
PHYSICAL REVIEW 8 VOLUME 35, NUMBER 9 15 MARCH 1987-II

Radiation effects and anelastic loss in germanium-doped quartz
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5-MHz resonators were fabricated from germanium-doped cultured quartz and were Co irradi-
ated at room temperature. The quartz has a relatively low aluminum-impurity concentration, 0.5
ppm, and the aluminum is lithium compensated. Oscillator frequency offsets bfIf and resonator
anelastic loss spectrum Q

' were measured and show an increase and subsequent decrease as a
function of dose, known as radiation bleaching. At low irradiation levels,

iaaf/f

decreases with in-

creasing dose, reaches at 50 krad a minimum of —4)&10, reverses and increases with additional
dose, and at 1 Mrad it recovers to —1.2X10 '. (1 rad= 100 ergs/g. ) These values are surprisingly
large in comparison with other lithium-compensated high-quality quartz. Resonator irradiation in-

duces a Q
' peak centered at 246 K, which also bleaches with radiation. At 246 K the Q value is

2.25)& 10, decreases with irradiation, reaches at 50 krad a minimum of 0.65&(10, and recovers at
350 krad to 1.5&(10 . Electron paramagnetic resonance (EPR) measurements show Al hole, and
germanium C and A centers, Ge(C)-Li and Ge(A)-Li, neutral defects of a trapped electron localized
on a substitutional Ge site and stabilized by an adjacent Li+ ion. All three EPR spectra also radia-
tion bleach at doses above 50 krad. This strongly suggests that the Ge(C)-Li defect is associated
with the 246-K loss peak. The activation energy of the Q

' peak is E =0.22 eV, the corresponding
relaxation time v.o ——8& 10 "sec, and the peak anneals at 555 K.

INTRODUCTION

The frequency of a quartz resonator is determined by
crystal thickness, shape, mounting, and a combination of
material constants including the elastic, dielectric,
piezoelectric, and thermal-expansion coefficients. Reso-
nators fabricated from quartz are used in high-precision
oscillators and may have to operate in a radiation-
permeated environment. Irradiating the resonator causes
transient and steady-state frequency offsets. In resonators
fabricated from high-quality quartz these effects are attri-
buted to redistribution of impurities and other point de-
fects which alters material constants and causes a resona-
tor frequency shift. '

The major impurity associated with radiation-induced
frequency offset is an aluminum ion Al +, substitutional
at a silicon Si + site. Before irradiation, Al + is charge
compensated by a monovalent interstitial alkali-metal ion
M+, denoting lithium, sodium, or potassium, and after ir-
radiation by a proton, or by the removal of an electron
from a nonbonding orbital of a neighboring oxygen anion.
Alkali-metal compensators form Al-M+ pairs, H+ forms
an OH near A1 +, and the missing electron forms an
Al-hole (h) center. We designate these defects as Al-M
(Al-Li, Al-Na, Al-K), Al-OH, and Al-h, respectively.
The point-defect structure of quartz and its modification
by ionizing radiation are reviewed by Griscom, Weil,
and Halliburton and Martin.

Another set of point defects is formed by Cxe + isomor-
phously replacing Si + in the SiOz tetrahedron. Irradiat-
ing a sample produces electrons and holes which move
through the crystal until they recombine or are trapped by
impurity centers. The free electron is trapped by the ger-

manium, and the free hole forms Al-h. At room tempera-
ture, the M+ ion diffuses from Al-M and stabilizes the
Ge-defect site forming [Ge( A )e /M+ ] and
[Ge(C)e /M+], with M+=Li or Na. These centers
are designated here as Ge( A)-Li and Ge( C)-Li, and
Ge( A)-Na and Ge( C)-Na.

