i ty  g ( \ )  is the

~ 
~
‘- n o r m a L i c e— 1  Iiee sh-~~e for the absorption signal at low rf levels.

~-~oldnc~n , p et ’ . t i  , pj- . i I’2 -l07 .

**Goldman , tef. 51. Pt- . (5~~ 4.

L ~~~~~~~~ ~~~ ~~~~ ~~~~~~~~~~~~~~~~~~~~



—--- - -- - - -~~~~~~~~-~~~~~~ - -

Al ternat ively ,  the quantity g(A) is defined as the cosine Fourier - -

t ransform of the free-induction decay signal. Ihe relaxation terms,
(-

~~ 
- 

~ )/T~~ and (~ 
- 8- - ) / T D , are added formally to -allow for spin- - 

-

lattice relaxation . Further considerations described by Goldman give

Mx ’ ~Tr(I~~)[w1~ ~c1 g (A)A(~~ -

M~ s - -(W /w1 )y~~~J r ( I ~~) ( ~~ - ~) , and

= - aA~11~ r ( I~~) . (32 )

In these equations Mx , My~~, and -
~~~~

. are the rectilinear components of
the magnetization in the rotating franc . The au c :t i t y  g ’ (A) is the —

sine Fourier transform of the free-induction decay signal. To complete
the system of equations , a quantity with the dimensions of a magnetiza-
tion is defined by

L
(33)

where

D 1i’r(~i:i-) 1 = 
1TrcH ~ ) “

• L tr (M z~ J LTr(Iz)

he Provotorov equations for the magnetization in the rotating frame
thus become

dN5’ /dt = W [ M z - (A/D )~~~] - (M i ’

div
~ 

dt w (A / D ) [M 5~ - (A/D )~~~] - (~~ 
- 

~~~~

11 x = ((~1~/D)M~ + rt ce1g ’( ~~~~) f M 5
~~ - (~~~~

‘
~~‘) ~~~~~ ] and

- (w/~1)H 5~ - A/n~~-~~] . (314)

. eber - s Ho iilic- tiu:: of the
Provotorov ha~ ations~~

j I~ - c u e r s development of the Provotorov equation s , the quantity
H5 is sel arated into two ca arailtiag i~~rts.

H5 
-
~ H 35 + Hc~ ( 3 5 )

the quantities H55 and H55 are the scal- r (isotropic) components and the
remaining bilinear z components of the dipolar field , I~~:t cct ive ly .
Weher has demonstrated that H55 is responsible for the free induction
decay and -n pears in the density matrix describing the evolution of the
nuclear n ac~tet~ zat ion . His modified Provotorov equations were obtained

S
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•
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without the introduction of the spin temperatures (a ,~~) ,  and are valid
for the low, intermediate, and high rf level cases. These equations
are written for moderate sweep rates as

d1~15’ /dt = 41[M5’ - (A/c~D)M~
] - (M5 - M )/T15 ,

d~4T3/dt = r~~/(w~ + ~~~) 1(A/~~~) 1M 5 s - (A/~~~~~)M~~~} - (
~~ - ~~0)/Tp ,

M~ ’ = (w1/w~)M~ + sw1g ’ (A)1M 5’ - (A/wD)M~
] , and

= (W/w1)[M~ ’ - (A/w D)~~~J - (36)

Here, the quantities M~ and are similar to the corresponding
quantities Mi~ and D in the Provotorov theory. They are defined by

= n~’~sz)/~~
and

— 
= [Tr (/ ~~ )]

/2 

= [rf t (H
a 

. ~~~~
,7)

The modifications to the ~~ovotorov equations, which resulted fromWeber t s development , are seen by comparing Eq. (33) and (314) with
Eq. (37) and (36). Webera2 , has numerically integrated Eq. (36 ) for
moderate sweep rates and a broad range of rf levels. The line shapes
obtained from these integrations, corresponding to the dispersion de-
rivative signals, exhibit partial saturation and agree with the experi-
mental line shapes observed in the present investigation.

Relaxation Mechanisms in Silicon

The relaxation of Si nuclei in a static field, H0~t ,  can be
effected by numerous mechanisms . Inherent in many of the models , de-
scribing the relaxation , is a time-dependent local field , ~L ( t ) .  The
power spectrum of this field contributes to the NMR relaxation rates
T1

a and T-~~’, and shifts the nuclear Larmor frequency.
—

,.

The correlation function for a component of this field is defined
by

f (i )  = (hL*(t)hL(t + T ) )  , (38)

where the average is taken over all time for a particular nucleus , the

-
- .

~~
. c :e c tr c i n , J(w), is obtained through a Fourier expansion of the correla-

¾ ~~- t -ion fusict ion ;

r ~ f(-r) z- J J(w)  exp (iwi)dt~-~~~

-ç
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and

l/2t L f(~~) exp (-i- )d-t . (39)

The saturation of t fvU~ lines with rf fields and time-dependent perturba-
I tion theory indicate that spectral components of h1(t) near the nuclear

Larmor frequency will be responsible for nuclear relaxation . Thus, b-1
using the two equal random field components orthogonal to the static
field, H0’~5, the resulting expression for the relax-tioa rite -at a
position, ~~~, from a paramagnetic center is

l/T1(r) 2
~n

J r(o) . (1+0)

Because of the dependence on r in this expression, further considerations
- are needed to obtain the relaxation rate , T- ‘ , for the bulk sample.

- 
Sei~eral mechanisms affecting t~ie quantity T1~~ , will be considered in

I the remaining sections. These models do not describe the only possible

- 
relaxation mechanisms in solids, but represent those which are important

- 
to the present investigation .

- At the basis of all these mechanisms is the hyperfine interaction
between the magnetic moments of an electron , ‘e’ and a 

- - 

~Si nucleus ,
The interaction is written in operator form as

~hf 
(
~~~

‘3)
~ e ~~

(
~) + 1

~ e ~n - 3(
~ e ~~

) (
~n 

.~~)]/r . ( 141)

In this expression r - r~ is the position vector locating the nucleus
-

- with respect to the electron . The first term is called the Fermi con-
- tact term , and the second term the direct dipole-dipole interaction .
- 

- Since the interaction energy can be written as a field perturbing aI ~~. nuclear dipole [E 
_
~~~

.(hL)hf], matrix elements for the local field can- be written

(
~
L)hf (&/3)ye~~~(O) i(0)

-J ~4(r)((~~~ /r ) [
~ 

- 3r(~~~~
) ]
~~i(r)d 

r , (142)

- where the magnetic moment of the electron has been written in terms of

~ 

I.~. its angular momentum, 
~e 

= e~6-~ 
The quantities ~

(
~) and ~~~) are

the initial and final electronic states, respectively.

Often the initial and final electron states are the same spatially.
In this case the matrix elements {Eq . (142)] represent the local field

- - and the contact term is proportional to the quantity -4-(O)P. The non-
localized electron density is written 4r(0)J = v~~rn~(0)~ , where

~ ijç(Q)  is averaged over the Fermi surface and is normalized to the atomic
~~~ 

-~~~~ volume. For localized electrons the ground-state wave function is also
‘
. ‘

~~ influenced by the periodicity of the silicon lattice . Descriptions of

• 16
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the shallow-donor ground-state wavefunctions in sili con have been
proposed by Kohn and Luttingersl ,or and recently by Ivey and Mieher.C1

The degree of electron localization can have a marked effect on
the relaxation rate for the 2

~~ i system. It is thus natural to divide
a discussion of relaxation mechanisms in semiconducting silicon into
nonlocalized and localized electron effects. The transition region will
also be considered .

- Nuclear Relaxation Due to
Conduction Electrons

The statistical behavior of the conduction electrons largely
controls the temperature dependence of the nuclear relaxation rate.
Korringa F~l has developed a general expression for the contribution to -

I nuclear relaxation due to conduction electrons. This relaxation rate
i~s

L l/T1) = (2/~~
) [v

~/(2~~~]Jdk fdk ’lc (kk ’)l~~
[l -

x F(E~ + ~~~~~~~~~~~~ - E~ - g~~H0) , (143)

where the unprimed and primed quantities represent initial and final
electron states, respectively. In this expression, the energy of the
electron state, (k,s = ± 1/2), is E~ and the interaction which effects
nuclear transitions is the Fermi contact interaction ;

= (s÷i _ + s_I~ )€ (ick
’ )

and

€ (kk’) = ~~~~~~~~~~~~~~~~~~~~~~ . (1+14)

I In silicon , with conduction electron concentrations less than
roughtly l0~~ electrons/cm , the electron system is nondegenerate~~

~‘ and the Fermi function F(~ ) reduces to the Maxwell-Boltzmann distribu-tion . Bloembergen has applied Eq. ( 143) to the nondegenerate electron
system and has obtained the following expression for the relaxation rate :

(5l2/9)v~~~~~No (Icpk(O)12)2(2nm !rn~kT)
/2 

.

The quantities N0, rn , and m1 are the nondegenerate conduction electron
density and the longitudinal and transverse effective mass components,

~~~~ 

~
- respectively. Expression (1+5) has been modified to include the six con-

- - — duction band minima in the silicon lattice and was fitted to room tern-
- perature experimental data to obtain v5 ( l a,~ ( 0 ) f 2 )  14 ,15

~~~ I’ 

‘ It has been tacitly assumed in the previous applications to semi-

~ ~ conductors, that those electrons not contributing to nuclear relaxation
- - by direct electron-nuclear interactions are ineffective in relaxing the

nuclear system . However , through the quantity € ( k k ’f l2  in Eq. ( 1+3), - 
-

17
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r - modulations of the local field produced by electron trapping at donor
sites can be included as a relaxation mechanism. The effects of
trapping will appear as a frequency (field) dependence in the nuclear
relaxation rate , if the power spectrum of the local field is nonuniform
in the range of the nuclear Larmor frequency.

Middleton’
~
’ describes a wealth of analytical techniques , which

have been applied to such stochastic processes. The power spectra re-
suiting from many of these calculations contain a frequency dependence
in the range of the NMR frequencies used in the present investigation .
Two simple spectra include the collision frequency and residence time
for an electron at a donor site.

Suppose the local field at a nucleus consists of a ser ies of
rectangular field pulses due to trapping of electrons at nearby para-

- .~ magnetic sites . The pulses are assumed to appear with average frequency

~ and have an average duration Tb . If the occurrence of these pulses
obeys a cisson distribution and a distribution of pulse heights is
allowed , the power spectrum for the local field has the form

~ 
J(w) = (~~ Tb) ~~~

( -
~~~) + [su~ ~~~~ . (146 )

The quantity Tb is proportional to the residence time , but is shorter .r ~ It represents the time the local field assumes a particular magnitude.

Van Vliet and Fassett 5 - 

considered the frequency spectrum for a
simple generation recombination (g-r) process , and found the magnitude
of the local field spectrum proportional to the mean square of the
f luctuat ions  in the carrier concentration ;

J(w ) - (t~~~ )/2~ ) [~ /(l + ~~~ ) ]  , (147)

where -t is the carrier lifetime . In terms of the Gi”IR experiment ¶ 1 
~ 5

the mean frequency for modulations in the electron density at a nuclear
site. Van filet and Fassett extend their trapping theory to the shot
noise problem and to the stochastic processes in multilevel semiconduc-
tors. The trapping spectrum has been obtained in germanium with
group III and V impurities in the liquid helium temperature range .’~

P e la x at i o n  by Localized Electrons

In semiconducting silicon at low temperatures , the presence of
unpaired localized electrons can dominate the nuclear relaxation due

~~~~ 

- to conduction electrons . Relaxat ion by localized electrons in solids
is often described in terms of the spin diffusion theory originally
proposed by Bloembergen .5’ In tbi~ model, the nuclear system is con-
veniently divided into two parts : i.e.. (l~ nuclei near paramagneticsites are directl~i relaxed h~ the localized electronic moments through
the hy~ erfine ! - ~~~~ - :  T ~~~, and (2) nuclei farther from the paramagnetic
sites are relaxed through nuclear s~ in-spin exchange (~ i in-di ffusion)
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to these sites.  The development ani experimental con firmation of this

- 
theory is well represented in the reviews by Khutsishvil i .  - 

‘ 
~~ ‘~~

‘ Here ,
- aspects of the spin-diffusion theory will he included which apply to

moderate resistivity ailicon .

For a very small paramagnetic concentration , each 151 nucleus
will be strongly influence-i , at most , by a single ucaip e t .ia- electron .
the spectrum of the l o c cl field c-n generally he deacriL -ed by f t c  cor-
relation time , -r 0 . For the case considered here T (. will be determined
by the electron spin-spin r~ l a x - t i i1 time and/ or  che elect r i c  spin—

• latt ice rel axation time.

The correlation time , -ta, arid the r - n, s --inc l i tude  of The local field ,

— - 
(!h L (t)I2’i~ , determine the nuclear relaxation rate and the observabilitT
of the nuclear resonance .7~ If n(?h r(t fl ~~~ >> 1. the ~ti nucleus
will interact with the time-dependent magnetic field of the electron
moment 

~e’
~
‘ I

flhL(t)I2)’~ ~~e[~~
(
~ 

+ l)/3] (i r ) - 

~~e/2r~ . (14c ) —

In this approximation , a nucleus 25 A from a paramagnetic center will —

be influenced by a 0.- G field if 
~c 

> 0.16 ms. the contribution of
this nuclear sum would be lost from the GMF line . On the other hand .
if fl ( j h ~ ( t ) ~ ~~~~~~~~ << 1, the nu cleus will be influenced by the much
weaker time average value of the electron moment in the s t a t~~f- field

1uez) uez( - ez 11 /kT) (149)

where

ez = - e~~
(S + 1) 3]~ -

Ro r schach7c calculated the spectral - ien si ty for the z-componen t  ofr - the ore aireG , localized electron ’ s magnetic moment . An exponentially
decaying correlation function, with residual statistical correlation
for times long compared to 

~tc, 
was assumed. His results are applicable

to the case v fl
(
~hL(t)I~~ ~~ 

<< 1. The scecti-al density for the moment
then has the form

Ju ez (w) 
~ -ez ’ p (ic) ( ( i i ez~ - iez~

2)[ac (l + w 2 ) ] /~ , (~o)

or exp l ic it ly  for the case ~e~ t ( H ~ kI)  << 1, ,

J 1 (
~ ) = ~ r~~f [ S ( S  + l)/3]’H0/kT]~ 

‘
~ (w)ez

r ;~~ 
+ ~~~~ [s(s + l ) / 3 ] 1T 0/ (l  + O ’-r0)]/-~ , (51)

Since ii~~ 
- + ~~~~ + e~~, the sj-ectral -iensity, (~ ) ,  can ce

used to describe the low-tempera tur e relaxation c— f The 5i nuclei near -~~
- ; 

- 

t}i~ p~ ramagneti r ~ti tes :

-~

~~ 
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~~~~~~~~ -~ ~~~~~~~~~~~~~~~~~~~ ~

-. —-,~
I.--~ —- — ~~~~~~~~~~~~ ~~~~~~~~~~~~



l/T~(r) cr 
~~~~~~~ 

- (52)

If the direct dipole-dipole interaction is assumed and an average over
angles is made , the relaxation rate near the sites is given by

l/T~(r) = C/r , ( t3)
where

c = (2/5 )~ ~~j 1s(s + l)[-t
~/(l 

+

In analogy with Eq. (53) the contribution to l/T~ (~~), determined
by the contact interaction, can be written

l/T11(~ ) = (l61t/27)’! / eyn[S(S + l)/3]l4(r)!4[~rc/(l + u~ -r~ ) ]  . (5 1 + )

Buishvi1i~ ’ used the hydrogen-like s-state approximation to describe
l/T~(r) in his solution of the spin diffusion problem .
{l/T~ (r) = const. x exp (c~/r), where n is the Bohr radius of the
localized electron ’s wave function.]

Spectral components of the local field, approximately in the rangej 2a/T7 ~ w ~ 2it/T2, can “quench” (i.e., remove nuclear spin contributions
from) the NMR line.7 2  The quenching field calculated from Eq. (51) is
given by

2s/T9

~~
ez
~quench 

= L d~ g(w)J~~~~(u) J2a/T2 ~~~~~~~~

+ (1/it ) tan ’ (2rr~rc/T2)~
i , (55)

where g(w) is the nuclear dipolar broadened , low-field absorption line
shape . However , if tc >> y~~

l hL (t)Ia~)4, the quenching field is
determined by Eq. (148).71

For localized electrons 
~ 

is determined by the smaller of the
electron spin-lattice relaxation time, Tie, and the spin-spin relaxation
time, T~ e. The quantity Tie depends on temperature and field, but not

-~~~~~~ strongly on the local concentration of paramagnetic centers . On the
contrary, T-~e, does not strongly depend on temperature and field , but
is sensitive to the local concentration of paramagnetic impurities.

j In moderate resistivity silicon , the formation of pairs or clusters

