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Infrared  and  Laser  Spectroscopic  Characterization of 
Aluminum  Defects in Cultured  Quartz 

HERBERT G. LIPSON 

Abstract-Optical absorption  at  He-Ne  and  argon  laser  frequencies 
has  been  used  to map the  distribution  of  aluminum-hole  centers,  Al- 
h', in  irradiated  and  vacuum  swept  quartz. The  absorption  band  as- 
sociated  with AI-h' has  a  strong  peak  centered  at U35 nm  and  a  weaker 
one  at 633 nm. Argon  laser  lines  at 488 and 514.5 nm  are  close to  the 
navelength of the stronger  peak  while  the  He-Ne  line  at 632.8 nm is 
nearly  coincident  with  that of the  weaker  peak.  Large  variations  in  Al- 
h+  absorption  for  irradiated  and  vacuum  swept  crystals  correspond  to 
visually  observed  changes in coloration.  The  laser  method  is  sensitive 
and  nondestructive  and  gives  a  quantitative  measurement  adaptable  to 
computerized  scanning  and  recording  of  data.  Measurements  of  both 
AI-h' and  infrared-active  aluminum  hydroxide  centers,  AI-OH-,  are 
used  to  evaluate  the  distribution of  aluminum-associated  defect  centers 
and  determine  aluminum  variations  over  an  entire  crystal. 

T 
INTRODUCTION 

HE  PRINCIPAL  GROWTH  DEFECTS in quartz  in- 
volved in irradiation  and  sweeping  (electrodiffusion) 

are  as-grown OH -, formed by a  hydrogen ion adjacent  to 
an oxygen  site  and  those  associated with aluminum  sub- 
stitutional in a silicon site.  These  defects and their char- 
acterization  techniques are  reviewed in several  publica- 
tions [ l]-[7]. Ionizing  radiation  dissociates  the  aluminum 
metal center AI-M'( M = Li,  Na) and A13+ is compen- 
sated  either with hydrogen  from OH- in the  crystal  to 
form  AI-OH-, or with a  hole  trapped at a  non-bonding 
oxygen ion to  form an aluminum-hole  center [ AlO,]', 
designated  here as Al-h'.  Steady-state  and  transient  fre- 
quency  offsets  from  irradiation-induced  changes can oc- 
cur in oscillators  that  employ  resonators  fabricated  from 
quartz  containing  aluminum  impurities  [S],  [9].  Sweeping 
also  dissociates AI-M+, but in this case most  of  the  al- 
kalis  are  removed  from  the  crystal  rather  than  being  dis- 
placed to  another  site.  Sweeping in air introduces  addi- 
tional  hydrogen  for A13+ compensation  and  forms  only 
A1-OH - .  Sweeping in a vacuum  produces  either AI-OH - 
or Al-h+ or both. 