Radiation effects associated with sodium compensated
Al + are more severe than those associated with lithium
or hydrogen. " Sodium in quartz is virtually eliminated
by adding a lithium compound during crystal growth. In
a grown crystal both Li+ and Na+ ions are removed by
electrodiffusion (sweeping). The M+ compensators are
physically "swept" from the crystal and exchanged with a
proton. Both techniques were developed by King and his
co-workers and have been adopted in industrial growth
and processing of high-quality cultured quartz. '

A combination of material characterization and resona-
tor evaluation techniques, including dielectric or anelastic
loss spectra, infrared spectroscopy, and electron paramag-
netic resonance (EPR) are known for identifying specific
precursors and trapping centers responsible for radiation-
induced frequency offsets. The general theory and results
of low- and high-temperature anelasticity, or internal fric-
tion Q ', are reviewed by Fraser. ' ' Other anelastic
loss studies on unswept, swept, and irradiated quartz are
reported in Refs. 1, 13, and 20—22. This technique has
been successfully applied in the study of Al-Na, charac-
terized by two low-temperature g ' relaxation peaks.
Hydrogen-re1ated centers, grown-in OH and Al-OH, are
studied by low-temperature near-infrared spectros-
copy. EPR has been extensively applied in the study
of Al- h and other Al and Cxe defects " ' and is re-
viewed by Weil.
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Industrially grown quartz has aluminum concentrations
of 1—15 ppm. Doherty et al. , Armington and Balas-
cio, and Armington and Larkin ' reported on growth
programs for high-quality low-aluminum-content quartz.
They show that by a combination of techniques the alumi-
num concentration can be reduced to 10—100 ppb. In this
investigation we are reporting on the radiation sensitivity
of frequency and anelastic loss of resonators fabricated
from one batch of high-purity quartz grown by Ar-
mington and his co-workers. This material has an alumi-
num impurity concentration of O.S ppm and low disloca-
tion density. However, owing to contamination from a
previous growth run, it became, unintentionally, Ge
doped. Previous studies of radiation-induced steady-state
frequency offset ignore the influence of Ge defects. This
is either due to the fact that in cultured quartz aluminum
is, but germanium is not a contaminant, or that germani-
um effects are unrecognized or overshadowed by alumi-
num contributions. We have then the opportunity to in-
vestigate the radiation sensitivity of low-aluminum
Ge-doped quartz and to possibly separate Al- and
Ge-impurity effects.

EXPERIMENTAL PROCEDURES

Quartz bars evaluated in this investigation were grown
at the Rome Air Development Center (RADC) hydro-
thermal facility, run QA-38. X-ray transmission topogra-
phy of a Y plate indicates that the Z-growth region is al-
most dislocation free. Atomic absorption analysis
shows the aluminum impurity to be 0.5 ppm. EPR
analysis shows that aluminum concentrations are sym-
metric on the two sides of the seed, have average values of
0.55 ppm, and decrease by 30% from the seed towards the
outer surface. ' This magnitude of alurninurn impurity
variation is normal in high-quality quartz. Low-
temperature infrared spectroscopy, at 80 K, confirms the
Al-impurity concentration and distribution. ' Infrared re-
sults also indicate that the grown-in OH concentration is
sufficient to proton compensate all dissociating Al-M de-
fects."

Chemical analysis showed a relatively large concentra-
tion of germanium, =30 ppm. EPR data also indicates
the presence of radiation-induced Ge defects, Ge(A)-Li
and Ge(C)-Li. The EPR strength of these centers has not
been calibrated in terms of germanium concentration. In-
frared spectra do not show any novel peaks, or unusual
peak strengths, which could be attributed to Ge defects.
An examination of the autoclave record showed that Ge-
doped quartz was grown two runs prior to QA-38.
Despite thorough cleaning after each run by standard pro-
cedures, the autoclave was still contaminated and the
quartz become unintentionally Ge doped.

One crystal was lumbered into two pure Z-growth bars.
The Z faces of one bar were platinum plated and the bar
swept in air ambient. Resonator units fabricated from the
two bars at Frequency Electronics, Inc. (FEI) were 5

MHz, fifth overtone, AT cut, biconvex, gold electroded,
and thermal compression bonded. We are reporting mea-
surements on three resonators from QA-38 which we
designate as resonators 1, 2, and 3, and on two resonators

from the QA-38 swept bar which we designate with the
suffix s. We also measured resonators fabricated from
SARP Premium-Q quartz, run D14-45, utilized in previ-
ous Co and 10-MeV pulsed electron linear accelerator
(linac) irradiation experiments. ' Compared to other
Premium-Q material, D14-45 has a low aluminum impur-
ity concentration, 1 ppm.