~~~ 

-

~~~~ 
of impurities can affect the nuclear relaxation rate. Below 14.2 K and
with donor impurity concentrations less than 5 x 10 L P/cm , Jerome
noticed an increase in Ti ’ with increasing impurity concentration . He
attributed this increase in relaxation rate to the tunneling of elec-
trons from nonionized to ionized donor sites. This mechanism required
the silicon sample to be partially compensated (contain both acceptor
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I
and donor impurities). The impurity conduction model~~’

’3’
’ 1  was used

to obtain a contribution to the nuclear relaxation rate for nuclei near
a pair of donor sites.33 This relaxation rate is written

l/T~ (r)  = (C/r~)(exp (-A/kT)/f 1 + exp (-.A/kT)J~ ) , (56 )

where C is given by Eq. (53) and 1/i~~ 
is interpreted for this mechanism

as the “hopping ” frequency. The quantity ~~, is the electrostatic energy
difference between the donor sites due to the nearest ionized acceptor
center. Approximately 5% compensation is expected in moderate resis-
tivity Czochralski grown n-type silicon.30

- l

Buishvili/5 ,7C and associates considered the effect of electron - 
-

exchange interactions on nuclear relaxation in terms of the spin tern-
perature model. They define an “exchange reservoir” with inverse
temperature 

~~ 
and develop relaxation equations involving this system.

An application to F-center pairs and clusters in KC1 was suggested in
their references.

J The excitation of donor pairs from the diamagnetic ground state to
the paramagnetic triplet states provide spectral components to the
local field. The formation of donor pairs has been considered by
several author s. 75

~~ - For the Li-doped samples used in the present in-
vestigation , Jayapandian~~- has observed a loss in the integrated para-
magnetism of the donor system at low temperatures and he has attributed
this effect to the formation of donor pairs (or clusters).

All of these models cm provide spectral components to the local
field influencing a51 nuclei . Since the interaction between para- -:

magnetic electrons and nuclei has a strong radial dependence , the
electron-nuclear interaction may become small compared to the nuclear
dipolar interaction . In these low paramagnetic concentration solids ,
a spin diffusion mechanism is introduced to account for the single
relaxation rate observed .

Review LI Spin Diffusion Theories

Local magnetization , created near the paramagnetic sites (or
clusters) by energy exchange with the lattice , is transported to dis-
tant nuclei by nuclear up in-spin exchange . Field gradients near the
paramagnetic centers provide a diffusion barrier to spin-spin exchange .

I
. 

Three cases of i-,~ in diffusion theory have received considerable atten-
tion in the literature . Chese are

(i) the ‘diffusion limited ’ case , which is limited by spin-
spin exchange;

(2) The “ri 1 id diffusion” case , which is limited by the
diltt e:ion harrier ; and

1 21
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(3) the “diffusion-vanishing ” case, where several impurities
strongly affect each nucleus .

Cases (1) and (2) will be reviewed first . If each ‘Si nucleus is
assumed to be influenced by a single localized electronic center , the
transport equation for the magnetization density, m(~ ,t), including the

I 
-~r n m a g n e t ~~c sources becomes

I 
i~~ m(~~,t )  - ( /At )mft,t) = [l/T~(~~)]1 m (r,t) - m a ]  . (57)

Here , P controls the diffusion rate (D cr T2-’), l/T11(r) describes the
relaxation behavior produced by the paramagnetic sites , and rn
rep-resents the equilibrium magnetization density in the sample. As
stated above , l/T~ (r) will always contain a substantial radial depend-- ence . This radial dependence must be included in a solution of fTc . (57) .
the diffusion equation has been solved when l/T~ ( r )  is determined by the

- contact interaction~’ and the direct dipole-dipole interaction . ‘~
‘ The

solutions have similar properties and can be discussed in terms of
several radii mea cci ed. from the sites . These are listed below with

- 
approximate expressions for their size.

j
1. a is the Bohr radius in silicon . ‘ = aok(m/m*), where a

~ 

‘
, is the free hydrogen Bohr radius , k is the dielectric con-

stant of silicon , and m* is the effective mass of the
“I electron .

2. b is the ~3iffusion barrier radius . At roughly this radius
the electron ’s field differs between adjacent nuclear
sites by the linewidth of the - uc le-~r dipolar system . It - 

-

is a barrier to spin-min exchange processes . An estimate
of this radius is gi -‘en by

b -a/2 t~ [(l6/3)(’~ ez )/~:n)] ‘ (58)

xher ’~ the contact interaction dominates , and

b - a13 1 L1ez~ /i n ]u/ (59)

wher e  the direct dipole-dipole interact-ion dominates.

-
~ II 3. ~ is the linewi-Ith barrier radius . Inside this radius

the field of the localized electronic moment is larger
th an the di o l - i r linewidth for the coo] ear  s:, n te rn . An
e-a~~fr ’r ’te  of ‘ is cThe’i by

-
, ‘i / 2  - , ( B ’~~) ( ’ u ez~~/ I n ) ]  , (60 )

.~ -j  w he r e  the  - c i t ac t  in  ~ r a e t i o n  dominates and
‘

- a { ( ~~e7 ) / : ! 1i , (P 1 )
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where the direct dipole-dipole i~it ei --~ction -iomiraates.

1+.  ~ :: - (C/ D) 1R is the pseu co-potential radius or so—itterir lp
length . An estimate of ~ is easily obtained when the
direct dipole-dipole interaction dominates.~ Without
spin-diffusion, a n uclear moment a distance r from a para-
magnetic impurity will be relaxed in a time t -  r /c .
If diffusion is allowed and the impurity is removed , a
spin at a distance r from the impurity will flip in a
time t2 r /D . These times are equal when
r (c/n)”4 = ~~~. C is a measure of the strength c-f the
field produced by the impurity and depends on temperature
and possibly the external field. The quantity D is the
diffusion constant and is determined by nuclear spin-
spin exchange processes .

5. H is the mean radius of the volume occupied by a para-
magnetic impurity;

- B = (3/1+aN)11~ , (62)

where N is the impurity concentration .
p

The spin diffusion problem was first solved analytically by
Khutsishvili~

2 and Deieunes 3 for the dIffusion limited case .
B1umberg~~ considered the rapid diffusion case and found nonexponential
recovery (Mz t’~~ ) for a short time following saturation . The more
general diffusion problem was solved by Rorschach~~ for the direct
dipole-dipole interaction and gives the nuclear relaxation rate for the
sample,

l/T1 = S [t’(3/1+)/F(l/14)][I 3/4(~ )/I3/4(t)] , ( r 3)

where Im (x) - i mjm (ix) is the modified bessel function, F(x) is the

~~ 

-
~~ gamma function , and ~ -r ~~/2b

2.

The limiting behavior of Eq. (63) is of interest ;

I’i~~ rapid-diffusion case (
~ << 1) 1/T1 —~ (8it /3)ND~ (~~ /2b ) (~ 14 )

and
diffusion-limited case (~ >> 1) l/T1 -~~ (8ii /3)NDB (65)

- ~~ • Equations (o14) and (o5) lead to the following contributions to T, if

~< Ih L(t)!2)~~~~ 
and S~~v eH ) << kT:

(
~ << 1) l/T1 ~ 

(NL 1) (-r0/~l i (- i
0

-
~~~ H - ) 2 ] )  (66 )

and
(
~ >~ 1) l/T~ ct N [~~ [1 + (ic~niH a)2])’ ‘~~ - (67 )

~Goldman , Re f .  51, pp. 65-6-c .
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These expressions are field (frequency) and pocsil-rl. tr e5il3rature
dependent (through 

~c
)
~

~u1—~ushim-’ and Uehli ng~~ solved t h e  diff usion equat ion for larger
impurity concentrations, where several paramagnetic centers influence
each nucleus . They established a criterion for Vie diffusion-limited
case (~ /R << 0.37) ,  and ~- - ite the following ex ession for larger
impurity concentrations :

1 T~ m N
( +iP)/-~~ID

(i_ p) 
. ((~8)

In this expression, p = 0.1-b(~ /R) + 1/1+.

In his thesis , Tse consTdered the case of larger impurity con-
centrations with ~ >> 1 and b < B. He finds

L 1/TL (14aNDd. !R){K2 4(A)/K~,4(A)] , (‘-9~

where 
~~ 

= ~ /2R
2 and Km (x) = (s/2)im4lHm

(1)(ix) is the modified Hankel
function . In the low concentration limit this expression reduces to the
diffusion limited result and with higher concentrations the diffusion
vanishing case is obtained;

k “ 

l/T1 = 14~ r-n pP/R . (70)

T Lowe and Tse in a later i aper C considered the diffusion vanishing
case using a different approach . Recognizing that l/TL’(r) has minima

• 

- in the solid far from the paramagnetic sites, they expanded l/Tj(~ )
about a typical minimum. This expansion to the harmonic approximation
allowed the diffusion equation to be separated and the time-dependent
magnetization to be obtained.

In recent years the interaction between electron spins and the
effect of this interaction on the form of the correlation function have
become of interest . This interest has been motivated by the theoretical
work of Blume and Hubbar d e and the NMR spin-lattice relaxation studies
of the intermetallic compound La i_ c GdcAla . 89 The correlation function
for the electronic moment was found to deviate from the simple decaying
exponential used to obtain Eq. (50).90 However , with the low donor
impurity concentrations considered in this experiment, and the corn-

r~ ~ plexity of the impurity system, these effects can probably not he
resolved .

‘ 1b - - EXPERIMEN TAL PROCEDUR E

The PMR spectrometer was a f ixed-frequency, crossed-coil type ,
generally similar to commercial models but with some modif icat ions.
The rf transmitter output to the prob e was capable of higher power (to -

~~~

.~~~~ 
100 w) and was electronically stabilized in amplitude to ensure constant
rf field at the sample over long periods of time . The receiver employed
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rf phase detection in order to stabilize selection of the dispersion
mode and to increase signal-to-noise ratio . The rf signals were de-
rived from crystal-controlled oscillators .

‘Che external magnetic field was supplied by an electromagnet
characterized by stability and homogeneity at the sample of less than
25 mG in 10 kG. he field was modulated at about 140 Hz to produce an
af signal output from the receiver which was further amplified and
phase-detected at 140 Hz. The resulting analog signal, the derivative
of the dispersion line, was processed by an analog-to-digital converter
and recorded in digital form in successive addresses of the ticolet
Averager as the external field was scanned over a 50 G range centered
at the Larmor resonance condition. The recorded data were then processed
by t he Digi tal Equipment Corp. minicomputer to extract pertinent infor-
mation such as line amplitude, linewidth, line position, and rms noise.

A Dewar transfer tube was inserted into the NMR crossed-coil probe
and the sample was located in the Dewar. Vapor from liquid helium (or
liquid nitrogen) flowed through the Dewar to cool the sample. The
liquid helium (or nitrogen) was delivered from a storage Dewar by an
Air Products transfer tube. An electronically controlled heater raised
the temperature of the vapor to the desired value and stabilized it by
means of a temperature sensor . The temperature of the sample was moni-
tored separately. the sensors were germanium or platinum resistors and
gold-doped iron vs. chromel or copper vs. constantan thermocouples de-
pending on the particular range of temperatures .

Since the glass Dewar and the sample were both located in the :-s~~ 
—

probe, the ~~Si in the glass also contributed to the resonance line.
The magnitude of the glass contribution to magnetization was about a
factor of ten smaller than the sample contribution and provided a
reference sample to calibrate the spectrometer gain .

The samples were procured from Heliotek, Division of Textron ,
Sylmar , California, and were furnished GFE. They were prepared from
quartz crucible (Czochralski ) grown silicon containing approximately
l0’~ O/cm .

Single crystal slabs were prepared from each of three phosphorus
doped silicon boules with 0.1, 1, and 10 P-cm room temperature resis-
tivities. respectively. The slabs have the dimensions 1 x 2 x 0.025 cm
with the ~l00) direction approximately normal to the 1 x 2 cm surface.
Representative samples from each of the “starting” resistivity cate-
gories were subsequently lithium diffused (by Heliotek) to concentra-
tions from l0”~ to l0

h
~ Li/ cm , each sub-category containing 30 slabs .

- 
- ihe sample resistivities prior to lithium diffusion correspond to

-•
‘ 

~ phosphorus concen tration s of approximately 8.6 x l0”~ P/cm~ (0.1 -cm),
5.14 x 1o~a P/cm (1 -cm), and 14.8 x l0’~ P/cm~ (10 -cm). These con-:, .~1 centrations were obtained from Hall-conductivity techniques .
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the s’maies were ideriu itie-J b y two numbers , the first being the
starting resistivi ty and the sec-ufld the lug- , ithm (base  10) of the
lithium concentration . example, t f t ~~ sample 10-17 had a starting
resistivity of 10 -c-n ari d was lithium diffused to a concentration cf
lO~~ l i/cm .

Five samples w e re select ed for this investigation: i . e .,  0.1-15,
10-17, 10-15, 1-15, 1-0.

An LMR sample consisted of fifteen 1 x 2 x O . - r 5  cm single crystals
each ‘ c: orated by a plastic fi Lm to reduce eddy c u r r e nt s ,  if  is con-

- - fi guration w as necessary to avoid skin depth oroblerns and to allow
b:~l-u ~cing of the I f-IR - ro b e  for l~igher conductivity zan y] es. Fur
measurements taken below roc-m temperature, a t~~ermocuup le (chrornel vs.
r Ol l , 0.07 atomic percent lrorr ) was securel ; attached to the sample.

the nuclear spin-lattice relaxation time for each sample w a s
c,~~—~sim-c-i before irradiation in the temperature range from 8 to 300 K.

he somules were then irradiated at Wright-Patterson Air Force Base
— using a f {igh -ThlLoge  Fngineei-ing —:00 de Pr a ff  accelerator . i- irs c-f

ziriple crystals were irradiated (normal to the 1 x 2 cm surface)  with
I a-ic . ‘:lectc-ons and were maintained at room temperature during the

-
- p i r rad iat i on  using compressed air . the electron beam was adjusted to

~-rod .:c-e uniform F-center collar : n-ion of a plass I-late positioned in the
a - tm~-le rid der - n d  the fluence level was determined Pr o:: the beam cur-
rent  ~~‘ i z ; i :i :: through the sample . i’cllowing I rr ad i a t i o n , the samples
were immediately cooled to liquid nitrogen or dry ice ten n er-itures to
inhibit l i thium annealixlcr .

One satur a c~ cm- r’~ a-vor method was u sed for T1 measurements. An
adiabat ic  fas t  nass:acre to the center of the resonance (:\ = o) a]igns
the magnetization wi th  the rotating (effect ive ) fi eld. Ccir ij - c r e r t s  of
the magnetization orthogoural to the effective field decay to zero- in a
time on the order of t-~. Using pulse equipment and circuits :-rovided
in the  transmitter , the phase of the rf is changed by -t /2 ari d hence the
ci netization is oruhoma-riL to toe effect ive  f ield.  Hf phase shif ts  of
i t 2  rad ( shif t i~~ time t << C,) for a time greater than T-~ will lead to

—
~~~ 

-sa tura t ion of the - Li system . A series of f i f teen 10 ms rf n-haze
sh i f t s  z i t h  1.72 0 field m odulation s::taz’: tcd all signals observed  in

~~~
- the eqi~rnent . A gate sional fran electronic control e mip oent shifted

ace s t a t i c -  f~ 0 - i  to the c e :iae r ’  of the line ans  turned on the pulse
genera tor s .  A f t e r  sa t ~~-a t ion , the static f i e l d  was sh i f ted  25 0 below

~~
. the resoniar:ce field :~~~f the m a g n e t iz at i o n  was - 11cw-;~ to grow tow--mo d.

* 
a: L i c u -  i n - . he tu-ar :smittma r re m— ined on -l ricg this  recovera- . to

ziffe r-o~ -:c in the rocc -Je:--v rate was cbser - -e -i for static field shifts of
y ~~~

- 25 or 50 ; below the n e : ter ct the LI--Sa l ine. Af ter a - o t i o l  re :u~;er’ -

the  m e n i v c t i v e  of the c-i ,;:Cr’Slum : signal  wa s  r ecc - r u e n i  by : Jj -w - : t i c
f° z pa ss- a c .  I b i s  senuence -f o~ es --i t i c -n -: j i - :] - , : :~~ sat-oration was
rer-eated for -~it ’f’:rent recover/ t]n~~~ . ~~~~~~

- n-c  1 is -i tysical recording
of thj :;  rmiagr et i z : mt i o n  c- coca c ry  i mforncctnruz

fri
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The spin-lattice relaxation time for the  silicon system ii th e  N1vfl~
~-V U a n  m m m d  ;rrrx sample hoLder dewar , T1~ is less than 60 s for all terfl -
aer a tu r e s  and f requencies  used in this invest igation. The nnr- gnitode at
this b a c k s-coon signal as a function of temperature was meas nrad u : i : a~
- - . ( I . f r i r : : eml t a1~ conditions similar to those used for the samfies . he
curves for the three frequencies wer normalized to the 10.1457 ~ -Iz
background signal at room temperature (145 arbitrary units) an-i ac-a
exhibited in i - i g .  2 .  Both the 8.14614 and 10.057 MHz data were obtained
using the tar - i -m n 14-0 LIH z probe . The 6.027 MI-Iz data were obtained using
the fain -an 2-14 ~-t1 [z probe. the ma ,Iority of measurements at 8.OOt, - n .i
100m57 tU-iz w o e  made using rf levels , 2H1, in the range from 0.75 to
l.z5 G. these  data (Fig. 2) were used to normalize the sample equi-
librium m- gnetizrmtion dat to allow its temperature de~~c~ t- nce to be
studied. All growth times used in obtaining the recover;,’ da ta  are more
than four t imes Tig~ and thus , the resulting recovery curve appear -s

i rOXifl0 t~ l~ as an exponential offset by the equilibrium magnetization
t Mg~ of the glass background -Si system .

In the temperature regions where the recovery exhibit c-I eX ; i C n ie ! l t l a t

beha v ior , several numerical techniques were used to obtain TL ’ fr om
the recovery information . Each of the techniques is developed from tce-
‘ideal ’t recovery curve

P M ( t )  = i-1~ - M5 e~~ ( -t / T ) = Mg M 5 [l - e~~ (-t/T 1)] , (71)

where M5 Li - Mg. The quantities Mg, M5, and M are t h e  equil ibrium
:c’~zr:etizations for the background, sample, and combined (background 001
sample) ~~iSi systems , respectively .

the ~-rimary data reduction technique used in the stud ,,’ was based
c-ri a method credited to Mangelsdorf.9’ By using equally spaced time
intervals , Eq. (71) can be rewritten for the times t ~~~~~~ ~~ 

-~- T, ~~~~~~~~

t~ + kT , ta  + (k + l)T , ~~~~~~~~ the quantity T is the interval and there
is no restriction on the initial time t~~. Defining t k :- t -  4- kT and
tk1~l ~~~ 

+ (k + ]~)T,

~-i (tk) = M~ - M5 e~~ (-t k/T1) ,

.r4 5~~ ii(tk + T) IL - Ms exp {-(tk+l )/Tl] , or

= oxu ( - L / T l ) M ( tk )  + M - [l - exp ( - L/ Tj ] . (72)

A plot of i ’l(t k + r )  vs. M (tk) will give T1 ’ from the slope :

~ ~I l/T1 = - ~c (slope )/T . (y 3 )

-
~~~ ~ The eioilibrium magnetization M is obtained from the interoe-ft c-f

Eq. (72) with the equation I-~(t k+1 ) = M(tk). i~g is obtained L—;T e:-:trafc-
lating Eq. (72) to Ii~(0). The advantage of this technique is t h a t
measurements -~re reduced to linear graphs and standard ic- s t-sc-ur’-re
fitting techniques can he a::iied .
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FD( PF2-~II’ -T LAL Id-P - I I d t  AND ANAL’{SES

the measured values of Tr and LI 5 uppe r in Tables 1-11. \ ‘ a lues
for percent error were obtained from the rms deviation of measured M(t)
from the best fit exponential growth curve for M(t). Log-log plots of
l /T 1 vs. temperature and of M5 vs. temperature are shown in Figs. 3-20.

in- i~’-ur-e 3 is a graph of T i vs. T for samples before irradiation
-a nal at 10 .05-7 M H z .  Results exhibited in Fig. 3 demonstrate the sensi-

- 
t ivi ty of the nuclear relaxation rate to donor impurity concentrations.

he phosphorus impurity is p ar t i cu l a r l y  effective in relaxing the ~ ‘Si
-: system at low temperatures. This is indicated by an increase in the

slu:- e of the relaxation rate curves when the phosphorus concentration
.‘ I exceeds the lithium concentration , suggesting that samples containing

I a substantial concentration of lithium tend to have a greater variety
of trar- energies than lithium-free or lithium-lean samples.