As-grown OH- and  aluminum  concentrations  can vary 
considerably  across  a  single  bar used for  resonator  fabri- 
cation.  Nondestructive  techniques  are  required to deter- 
mine  the  concentration  and  distribution of these  impuri- 
ties  and  associated  defect centers,  before and after 
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irradiation  and sweeping.  We  previously reported  the ap- 
plication  of  low-temperature  Fourier  spectroscopy  to  sen- 
sitively  monitor  changes in hydrogen-related  absorption 
bands in as-grown  and  swept  quartz  [lo]-[12]. We have 
also  reported  the  irradiation  dose  dependence of the hy- 
drogen-related  centers [ 131. The  aluminum profile  across 
a  sample  can be determined  from  the A1-OH - distribu- 
tion after irradiation to saturation in cases  where  all  alu- 
minum is compensated with hydrogen [ 141. Sweeping  the 
sample in air  can restore OH - when depleted [ 151. In 
cases  where  air  sweeping is impractical, or with vacuum 
sweeping,  a similar  method for  determining Al-h' distri- 
bution is necessary. Al-h' can be measured by electron 
spin  resonance  (ESR)  [5],  [6],  and  aluminum  concentra- 
tions deduced, but this  technique  requires  that  many  small 
samples be cut  from  the  region to be  examined  and  is, 
therefore not easily applicable to nondestructive  evalua- 
tion.  Visible  coloration of irradiated  quartz is a well- 
known  phenomenon  and  absorption  bands ih this  spectral 
region and their relation  to  aluminum  content  and  Al-h+ 
centers  have  been  extensively  investigated [ 161-[20]. Op- 
tically  detected  magnetic  resonance  measurements  at 1.6 
K by Meyer et al. [21]  have  shown  that  the A3 band  as- 
sociated  with Al-h' has  a  strong  peak  at 2.85 eV (436 
nm ) and  a  weaker  one  at  1.96  eV  (633 nm ). While  con- 
ventional  visible  spectroscopy  can be used to  determine 
Al-h+  absorption  bands,  most  instruments  do not provide 
the  nearly  parallel  beam  optics  necessary to accurately 
measure  localized variations in transmission of relatively 
thick samples.  The  small  diameter, high intensity,  mon- 
ochromatic  beams  of  lasers  are  better  adapted  to  scanning 
crystals for localized  impurity or defect absorption.  Ar- 
gon laser lines  at 488.0  and  514.5 nm are  close to the 
wavelength of the  stronger A3 peak  and  the  He-Ne  laser 
line  at 632.8 nm is nearly  coincident with that of the 
weaker  peak.  Thus  either  of  these  lasers  should be useful 
for  scanning  quartz  samples  for AI-h' absorption  [22], 
[23].  Absorption  obtained with argon  lines  will  include a 
background  whose  main  contribution is the A2 band  that 
peaks  at  2.33  eV  (532  nm),  while the  main  background 
contribution with the  He-Ne  line  is  the A ,  band  that  peaks 
at 1.77 eV (700 nm ). In this paper  absorption  at  laser 
frequencies is used to map  the  distribution of Al-h+ cen- 
ters in irradiated  and  vacuum  swept quartz.  A calibration 
of  632.8 nm absorption  strength  versus Al-h' concentra- 
tion  is  made  using the ESR value  obtained for the  same 
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section  of a  vacuum  swept  sample.  Aluminum  variations 
are  determined  from  the  combination of infrared AI-OH - 
and  laser  AI-h+  measurements. 

EXPERIMENTAL  PROCEDURES 
The quartz  samples used for this  investigation  were 

rectangular in shape,  between 1 and  4 cm in size, with 
parallel x, y, and z faces.  Premium-Q  samples  H29-14 
and  BH-A  were  grown by Sawyer  Research  Products 
(SARP).  QA-32  and  QA-38  were  grown  at  Rome Air De- 
velopment  Center  (RADC)  from  nutrients  of  recrystal- 
lized  glass  and  z-growth quartz, respectively.  One of the 
samples,  H29-14, was  air swe t by SARP.  Sweeping in 
a  vacuum  atmosphere  at IO-' Torr  was  performed  at 
RADC  at  500°C with electric  fields of 1000 to 1500 
V/cm. AI-h+ and  aluminum  concentrations  for  the  sam- 
ples  were  measured by ESR from  2.5 X 2.5 X 8 mm 
sections.'  Samples  were irradiated  to  saturation in the 
RADC  6oCo  source at doses  up to 4  Mrad  (Si).  The irra- 
diation  temperature  was  a  few  degrees  above  room  tem- 
perature. 

Infrared  transmissions  were  measured  between  3 100 
and 3700 cm-'  with the  unpolarized  focused  beam  of  a 
Nicolet  170SX  spectrometer  at 2  cm-' resolution. Either 
a  1.5  or  3 mm beam diameter  was used with overlapping 
scans  taken at 1 or 2 mm intervals. The infrared  measure- 
ment method, OH- and  AI-OH-  band  spectra,  and  the 
dependence of absorption of these  bands  on temperature, 
crystal  direction  and  polarization are  described in pre- 
vious  papers  [lo]-[ 121. For these  measurements,  the  sam- 
ple  positioned  inside  a  Dewar  cooled  to 85K, was  scanned 
along  the  z-axis with the infrared  beam  directed  along the 
crystal x-  or  y-axis.  The peak  absorptions of the  strong 
narrow  bands  at  3581 cm-' and  3366 cm-'  are selected 
to monitor  relative  changes in as-grown OH- and Al- 
OH -, respectively. 