Three measurement sets, covering temperature ranges
12—295, 200—360, and 295—400 K, were used to measure
resonant frequency f and resistance R as a function of
temperature T. The first set utilizes a closed-cycle
helium-gas refrigerator, the second a liquid-nitrogen (LN)
cooled temperature chamber, and the third a small electric
furnace. The temperature rise in the helium-gas refrigera-
tor was uncontrolled with rates decreasing from 0.9 to
0.05 K/min, in the LN chamber it was cam controlled
with rates between O.S and 0.6 K/min, and in the electri-
cally programmed oven it was 0.3 K/min.

Resonator terminals were connected with 50-0 coaxial
cables through a ~ network to a Hewlett-Packard
HP35570 network analyzer. Cable length was minimized
as much as possible. An HP3330 programmable syn-
thesizer served as the frequency source. The controlling
software tracked the resonance and measured the output
signal magnitude as a function of frequency with
preselected timing. Resonant resistance was derived from
the maximum magnitude, and resonant frequency was de-
fined by the zero slope at maximum magnitude. Resona-
tor irradiations were performed at the RADC 43000-Ci

Co facility. Resonators were irradiated incrementally in
the passive mode and R (T) measured after each radiation
exposure. Dose and dose rate accuracies range from
+0.5% to +2—3%.

Frequency offset as a function of radiation dose was
also measured in an active oscillation mode. The oscilla-
tors were operated continuously at resonator turnover
temperatures for 10 d. Aging rates of oscillator frequen-
cies, after this adaptation period, ranged from —1 && 10
to +4&& 10 ' per day. In the oscillator testbeds utilized
for these irradiations, the resonator is located at one end
of the unit. This allows resonator exposure and, at the
same time, circuit element shielding. For calibration, the
dose rate was measured at the resonator position inside
the empty shielding structure. The dosimetry error of this
procedure is estimated to be twice that for the passive
resonators.

Irradiation levels were selected to evaluate effects of
low, intermediate, and high dose exposures. The initial ir-
radiation increments were 1, 2, 7, and 10 krad, at a dose
rate of 0.6 krad/min. (1 rad=—100 ergs/g. ) After each ex-
posure the oscillator frequency was allowed to recover for
30 min to 1 h. At the completion of this sequence, the
frequencies recovered for 2 d. The oscillators were then
exposed again to the same sequence. After an additional
15-d recovery the oscillators were irradiated with 10-, 40-,
110-, 250-, and 550-krad increments at dose rates ranging
from 7.9 to 9.3 krad/min. Recovery periods between
these increments ranged from 1 to 16 h.

The oscillator frequency was mixed with the output of
a Fluke 6160B synthesizer set to 4.999 MHz, and the re-
sulting beat frequency measured by a Hewlett-Packard
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HP5345 electronic counter. Synthesizer and counter fre-
quencies were referenced to a Frequency Electronics
FE150A disciplined frequency standard. The frequency
measurements during exposures were averaged over time
intervals of 20 or 30 sec, and over 200 sec during the
long-term recovery periods. The observed short-term
fluctuations were in the order of +3)& 10

RESULTS

Figure 1 shows normalized steady-state oscillator fre-
quency offset hf /f as a function of accumulated ~Co
dose, for resonators fabricated from unswept and swept
crystals. The solid and open circles denote measurements
made after the short and long recovery periods, respec-
tively. It was found that from about 1 d after irradiation,
the frequency changes at rates commensurate with pre-
irradiation aging. The hf/f values of QA-38 resonator 1

are negative, decrease between 20 and 80 krad to a
minimum of —4X 10, and reverse with additional dose,
reaching —1.3&(10 at 1 Mrad. After an additional 15
d of recovery the offset is —1.1)&10 . For the D14-45
quartz resonator the maximum frequency offset also
occurs between 20 and 60 krad, but is smaller by a factor
of 6, in general agreement with previously tested resona-
tors from this material.