The results for the sample 10-17 exhibit a maximum spin-lattice
L. - 

relaxation rate near 17 K. lie absence of T1 ’ information below 20 K
for all other samples needs consideration . A loss in the measured
equilibrium magnetization , M5, accompanies the increasing relaxation
rates with decreasing temperature. th is  loss in M5 is exhibited in
Fig. 14 f’or the corresponding relaxation rate information in Fig . 3.
The background ‘Si signal is also included in Fig. 14 . Several obser-

I vations c—r n be made from a comparison of these figures;

(1) the maximum N5 for each sample occurs near the maximum
negative slope of i/Th~ vs . T for the corresponding
sample ,

- (2) the samples containing higher lithium concentrations

) show i~. (max ) at lower temperatures ,

(3) the 7 measurements for the sample 10-17 indicate a con-
• - J stant’or minimum equilibrium magnetization below 20 K,
- -~ arid

( 14 ) the L-ankgro n : 
~
‘t-i signal is less temperature dependent

than t he  sample signal below 50 K.

A tt em n ts to octa in I-5- and T1~~~ for samples 0.1-15 and 1-15 at 22 K
-

- 
- 

~~~~~
- a r i d  20 K , resiectively, wer e unsuccessful . The precision of the recovery

i : f’Orm fl t i ,On used in determining M~ and T1 ’ is influenced by the tem-
: - er a t u r e  a eper :de : ces of these  quantities . -he slope of the T1 ’ vs. T
~-rtd of N5 vs. T ia this nec-to:: was too large to es-n it accurate measure-

- - - -s — merit . ~t lower t o m r - e r f l t u r e s  no tId.~ line could he displayed except for
t-h~ 10-17 ~~~~~~~

Neither the increasing relaxation rates nor the decreasing equilib-
r ium m- m 1y n e t i z - i t i on s  with niecreasinc temperature from 50 to 20 K have

- - 
‘ = , 1~~’—1  v m”- -=~ 

-
~~~ I rO ~rit loi: in the lit~ rat-iire for semiconducting
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silicon . ‘ihene efte-cts have c~ni obn~-rve-J in al l  s - n i - i c . .  c a i r n s  des-oh t i
the -r es en t investigation an d ar e  sensitive to I

’ s-c lucas - .. ( n r  f ie .l d)  ar i d
~~a 1 ’ tfl~~nf I1e tiC concentrat ion . ~‘- imil r i r L e n a .  i-a r has tern . a i er . c -1 from
the 3Si i. -icki- ro~uid sirnial in the resent  e:c~esJrne-nt. i -

1 h r  s- u~ r le  0.1—15 is 101101 with  -o n - s - a i m - i t  - )  -
, . - - x 10 L.a 1-/ ca- ‘ a ri d

lO-~ Li/cm . For t his  srun~1e Hall-conductivitt- measurements ora l EPR
spectra ind icate  that the ma . m o ri ty  a t  donor c e n t e r -n  are i .r M z ’~ above
70 K and the phosphorus system 1- i - o J i d e - r ;  the domin- -u~ low t emt~r a1’mr t ur -e
paramagnet ic  e f f ec t s .  (The conduction c l e a t  i concen tra t ion  is re Iuc ~-1
by an order of ni-Ign itu-de fr om room L 1ni 1 ei ’ tur -e to 70 K . )  The ccl x - t i o n
c - t a , -‘ vs.  temperature r - e . a u . I  t s  for the  three ci oi - - -t in g  t m - c - m o o n - s - i ~ a
(and t i e l i n)  used in this research are exhibited in Fi g. 5. he f i e l d
del -er idence and t h e  increas ing relaxation rates with increasing tens -era-
tur e b e t w e e n .  50 and 300 K indica te  tha t  -A -i localized sad  r -Ianic -cal ized
electron ef fec ts  ar - c  c on t r i n o r t - in g  to  t I r e  relaxation n - r i t e .

-n c e r tm i i n ty  eatimate.r l iar  the mar ~t - i  ty T - - lan - c-c than -

ar -c indicated b1,r or - I:!- bars 011 Fig. 5. a c n e  ;n th > i ~ I.e~ i-c 1 ~
-
~~ 5c ~~t ~‘~a

standar d devia t ion  in t h e  ~>4) - result s  obtair ~e-l fran numerical  data
reci r c t i c~..

t -rhe nonI 1egei~-arate c o a t s-L i o n  electron  c a - a t r a c ut l O  I a . ( 1 4 5 ) ]  to
1 is t i c - I d  independent and can be subt rac ted  ir on 1h e e7r m C C 1 ~~~~OH. 1

r e a i 1 1  s. S in s - c  the quantity T1 ’ is field i~a1e- e l l - I r i L at . r oom tem~-er -- - - —
tu.r e , an cmi ir -ical expressica r based on Ecj . (1~5 ) ]  can ne wr i t t en  to 1 -

describe the  nondegenerate conduction elects-ca r con t r i r w t  ion to t i r t
relaxation ra te .  This expression is a

i/r ~ ) .  = 1.35 x l0 -N
~A -  , (714

where 1-0 > is the mobile can -i -a- coni ce i t s-at ion . Equation ( / 1 4 ) is sket ched
in F i g .  5 in LIj O temperature region where N

~ 
h as  Leon  :‘at ’~~’::..lao. from

Hall -cc~ndsctivity m a e : r e m e n t s  on representative single c rys ta l s  from
this subcategur ~~. At room t emper a tur e the resul ts  for S agree ( L a
wi th in  10 ’)  w it n i  the con ceat .r at ions s ta ted  by the s rinrple ’ s source
( Helio tek) .

Several  an Lim o s -s - - 1D have obtair eu al ie  numerical constant in
FOj . (7 14 ) from room temp erar . m m r e  d a t - i and con c e n t ra t i o ns  gr ea t e r  than

-
~~~ l0~ 

- 
mobile carr i€-s -s /c ir -  - their results give the ram -in s-c 1C~I 1 constant

1.09 x 10 - 1~~ Lanipel and Solomon la have used the 0verh -~ser
effect to s ep a r a t e  t a o  conduction and loca li zed  electron contr ibut ic-na
-Sn the quan t ity  T1 

- 
. - 4 - c  c o n c e n t r a ti o n s  between l0’~ -sa l l0~~ rnouile

• .r r t . i e c s / c m a , 5 1 1 0 !  ±t~~~~~ i i - 1 the con-dos-ti c-ri electron cont rinat i onm to be I
,n -on -L i on a i  to N 1 at room i .em~ cI- -~t’u-e . The r e a — l i t s  exh ib i t ed  in Set .  114-
16 in d i c a t e  t h a t  localized m I -

~~r rn1naran i ( m tj c  contributions ,
l/T~ 1 - l/~ a - ~~~ )~ to L i r o  1. 1 t ~~~ ‘ become ob s e r ’t a b l e  1 . -c mat ile
a — n crier cons-er i r a Li a i m  r ;n r i i l l e - r -  t h an  10 1 ~ cnI
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At sO , 90, 135 and 195 K the mobile carrier concentration has beer.
obtained from limnil -ron i luctlvity data . Id err e data and Eq. (714) allow an
estimate of the b c - -I i - c - I  e i a m a ’ .ron - - u n i u r i b u t i o n  to the  relaxation rat-c
to ire made . In 1-1g. 3.  the  los- : li re -I e l . e s - t r u n r  contribution (T1L 1) to
the relaxation rate is t - t ot t e 1  as a function o± temm r-r ture L - n i tWCCt r

60 arid 200 K .  he - n - urn I maxima in these s - m r - l a s indicate  th an t c is not
a strong t’unction of t o rmq - c - r a tu r e . ~nsrther , al i r — m--xijno in Fig .  6 i m i d i  -

c i t e  tha t -  n~. is of the 5 StiI O order of magnitude as l/tc~ near 133 K

A f ie ld— d e:aen Ient contr it - st ion  to the -ruani tity T 5 ’ is descr ioc-r
by Eqs . ( 149 ) ,  ( 53 ) .  (5 9 ) ,  and ( 61 4 ) .  The l ’ a i- i I i  dI t ’i -amri on  cars -c is
eaves- L i - - i .  since T1 >~‘ r m [see Eqs.  ( 614- ) and ( 6 ( ) ] .  - t ies -c equations ax - c
n unmm ’- mr ized i t I  Eq .  ( ( 5 ) and describe n - e i~-xmn t i on  by ] o s - m l I j~~o’i n ’smagret I
a en 1 t C 15

~.1 
~

I /T~ j (~~r / l 5 ) ( - , ; 
~l n e~ ~) ~ 

?
Y~~.~~[S(S  + 1)/ a ~ ~~p r c/( 1 + nI ~ 1 T s - )  i

14.03 a I0_ LL (TH 4 )u / NpIr s-/(l + w~~x~~) ]  (~~ )

where  is the lc - - -mn l~ zed I . r - s - rm rt ~~ - -  cI 1115 .0 tration

At 3•
I~~(14  i -qiz (H = 1.. vs ) and 135 K , T1 1 

= 5 . 3 5  x 10_ i 
~~~~~~~~

r Es- - (~~5)  th e i r  4 )ves

± W LT~~~ 
1 3.P+ X 10~ S ~iii~n - (76 )

ihe aumanitity n
~~
/(i + n-

~~
-t s-) hiss a maximuni (Tc/2) - W h e u i  I s- 

- 1 /m i . Sh us .

the min imum bc:-nl i sed r m e r - m a g r etie concentration I :- r e r i ! Cce -d bIt ~- t .  (76 )
for th i s  t e a r - c - a  itu no is 3 .~~ x lO~ -m nrm . t h e  cor1tr i r aouion of t h e se
los--Aired (m~ nt’H-~~, L’1L 1, is of the  smn e o r - t en  of mag n itude 5 t u e  on-
deaeno~ rate conn iuc tien electron cc~i tr - i bution to Th~ 

- I he number ci
e l ec t -n -can s  lo-salized to t ie donor im~ i n n- i t j  system mit 135 K is -

~~~

matel’, 14.9 x 10 cns and ret resents 1- r I .iIhi l I  h- -If c-f ‘ l i €~ donor in—
purl -lea- ionized .

To apvlly the ret 1 d i i  t iLts - i  on ac-let . . mihe q uan t i t y  a- ~~ ~2h - 
~< 1.

he scattering lenoth t~ (c !~~) / - - 6.91 x 10 cit . wm ~ere the  nud e- - --

spin_ Iji.ffusion constant (D 2 x 10 cm ~~ ~) w a .  obt a ined  fran. the
won -k of - er c’mri- ’- and ~liistn-r . r ae rr eLa - ion t ime used to calculate
1 -  - . ( m 3 ) l , ~~~ taken as - 1 .88 x 10~ s. 1 e  -ti tiusion barrier
r adius , b = 2.13 x 10 tin w as  oht r L r a ~d from P - 1s .  (59)  n- ad ( L u )  . Ti-

r i r - c r i cal r -f- r - J t s  -~ie1d 0.03 for the aua rnt i t y  ~ - . I he field i 5~ m e n . n - c
in gig . 6- is in q r r - l l t a t i v e  agr eement wi th  Eq .  ( 7 5 ) .  between ~~

- anal
(— 0 K arid at  10.1457 OH - - -r~i m e  i n n s - c e r n  cring r e l m n x ’ i t i o n m  r a t e s  w i t h  -Ha ea s ie r

0’ tea r er atu re  indi a - rn  ten  ia - l int ~ ir -m I ’a r l ’ I r m i i e l a i C s \ ’tm t. ’~ :I is becoming a - s - t i  y e ’

i-n - 1 - s i car rd a x at  ion ho l .c.W ‘7(1 K -

-

~~~~ Tlm ~ 1 1 a r - -ni  h i  h ar r i er  n - S  us .  C , for th e  los-i  I ized ~- - n  -a ,s-~~ t is-
syst em : , can  be a- -al ca-ma late r l n~ P - ( ‘ 1) m a d  ( ‘31) . S i n c e  X 1/

-
- 14 .5 x U~~ (ir. - , / T ) 5 1  Cr 20 ‘ >-t .135 K and r-~’j t i a  a 112 . 14  ~~; ~t n n t l r

is,-

— - — - --—.-—— -.  
~7 -ii —- - - — — - — ~~~~~~~~~~ —~~~ — - — - - — — - — ,— — -—- - - -——— — --- -— - -— — — — -~~~~-— -- — 
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- field, t h i s  result nc -mr- e s- earL s approximately 0.03% of the ~Si nuclei
being rcmuved from the Li-b’-I line mit 135 K.  The observed equi1ibrii~m
magnetization for -  the  ‘Si system shoul d thus increase according to the
‘uric law (h l l ” l ) .  he cur ve s -  in Fig. 14 indicate an approximate Curie law

- behavior- between 50 and 300 K.

The tem~ ei -ar t~~~e Jes-ot -ienr ce of tc (indicated by the hn c  nd mnx im r
in Fig. 6) is not as strong as would be expected for a Ramn ri type
electron spin-lattice relaxation mechanism.~~

e Further , by comparing
Figs. 3 and 6 , the quantity T1L

1 for the sample 0.1-15 is nearly th ree
times larger than the corresnonding relaxation rates (T1 ’) for the
samples con taining approximatel y 5 x 1O’~ donor impurities/cm Thé s-c
results imply that the electron concentration localized to the donor
impurity system is contributing to the nuclear relaxation c-ett-reen 50

- 
- and 300 K.

iTelow 50 K. the majority of conduction electrons are localized to
Ar~ donor impurity system . The E~~ spectra of this sass-il le reveal tha t
the -h o sra -Ic or u s  donor impurity is the dominant -an - amagnetic system in
this temm.erature range . The increasing relaxation rates and the loss
in the e muilibrium magnetization with decreasing tear er-store are the
gross T-d~ i e f f e c t s  introduced by the phosphorus donor system (see
Figs . 5 and 1 4 ) .

. ,  ~

An auxiliary experiment was performed on sample 0.1-15 at 6.027 (~iz
involving changes in temperature between 32 K and 6 K in times short

H’ compared with Tm for the sample . First T1 and M 5 were measured at 32 K
- and it was or tied that  11s- at 32 K was in ‘the Curie-law region and T1 was

1000 s. tacit the sample was saturated at 32 K and allowed to grow
(at 32 K) for a time (14000 s) long compared with T1 to a c h i ev e  M =

— (32 K ) .  The temperature was then lowered quickly to 6 K and allowed
to attain thermal equilibrium (ol5 s )  at tha t  temperature at which time
the line was recorded. (he resulting line amplitude was smaller by a
factor of two than F-I 5 (32 K). The 6 K recording -s- a-v-eared to be narrowed a
slightly (10%) and shifted 140 mO to higher fields which is not signifi-
cant , however , it def in i te ly  did not appear to be broadened.