The overall  absorption of a 5 X 10 mm section of each 
sample  was  measured  between  320  and 800 nm at room 
temperature  on  a  Cary 14 spectrometer,  using  unpolarized 
light.  Absorption  variations  across  the  sample  were  de- 
termined  from  laser  scans  made at a rate of 2  mm/min. 
A comparison  of  the  absorption  levels  and  polarization 
dependence  for 488.0 nm argon  and  632.8 nm He-Ne 
laser  wavelengths  was  made.  For  these  comparative  mea- 
surements  the  lasers  were  operated  at  power  levels of 2 to 
4 mW with 488.0 nm and  632.8 nm beam  diameters  of 
1.5 and 0.67  nm,  respectively.  A  broad band rotary po- 
larizer  and  polarizing analyzer  were used to rotate  and 
adjust  the  plane of polarization.  Most of the  absorption 
measurements  were  made  with an unfocused,  randomly 
polarized,  low  power  He-Ne  laser, 0.15 mW as  measured 
by a silicon detector,  chosen  on the  basis of convenience 
and  stability.  The  laser  beam, with a  diameter of 0.88 mm 
at 1 /e' was  propagated  parallel to the  crystal x- or y-axis 
and the  sample  scanned  along the  z-axis.  For  one  of  the 

'All ESR measurements for this  investigation were performed  by 
L. Halliburton  at  Oklahoma  State University. 

samples  the  beam  was  focused  to  about 0.2 mm to study 
strongly  varying  regions in more  detail. 

EXPERIMENTAL  RESULTS AND DISCUSSION 
Room  temperature  absorption  between  320  and  770 nm 

is shown in Fig. 1 for  sample  E42-21, which  was  vacuum 
swept  for 8 days.  The section  selected  for  measurement 
contained  the  darkest  colored  regions  of  the  sample  shown 
in the  photograph of Fig.  2(b).  Aluminum concentrations 
of 6 to 8 ppm were  determined  for  other  sections of this 
sample by ESR.  This  spectrum is a  composite of overlap- 
ping broad A , ,  A', A 3 ,  and B absorption  bands,  and  has 
relatively  strong  absorption  at  argon  and  He-Ne laser 
wavelengths. 

Fig. 2(a)  shows  variations in 632.8 nm He-Ne  laser 
transmission  observed  along  the z- or sweeping  axis,  be- 
tween  the  anode ( +z-face) and  cathode ( -z-face) of 
vacuum  swept  sample  E42-21.  Transmission  scans  were 
made for 15 x-axis  positions  with  the  beam  directed  along 
the  y-axis  and  focused to about 0.2 mm.  The  transmission 
can be compared with the  visible  coloration for  each of 
these  positions  indicated  in the  photograph  of  Fig.  2(b). 
The largest decrease in transmission,  a  43%  reduction 
measured  at  position  14, is for the  darkest  region of the 
sample  and  corresponds  to  a  632.8-nm  absorption  value 
of  1.4  cm-'.  Good  correspondence  between  major  dips in 
transmission  and  the  degree of darkening of other  sections 
of the crystal is found.  Some  small variations in trans- 
mission  not  observed  when  the  beam  was  defocused  are 
attributed  to  interference  effects. Thus  absorption at the 
laser  wavelength  can  be used as  a quantitative  measure  of 
crystal coloration.  The  Al-h+ variations  observed  from 
632.8 nm absorption  are an indication of strongly  varying 
aluminum in this sample. 

Absorption  spectra  obtained  with  argon  and  He-Ne  las- 
ers  using  different  polarizations  are  compared in Fig.  3. 
The  sample,  a  3.2  Mrad irradiated  section of sample 
QA-32,  containing  a  +x-growth  region,  was  scanned 
across  the  z-axis  at the x-axis  beam  position  indicated in 
the  photograph of Fig.  3.  No  absorption data  was  taken 
between 0 and  2 mm where  a  crack  in  the  sample  devel- 
oped. All spectra show a  sharp  rise,  decrease to a  mini- 
mum and  subsequent  rise  as  the  beam  traverses  the  clear 
z-growth  and  colored S- and  +x-growth  regions.  The high 
absorption  levels  at  both  the  He-Ne  and  argon  laser  wave- 
lengths  demonstrate  that  either  laser  can be used to mea- 
sure  variations in AI-h+  concentration in this  sample with 
good  sensitivity.  The overall  absorption is a factor of 1.5- 
1.7  higher  for the 488.0-nm  argon  line relative to the 
632.8-nm  He-Ne  line.  Some differences  between  argon 
and  He-Ne  spectra  may  be  due  to  the  different  beam  sizes 
of the  lasers,  1.5 mm for  argon  and  0.67 mm for  He-Ne. 
Contributions  from  the  underlying A ,  band  whose  peak 
(700 nm ) is close to  the 632.8 nm He-Ne  wavelength  and 
the A2 band  whose  peak (532  nm) is close to the  488.0- 
nm argon  wavelength may a h  introduce  differences. The 
strongest  absorption is observed  with  polarization  parallel 
to the  z-axis (?r-spectra)  and the  weakest with polariza- 
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Fig. I .  Room  temperature  optical  absorption of sample  E42-2 I after  vac- 
uum sweeping  for  8  days.  Wavelength  positions of principal  argon  and 
He-Ne  laser  lines are  indicated. 