Figure 1 also shows measurements on resonators fabri-
cated from swept quartz QA-38s and D14-45sl and D14-
45s2. Suffixes s1 and s2 denote two different resonators.
For QA-38s the sweeping process reduces the overall radi-
ation sensitivity by about a factor of 20, and flattens the
dose dependence. After 1 Mrad and 15-d recovery hf/f
changed from —0.9~ 10 to +1.2~ 10, and the aging

rate did not return to its preirradiation value. Data from
a second QA-38s resonator, not shown in Fig. 1, is very
similar. Frequency offsets for resonator D14-45s are also
in the 10 range. The difference between D14-45sl and
D14-45s2, negative versus positive offset, may not be in-
trinsic to the material but may reflect fabrication differ-
ences and sweeping procedures. In previous passive-mode
resonator tests, D14-45s exposed to 1 Mrad Co showed
bf/f between —0.5 X 10 and —2 X 10, and in
active-mode oscillators, after 1 Mrad of 10-MeV elec-
trons, bf/f was +1.2X 10, in close agreement with
current findings.

Figure 2 shows passive resonator irradiation data of
QA-38 resonator 2. The relative resonant frequency
df/f„=(f f„)/f„,—nominal frequency f„=5 MHz, is
shown as a function of temperature before and after a 26-
krad irradiation. The curves exhibit the cubic characteris-
tic of AT-cut crystals, and the two insets show, on an en-
larged scale, df /f„at the lower and upper turnover. For
the irradiated sample, the frequency starts deviating
around 230 K, attains the maximum offset —9)&10 at
250—260 K, and retains this difference at higher tempera-
tures, including the upper turnover. Figure 1 showed that
after a comparable radiation dose in the active oscillator
mode, the frequency offset is —4&10 . This smaller
active-mode offset is consistent with our previous experi-
ence and attributed to the effect of oscillator circuit ele-
ments on crystal resonant frequency.

Figure 3 shows resonance resistance between 200 and
380 K as a function of accumulated dose for QA-38 reso-
nator 2. The right-hand scale shows corresponding Q
values, calculated from

Q '=R/(2mf„L)=(R/80rr)10
10—7

10-'

~ C2h
o ) 10h after irradiation

with f„=5 MHz, and L =8 H, the average value found
from measurements above room temperature. Unirradiat-
ed resonator resistance is 110 Q, with weak resistance
peaks between 270 and 360 K, due to coupled spurious
mode resonances. Irradiation introduces a major loss
peak at 246 K. This peak grows initially with increasing
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FICs. 1. Radiation-induced steady-state frequency offset
hflf as a function of accumulated dose of resonators fabricat-
ed from Ge-doped QA-38 and Premium-Q D14-45 quartz. Suf-
fix s denotes crystals swept in air ambient. QA-38 data is of
resonator 1.

—50
200 250 300

T (K)
350

FIG. 2. Relative resonant frequency df/f„, referenced to
f„=5MHz, as a function of temperature T of QA-38 resonator
2. The enlarged-scale insets show the radiation-induced differ-
ences near the lower and upper turnover temperatures.
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FIG. 4. Resistance R as a function of temperature T of QA-
38 resonator 3. The data gap near room temperature is due to
using two nonoverlapping measurement sets.

300 '
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555 K and reirradiated to 10.7 krad. The 246-K loss peak
annealed and was reintroduced with 70% of its former
value for the same dose. The resonator was then subjected
to 30-min isochronal anneals. Figure 5 shows the un-
annealed fraction of peak resistance as a function of an-
neal temperature. There is a small annealing stage below
450 K, and a gradual annealing between 470 and 555 K.

100
200 250 300 350

— 0.5
DISCUSSION

Frequency offsets

FIG. 3. Resistance R and anelastic loss g ' as a function of
temperature T of QA-38 resonator 2. The labels for each curve
indicate the accumulated dose in krad.

dose, reaches a maximum of 380 Q at 44 krad, and de-
creases at higher doses to 160 0 at 450 krad. At max-
imum loss, the equivalent Q value is reduced from
2.25X10 to 0.66)&10 .

The high-dose radiation data also shows the growth of
a broad secondary band centered around 290—320 K,
which overlaps the 246-K peak. This broad band may be
identical with the 305-K Li defect observed by Martin.
We also measured the Q

' spectra of irradiated resona-
tors fabricated from swept QA-38 quartz. These do not
show the 246-K loss peak and the broad 290—320 K cen-
tered band.