ds a second step the sample was saturated at 6 K and allowed to
,~~~ 

5r ro w for 14615 s and was recorded. A very small amplitude , - - 5% of Ms
~~~~~~~~~~~ T’ 32 K) was obtained, th i s  can be used , along with the previous -In - S-a ,
3 ~ to estimate T5 at 6 K to be —

~ 80 hours or about 288 times is-mac er than
L a T1 (32 K). although , the estimate is questionable since it involves an

estimate or t~.. (6 K )  by use of the Curie-law re la t ion . I t  is evident .
however , that Th~ (6 K) is very long compared with T- (32 K).

~ 0 ’ - tn the th i rd  ste; , the sample was satur ated at 6 K , -r i l owe l to
grow at uK t’or  14000 s, raised quickly in temperature to 32 K and
r e c or d € m I i . a f ter ‘1 15 s ( 1441 5 ~ 5u5’ il) and W a s f~ ind to have ant  -mph t rade
consistent a ’j ih  --n lmost 615 s growth time at 32 K , l ais -ed upon Ms (32 K)
- i n - I  Tc (32 K )  m re’;iously measured.
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On t T a ~ oasis of the resu l t s  ~ f’ th is c-ar-er imen~t -a t  estimate of the
l inewidt .h b - t n - r i  - -n -  n — I  ( s i m m  C m i i i  T;e n u de . 2 ri- m e - r I- m-roxim-- taly 1/2 of’ the

‘Si ii ins were removed from the n - c- - c -a  l i r e  a l l  ‘-n - cc-IJ1 1 l r lga Stmi i r ,  32 K ,
the  lj n e wj r i t ~i i - - a r ’ Lcr i - - i r i s -~’ can t ie r a)btai ned frcr- the p.a r ’ - -n~i~n crnetic con—
- s - e n r t r a t - r .on . k - a m - smirn~~ie 0. 1-15 it im aPIa ’n -xirar nt e i Ia 8.7 ~ . 10 1 impur i ti  ‘-a ,’

cnn 11 us ~/ ‘ 

~ (i~o 2) I l l  his  esul t n a ’~ bn r -

w i t h -‘ ca 1-t a i n  el using Es- . (41) and tr l-a ~ statIc elec t i n t s -  nragnr et i a
can ine! it

i s ( I t  - ‘
~~ ,]

‘ ‘ -
~ 177 )

sb--re  the quantity a is- ’ the 2 s mr~~: - a n - e t  i n - m m ;

- 7.143 ~

r e 9.27 ~ 10 
~ e r g - i  , a - n - i

- 2.80 a 1O
_ 0 en -g / l

Equation (77 ) S-her gives -
, ill ~c. which is  T n t  excel leni  mis ireerneirt with

t the results obtained from t h e  lmpui-~i tsr conceni .r ’r t i -  nt. J ese results .
when cotribI ma e--I with tI c- IF ~ mi nd the T-T~ i n f o r m a t i o n  a m  mm - - ci t- -~ twe eca
20 mind 30 K , in . m ate the n-a te of the i ca - su l i ze d  electr-on re ±mi x a t icmr
rates T i e~~~ and Tmie t in the  n i u c t e n r r nr l m a x a t i -n - The electron s - I l L -  - :

spin relaxation r a t e  for the local ized .  eiec 5 r~ n s- q S 5 em will ro -side an

r ~~ or DCIU I1:i O!i the  elac t ronic  “en -r e l a t i o n  t ime . - n  c- :timate c-f 1 -e IS

ou t -m i n e d  from r e e ie e tr c :a  n r a - a s - m a c - t i - m  -Ii ~n -1e - i i i  ole ir~te r-~ction a n a l  the
a S r t r l i t l t y  m : u m C e : i ~~r~- ion~

- 2n~5i~ R ea r T-- .= - 
~~ .l5  m s - (78 )

T h e  e lect  conic  c on -r - eL -~t ion time i o i~ t in - fl 52r0 order of s-a er as tu--ic as
the nucicnn spin-trial I : n - o t a x a t i c r  t s am e :

h ( 5.32 x 10-’ mri / ; s ) ( c - .5 m )  a r  T? O .~~ ’ itS

(791

- . -1-tm or a - ety of i m i m i n i l  es r ’ s -l.: ding pho st-Ia - rc s. C art er -

is ‘-ale to Cit  his  ehia-ctr c --ni a~~ (in- i’ntt-~ -~e r-~ 1 ax s-ti c-n dat -a tc -in c-mc I-iris-s-h
‘ xr ,res sion  of the fr i-n

~ :• 
l/T 1~~ /-~H L T  -‘ 1311 1 - -  CT - + UT 1 

~ ~ (ii ) r~vr ( — - a - ’ \ T)  . (80 )

w here ~ tr~~ ~ ‘an ~n ;, ~lI 1 r ” - r - r e n e r t t s  a d i n - ~~~ et l i cs-coll ~~I5 i J  SSlO li 11’ a c a s cr r t ion
- rcv -~ - n  a r c - I  t s - -  r c - r T I m n i m . i n i e  ‘ - rc:m “ mann ems -rat Ps-man tylae I i’c-censes  .

nra. ‘- ~~~ 1 scu:rs e - I  in s-cm~ 1 a i l  a the  hook Lv F- t a r n  31 ey an id
- / - ‘ ihh - - ’  ard tac T a r c - t e n e m i s - e s - .2 ‘anther Iri s r a e a t r u r e d 

~~~~ 
(‘ a C zu ch r a l s T - : i

~ ~ 1 ar -a -w r  s l u r-nc  wISP j,3 x 10 I -/ am (1 .5 —cin ) for err. o it i ar e s  in the
us -ea r n :1ronr 1.5  to ~O K .  (Thim- s m i ml i e  also containe d ~~~~~~~ x 1O~~ Is- cinn .
i- h ove  ‘ 3-’ h i  mm i roani Sm - f t  t 1dm ’ -ta m I n- i  eal cx - r e -’ms i cn
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~ - 1- mi mer e  E 2 .2 x 10’ s~~
1 

and -\ = 11.6 3-Ic - ,’ . 3 -r e -~uv nt ity  A is  th e
activ e I is-rn e t i - -rgy for the  1$ s inglet p r o u n i d  s tat -c  t i m ~ the lahs-s r }n crr r s - s -

- doiro~’ I m m - m r r s -  t y .  the activation eaes -g;J was found to be t~-e s - s - t I C’ I
- i-I k f loat zcne ai silicon crn ’ctaj  with 9 ~ 1o s-~ P/em (0 .7  fl - - s - rn. -

C a s t m r e r  ‘ 5 m e a su r e m m tcn - s of the electron spin-lattice n - e l - n a tion
r a t e i ndicated t r ansit ion Sr i of the s-r a m ’s- u - of milli -m n mac -n i. n e a r  20 K - -  a
T hus . the los-s in - - - r i ahit- r i urn am-r enn t i za t i s - m t  e x h i t - i t e m n  in ki p .  n . m  oe
associated with the gro~~h of the lit-~ ’s~idt n ea rn  en r e  l i on . H a n s - n a - a .
the long muiclear relaxation time ohsen-vc- -d. at 4 K t r y  be C h e  ‘-ea’ult of
cs - a - n - n -~i - a  Lion  t imes for the  local fi e l  —I c f 1-ire order of n h e r uc l~” - r  rr~ jfl_
S~ in m’ -m lax-t ’ a- F o n t  time .

The increasing relaxation rat-n w±th iecr-easirtr tp-~~~=r a ~~~,ae

( 20 K < it < 50 K) for s-sirs-v i e- 0.1-15 c-an he d e s c ri be  ba - m , e  ec, r ir i s-al
exr - r e s s ion

l/T1 5.87 x io~ smaj (B 2 X r / T ) . (-52 )

Equation (82 ) is included in Fig . 5 and irs- a L ies  t h a t  the  avei- ’s-oe cra -rre-
lation time for the local field , -r0. i s proportional to the e l e c t r a - a

r spin-lattice relaxation t i ne .  Ti e.  Since the obraers--ed r e i m a x m a t i o n  n -a t e
(T1’~

1) increases with rc and is field independenit . then i s- < l/wj . Tb”
reduction of the magnetization with decreasing temperature mm-nd the inn~
creasing r e l a xan  tioni rate with decreasing temperature ins-rip that a dis-
tribution oP correlation times -s-is-out the —i ’d -age ‘c is responsible for

-r the liMP behavior between 20 and 30 K; that is. T~ is a function of beth
position in the sample mind  t empera tur e of t i - c  snamnm-l e. am-a L e ar  sr a i nm s

a with longer a s- are lost from the FIMR l ine , while s-s--ins which  -s--:--i-eriouce

- 
a local field with shorter correla la i c ni times cons-tribute to th e  observed
magnetization .

The samples 1-0 , 1-15 , and 10-15 each contain es -- l roaimatella ~ a lO~~
donor impurities/cm tm . As with the sample 0.1-15. the EPR s - ( e c ’m r ’  of

• s- these samples demonstrate the presence of los--aitined oars-magnetic s i tes
- - 

- 
below 50 K .  The NMR m - e - ( n x a 4 ri s-- m r i te  result s  ~rc e m - m h i b i t e d  in 3- i r n . 7 .

,
~~ ~

-

~~
- , and ~~~~

Above 50 K .  the  r e l m i x - - t i o n a  rates for t h e s e  s amj ies ‘s-re - early atm
-
~~~ order of magnitude smaller than those for the ss -amr hc a 0.1-15. As a

result of the lower donor im m u n i t y  concentration , the frequeucy-de~ en-dent
~~ ~~~

‘ contribution (above 50 K )  i.s resolved ~t room temperature. At 60 K .  Us-n
f ield-  r e - i - c a d e n t  r e l m i x - t i c - n m  rate is nearly -an order of magnitude T nt-ann
for the sample 0.1—15 than for the s’s-mi -des- con s-i-Is-re-i ins- thi s s - c s - Li on.
his- result indicates that the correlation time decreases ns-nd/’c-n- the

- localized paramagnetic concentration increases with incn-eas l is -t  Jot t er
impurit:-- c o n c e n t r u r t i m a r n .  I comb ina -i t ion  of thea -se e f f e ct s is expecte l .

-
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The room temperature mobile carrier c -m i cu a t r - i t l o n  for the  :s--us -~-1e
1-0 has been obtained from Hall-conductivits-’ - n - a t - - and is n ear- L .8 x lO~~
electrons / s-tnt . From this intun: ms-tion and Eq. (7)4), the  r ior t r a iep erre ra te
conduction electron contribution to T1 ’ is ‘rm - t-roxirnatel ,’ 

- 
-

1/T1)0 
—‘ 1.1 x l0~~ s~ -~- . By subtracting thi s- contribution Is -- on: . -da c

measured room temperature rei’r x ’ —tion rates for the s’im;-Ie 1-0, f i r s - h i- f 
-

dependent contributions remain which are of s-he ta.aar ae order s-f magn i t r . a3 e
as the experim ental error at room t e mm -e m -- r tore for the sample 0. i -15.
Near room temperature for the sample 0.1-15 the number of electron-s ,
localized to the donor impurity system, is roughly ~ x 30 i5 e /crn~~.
Heat treatment , accompanying lithium diffusion , produced a two-fold

— increase in the relaxation r u a c s  nay the sample 1-15 user those 1’s-n t t e
sample 1-0.

~~~~1 

At room temperature for concentrations smaller than lO’’ donor
hmnpurit,ies/cmL, several authors have -ic-mona -rted lrs -rg ’ar relaxation
rates than could be predicted by the nondegenerate cs-arraioctior, electron
theory ~h- . ()45)].14_ 1~ The elemental donor impurity and sans-r ite pre-
paration ( inc iu d in ig  oxygen content ) were found to have little effect on

L the low concentr-ara-ioni relaxation rates . i’ -ahiJ1y,~~~ observed a field
dependence at room temperature in Czochralski grown s-arms- ins with fewer
than l0~- ’ donor impu.rities/cmtm . (After subtracting the  rs- -aa -n deg eis -erm te

k p  I) conduction electron rs -ontn -ibun. ion , T was found to be t~roI -ortional to a -

~~~
t- .) In a sample containing 101.- Li / cnn (near the  semiconductor to

metal t r ans i t ion ) ,  Rahilly found the au~ raiaity T ’ independent of field
at room temperature and then to becom e field dependent at lowered tern-
peratures. The field-dependent relaxation rates between 20 and 300 K
for samples with donor impurity concentrations less than io-~ cm - have
not previously been reported in the literature for semiconducting
silicon .

T he field dependent results for these samples indicate that the
time dependence of the local field may be influenced by the interaction
of conduction electrons with the donor impurity sites. T h e s e  inter-
actions produce power spectra for the local field of the form

J(cc-) )m b T b [[sin (o b/2)]/(L.Tb ’2))2 ( - i s 3)

or

J(a.-) ~~b
2T./(1 + w ~~) , (b ~+ )  a

where -r- is the residence time for an electron in a tr am - site r - IsC - , 3
.

~
- -  the carrier lifetime , and ~ is the s-r - r~~-~-ing Crc us - s- ens - : at a s i ts- .  If b

and /cr -r 1 -s-re short compared to i/o , the power spectrum will  be fa ir l ,’
uniform (whi te ) .  his is the high temperature and cuts -rena s-i at ion  limit .
Then, the quantity T1 s- will be field ins-Jet c-maclent -

~nd dc-Sc- i i m a e c t  by s-b
-
~~~~ 

or -t 1,  and ~~~~~~~. Whet s - b, tj  ~ 1/s-aL, a fiel--i depen-rietace will be observed

which contains information on the s - w a r  spectrum oP the local field .
‘he quantity ‘

~ is controlled by the kinetics of the  corn-I mi- l~~na electon
system . ‘lee quantities -tb m is -t i -r

1 
depend on tetnrerature , trap d c - n hit .
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L 
- ~nfl- l  : ossjn].v field . . ‘ i a a L i c w  t -  n a - n -  s-trtes r a n v e  w a s - s e  functions eate n -au ras -

- - ‘sen many l a t t i c e  con~at - u i t s , and thus , the carrier lifetime is -s-cry
short t~- r th e s e  ant - tea . itycaic-al carrier lifetimes -s -re on the order of
Sr Lcrusecor,-1s • ~ irs - cl i a e -n , ce , ruts - j ul at ions in the local field will h - av e
t n - s- T trs - ’ ’ . s s-p Jrs - ls-.mn ents  near  the h I - IT - angular frequency. Finally ,  the
.nuant tit ;  5- represents the s--ts - ns- r - i r ,na l i tude of the local field modulations
due tu  c- r n - i c r -  tr’-ts-ving at donor S I t e s - .  T h e  spectra -iescribed by
E-Js . ( a u 3 )  min d (R)4) - a n í -  s imil e to tha t  for ii c - c ’ l i m - -ed mir’s -rs --agn eti c  elec-
tron ns H-I - (75 )

As w i ’ h  the s orts -- Fe 0.1-15, localized paramagnetic e f fec ts  becom e
import - - r ~t - - t - -.~ 50 K .  be sample 1-0 was not doped with lithium , but
contains 5.1+ x i0~~ P/cm

”. Tin s sample exhibits the largest tenca-eratur e
i c - s - - c - n a  i ena ces in the relaxation s--ate below 50 K.  The dashed curve in
Fig .  7 follows the empirical expression

l/ ’ T1 1.02 x h0 cxv- (l3Ls - ,’ F) . (85)

L The constant in the exponential. (13)4 K or 12.7 Tic-h ) is approximately
the s’ s-me as -as-str~er ’s resu1t~~ for the excitation energy for the ground
state of the l -h o :s-p hc s-r u s donor impurity (122.5 K or 11.6 i~e’;). His re-
suits were obt ain ed f rom electron spin- lat t ice  relaxation r at e  measur e-
ments.

his -low 30 K , two measurements of T1 1 for the sample 1~ t at
8. L

~)4 ~fi-Iz indicate a d ev i at i o n  from the empirical expression (85 ) . A
similar datum is reported for t h e  sample 0.1-15 at 25 K.  These r e s u l t s
describe the long-term recovery of the magnetization in a region where
the recovery is not exponential . ~he te r s-T aer atns -re  at. whIm:1 the non-
exa -one c a t i mi l .  recovery r- , s - r t e - i r s  (~~~ 

28 K for samples 0.1-15 and 1-0) is
approxImately the t e : r a a  s -n at u r e  where Castner s results indicate
Tie l/s-s-L. lie a n u r a .~~term recovery could not be separated from th e
experime ntal data  for these s- s- ir s- s-Icc in the 28 K region .

~~ 
TIte lithium concentration is comparable to or larger than the

phosphorus concentr-ation in the samples 1-15 and l.0-l~a- . The fieldr -. -aie :.emnh ettae from the conduction electron relaxation region continues
below 50 K .  is-isa—, the slope of the relaxation r ate curves is smaller
Cc-n - tun e s - c - samples than for the ms -r o l e heavily phosphorus -riot-c-i samples .
Piece results s-nre in qualitative agreement with the 25~ lower ior~iza-
tion energy of the lithium donor center .

Further evidence for the involvement of the lithium donor center
P ‘- in the  nuclear r e l a x a t i o n  is 1-rd --s ided by the e s-ui iibrium magnetization

measurements (Fig. 8) Samples with higher lithium-to-phosphorus r-s-t-ios
r approximate Curie- law behavior to lower temperatures. l’his obser - s - -r t i cn i

is consistent with the shorter correlation times a ssoc i a t ed w i th  the
-• lithium donor system .

Ps-n most interesting results for the sampl e 10-17 - a r e  the broad - 
-

maxim a in the re laxat ion r - s - t e  cur -s-es below 20 K and Si an acc on :- i- ’-n n ’ : i n m g

I



Ia w - c e n n ~ at - - sure behavior- of cite a- ps-i I IbVhis-s-a ma ginetlana tio di .

a effects an -c- exhibited in F i g s - . ±0 t i l  11 -

he uot i dcgen- .s-a - m u  s-u i s-m ,c t i  On s-I c-a - I s-fl t e a m  1-1 1 is - ic-j a - a le t  S ) r 5 u t a t d  i—
bution was ob t a i n ac -d  ftv-rs - :  h~~. (74)  u s - i n t l the  cors -J: , - t ions - d e c  a - - . c on ce rn —
t r -at ions O b t a i t r O a l  I r a  a: , 1-jell - i n - it  -i . h i : :  cori t r ibul~iut .  Is- la s--s-etched is-a
F i g .  10 a s - s - t i has been removed from te c-  expa- 1- i r n a e t r s - a i  results in Fig. 12.
The maxima for these curves are h at t e r  below als--r is-s w i t h  an estimate uf

m Is-c co r re la tion  ti m e , c~ ~- l/o1 , at t b s - s c -  tent nerm :r- n-e:s - -

I TJ 1 C

( K)  ( s )  see teas - .  a

1)5 1.55 x l O s -  2 . m . T s- x

1505 15.09 a 10-~ 1.88 x
115 6.6 a 10 1.52 x

The cors--el iSb n times , -
~~~~~, re s-ar-es et1s - mas-t:irt - -~ Con’ t I a r a -  -Tutr s-t i.tyj s- s-/(i + w~ -r 6 ) and not nimalini a for the :m ~, a t h t y  L L -s-s gi .- en. -sy g1~ (75).

1-fowever , the  broad maxima in Fig - 12 i r s - h i  c- a te  t h a t  ~~ is- m o O  a ant i -aug
f~mction of Sc-tam e r ’ s-ac n r a - I  the - t n - a n ’  I t s - - I  - rmnav us- u s e - I  for - a - -Icr ca t

nnu ~~xi it s --s -e  ca l -as -TI a s-I c- ’ I n c  ssaa ’Jmm - r s-i 1g. I:~ occur eL l w -  a e n i h e r a —
t un e s  than those Pci- r aP e s- arm I c  0.1—15 . This t e s s - I c  is cors - s i a t ten at  w it h
a l a - - a r m  a a s i n g  car t-e la t ion  time w i t n  irnos --eas in g tar os -- i ty s c t r a a - c - I , t  s - i t s - s - I t

At 105 K the :ilnuins-er- of electrus -~a localized to - s - ic - -dor is-n imn r -io-ity
s~ steia i is anpr oxitr iu t ae l  - 8.4 a 10 

- 
cns- . Th i s result s-an be co ins-cared

with the  par s-magnetic ‘ a a n a c e r t t r a -i t ics-i es timated  b y i s - I ,  (75);
N - 8 . a x 10 ~ cmp

P s - i l l  - (a ~ -n ir a c t i s - ’.Lt y m e a s ’ m r s -r a m e t : ta  an-nd 1-TIP a - ect s - s -  s-ti s-s-as-ia-Ic 10—17
- 

- 
i s - t h i s - a t e  th at the m -a ho r i t y  of cu - n i - n a t i o n s -  e lam-s -t i -omis h - c  t a -s - C a - nr : e l c - s - - s - l i : a c -d
eP cct  runs  i - e ~l m~~ 100 K . Tha- ef f e C t s  of  th i s  l O s - a h l  -se-I system :J11 the  I T-IT

— - ; r e su l t s  ca - c - sc-err b low 40 K in FIa s- s - .  10- and 11. The mar -a las-urn r e i r - a -  t iofl
r at e s -  b i-~ s-m s 20 K and the  - 

— - - . C i  
~~~~ 

Curie I a w )  dc--c er ider .ce in the  eqs - i—

~~~~~ 

-
~~ l ib r ium nun -’ gnetization its-cia-ate that t }a ia - ; s - -es - e c s - a - n  e lat ion s- linac , [ - n .

is (a- I the ca r - ics - -  of 0.02 I r S  at 15 K .  h is -format ion, obtained from S t e
rnis-ximnc- Its-a the r i ms - a- i r s  in Fig .  10 (below 20 K ) ,  is exhibited below .

( D a t a  below 20 I T )
- 

- 
- —- —— —  

- 
————---

( K )  
( . - L )

_ x 1 0 ” ( s )  a i0

110.5 2.a-4 2.4-h

53.5 1.80 -

17. - 1.52 1 . 3 ~ 
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a m c -  ac t e s - n i l  a : a - i l l  LIC- plc - s-- i to 1-k ~e crn a u - i i -ic :-i I c - ac t  s-s

1/L L C I  t c / ( l  + r -~~~~) ]  , (8~~) a

where C ’ = 1.88 x iüs- s 1 a 10a .  By cc-t :i 1 ar in g  1-l i s~ (75) -re - u  ( 8 6 ) ,  -ot
est imate of the I s -c u l l s- e u  electi on cs -rrs -uera ts-a-,1. l i - a r  a - n~m ± be r a n t - - s - a c  I

N 1 - 6.6 x lO~ ‘ crn ~~ . ib i s  result cc-in n-is --es with 1.1 x 10- ’ cm ’ for i. 1.s-
donor ltri~ -s -n -ity  aaomi cen t ra t io n . m e  tem[-e i -r r t t fe  s - i C s - - O ’ n i - s - c - l r a - a -  for -s- Los-- c-
is smaller than tha t  s- os-- a iirect.  s-n laura-nit c s - l e s s - ro ta  s p i n - lat t i c e  r ’a -
las-cation process ant - i  may be the  r esm , i  t of a b ru t a l d ist r in -a t i n ar of cor-
relation tIJIC S in the sample. A dT ant i -a ihut ion of correlation tins -es- ‘s-t s-c- ct —

t he a s-e :-age , a s - ,  Is- c-a-: ; c - c s - a -s in ~ - aa:J I a -  10— 17 , because of the s - a n n a ;  ic ’s
nicni a rmi± urnmn 1itrci—~ . ccrmnc en s-tr - tioti and s-lee tems -dc -nc -s- of laithiurri to fo rts-
clusters in silicon .-

~~

A distribution of corrc-latior:- times I~s- also impl ic- I by th e
equilibriur:i magre~s- t i - s a t i on measuremeants - t i e  quenching cs-f the ohs - s- s- i-- s-c -I
e q u i h in t m i u n a magne t i zat ion , Ti5, is not complete for a:s-rtnt ic- 10-17 ( s-~~ea Fig.  11 for the  constant or minimum equilibrium magrretization u s - I s -’-: 20 K ) .
At -s- u pr -oxinnan ts-I ,- 23 K th e  local field cor~p onents with is-irgc- 1 cor s--el-~s-ahon

-

~~~~~ : tImes  begin to remove nuclear snt -i rn contributions from the II MT l ine . The
ratio of tIre teraperats-ares at which t h i s  quenching hens -ares noticeable for
the samples 0.1-15 as-id 10-17 is 0.71. This ratio is in good agreement

P - , with the ratio of the ground-st-ate  ionization energies I i i -  t h e  do n s - as -n
centers [Li-Cr and P], 0.75; Baman tyrie ~rucesa~-s - are ties-s ins-p l i ed  for
temperatures above 20 K.

for  1/up , the linewidth ocr -r ica  rn- h i res 4 .5  10~~ (H ( j- ) _ L /  -

and only 1s-1 of the hi s- ins w or th h-a ra -t aa ov ed  from the Int-ll - t line ;
(IL = 10.0 kG , T 15K , and = (3 .c  x 10 cm~~ ). However , if the
tr -a t s - snt i on  rate for some of the e l e c a s -o t c i c  s-pa irs-s im near To ’, s - b e
total e1ec~ r i - n a  moment , etc-~~, 

will be ui seen ut by the - di nuclei  and the
- linewidth bar r ie r  r a d i u s  will he 111 A .  s-ha- r e s u l t s  in Fir. . e i a s - a i i - a a t t s-

that a a : - s - c - u - a i rra - t e I : 501 of the 2 s- T i s r - i r r s -  are removed fr - - -n. t t r ’ a -  ~e; l in e;_ - -1 t :y l5 IK ,

— the constant  or i n s - c s - - c - - us- in s - a-’ e- a~i i  . 1 i r an i um  magm s-es-ti-s-at ion o1-s-ai’ - :’s- rs-
- below 20 K is a consequence of a loss in the integrated elect ronic  1.n c - ,s- a _

I~ 
ma r t s - ch ina -mr observed in sem i - i s- 10-17. The loss in rarrtma Frreis-ism below
20 K (see Fig. 17) is attributed to i-he formation cat a ler t s- c - ~~- i r s .  w h i r L
become diamagnet ic  a t  l ower temperatures . The excitation of the-a c

-
~.4 ~. rlonor pairs  (or c.Lu.s - t r a i - s )  to the paramagnetic s tates ca- r ov i- les  s;-ectral

components to t he  local f i e ld .

Man s- of the  ch ’s- ni~ c- .: j a i l  s-a-- m s - c c - i  by electron i r r m s - a i i - r t i - r i  ar e th e
- 
~ ~~ I 

s--c- su It of curt -n et - m eans - c - as - t ’ s--o::i t h e  con duction s-and and the t a t  nr c -a -S -ion of
new param agnetic s- il  e ns-a . [‘bc-se changes are re vi- a aw c- .r in Sortie s of s-alas-
u-r ’s-a e -h ing  discuss ions  a n n  existing cs-a rk-Is for the  ir r a n i i u i t i o t n a I :nnni i n f e .

The s- ass-p ie 0.1—15 was ir m vs - c lot s-- s  at  room t -a rnpers -mtum- e - - - .i th  1 r-~s-:
a electron s to a f l u en c e  of 1.5  x io t e /cam - At 300 K the ~ ‘Si relax-

a t ion  rat ’ - was  in s-ch ats -~ c-I WIS b ins -  t ie -a I a a r e c h s i o r ~ of 1J~aC  measurement s ( 5 a~) - 

-;~ - - ‘-x~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The character is t ic  propert ies  of the abs - s -pLus -n a :  - Iamrs - i  s ;j s-tem a t e  still

~-i-ese nt in the relaxation behavior below r n-c - n.  temperature (see Fig. it).

At 100 K and lO. S5- a s- MH z , ties- quanti ty Ts-~~ is a~ - u r-oxirnately 001
smaller than T s-~~ observed ma c far-na- irradiation . The difference is negli-
gible at 6.027 MHz at 100 K.  The smaller r e lax a t i o n  r - c t i - -cr r e a r  th in-
temperature indicate the trapping of conductic-n e l e c t r o n n a r  at a higher
temperature.

a s - s - l ow 70 K , localized ; - a r - i m s - i g n r c s - t i c  electrons effect the  m r s - l e a r
relaxation amid the observed e eri . Libnium magnetization . ~‘[i th ln  the
precision of the measurement s ( as - -  large as a~ 35i) the  results at -s- . 4’Z -~
and 10. Li~57 F~iz fit the empirical expression E q .  ( 102 ) for the  rei ’aaxatic- is-
rates before irradiation . However , the 6.027 MI-I a datum at 24 K is 50~
larger than the cor resp onidi rac  T1 s- before  i r radia t ion . lie r -e~~sn i rem en ,t s
at 24 K following irradiation provided -n a excellent fit ( -  3 - )  to the
recovery ir s-fu r s-ration . Pn emp irical ex pr ession fi tt in g  the e x t  en  i r s -c -nata l
results between 24 s-a nd 50 Ii is written

l/T1 6.24 x 10~~ e~~ (~~.1 r )  - ( en )
The average binding errergl , - i u a - J l i - - : t r r - l by this expression is 101- ‘ T - r T

~- i ~
than before irradiation . fhe;a e results -ire cu- t i a r i s te s - i s - -  -ii th S t e  e — nu i-
librium magne t iza t ion  measur ements exhib i ted  i r a  tables 1 -an-i 6. Be fore
irradiation, the maximum H5 at 8.4(5 MHz occurred at 32 K and f aah lo wi n1r

“
~ i r r ad ia t ion  (and  be fore  annealing ) the maximum c-s -carrel at a~- i -n -c - x i ma te 1y

4 0 K .

Samples 1-0, 1-15. and 10-15 u-nd sans -tie 1C- 17 were i r - r - s - d i a t~e:i wil t.
1 Me—f electrons to a flues-ice level of lO~ e /s-ru- . At 65 K and
6.027 [-iB z , the quantity T s- for san s--Ic- 1-0 wa s - lois-rid to be 17.000 s
following Ir rad ia t ion ; th is  compares tc a: a r c  x T ’ r  t - - I y  12, ~~

- s for t h e
s—ins - le before ir r — a - l i a t l o n .

the s- cast-irradiation results before annealing for sample 1-15 ore
exh i s-a i ted  in h i - . 22. A tws -s--fold increase in the r e l a x a t i o n  r ’ites

~ - J (below 70 K at 6.027 MHz) is revealed by comparing Figs. lu ma d 22.
The increased r e l ax at ion  rates  at  these t em i s -er- tures are -an i nd icat ion

~ .e~ 
of deep paramnagnetic t i--i s- sites .

W a t a -t T as-  and associa tes ‘
~~~~

‘ ‘ h a ’s - c ut a rm erv e d  EFP sl e ct r a  resulting
f r r m i rradiation-induced ds-. n u ’- ge s i tes  in h igh-oxpges -r -con te ta t  phc- s~ ba rs-is-
doped silicon . Thei r  result s i n a ’I i c - te -]  that  the u - i n r c i m  ‘1 pan-aras--sgrietic
defect introduced bIT 1 Me m .’ electron irradiation is the oxygen-vacancy

~~ 
‘
~j pair [A-centerl . ‘he EPR spectrum for this center- has been c s - L s e r :~m [  in

these  sr t m r h e s .
y 4 1

in the  sample with the smallest controlled dopant r a a a n a c e n s - i ’ r a  s-ion
(1 0—i s) ,  the electron ~Trr ’~oiation changes t b - a  f-H- r - e l - t x - i t i an  I - eh -a s - ’ i c - r
a t  all t e m p e rr n tu r e s - .  These changes include ( 1) arm ins-re-s-si’ in t he  re-
i’a x aLinr ~ r ates  h ,s-r a~ J ru x i m a t s -  l - ,r 11s-P at 20Cm K , ( 2 )  a a l e s - t ease  in l b -

SR

_
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fi -r iu eric -j its - m- s - t id e u aa e u t - s - c - c -  100 it , ( 3 )  a 1 - a  u r s -  a s - -  - -  
- - ~s - -u s - n :  s- -t i ’ - in

the  n - a -  taxation rates b etwe en 6. I 2 ~- and 8. h~/~ Mails , -s-sa d — a ) a sm-s-i ! tr e-  a

- n r c - r a c y  d c - i -e ta -de u ce  between 8. 14 5 and 1O. i~57 MHz. Th e frequency ales -- c - is --i -
c -r ice  as- -pe ar ing  in Fig. 15 implies a minimum c-n constant power spectrum
in the h-li TiP s-. f re-pset icy  range . A similar f ie ld dependence is seen
m i  F ig .  9 near room ta - ru m en: Lui -e.

Sample 10-17 was given greater attention following electron
is-’ raj dl -et lon because of its interesting pre-irradiation b e h a v i o r . h e
l iMit r a l r a x a t i o n  results s-are exhibited in Fig. 16. Foils-wing c-la-ott-ore
i r radiat ion, the relaxation rates  near room t e m r i l - e i a t a r r - e are reduced by
l5~’ -s- ri I the  frequency dependence i c - l aw 20 K bc-cons-es ns - nmr ’- J  Icr .

The f r e -a s -na r cy  dependence above 40 K ex t en~ss- to room temperature ,
indicating an increased localized par amagnetic concentrat ion . h- ins - c  

sn Ic  0.1-15 did not indicate a change in t in e  conduction electron re-
t ax at i o n  ca-utn ibut ic o :  near room t emp er- atur e , the lithium donor system

m ay be responsible for the changes observed in sample 10-17 . I’l~a-
j reduction in re laxat ion rates  as-hov e 40 K following irradiatic-rr  is

attributed to -i re-riuctiori in the effectiveness of lithium donor c-leo-
trons s-is relaxing agents , possibly because of a s-hoe s-ge in the power
:r~i-ectrumn toward shorter correlation times.

P F u r -a r e  17 is a grs-a1s-h of the integrated e le ia t r c -r s - l -s- pararnagnetism a -

( r n r -b it r - rs - -y uni ts)  vs.  temperature for sample 10-17 . T~early s-in os-leer of
mra p n t i tu de  increase was observed in the electronic pararnagnetism at 25 K
f a l l s -w i n g i r radia t ion. By comparing Figs.  16 and 17 , the localized
m - m irasn-ar-netic system is seen to become imt-oi-tant in relaxing the nuclear
system below 40 K. The large increase in electronic paramagnetism is
not reflected Its- the NMR T1~~ measur ement s , possibly because of an
unfavorable distribution in correlation times.

-s - m a c k s - ar and associates~ have proposed a model which is in quali-
tative agreement with the hMH measurements s--resented here cad the EPR

a rm s-ea: :ur -ements. The model includes changes in the con . - : - cmrt r - et ion  of t is -ree
mo or centers in lithium-doped quartz-crucible-g a-ca-rn silicon during
e l e c t s - -u n  i r r- s - - I i - -t i on .  - nr c - se a re

(l~ t h e  l i th ium T~l -center  desc r ibed  by k - as -  equation ,

.‘ -~~ L i + + - - is-: —

( 2 )  the l i th i u m  L 2 - c n a n m t e s - -  des c r ibe — i  by the equation ,

I i i  -r V~ - h a . arid
~

(3 )  the  oxygen-va c- a r c y  cen t s - n  ( A - c e n t e r )  descr ibed by t i~ s-~
-~~~~~ 

~~~ equation ,

if 0 + V~ 0V I A - c c - m i t e r  4
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s - i - -  at  i ties V — and V~ an - c -  a l  ugl y - m l  dcub~ v iOt i i  ze-I v - as - na ’ : - t ‘ a t  ~~~~~~

these equationis i s - i - l i s-~i s-ae the 0 n - i- ’~t t a  (s-ni 01 - i r an a gn a t i c  rn - a ~n s  ‘ s - a l
i m i :n l f e s  in I mr - a n enrerci c-s of lit-hiurt a -s-s -s- - j a a a a a n - L r l l u - i !  s- . -

F- - It] ‘as-~I i n a ,s-r c-i t r on  i - n - I i  a s- - i c n  , samples 0. 1 —1 5 and 10—17 s -ms - a s -
s - a n n e -- led . The 1 f4R r e su l t s-u  s t i ll  J -u. us - m ess  ~h r e  - ‘s- 055 s - n  on C s -  1€- : - of a h - s - n a r

.ini : u n i ty sy stem . -i c- w ev en ’  , c u l r r - a r a i yr -s in the I. - a~~’t iorn h-~t - - ’.’J a - c  were
01 - s - cs -y e a s -  a f te r  annealing j-i ns-I lan- c r- - a n  e attr ibu te- 1 to  r ib - - u  gs- a in ± h ,-
p a r a r n a s -’n s - e t i c  defe at  i s - : : t ms -~ - - ) -

The sas-ap te 0.1-15 was annealed f - - n - 00 hours -- room t empera t me ’-e
s-nd the  T- IMR s - - ma r s - l b s - i  folio--s- i s-p.- annea l i rig -

~ s-c exh ib i t -- i in b ig .  18.
Below 50 K the  r — a l - s - x a t t r - n a  r a t es  - a t  8 . - a -  - - an l  10.457 MHz -a- s-ni be f i t t- l e
to the 5-4 . (82 ) to the r a rec i s ion  of the -1 - a ta . Above r 4 s- K me s-’ n - e m- c- u t -s
of the qus -tn i t i ty  Ts- 

1 indicate  a - r - t m l m I l l t - r  f i e ld  s - l e a  eric ier ice l a s -t wea n i  8. H- is-
-~~-i 10.457 MHz t h a n -  between 6.027 and h . 1i65 r i-rz. This w a s  s- is - a t c-b- , - a

— - - I - n  s-c as - n s-real ing . : -

Ire effects  of annealing, a l e n u r c - n r s - t r - r te - I by sample 10-17, are
s-- -atrt -icularly interest ing in term s of the i n - i - - -- h r -s - t i - s - r i  dam s-s-ge ‘ins - -i l i thium
annealing model u - r u n - c ’ s - c - I  hI : s- tucker u Fi gure 19 is a lot of the Tf- ~
sn - in - l a t t i ce  re laxat ion  i- - ate results following a 13-hour anneal . The
field d c - p a - s - s - de ns-c- continues below 30 K and indicates t i r - -t correlation
t i m e s  longer t h an  1/- . are a f f e c t i n g  the r e l a xat i o n  at all tens- e ru i t s -t re r
considered . The €- - s - s - r l l i b r i u m  magnetization h-it - a — i t  each frequency before
i”r’m-Iiation and after irr dioti on ( a c es- s-c.  ‘s-ne d afti- -’- -s- rs-r-eaiing) -s- s- - c -
exhibited in Fig. 20 for sample 10-17 .