We studied the 246-K loss peak annealing characteris-
tics. Owing to fabrication processes, resonator tempera-
tures are constrained to below 570 K. Figure 4 shows
resistance as a function of temperature for QA-38 resona-
tor 3, unirradiated, after 21 krad, and after 555-K heat
treatment for 1 h. The 246-K peak has annealed, but the
higher temperature band centered at 290—320 K is still
present. The data also shows the shifting of the spurious
and anharmonic modes with radiation or anneal. Com-
plete annealing of the 246-K loss peak was also observed
after 555-K heat treatment for QA-38 resonator 1, irradi-
ated with 1 Mrad. QA-38 resonator 2 was annealed at
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Ctt

tb
C
C
tt5
C

10.7 krad

0
400 450 500 550

annealing temperature (K)

FIG. 5. Unannealed fraction of the radiation-induced peak
resistance change at 246 K as a function of annealing tempera-
tures after I0.7 krad irradiation of QA-38 resonator 2. Iso-
chronal anneal times were 30 min.

The frequency offsets of resonators fabricated from
crystal QA-38 are surprisingly large in comparison to oth-
er lithium-compensated high-quality quartz. Chemical
analysis, infrared spectroscopy, and EPR measurements
all show that QA-38 is indeed a material of low aluminum
concentration, 0.55 ppm, compared to the best Premium-

Q D14-45, 1 ppm. However, the maximum frequency
offset of QA-38 is six times larger than for D14-45.
Another anomaly with QA-38 is the frequency-offset re-
versal with increasing dose, known as radiation bleaching.
We are unaware of any other oscillator radiation experi-
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ment which shows such a large magnitude of radiation
bleaching.

King showed that, in a first approximation, there exists
a direct correlation between radiation-induced frequency
offset and Q

' changes below operating temperature. '

The frequency offset caused by the complete relaxation of
a single loss mechanism is equal to the change in the max-
imum value of the loss, b(df/f)=b, Q '. By sweeping
sodium into a sample, Fraser showed that the 50-K loss
peak, at 5 MHz, is associated with AI-Na. ' Introducing
a 50-K peak with b, Q '=7X 10 also changed df If at
the upper turnover, 90'C, by 7& 10, confirming King' s
relationship for Na-swept quartz. King s relationship is
also corroborated for the 246-K peak. After 26 krad irra-
diation, bQ ' is 9.8X10 and b(df/f) at the upper
turnover is 9&& 10 . The agreement between dQ and
b,(df If), the fact that the frequency offset is introduced
between 230 and 250 K, and the parallel radiation bleach-
ing observed in oscillator frequency and Q

' spectra, all
indicate that the frequency offset and the 246-K peak are
caused by the same defect center.

Anelastic loss peaks

Martin showed radiation-induced broad weak Q
bands at 305 or 340 K for quartz into which lithium or
sodium was swept. These bands grow as a function of
dose, and either saturate or decrease in strength after
reaching a maximum between 40 and 80 krad. It is possi-
ble that the 290—320 K centered band observed in this in-
vestigation is related to the band observed by Martin.
Based on the fact that the 246-K peak was not induced in
Martin's experiments, and that it anneals differently from
the 290—320-K band, we may conclude that these signa-
tures reflect different defects.

A radiation-induced Q
' peak in the vicinity of 250 K,

or its equivalent dielectric loss peak, is not discussed in
the literature. Capone et al. ' showed the existence of a
peak in this temperature region after 1 Mrad linac irradia-
tion in high-quality selected natural quartz, and in cul-
tured quartz grown with lithium nitride and lithium car-
bonate, but they did not comment on its origin. Since
Q

' was measured only before and after 1 Mrad, the dose
dependence of this peak was not observed.

One possible reason for the large frequency shifts in
QA-38 is that the lithium additive might have been omit-
ted during crystal growth introducing sodium into the
crystal. We measured the low-temperature Q

' spectra
of QA-38, but did not find any AI-Na, or any other
impurity-related, peaks. We cannot associate the 246 K
peak with any identified anelastic or dielectric loss defect.
We consider Al-K as a possibility. At 5 MHz Al-K has a
loss peak at 208 K and an activation energy of E =0.25
eV. ' However, the temperature discrepancy is too large
for experimental error. Stevels and Volger and Stevels
have attributed several dielectric loss peaks found at 32
kHz to specific impurities. We calculated the correspond-
ing 5-MHz temperature positions of these peaks, and they
do not fall in the 246-K range. Also, to the best of our
knowledge there are no reported Q ', or dielectric loss,
peaks associated with Cxe-defect sites.