5’ the relaxation rates above 40 K rare reduced fur s- Irer (by - a s- -s - :rvaxi-
mate l ;  4~1 at 80 K) following annealing . The results in d i ca t e  a
chan ge in s- lie e f f ect iv e r s - ° aa r -: of l i t l - h i : n a - n o l a t e - -i donor e l e c t s - - i rs- s in  a s - - n a -

- 
-. t r i bu t i n t c  to r e l - - x - -t ion .

- - . 
-
~ Br’s-a ar- s-~r er  s - r a l a s soci - a t r m : r  proraao -u erl that, s-ab e  c-x~,pa- en a _ v a c - s - r a c y  an d  the

li thium LI as - s - s - I 12 s-c -t i c - r n  - a n -  h - r e s e n t  irs- aus a s - - t z - s - !- m : c i r l e — g r o~T1 I i  this-na-
doped si l icon i uas--a e - l i o t e l y  fs -a -J .lcwir -rs - rcc;r ’a c-m~- c - n - a t i s - r e  e ’ e s - i ron  i r ra d i—
ation . During ant ic-c l ing , ~i4 . r a i - m m a a  I o n - . 1’ t i  s-a~ - r i l - i c \ c - n  wi th  rn- u ’ s-- ct
s-e aten - s  . a s- a l  a- m e - - n - -i s--, i s-mm .1 ‘i c- s - m s - r i  h e- -I by k-v - - a r - a t - i r s - n

— .4- . -r — - - — — -L i  Li + V 1- .~ cm :s-iter -‘- e .— - cc- - - Li ,OV

~~~~~~~~~~~~ I - ’ - n i e ’ i ! e - -l ~2 o en a s- m~- r 1  + Li 1 
— --

Tir ’a i also r -r op o: me-l  t i ’ t a 11 ‘a Pi s- as s- ion rn-na cons-i 1 cx w i th  a nt  s -u r i c  a l e - i
A-- an -n i t ~~r to nt is - a r ze an f.2 -neuter

LIt V 1 2 - c e s - a t e r l  -
~ I t 4- r~~~ 4 f , j . .,( s- 1An~-neaie s- P2 --enter 1

— 1 .4 -  - .  -
+ L am. - s  l L,+ Ot \a .

in

a.
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‘ n m u a m -  of tb--se ci- - . r-r .u are 1-ar - a m s- it ’s - i s -ti s - .  ham - ’ s-~ a s -  - s-ty of s-I - 1 c rc
implies s - h - s - n p -- s-a i s - a  elec t s-- - s - n h i n t i n g  C i t e s - a - i c - S  and - a c v . - fl _ -i - chas- ip es  in
-a s - n ‘-ibut ions to 1/l i hI r - -~upnr modifications in - a s - -  

~ 
owes-- s - a r - c - ’ : - -  of t i r e

va r i n -n i s  donor m - i m a o t r - as- n . s  as w ’l ! -is thei ’- s - - m a s-ts-i ‘ - ~t io-nms

s-P c t  n - c s -  sn in resonance and ‘- ‘P result s cU t - m i s - n e d  l ’r - r  s-s -a l Is -10-17
~a r ’ c -  lit s - u - m I i t -- mt i v e  a i r s - a c - t r a c t  t w i th  - cc- cluster Ton-s-a u atj o f l  mode s-
Figure 17 Ir s - s - s - c r :’’ s-~~~a - es I - - loss is-i the i ra te s -s - r a te - I  electronic s-ar -m g-
nie tism with - an nealing and the torn aat ionm of - i i a m r s - i a g n a e t i c  c en t er  -

. The a
a - s - u c m rnn a - - u aair ig s-i t -a- - - a on the nud e s- -is - -- ’n.s - - cna et i sm s-ire ‘en i - a  Fig. 20.
A ~- o s s - i h I e  a s - c s - P a r r  of l i th ium - - i r s  (or clusters) tn bc-rn . i solated

I s - - n . - s- ~ e n i t  a - n - c  or ott --n -
- t s-Is - g s -~.~ - ic s - e t a  t m - n ’ s -  ( :u’ is- . i rradiat ion ) is

i n - l i e - n t e I by t h e  a r - a r s-ssion of the equilibrium magnel i n - - t i e s - n  b e l a  as -
20 K. F u r i - .s - - anneal s- a ‘.he C l u l l  lbs--inn r:s-’ ar et iz a t i o n  is obse~~~ed to
reco-rer tow s-t n- -I . : i ts pre-- - r u  - md ia s-s- ion -.‘ t h re , m i - t I n - -f i nn  a possible n -c - -

a i s - P  -
- a r e— c l u s t e r i n g  a - I  t he  I ]  t h i  s-~a , a t o n e .

a Me-t sur ercenr ’.s of T1 above room tn-nm -s --era ts -s- .re for samples 10-17 and
.1—15 after ~s-rs - ie s-1 lug  in s - i  ac ut e  that the rate  1 Ts- continues to follow

the conduction elea.-tr-o rt a ono - c a n i t  s-atiou ann -.l that the variation of the
rate with Ifls-’R frequency is not significant. The si gnal-to-noise ratio

) at ‘Ptes- .s-- temperatures is poor and 
~~~~ 

is not much above n- - - :-~~ tOi l .

- F : ’  ERIMPN TAL RESULTS s-s-W- ~s-s-Y”I~AL POll s- h,’ - It-~~‘I
t

In uae - n sun ing the  c9Si spin-lattice re laxat ion  time , T~~, a saturat -
ing operation is first performed on the s-ens - al e in order to reduce the
magnetization Ii , due to ~iic- aeSI nuo s- c-ar moments, to zero ; i.e., the
sp irr populations are equal for the m = ~, and m = -t  s~ In  s tates . Then

— the PP i- field and sample t emperatur e are held constant for a period of
tine t during which the magnetization M is found to gr ow e x - - o r a e n t i  ally
-c- a s - c l ing to the rel- t ion M ( t )  - - exp (-t T1)]. The state of P ( t )
is tested -at time t by means of a p.u~t s i - a ;I i ab a t i c  fast-passage through
the fll- ’R resonance , sensing the -h ispers - l on us- s - n e . The process is re~ eat e]

a for several values of ~~ . The uu ant i t y 1 T~ t11 -ni repres s--ut s the - -~- ‘- e of
recovery or growth s-u i r - r - : r e s c - s - r t s  the st eaIy-s 4 ate or maximum value
of - ’.

- 5
- . In th i s  i n v e s t i s - -  tion the rate of n -~a -’- v e r y  1 ‘Is- is controlled en—

~ 
~~~~~~~ tirely by either (1) can  Is- -k - on  electrons or (2) p as---iua’s -gnet ic electrons

-~~~ such as single electrons occupy ing a shallow or deep k - a r . There are

~~~~~ .
~~~ two main factors invol i c - I  in  the I r e f Iu ena e of the electrons on 1 T s - .

One of these, the s m ’ m i . - s -  I i  of k -ic  c - I s -  --t n’ o ni —ni- ra -la - -- - in i t e r a s- - t i  c-rn , can be
thou -}s- l of as the strength of the local magnetic c - i ’ , due to the

I electron , at the sit -” s - s -f  a - a - ~~ as -  - l e n s . This field is calle t hL ( t ) .
Caf course, J i ff s-r r -nr a . ns -- 4 s-.1-a i will “ see” r l i f f e ren t  values so that h1 repre-
sent s a naiea.n i of a cts -m.t , sk-- --iJ variable with some histribution -h a r m  the

a - ’c’ r .  The secon l f s - a - t n s - r in  the influence of the electron on 1 Tm is
the t h u - n e  variation of hL ( t )  or s p e c il ’a - - - s - l ] y  the component in the fre-
quency spectrum (power spectrum ) of h1,(t .~ which  f a l l s  at the J IPPI oper-
ating frequr-ras--; , a s -  - - ‘

~ -
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The power spectrum of the electronic local field is related to the
auto-correlation function of hL(t) through the quantity ‘n s-mailed the
auto-correlation time (or correlation time). A number of theories have
been treated relating to this problem, of which the most reasonable
ones f ind that the power spectrum and therefore 1/T s- are proportional
to hL-t (1 ± s-~J -r°). The quantity -r can them be interpreted as a measure
of the lifetime of an electron in a localized state or in a spin state.
The frequency w is then taken to be the NMR operating frequency.

The above relation appears in two different temperature ranges in
the analysis of the experimental results. In the range from 310 K down
to about 6o K, ‘r is interpreted as the lifetime of an electron in a
trap. At temperatures below about b- -K , -r is related to the relaxation

— time of the electron; i.e., the lihetime in a spin s -t - a t e .

Upper Temperature Region

in the upper  t emperature r-cnge the lifetime of an electron in a
spin state, Tc-,  is very short, as is seen by the very wi-tn- EPR linewidth
observed at 310 K (T c- less than l0~~ s ) .  Under these conditions the) - - ‘s-Si nucleus “sees” the average value of the electron magnetic moment ,
averaged over s-n = —~ia- and m -~~~ spin states , however , the average value
is not zero , but rather 1t = i~te (r - eH /kT ) where the f ract ion  in parentheses
comes fr om the Boltzmann factor . correlation time - n in this r :s-rs-~ e
then represents the longer time that an electron sits in a trap and
appears (to the - - Si) to have a moment p. (less than s- ic-) and a local field
hs- proportional to r .  In the plots of l/T vs . P (see Fi=s . 5-19),
samples 0.1-15 and 10-17, dominated by phosphorus and t i thium , respec-
tively , the measurements are seen to be frequency independent (converge)
at room temperature, to drop to lower rates a~ the temperature is
lowered, and to become increasingly frequency dependent. This is an
indication that u-u becomes increasingly greater than unity or ‘ma > 1’ - .

For the NMR frequencies of 6 , 
n- .5, and 10 .5 PHz 1/- s has the values of

28, 20, and 16 ns, respectively, thus providina, lower l imits to the
localized electron lifetimes. Below about 60 K a different mechanism
becomes dominant as discussed below.

-
~~~ A comparison of the plots for 0.1-15 and 10-17 shows that the iC- -il

plot has a smaller slope (in the 6s-s- to 310 K reg ion ) , is shifted slightly
toward lower temperatures , and shows a slight frequency dependence at
room temperature. This is interpreted to be the result of a smaller
average trana binding energy for Li (lower tc- ’ a s - a e r - -.ture) -and a broader
distribution of trap depths about the average (smaller sior-e ) including
some larger trap c-n c -n -s - s - ic - s (room temperature frequency dependence), thus
supporting the contention that I i  in oxygen-rich silicon forms several

ba different  types of donor sites.

In the samples of lower donor concentrations (la~ _ i5 , 1-15 , 1-c )
the room temperature frequency d e pe r af e nr e  is proportional ly l--an- ner as

.‘ ~
‘ compared with the overall smaller rate l/T 1 ( longer Ti )  i s - i  t ic-a k-as-p that

-Ic - e t c-i- traps than phosphorus are competing on a roughly equal basis in
contributing to ~~ ‘I - s -I  relaxat,ion. A s - - r o, ection of the curves to higher

‘4 62
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t e s - s - s - s - en - -at ur es  suggests t t r - s - t .  ~- s -- n ~ s-u-s -  600 K would be required to reach
: frequency independence , impip~’ ini~s- that traps perhaps twice as deep -is

:ahos rs-laoraris -s-ce resent in roughly equal concentrations. Since the
slopes are s-- a - Il - - a - , a distribution of trut- energies is in1i - s - t s -~ i .

The plot of l/T1 vs. T for other samples , before and after irra-
diat ion an! anneal ali - , leave been stu ti c- i in a similar : a amsrn r c l ’  an-i the
indications in the upper ten r-erature 1 aria’e (6t -  to 31C K - are t h a t , ‘en-
c-rally, i r ra . t - : t io n  s-ms -uses  s-s-. scai l - a - - n - s-ane in term~ - erature—independent
room temperatur e r e iax s- s-Lor ,  c-ate , -o s-r en a - o n -t i n s -a  to a i s-rrs -rs -ase in s - -mi-
c luct ioni  electron density , followed by a smaller increase s-fter asi ire -,i~
ing. An increase in frequency I c - s - e s - i  is-n e and a smaller s ope is evident
after  ira -a liat ion and this effect  aloes not recover after -s-s c- -i I : , .
This indicates that- , generally , there i s a  b r o a - h e r  tistribution of trap
energies after irradiation which persists after - t sa r r e - u i i u - .

- -ow Temperature Region

In the lower temperature region (20 to 140 K) there is a shi -i r :a  in-
- j crease in rate l /T s- , with decreasing t eniperatur-- , observed in all s-ins- is-s.

Pince the ele:-tr-ons have, at this t emperature , long lifc-tiruaes as local-
ized electrons , the power spectrum in this range results from the elec-
tron changing sp in ss - s - a artes  or from ground s ta te  to excit s--i. s ta te  ir .  The
t r a r r s- r-otercti - s-i . A number of ins -vcnti -atom have studied the e l ect r o n
relaxation s-’ite 1 Pc- in this region ark- have found that -h i f f er e nt  Pi’O~
cesses have te s-m a c s - e r s - t u r e  dependence u n - o s -  ortional to T or T or exp A, --:1 .
These studies all indicate that s-there is a very s-ap i-i inc~- e- s - se  in
with -Ic -c r c -a s  i s - n c  t -s-cj -en-- s-tacr e, and, if this i s taken to be k-ce — ‘os-relation
tir e -r in the expression hL -r / ( l  - c ’ m c - )  for the s- -ow es - -  spe :-1s-i-uc cs-f the
local field, a s-sets-u i  model results for the interpretat ion of l iT-  -:rc • T
in thi s rei n - io ns -. The pos i tion of th e- - -h - a r a - ’t s - - r i s t i c  slope in Th i s r es -s-ior .
is shifted tow-ar I lower t-ers-peratures in the - - ase of srnaiiler I r s - s - a -  energies

I )  (as  in 10—17 ) s-u i-- I shows a sc-taller slope in the case of a- - t i s t r i ~aut ior ~ of
trap energies . A study of tI r e plots of 1 Ts- vs. T in this range again

- 

~~~ , shows an increase in averuace t rap energy and a broader distrai ~iet of
crier s- s- ic -s a f t e r  i r rad ia ticca  w h ich  does not s-en -over  completely af t e r  ans-aeal-

- 
- is - as-.

,
~~~

- ~~~~~~ I’Th lR ~a r iet izat ion vs. L es - 1s-t -s-r a t s - t r e

_
;-

_ l’1emeri~ - s-n-y theory is-n h i s - a n - s - s  t h a t  the ~~~ s-aagn et iz at ion  (steady
s t a t e ),  ~~~ should ir,rease with decreasing temperature in proportion
to i T ( Curie ’ s Law). The plot of P5 vs. T (Fics . 

14, 20) shows Curie ’s
Law behavior n -ows -~ t o tecape i -- s-t omes of - ~-oroxire -itely 140 K 1-c-low which a
sharp drop in P 5 occurs , with di f fe ren t  s - s - s - a r -Ic -s dropping off at tiff’es- 
temperatures. A comparison of the 10-15, l~~l , ahf l -j  P.1-15 reveals that
higher P conc enhr -~t i o n i s  drop at hi s -Is-e s-- t - c r n :  cr - : ur ~as . In contrast - , a
comparison of 10—17 vs. (l( -i~~, 1-15 , -t- .i-15) vs . 1—h reve’a,I s  that hi gher
l~i concent rat ions  hr - or-  off at lower tcer a p -s - r ’ s - t~ures. This ind i a -at e s  ( -s-c
expected ) that  larger phosphon,is r o s - n a u e r ti - s- s - I ;-ion s co rr e sa -on t to higher
concentration s-’ of (unjn -k - red ) : s - a r - r : s -m s - m e f i c  e l i - - tr ons  at low t o ’np-’s-r ature .s

•
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I
which Se c-c to remove s - a - a n t s -  i bitio run to l-L~ 1aj , . .  t ine obses-ve i I1-~l~ line
when some of the electrons his-ve t ( cat - ~~~ s u f f i c i e n tly  long ( is - s - the
millisecond l ange ) to produce locally inlionms -o :-eneous fiel  ‘s.

The sairpri s  is-s-p s- s -a s s- s -inc in the c:ontncast In ns - beh avior of I-~ ‘n- • Li
concentrat ion is taken as evi ls-s-s-se chat i i , being mobile , te i s - i s  to
i -u-si t i 2 pairs-. ( -s-is-al also Li P pai rs)  or clustec-s ~t s - i  s - a ls - , at- low tens -n a-e n - —
a s - L u r~n s -c , become partially diama~~-r eti aa thus reths-ci the low t eas-e r- s-t on --c
paramagnetis concentration wi th  ins-i -c s-sing Li c on c c-u t r at i o . These
conclusions - s-re supported by e v i - l e - n - s - - a s  -oP t s - s - i s -a c  I i’r~ s - a a i~~R results and —

from Hall e Arct and s-nobility studies . This  effect is - - s-r t i culas-ly
noticeable in the 10-17 .i~~s-rp Ile~ where M5 (with decreasing temperature )
~ts--rts to i c -c - s - -e a se  and then levs-ls off and starts to in crease  at 10 K, -

i s-id i- sat ir ip  that s-sony oaf the nas -- .sra c s -pne t ic  sites at 2-s -s K have ia- c-cons -c-
- i s O ac-Se t i c  at j p s -  K.
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EPR ~~ s- - a  i - I  ATIOI - -id

- 
a f l ~N ERAL

- Studies of s - l a s - :  u - l ect ro : -  par ns - a s - ( s - i e i i  c c e s u n - - r a c  ( I ~~ also cs-r i le - :
c -lc -ct ron  spin cc - suns - s- ice, ESH ) nan - e s- i - c -- - ~er’e ma- a le to oPt s -a ir  SiL-po r t i rk -
data for t h e  I-IR r a t s - a ;- ,- of l ith ium a i a s - 1 n s - a i i I i g  . is-C nns - a s - 1L I-autOs- era of th e
Ei’R behavior measured wei- e n -he  spectral posis-lun or g-fac tur , iran -e s- s-m*-J

- l ine  amplitude (magnet iza t ion) ,  i i r s - ewi - s - th, s- -s - iil mu l t± p I i e t  sp l i t t i r ag .
These quantities were obtained as f’uncticuns of the los-u s- concentrations ,
irradiation and annealing c— s--u rs-- iia-i aa , and cana l - ic -  s e nr I a er n c t u r e .  i h e
samples were selected and t c c a t - c - a I  in essentially s- h e  same as- s-s- tr ier as ms -n e
I-I 2-~ samples in t erms of is-’n’s- Oi -ai !Os-l~ s -nnn n e aa r 1 i r~p ,  arid la in - s - a nn c- c --at ’s-r e  vans - i-
ation .

— - Based on earlier repor t ed  studies the g-factors es-na n - Lcs -altis --ac-s-
- sak-i t t ings  were used to help identify the asa jo r  contributing paramag-

I nc-tic concentrations a f f e :a t a i n g  the :p4~R bk- em s-n on- . The relative oak-i-
tudes of tLs-se speck--s-al lines , which s--cried w i d e l y  w it h  temperature ,
donor concentration, and cs-as -a s-pIle stat e , served to c - n - t i m - s - a t e  the  va ry ing
concentration of NMR i-e laicaing centers (localized electrons) - The line-
width s e c - - e s - i  as an estimate of t i ,e  electron s~ ins--spin relaxations- m t-c ,

P l/T2e, which is closely s - i n - t a t- c-a tin - t i ne  Ins - aca -se car n - l ie  elect-c oo slain
correlation tim e , I , is- inst rui rnena t ill in t i c -  r e l a xa t i  -ca n of the  s-s-t i  r nu-ss -en~s

- at low s- es - is - I - en’ s - a  tures .
n
,~

- Iwo of the most Inc. s-rusting -n-u :cis-c L. s-t a  result i s-it. 1’s- ax .  l a m e E 1~s-1~.
sla ’s- ip are (i )  the untasumi .Lln-- lac-ge increase in obs-erve I aucs-plicaacde

(magnet izat ion ) near 25 K in the 10-17 l i th ium-mi s-t a  sample a f tu s - -  is--c -c -

- 
diation and ( 2 )  the  ~u s - n s I s t c - s - - t  ales-n - ease in observed i s - - s -s-n- a s - t - i Z t ~~ Cs - a b e I c s -~
20-30 K In c  as-l i  samples .