The different annealing characteristics of the 246-K

peak and the partially overlapping higher-temperature
band centered at 290-320 K allow us to separate contribu-
tions of the two mechanisms and calculate the activation
energy of the 246-K loss peak. The internal friction Q
is given by

co%

1+(cow)
(2)

u =E/(1/kT —1/kT~ ) (4)

and T is the temperature at Q
Figure 6 shows the theoretical fit to AR, the resistance

differences between the 21-krad-irradiated and 555-K-
annealed curves depicted in Fig. 4. A least-squares fit of
this curve yields T =246.3 K and E=0.220 eV. The
calculated ~o is 7.7& 10 ' sec. These values are reason-
able when compared with activation energies of other
impurity-related defect centers. Figure 6 also shows the
residuals between the fitted and measured data. Most of
the differences can be attributed to contributions of spuri-
ous modes, which were present before and after irradia-
tion but annealed or shifted after the 555-K heat treat-
ment. The excellent fit suggests strongly that the 246-K
loss is due to a single defect mechanism. The 246-K peak
is absent in resonators made from swept QA-38 quartz,
and thus the defect appears to be associated with an inter-
stitial alkali metal, lithium, compensating a substitutional
Ion.

Germanium-lithium defects

EPR studies of room-temperature irradiated Ge-doped
quartz identify two sets of signals associated with

200-

C
a. 100
Cl

20
0 .-

-20
200 250 300 350

FIG. 6. Resistance change b,R as a function of T of QA-38
resonator 3. Dots denote the measured and the solid line the fit-
ted values. The bottom curve shows the residuals between mea-
sured and fitted values.

where D is the relaxation strength and co =2vrf, where f is
the resonant frequency. The relaxation time of the loss
process is defined by '7=rpexp(E/kT), where 'Jp and kT
have their usual meaning, and E is the activation ener-
gy. ' ' It can be shown that D =2Q, where Q

' is
the maximum value. The normalized Q

' becomes

Q '/Q ' = 1/cosh(u), (3)

where
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Ge(C)-Li and Ge(A)-Li, and two corresponding sets for
the sodium analogs of these defects. " ' All investi-
gations agree that for Li+ compensation the C center, and
for Na+ compensation the A center, is the dominant de-
fect. Anderson and Weil also show the growth and subse-
quent decay of these signals as a function of x-ray irradia-
tion time. ' Annealing of the EPR spectra associated
with Ge( C)-Li have been reported and show annealing be-
tween 450 and 600 K. Annealing stages are not well de-
fined, and there are very large sample-to-sample varia-
tions. However, it was concluded that annealing is dom-
inated by electron-hole recombination, electrons released
from Ge(C)-Li recombine with holes at Al-h. Hallibur-
ton et al. showed that in Ge-free samples Al-h anneals
between 500 and 600 K. The 246-K loss peak annealing
results are in general agreement with these findings.

In order to establish a relationship between the 246-K
loss peak and a Ge defect, we checked the radiation
bleaching characteristics of EPR signals. Doses were
chosen to coincide with radiation exposures of the passive
resonator. Table I lists the doses, Al content and Al-h
both in ppm and normalized to sample Al concentration.
An inspection of this column shows that less than 60% of
the Al sites form Al-h. The last two columns show the
strength of Ge(C)-Li and Ge(A)-Li. The EPR signal of
the 2 center was considerably weaker than that of the C
center. The scales in Table I for these two centers have
been normalized to yield a common maximum strength of
0.31 to compare with the maximum Al-h concentration of
0.31 ppm.

Figure 7 shows a plot of the EPR signal strength of the
three centers as a function of dose. It also shows the
radiation-induced loss change AQ

' at 246 K, data from
Fig. 3. All four data sets show similar dose dependence, a
rise to maximum values occurring near 50 krad and simi-
lar degrees of radiation bleaching at higher doses. These
data then indicate a close correlation between the defect
giving rise to the 246 K Q

' loss and the EPR-
determined centers. %'e are unaware of any other EPR,
or optical data, on Ge-doped or Ge-free samples which
show radiation bleaching of Al-h. In this plot b Q in-
cludes contributions from the 290—320 K centered band.
In order to determine the generation of the pure 246-K
peak, we would have to subtract at each dose not the un-
irradiated but the 555-K annealed values. Such measure-
ments were performed only after the 21 krad on resonator
3 and after 450 krad on resonator 2, yielding the correc-
tions (0.04—0.08) X 10 and 0.03 X 10, respectively.
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Figure 8 shows the strength of the two Ge-Li centers as
a function of Al-h concentration. For these defect con-
centrations there is a linear relationship between Al-h and
both Ge(C)-Li and Ge(A)-Li. This is one more manifes-
tation of the common mechanism involving the three
centers. Based on all these considerations we associate the
246-K peak with Ge( C)-Li, the dominant center in Li
ion-doped samples. Toulouse and Nowick showed that
in order to observe anelastic or dielectric relaxation the in-
terstitial alkali-metal ion has to reside off the twofold
symmetry axis. For the Al-M defect, Na+ is off and Li+
is on the twofold axis. The identification of the 246-K
peak with Ge( C)-Li then requires that Li+ is situated off
the twofold axis when associated with Ge. This would
then explain the large radiation sensitivity observed for
Ge-doped samples, similar to Al-Na.

Radiation bleaching

Radiation bleaching, the generation and subsequent de-

cay of a radiation-induced defect center with increasing
dose, has been analyzed by Paige for a neutron-induced
hole center. Paige invokes the interaction of three defect
centers, one electron and two hole traps. In a quartz sam-

ple, which has aluminum impurities, but is germanium
free, Al + is compensated with M+ ions. Irradiation
forms both Al-h and Al-OH and removes M+-ion com-
pensators which diffuse to other sites. Charge neutrality

dose (krad}

FIG. 7. Radiation-induced loss change b,g ' at 246 K of
QA-38 resonator 2, and normalized EPR signal strength of Al-

hole, Ge( C)-Li, and Ge( A)-Li as a function of accumulate dose.

TABLE I. Defect-center concentrations of EPR samples.

Sample
Dose
(krad)

11
44
44

122
350

Al
content
(ppm)

0.63
0.46
0.67
0.45
0.55

Al-hole
(ppm)

0.185
0.26
0.31
0.18
0.09

Al-hole
fraction

(%)

29
57
46
40
16

Ge( C)-Li

0.13'
0.25
0.31
0.13
0.04

Ge( A )-Li

0.12'
0.22
0.31
0.10
0.03

'Arbitrary units normalized to yield identical maxima for the three centers.
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The free-electron concentration n is obtained from Eq.
(5a). Substituting for p from Eq. (Sf), the differential
equation is in the form of

dn/dt = —kn k—bn +X,
where

kb = (C
&
Nc+D & ND ) —(C& k)—nc

—(D, —k)nD+(Hp —k)pH

and a similar expression is obtained for p, with kB replac-
ing kb,

kB =H&PH —(H~ k)pH—+(Cz k)n—c+(D2 k)nD—.

FIG. 8. Normalized EPR signal strength of Ge(C)-Li and
Ge( 3)-Li as a function of Al-hole concentration. The equilibrium concentrations of free carriers become

dn /dt =X —C ~ ( N, —n c )n D~ (ND —nD )n—
—Hzp~ n —kpn, (Sa)

dp /dt =X H& (PH pH )—p —C2—ncp D2nDp ——knp,

(5b)

implies the existence of an electron trap. This trap has
not been identified. It is likely that, similar to Ge(C)-Li,
the electron trap is stabilized by the diffusing alkali metal.
For the radiation bleaching of an electron center, we as-
sume, in reverse analogy to Paige, the existence of one
hole and two electron traps. We designate the hole trap as
the H defect, and the two electron traps as the C defect
and the D defect. We associate the H defect with Al-h,
the C defect with Ge( C)-Li, and the D defect with the
unidentified electron trap which apparently exists in-
dependent of germanium impurity.