~~~~
. 

REV IEW OF THESE?

Onl y selecteca details of the  ve ry  e x t e n s i v e  :‘Ial s -  1 i t e c --a~t s-c-e an al
-. - theorl,- will be t r e a t e d  here  s-C c- s -i  f i r - I I , .  thu-se k-ni cIa s - s - a ve  a di rect

_

~~~~~ 
be--s-ring on the in terpreirt ion of tt i~ data . in s- i s- s -- t i p ,  a s - a c  b as ic  thee--
retical - ie-relopments are almost 1- ies - :t i  s - - i  wit-h the basic theory fe-n- n-LI-
(see Review uf s- a c - s - as -a ’ in preceding sc - s -t i c -n . )  , Puwes- en- . tI- o r e  are n - m a l i  -
t i o n a ily sons-c- d i f ferences  in s -  I n n -  ~- t ion m s - n i l conceats.

If  the e l e c t r o n s -  moment i s - n t  e ri c t s  c n n  y W i t s - :  t i n s -  0:-a t - n - n i i a I  f i e ld.

- 

, t h e  sp i na  Hnnci i toniai a is

~ H - S (E ~8)

~~~~~~ 
- ,

~ 
and the  r- e .nulting energy .I e—nOlJ - n e  ~ is-T es - a by

j II~, s - a s- Is - I-i , (5 s - a~)
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where g is the effective g -t ’ a-t or , i~ is the Bohr m- g n i e t c a n s - .  H ins  s - n - Inc
- magnitude of t ins external s - s - a s - s - g ins - t i c  i i e l i , - s - s - n -al is the  magnetic s - a a s - a t a s - r m a
- number and is + 1/2 os- - 1/2 for the electron . A transition hetwces-±

the levels s - c - i s - s - i i e S  a change in en a e r g ;~—

- Is-v -‘ g~BH (9i )

or

g - h . /iH . (91)

where h is Planck ’ s constant and v w/2-s- is the f r e -cs - s- en c a  cor re nan -on -J in g
- - to the energy difference. In EPR , s- and H are measured at resonance

(applied micro-s- ave f re mu e s - s-p and external field) and g is calculs--ted to
- represent the spectral position , a charac te r i s t i c  of the specif ic spec-

trum independent of the os--erating frequency s- s-ad the finn - -id.

~~ In the event that there s-are a number of weakly inter-s-ciais-cr s i ais - n - s - a -
(e .g ., the dilute s - s - r r ’ar r rs -r clnetic system in the Ia-metes-nt s t i s - a l ; ) t I n e  theory a -

due to Bioch app lies also to the electron system (see E:evircw of theta-rI!

~ 
I in preceding sec t i o n ) .  he concepts of spin-lattice and S i - i n n - s p i n  re-

laxation times for the  electron , Tic- and 7~oe,  are carried over wit - h oot
change from the NIPC t heo ry  alt hough their  range of values is normally
smaller . - h e  theoretical m a c l i n a c - c ,  fur  dealing wi th  t I e  e lec t rc-n ic

a magn et iza t ion in the  rota t inc  ccs-oc- - lis-s-~ te system in t e rms  of t he  effe-c -
t i ve  n- s-Tr etj c field is the same.

a I f  the electron ‘s-iso :n te - c s -n e t s  ( l a ; - a - e r f i n r e  in teraction , na s - - i-a-r f - s - n - a : )
wi th  a nuclear moment , such as the localized e l e c t r o n  and the phosphorr as
nucleus , t-he a ss - in Ho r s- i i i c -n i - ar s-  is

l~~ gs-H~~S + AI~~ (9 2 )

where I is the  r ru c l e ar  sc -in  ‘ s - s - id  A is t u e  strength of the electron- a

nuclear scalar ints-. ~ - , a s - s - - ac - c  ales - al to the electron - -r- as--e-ftnetior s-
I densi ty  - - s- a the rauc tens, he c-s-ic-FC, ; len-el~s ( f i r s t  order ) are given by
s-.-.- m , 

~~~~ it s- s -I lL + s- s - I - b  . ( - a 1 ~)

t s - - - s - s -n i s i t i os - i  i s - s --no i i  r a n -  -I - -I ± 1 r c : m ’ n i r s - s  ene rgy  changes of

~~s-s- g~ H + ~~ . ( o i n a

whi ch , is-i the c s - e  of i - P c - s - c h o r u s  (st-is-i - 1/2). become s

-
. 

hv gcH A/2 (95 )

-
~~~~ 

-arid twa:  r e a ; o r i n n - c ec  ar e  o h s - a c - m s - ed , scm - c - - a t i~- 1 by A ‘h a l a  fc-e s - - r e a r s - c ; :  cr
- 

~ in gauss , i-n -on - ’ide- a i A/h is i n s - - s - e r -  t in s-n  t h e  i i n s - e w i d t - i a  so t In - a t t i -c ; ,  can
- - 

-~~~~ be resois-eal .
a 1
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~1 two phosphorus sites are sufficiently n ear s - s - n c -  another (less
th s - n i -

~~ 50 A or 10 unit cell dimensions in silicone) at low s-s-s-s-acm s- s- n - -~n e ,
S lac  two localized electrons interact with one another (exch— nnn -ge in -n -us - -
ac t ion)as  well as with the phosphorus nuclei. The spin i-is-s-rn !l tonian is

= gi~(~ c. + ~ a)~~~ + J~ 1’~~2 + A(11 + Ic)’(S1 + s2)  (96 )

for A s-< J, the electrons form a resultant spin ~ = + 
~~ 

with S = 0
or 1, and the electron pair forms a singlet state (S 0) or a t r i rlet
state (s = 1). The singlet state is nonparamagnetic and does not con-
tribute to the EPR signal nor to n-MR or EPR relaxation ; i.e., the forma-
tion of singlet states tends partially to “ clean up ” the t a r a m a - a i t c~e tc~c
impurities in a sample. This was- s observed to occur in this  study ( see
Fig . 21) in the 25 K range  and below. The resulting energy levels for
the triplet state are (fim:e t order)

Epi ,m — gI3HM + A~Im + J , (97 )

— vs -ic -r e

m = m 1 +m0

For n-N ± 1, t r ans i t ion  energies -xre

‘E~ g~ H + ~~Am

a,- Possible v alues for m -- mc. + m2, for two phosphorus nuclei, are 1, 0,
-- - - -1 with the probability of m = 0 twice as large as m - 1 or m - -  -1.

l bs-a resujting spectrum consists of two c-s n- er lines separated by A with
a third line with double amplitude centered between the cuter lines .
i-s-c- center line has the same g-factor as the unsplit line.

I f  there are three interacting electron-phosphorus sites , t h e
sn-es-trans-ar consists of four equally spaced lines centered as before , with
the outer two coinciding with the one-electron doublet and with the
two-electron outer pair . The amplitudes h a v e  ratios of 1:3:3:1 in the
three-electron system . The pattern extends to higher numbers of elec-
t rons.  Figure 21 shows a superposition of a strong one-electron
doublet, s-a weaker two-electron triplet, and an even weaker three-
electron quadruplet .

- 
. ,;_ -

is-c- energy level for the ainglet state, S - 0, Ii 0, is
~ .1

E - 3 T / ~~ , (98 )

~ ~‘ wh i c h  is i - a v e r , by the amount J , than the average of the t r is- -le t  s t - a t e
• 

- eve ls .  For phosp horus donor sites separated by 25 -\ or less the
I - - n - - f 1 is  in the same raIns-se of values -as the electc’un binding

( s - i n s - l i l y  to an isolated phosphorus donor n s - i  te so that- the — s - s - t a n - a s - I  t r ma ~
‘c ‘ s - s - - s - is- in -k s -nor  p - e l m  are  sh i f t ed  s igni f i can t ly .  At room temperature
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a the levels are as-ijinust eqs-s-ally likely to be oceu~~ie-i  so t h a t  s-he ‘‘nc-race -
~~

ti’s - s - i a  ens-mg is s- hI s - s - n -a- s - m t. unchs--i’ngns - ai s- c - s - s - an ma s ingl e donor e n s - e r g  a- • n n - s -  lower
temperatures , -as kT becomes less hi s - -a r ,  1 , s- m s -  lower l e -n e l  n s- en. r ar ’s-s-s s-s -n c -tic
singlet tends he- i s - a s - c  a higher DC a i l ’ s - h I O l s -  r c-su i t ing  i n s -  a ~a t a r !~s-~-as - a - ,:s- ii

i a n - s-nTis-- s-s-aPt Isa-rn .

In the case of phosphorus , tIn-c internuclear -lists-s-ices are fixe-l
, (phosphorus is not very mobile), l n C ~~”-s- €- s- . if the two (or r s - n cr s - - ) i ons -or - s

are mobile at room temperature , such as l i t i n i u m n . tin e corn s-- s-s- I e n d i  s-s-is-
exchange interaction hs- tw~ enn two Li , Li an -id TIP , as -  ns-etwees -n Li as-a d I
serves to un-c-s-aIde one more nnech s - s - n i s s - s - s -  for t e n s - - l i n t -  to h i n d  s- s-n ubi le
impurities to ss - aec i f i c  s i t e . - . r u n s - c -  the b i s-edin g is was-ak it shcuid i - c -  

- a
easy to break .

The Li nuclear hyoer f ine  is - i t ers - s -ction with the localized electron

- 

. 

- (92.6~ abundant Li sr-in - 3/2; 7,ts-~ abundant Li Si- is -n  -= 1) is expected
in theory to be similar to that of phosphorus , however , s--he i n t e r s t i t ia l .F lower symmetry, position of Li leads to a great-er t - -orh-i ta~i~ character

I and -i smaller electron density at  the nucleus , resu l t ing  in smaller
splitting factor , A . Furthermore , Li is expected to be foun d in a
variety of bonding situations so tha t  the splitting is unn r €- :aol- .’e i  as - s - -i
the Li-related EPE line is somewhat broadened.

E~(PERIMENTAL PRO C EDUR E

The experimental arrangement for the EPR study is -.‘ery similar to ‘ -

commercial systems and is essentially f-he same as t h e  IIIf i a -  S;Tst er ms- (see
Experimental Procedur e in preceding section), except t h t  a klystron ,
wave guide, and microwave cavity reals-cs-es the transmitter , -a s- -d the s--f
signal is amplitude detected without rf amplifics-~ais-cn . he fiel -at is

I modulated at 100 kHz and the resulting signal at thi s fcc-  ca ne s - roy  is
amplified and phase-detected to provide the derivative of the EPP.
absorption line for recording . nine low-te s-mcn- era tw-e as-ed n - em s- c - r a t s - s - r e -
control systems are essentially the same as for IJMR .

F The samples for the EPR study were cut- from 0- s - n c - of she IMR si -ab s
to 14 x 10 x 0.25 ins-n , a volume of 0.01 cm , so t ha t  the number of c-leo .-
tron spins in the sample was 101 

~LO s-~~. The - s-sit -ale was held inn - the
~~~~~~~~~~~~ Dc-war by means of is- 14 mm -sus--rtz tube, slotted to s- s - s - -ms - t am the slab with

the long d im es - e r i c -n vert ical . The sample could be rotated about the
vertical witin respect to the horizontal exherneal ~is - a -i ’ :x i l i a s-g
sample of DPPH was located in the cavity , eut s ide  the  lls -ewa.r , so s l a n t  i t -
could easily be r e m u s - n - I or re-inserted , to provide a c-ere c e:rce marker

- both for g-factor and for amplitude : t i s - a . s  ‘s --a l ib r a t e d  -scil-litude data
were available . Since the DPFH Was always at room temp’~ra:ure the cali-

W brating reference was- s-s not affected by changes in sample t e a r a s - e m a s -u c ’ e .

a ’ The investig-ative procedure consisted of s tudyin g the selected

~~ 

samples over a range of temperature from 6 t~o 300 K. recording the
observed spectra along with the re fc - s --r -nic-s - spectrum , smimi -le t-errer --ai ce .

H
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field markers , s- s-s - n d otis-s-i’ pertinent al- s-t n . In s- s-rt~~i s - a  cases , the 5- ars-il n ie
L was rotated to display possible orientat ie-s -n - -J ep s-n - - s- i iem nt Sn - e s - t i  ‘ -  .a but none

were noted. The derivative ~s-eak-to-peak amplitude and linewidth were
measured a’ I. used to recover absorption lin e area data . l i r e  abss-as--uti ons-
line n - s - a - e a r  is proportional to the product of the s- Tnnpl i t in - J e  and Us-c- square
of the width of the derivative line with s-he r - rop or u~ cs- s-nal ity constant ,
d e s - - e s - s - d e s - n t  upon the line shape , - laussian or i c-re s-n tz ia rn . n - h e  var i a t ica an .
of this integrated s-s-n-n~alitude . proportional to rf magnetization , Mc-, wa -s
then studied as a function of sa cs - is -- ic - temperature. the g~ fns-ia or and
splitting factors were noted as were the critical temperatures at which
c is - - rn s- ’-s - s in line structure a-s-curs-ed, such as single line to doublet .

i~~ s- -IR I l-LT [ T TAL RES -h ill MID ANAL Y3 RS

i h e  sample magnetization , nc-, in all cases s-i ow-:n- an increase after
irradiat ion ~‘u l 1 s -~wed  by a par t ia l  recovery after  annealing. The greatest
increase occurred in the 10-17 sample (Fig. 17) in the 25 K ters-as-~era tur e
rc-cIc a

~
.

the absorption lin es do not become very strong and narrow until
the t ern -a s- -era sure is lowered to -

~~ 100 K. This indicates that the spin-
spin re] ax aa ion time, T2e. is less than about 2 ns in the us- a -er
ternpe s-- acn-ure region , and thus supports the conclusion that the i cc - a s - s - c - a c :-
dependent n-MR relaxations- in that region is due to the longer localized-
electron residence time (trap lifetime) and also that the electronic
moment (

~n) 
a s -v e x -a T h e  is equal to i p (-r c-I-i/kT), as in En- . ( 149 ) ,  for times

comparable with the nuclear spin-ss--inn - relaxation time T9.

As the temperature is decreased , the magnetization , Mc-, shows
generally an increase related to the Cs-ar _ c-_law modified by the facet
that the number, Np, of pars-s-magnetic electrons is also increasing , in
addition to tile Boltzmann factor (u c-I-I/kT) responsible for the Curie- l aw .
In the case of the ~-hosphcru s dos-nor electron EPE line , a variat ion from

- 

- 
the Curie-law bc -tn - - n ice r os-as -urns - in the range near 35 K because of the
s-bar n s-se from a single line above 140 K to a doublet at 30 K. This be-

~~ 
-~~ havior s - - l l a e  s an estimate of lifetimes as follows : at about- 140 K where $

the doublet lines begin to develop, 21 0 or 370 x 10’ rad/s away from
the singlet , the a~l.s--rs-tron lifetime in a localized s tat e  at the phosphorus
site is 1/370 t-s. The ir  at -

~~ 30 K where the indivi aias-n l line in the
doublet rr-irrows to 3- I , the lifetime is longer by a factor of 7 or

I . _
~ -~~~ 1,53 a s .  These values for lifetime of a n t - s - t e n s -  are mean values of

~~ 

statistical distributions which - ri: as broad as the relative variation
in e lec t ron-a - lc actr s-s-n  in t er - s - s -s -i - - s -  energies in the lattice so that sub-
stantial numbers of elects -os-rn h-ave ic-s -a en -  (or shor te r )  corresponding
lifetimes by factors I _ _ I ’ -

~~ 10 (ar 1/10).

~~ 
-‘

~~~~ At temperatures in the 2O-2~ K range the electron magneti c-s-tic-n,
-~~~~~ 

i-~( _ ,  consistently b s - - n - i n i s  to ate cre s-n am e with s-c-creasing temperature . con-
trar l-/  to (‘uric--law behavior . This si-c s - s - m a  to result from s-at least two

• ~ causes ; i.e., (I) pairs arid clusters of dos-nor-site electra-s-is is - a t - e r - eta

70 ii
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~1

and become partially diamagnetic (as-oneparalnan-netic) an a l (2) lon g lifetime
electron soates (longer than the red s--s --c -cal linewidth ) increase internal
field inhomogeneities and remove contributions from the rf magnetiz-s- tio n n
as observed by EbB .