Irradiating a sample generates free electron-hole pairs
which are subject to recombination and trapping process-
es. The rate equations governing the free and trapped car-
rier concentrations as a function of irradiation time t are

and

X=n(taboo)=X/kb (9a)

g =p ( t ~ oo ) =X/kB . (9b)

Bleaching of an electron trap can be obtained even
when all rate constants, except D2, are equal,

and

H) ——H2 ——C) ——C2 ——D) ——k, (10a)

D2 «k . ( lob)

Substituting Eq. (11) for n and p into Eq. (5e), integrating,
and applying the initial condition nD ——0 at t =0, we get
the equation for the occupied fraction of D sites

Equation (10b) implies that the electron trapped at the D
site does not recombine, and nD will saturate at ND.
Under these conditions the free carrier equilibrium values,
Eqs. (9), reduce to

+=X/kPH and /=X/k (PH nD) . —

dpH /dt =H) (PH pH )p HqnpH— , —

dnc/dt =C~(Nc —"c)n —Czpnc

dnD/dt =D, (ND —nD)n D2pnD . —

(5c)

(5d)

(5e)

where

z =exp( —x)

and the dose x is defined as

(12a)

(12b)

Charge neutrality requires

n +nc+nD ——p +pH,

Nc+ND ——PH .

(5

(5g)

x =Xt/PH . (12c)

The expression shows the expected exponential saturation
of the D defects. The equation for the concentration of
the C defects becomes

In these equations, we define n and p as densities of free
electrons and holes, and densities nc, nD, and pH of elec-
trons trapped at C and D and of holes trapped at the H
sites. The rate constants are defined as follows: X,
electron-hole pair generation; k, direct electron-hole
recombination; H&, hole trapping at H sites; H2, free-
electron recombination with holes trapped at H sites; C&,
electron trapping at C sites; C~, free-hole recombination
with electrons trapped at C sites; D &, electron trapping at
D sites; Dz, free-hole recombination with electrons
trapped at D sites.

1
nc/Nc =

1+2+
(a+ 1)za+z —(a+1)z n+z

' 1+1/a

where

& =Nc/ND (14)

is the ratio of the C- to D-site densities. Similarly, the
H-defect concentration is given by
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1
pH/PH = a+ 1 —z —az1+2a

1+1/a
(a+ l)z
a+z

(15)

The magnitude of the bleaching depends strongly on a;
the smaller cz, the larger the decay. The measured dose
dependence of b, g and EPR Ge(C)-Li data compares
reasonably well with nc j'N& calculated with a =0. 1.
This implies that D sites are much more numerous than C
sites, ND ——0.91PH and N& ——0.09P~. Figure 9 shows the
occupied fraction of H, C, and D sites as a function of
dose for a=0. 1. It shows that the C-defect electron
center bleaches but both the hole and D-defect electron
centers saturate as a function of dose. Experimentally we
find that the hole center bleaches. It is possible that when
additional rate constants are allowed to differ, the equa-
tions would predict bleaching of both the C and H de-
fects. Furthermore, the portion of Al-M which forms
Al-h is reduced by the formation of Al-OH, and the rate
laws have to include the ion exchange between Al-M and
Al-OH. The source of the trapped electrons at the Ge
sites is the formation of Al-h, and Ge(C)-Li density is
then determined by the aluminum concentration, 0.5 ppm,
regardless of the Ge concentration, 30 ppm. The implica-
tion, however, that Nz ——0.09PH, that is, that the number
of active Ge sites is less than —,o of the Al sites, appears
unrealistic.

1.0"

0.8 -.

O 0.6--
00
o O

0
0.2-

V
C5

0
0

0. 1

2 4

dose (units of Xt/PH)

nost40

nC»C

FIG. 9. Fraction of occupied defect sites n~/Nc, nD/ND,
and pH/PH as a function of dose for a=Nc/ND ——0. 1.

nator applications Al-impurity concentration is deter-
mined by EPR on an irradiated sample. The same evalua-
tion technique will also reveal the presence of Ge-related
defects. This investigation points out the importance of
combining material characterization and device-
performance studies. Without knowledge of complete
crystal growth history, or access to characterization
records, we would have been unable to explain the unex-
pected large radiation sensitivity that we have found in
devices fabricated from this particular sample of very
1ow-Al-impurity quartz.

CONCLUSIONS

We have shown the existence of a new irradiation-
induced anelastic loss peak at 246 K, at a resonator fre-
quency of 5 MHz, with activation energy E =0.22 eV.
The loss peak grows with dose, reaches a maximum at ap-
proximately 50 krad, and decays with increasing dose.
We suggest that this peak is caused by the Ge(C)-Li
center. We have also shown that in high-purity quartz,
germanium contamination is very detrimental to oscillator
performance. For quartz utilized in high-precision reso-
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