The reduction in rr n s - s - rr s- !etization below -
~~ 2~ K occurs n-c - s - c-rally at

lower tems- eratures in lithium-rich samples indi es-s-tins-n- that l i thium-
related trap energies are smaller than phosphorus . J’he ratio a s-n -p ears
to be about 3:~4.

In the l i thium-rich 10-17 sample, the electronic magnetization ,
Me, was observed to increase by an unusually la-as-ge amount after irra-
diation (before  annealing),  especially is-a the t emperature range near
25 K (Fig. 17).

It is believed that this ~1c- increase , by i a - r s - s - d ia ta  s - a : , over the
unirradiated state may result partially from breaking ur- lith is-ns -r -
relat ed pairs and clusters which would normally be partially di s -s-ms-s-s-~m e t ic ,
thus increasing the paramagnetism, especially at lower terrs-s-n-ematures

L where shallow-ti-s-s-p electrons become strong Mc- contributors . Cal cc-s-as-se ,
it is expected that deeper-level paramagnetic electrons ‘-s -c - also create d

~ j by bombardment but these electrons are Mc- contributors at higher tens-peratures , even at room temperature.

At room temperature the EPR line is v ea l ;  weak and broad , if seen
at all, indicatirs-g a very short lifetime of the electron in-a a n--ares-s-s-ag-
nc-tic state (one ns or less). At about 100 K the linac- has oars-owed to
about 3 0 (Th e about 10 ns) an -n d the g-factor can be nens -s-trr ed to better
than one part in 10an~ In F — r i - s -h samples , g cc-s--responds to reaacrac-d
v a lu e s  for phosphorus site elect-rc~ns . In Li-rich sacs- Tales , twc -d i f f e r en t
~~ factors were observed and were in agreement with g fa:r LiO and LiOV

- 
- 

type sites.
‘~ 

j
— At temperatures lower than 30 K the P-site line vs-a s cbs-er-s-ed to

split into a doublet (AG = 142 o) and in P-rich samples weaker trum- a let
and quadruplet structure was observed . s-his split t ing b c -h a s -v i e s -  r es- :ults
from interaction of the  electrons- with the phosphorus nucleus (s = ~

- ) is-s
the c’s-se of the 142 G doublet . ‘he trim let and quadruplet result from

: ‘ -~~~ an exchange interaction between two or ab r ec- ad s- s- cc -nit p rno ss - -hc-r s-n - s sites
and appear when kT has become smaller than the c-cries - s-r g,e energy J the
two electrons can asacars-ane a triplet state (s 1) as-s-al r~~ain a - -sr-loa n-as-es-ic,
or a singlet state (S - 0) and bc-corn-c alias-can-sic-tic. In the latter case

~~ ~~
- the contribution is lost from EPR m-cn-aiet ias--~ ion and ~irc n -MR nna - s -g mn - e o i so-

tion is increased and IMP r e l - axa t ic a ’ a r - n t a e  is decreased. i s - c the t r i m  i-”t
state the two phosphorus nuclear moments combine to produce ttne ‘ i s - - c r --
component line ir~ the EPR spectrum . ‘Itne lit hium lines do oct show a
nuclear h~rpc-rfine splitting even though the dominant Li nucleus has a
spin of’ 3/2 . This results from the s - a v er symmetry of the interstitial

q
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Li position i n n - i  the strong p-state characaner of t h e  ~ia s-5 s- e i e--a m t r u s -~ a~
r o n t r m n ~ - e l  wi th  the strong s—sta te  cin s - n rs -~s - s - t a - i -  or he itnosl-hon-os donor
electron . is- the p-st- at e the elects--os-n lei s i ty  at the nucleus is small
and thus also m a i n e  ily~a erf ine  interaction .

The ~- ais - is - ig of Li (or clustering) is revealed , i a uwa -v €a r , in the
L ’21s - ’ i s - l us-  of the lO-1L7 a - n a n a L e  upon irradiation . An increase in electron
ir n - -gns -c -t i za t ion  of an order of magnitude wan; observe d  at 25 h after irra-
diation , which then reduced nearly to the oi-iginal Ie-.--s-s-i nj f s -~er 214 hr
room tens -is -as-ar ’s-on -s-re annealing. This can bc- -s -eec-us - s -t en -I  for by mi in-re -nra-up oil
l i thium clusters by the las-radiation, followed og a relatively rapid
return to cluster  formation u~on annealing . This model is also sup-
Torn-c-a by the Hall s-as-s-a~s-ar ements s- s - s - s - s - I by the lnd-tP is-i 5 vs .  T data .

In contrast ws -th Ca-ole l a w  behavior , all of the S ucaples n -c -n c - sally

- 

. 

- show a -n -es - s -v a n s - - a  in electronic a s - s - e n - s -dy-star- c- rf magnetization , n -n - , , with
decreasing t~ n-s-I-eras-tures in the region i s-el -n -s- s about 25 K. Several rnecha-
nisms can cons-tribute to this effect : (1) change in neighboring i-airs

L fronr i  a-n-s-raauagnletic to —Itaunas -grietic st otes 5’ s-s-en kT becomes less than the
pair exchange energy J , (2) inc-rcase in local field inhomogeneity when
the electronic relaxation time becomes sufficiently long, or (3 )  partial
saturation ot’ the spin sd- sn -en s-n. Tests were mn - s - d c -  to see if i s-ran-is-i. as-s-tn- —

ration could i n - c -  present but the indications were that this was not
respo n sible s - os -’ the obsea-scis non-Curie behavior . n-widen-s-ce from EPE ,
n-MR, as-si Hall measurements all tend to pport the f i rs t  two of the
s-ho’s-c- ranech ian-isms . Thus, if tws-e (or more) donor sites arc- neighbors
(30-140 s-~ or less), whether they are P-F, Li-Li , in _Li , Li-Li s - a/ , or other ,
at l os-s temperatures the electron-s-s localized on these sit-es form exchange-
energy ps-irs, some of w h i c h  are in the diamagnetic lowest energy state a -

and do not contribs-te to the EPR magne t i za t ion  n--l r - .  In addition , the
s - c - i s - a r m ing pars -us-i-as-genetic  electrons achieve long -‘eLax ation times suffi-

a sic - s -it to j n s - s -n - s - re s --nn s - s-e the local field inhomogeneity and remov e contributions
is- a- n i  n-he observe-I RIP linac-width.

The increase in low-temperature RPR m a g n e t i z n - s - t s - o~~, n-I c - ,  a f t -er
electrons- irradiation is interpreted to indicate that these v-airs (or
clusters) are ~ -n -m ’ s - 5 t e i s - s - s -d or broken-up by the bombardment , and further

- - : t ins- ta t i ne  cl-a st e r s  tend to reform s-s-fter annealing, -as- n- in n  r educing  M c- .

V
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For verification of s-- esistivity and s - os - i s - Se t s - os -n electron concentra-
tion, u s-s-li coefficien t s, and s -c - s -j s - s - t s - a~~c- , measur c- a s - v r s - n - . :  were nsa-ic- on the
selected samples us- dc-r- varpineg conditions of sample t es - s - s - s - s - r s - a t u s - -~~, is--ru --
-liation , and annealing .

Pc- fore  irradiation the measurements were in r e a i s~~nar iy good as-ree-
ment with the stated resistivities and Li doping levels. Ji c - behavior
after irr adiation was about as expected in all c-n - :a ;et t  the  l0-~ 7 lith is-s-n —
rich sample which showed an increase in conduction elect r a-rn  s - u n - s - n - e a rs- ra-
tion upon irradiation .

EXPERIM~~TAL PROCEDUR E

Both for Hall voltage and resistance measurenrnents , a constant-
- current dc source was devised that held the Hall current constant to

I better than 0.5% over sample resists-is-ice changes (with vs -es-p in g tens -per -a -
ture) of more than three orders of magnitude . Available constant

TI 
- currents ranged fr an - -nc 0.1 pA to 10 mA. the Hall voltage and the resis-

tance were then mornitored by acs-i r-ete digital voltnnaeter- s with high inn s-ant
impedances. Both Hall current and c - X t c - f f l ai fi eld directions were
reversed independently inn order to minimize spurious effects. Consist-
c-nt readings were obtained for conduction electron cos-ices-s-tr s-s-tions down
to 1012 cm - and below .

h-a m p-ic slabs 20 x 10 x 0.25 mm were etched and provided with five a -

gallium-indium eutectic alloy contact 1-ads , with the use of ult r asonic
- vibration at room temperature . One contact was located at each end , a

th i rd  centered on one edge , and two others were on the opposite edge
- one-third the distance from each end. s -/ c an - tact with these pads was made

by spring-loaded pressure to brass contacts on the bc-IL n-er and through a
cable to the meters. The edge contacts were used to develop a Hall
voltage, balanced against zero-field volta-ge drops , or the two on a

~~~~~ ~~~
- common edge were used to develop a resistance-related voltage . ‘I.e

end contacts were used to apply the Hall current and also to are nas-s-re
V two-terminal resistance . The latter technique was f oun d tc- be satis-

a - factory for most measurements in this study.
‘ - 4 ,

- 

- 
The magnetic field was ; - i v a v i d e - d  by the T J l - ~~ electrons-an-s-act at  10 kal .

Also, the same NMR Dc-war and control system was used to v-srI- the s-un - .a Is -
temperature, s-i s - te a - irradiation at room temperature, s-he s- s- s-m i-i c - s were
stored at 77 K until measures-nnents were started . The sm n s - y as- le was th ere

.- transferred to the test Dewar (-‘- 15 m m )  and iow—temper-v’ s- s - r e measure-
-~~~ ments were made first. ‘The scamis-les were a s - n - s - s - i r s -  examined ‘ t n - s- a r - a s - n - s n e - d i n a , r

n •~ -
~~ 60 hours.
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EX PER IMEN TAL RESUL I~ AND AtALY S~~

The resistivity and s - v - n - I s - n a t i o n s -  electron concentration , observed Is - a
the vms-rious s’un~s--ic - :-- before irradiation , - n - es- aery well with values
expected on the basis of the st--ted ~-h o c s -  n a G s - - n - a n - n  and l i th ium con-n-mernta u-
tions . :1cc-se quantities also follow reasonably w e l l  the changes
expected with temperature variation . In addition , the expected c l s - a n n s -~c-
to lower conduction electra-as - concenit a-as-tion after irradiation was found
in all except the 10-17 lithium-rich sample above 100 K. l I n c -  expec ted
change to higher conduction electron concentration , s - n , s - s - I a n - er  ‘ir ns - i c - -s l i r a g
was found in all lithium-containing samples , including the 10-17.

Figure 22 shows the changes found in n in the 0.1-15 phosphorus-
rich sample . P. decrease -after irradiation at room temperature ‘— 25~
increases to larger percentage at low temperatures , indicating an in-
crease in average trap depth below ti-ne conduction band (electrons

s- become localized at higher temperatures).

a The plot of mobility vs. temperature for sample 0.1-15 (Fig. 23)
shows an unusual behavior . After irradiation the mobility is lower in
the middle temperature range and higher in the low range, than either
before irradiation or after annealing , the cross-over being in the 70 1-1
region . This behavior was found to occur in all samples . It appears
that a wider variety of trap energies is present after irradiation than
before irradiation or after annealing , including some very shallow
levels.

The 10-17 conduction electron concentrat ion (Fi g .  21+) in the us- n:er
temperature range, shows the unusual behavior of increasing after irra-
diation . This  suggests that a variety of trap energies was-s produced
with more shallow than deep cornpare-ai with unirradiated conditions.
Annealing the sample then restored some of the s-seep traa~-s to shallow
traps to further increase the conduction electron concentration .

The mobility of the 10-17 sample (Fig. 25) shows again the unusual
behavior , after irradiation , found in the other samples. it is-~ s-sore
pronounced . however , in the 10-17 sample.

The other samples of lower donor impurity concentrations all show
; ‘~~~~

‘ changes similar to the 0.1-15 hut involving smaller changes , less than
a 

4 
l a Y

‘ 
-.
‘

- 
-

SUMMAR Y

~~
- Conduction electron density, n; resistivity, o: and mobility, u ,

a were obtained from Hall effect and resistance measurements as a function
of temperature —s - nd then redetermined after electrons- irradiation arid
after annealing (see Figures 2n-- -25).
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a Generally, the conduction electron density showed a decrease after
- 

irradiation, indicating a loss of conduction elect s--vs-n-s to dc-en- traps ,
- except in the case of the 10-117 ss-ws-ivle (lithium-rich ) where the con--i-s o-

- tion electron density showed an increase after irr- a -Jiationn as well as
after annealing. This is viewed as - as -  a s - as -n - aor t ing  c - w i n - Ens - ce for li t raium
pairing or s - a 1 - s - n ; t c - s - - I s - r p .  After i ’s--rarc l iaet ion , the deeper trap defec t s  are
outnumbered in the lithiunn-rich sample by t I e  scs-s-ttered Li in t e rs ti t i a l

- shallow donors thus increasing the conduction electron density. s-hp-on
annealing, the further increase in conduction electron density indicates
that the lithium heals the deep trot- defects more rapidly than it re-
turns to clusters.

The mobility, generally, shows an increase with decreasing ten-a n--era-
-~~ ture, however the greatest rate of increase occurs after is--ras-jiation

(before annealing), especially in the lithium-bc-arms-p samples. Since
the low -tc -raa -c-n- s-,tus --e mobility reflects the contribution fran shallow-

- - - 
trap electrons (the only ones still ionized), tine greater low-inas-nan-ers-sture
mobility after irradiation apparently results from very shallow trans.
again supporting the increase in isolated Li in ters t i t ia l  donors upon —

- irradiation .
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- 
A s-numb er of the more important  co i s - c lun i o s -ns  reached in the

- i a a i c - c t i g a t i o n  - are summarized is-i tis-is section .

(i) the be - s- La i que ~f utilixing HIvE as an i i iv e s ( ig - s-t ive tool for
fL-ilvwis-s-g radiation damage as - s - a l lithium s-s- n ans-eas-ling c-ftc -c-t o in bulk n-ty~.e
silicon has proved useful in several ways.

( 2 )  the relaxation rate of the 2.r i nucleus follows tine conduc t ion .
elec--t ro n a  -n - ons - c en t r a t i or i  is-i the ne ighb orh ood of room tei:n- a -erature.

(3) At cs-ass-c-what iowc-i~ temperatures , resides-ace tins -es of cons-inc-tiers-
electrons in trap sites n-s-re re-sealed by the  C-t~ fr eon-nc -n c : .- dependence of
tne relaxation r a t e .

I ~~) Var i a t i o n s of electron t 1 a enierp~/ levels from the  normal
- phosphorus  level are deduce~l in high resistivi by s-cs -s-d es and in n~annn- s- n-es

-s - a f ter  i r r a d i a t i o n  from reduction s-s in the l/T, vs .  t e m a e r — t as - re  slope .

( 5 )  The coi-c- v- lat ions -  sin s - ic - of electron spins - s ta tes  sin-i for transi--
tion s b vta ees - c  ground state and exci ted s ta te  localized electrons follon-.
from the beha vior of i/r1 in the lower c - c -na -n v. a tu r e c a n s - c e .

(~ ) Var ia t ibn s  frraan- s- ur i e-1s--w b c - I s - a .  is - - s - ~nae been in t i n e  s - s - ic - a cui~~~s-ent
t 

of n a i g n ~eIs izat ioxs - vs .  t ons - s - c s-n’ature supporting the  s--c-sc-flee of donor site
~ao1rs --s-nd -cl u s t e r s .

( 7)  LPR a s-c a l Hail i-c -su i t s  also culalaovL his n-c-del.

( 8) [he h ehavio r  of l itbi - inu under it- r s- s -d i-ation as -nd annealing sc-~ c-a rt
to be related to the presence of oxygen in these  crucible-grown sans-d es.

( 9)  d.c freque-nc :-r dependence at room tempera ture in l/T1 indicates
t t i t  p r c -n- ne a i ce  of deeper than normal d ;;-s-s-or sites in high res is t iv i ty
salnp les

- 
- . (~ -~) D on -n’ s it e s  shallower than  normal a~p -c -aee1 - to be present  in the

~~~~~~ ~~~~ 10-17 l i t } i i n u n - - a  a i c h  sample - fl er i r r a d i a t s - i c - a -

V (1 n - )  [he 5s - -j s - a c - t i ons -  on -  c-I cs-ctr on c-oar:. s- n-~IIs -0t i .~n a tao L~-w n - a s - n e-- law
4 s - r e d 1 e t s - o n n s  is - -a ~wr . and relate-i is -i p ar t  to pain s - n c or c luster ing.

- 1 (12 ) the - s - h - s - a n - c - s  is - n 1/ i s- v s .  T -afbs - - s - -  irracli :-a . ens- as-rid as - ft s-c
ins-p in-lics-ite t h at  deeper i c - s - c - ]  s - i onao r  s i tes are introduced s-u s - - i t i c-na

~ I reduced in number but not c-umc- l e t e ] y remove-i hI- ameal a ng . fn  the
l it h i um -r i  c-h sam ple i s-n - a p p e a r s - a  that anneal ing of a l e c - ,  s - ar level ~ aa s - -nae
sites prs-a-cee-is more r—s-i-idly th an the returns - I- Li to [a-3i1- s ar id ohs- st  e s - - s .

- 
- —

4: 80
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The nnnos t obvious reeomjnendaitlos- involves the cindy c-f s i n s - s - i t s - i ;

doped samples of oxygen-le n n-tyc-e silicon as well as samples w i t h
-

- s - s - a s - - - i c - - r s -t c -  oxygen content- in c~r -iec to gain more insight into thc- role of
oxygen in lithium annealing . A proposal to this effe-at has been sub-
mitted.

Additional theoretical work is needed regarding the en-ac-ret ! con-
sideration s surrounding donor pairs and clusters.

An improved theoretical s-s-s-c--de l may be possible for descritains-g ts -c e
upper temperature f re~ uencj  dependence of l/T s- s - e s u l t i n a n -  from short
lifetime visits of conduction electrons to localized tram levels.

The behavior of ~~Si relaxation processes irs- p-type silicon shoul d
be studied for purposes of comparison as ~el i  as for adding to the

I 

understanding of that material .
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