tion and the relation CY, 3366 cm-' /(0.17 i- 0.04) = AI 
ppm [ 141, a  rough  estimate of 6 ppm A1 are  compensated 
with hydrogen.  The  combination  gives  an AI concentra- 
tion variation of 23 to 37 ppm.  The A1 concentration  de- 
termined  from a single ESR sample  cut  from  the  dark  col- 
ored  +x-growth  region  was 32 ppm. 

Fig.  4(a)  shows  632.8 nm Al-h+  absorption  and  Fig. 
4(b) shows  3581 cm-' OH- and  3366 cm-' AI-OH ab- 
sorption  for  positions 1 ,  2, and 3, located 5 ,  19,  and  32 
mm from  the - y  face of sample  H29-14.  This  sample was 
initially  air  swept  and  then  vacuum swept. Although  the 
combination of air  sweeping  and  vacuum  sweeping  at 
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Fig. 3 .  Room temperature  absorption coefficient values ab obtained  for  scan 
along the z-axis of sample QA-32 after  a 3 . 2  Mrad "'CO irradiation.  Laser 
beam whose  x-position is indicated by arrow in insert  traverses z - ,  S-,  

and  +x-growth  regions.  Results of measurements with a  632.8 nm He- 
Ne laser,  polarized  randomly,  perpendicular  (o-spectra)  and  parallel 
(r-spectra) lo the  sample  z-axis, and those  obtained with a 488.0 nm 
argon  laser.  perpendicular ( U )  and  parallel ( K )  to z-axis?  are  shown. 

fields up  to 1500 V/cm in successive  stages  for  a  total of 
52 days  failed  to  remove  all  hydrogen  from  this sample, 
tion  perpendicular to the  z-axis ( cr-spectra),  an  average 
x/a ratio of 1.51 for  488.0 nm and 1.42  for  632.8 nm. 
Intermediate  absorption  values  are  observed with a ran- 
domly  polarized  laser. 

A  calibration  of 0.1 cm-'/ppm  Al-h+ for  632.8 nm 
absorption  was  previously  determined  for  a  sample  from 
ESR measurements  [23]. A check on this  value was made 
using  a  vacuum  swept sample of BH-A in which  Al-hf 
was  produced. An average  632.8 nm absorption  value of 
0.034  cm-l  was  measured  over  the  same  region of the 
sample  for  which  a 0.42 ppm Al-h+  concentration  was 
determined by ESR, leading  to a calibration of 0.08 
cm-'/ppm  Al-h+. Considering  the  possible  sources of 
error in both  absorption  and ESR measurements as well 
as nonuniformities in the AI-h' distribution,  these  values 
are in reasonable  agreement  and  an  average  value of 0.09 

randomly  polarized 632.8 nm He-Ne  absorption  range  of 
sample  QA-32 of Fig.  3  gives an  AI-hf  variation of 17 
to  31 ppm.  The  3.2  Mrad irradiation  was sufficient to  de- 
plete OH - and  saturate AI-OH -. From  the  average  3366 
cm-' AI-OH - absorption  measured  for  this  crystal  sec- 
some  regions  were  depleted of OH- and  changes in the 
AI-OH - distribution  were  effected [ 1 l].  The Al-h' dis- 
tribution  and its relation to  the  hydrogen-compensated 
centers is of interest  here. 

- + 0.01  cm-'/ppm is used for Al-h' concentration. The 
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Fig. 4. (a)  632.8 nm  and (b) 3366 c m - '  and 3581 cm- '  band  peak ab- 
sorption coefficient values a, measured  along  the z-axis at  three  different 
y-positions for sample H29- 14 after  air sweeping and 52 days of vacuum 
sweeping. Positions I ,  2 ,  and 3,  were located 5 ,  19, and 32 mm from 
the - y  face,  respectively, for  this 36-mm-long sample section. 

After  air  sweeping,  OH - varied  from  2 to 3 ppm and 
A1-OH - from  3  to  4 ppm between  the  anode ( +?face) 
and  cathode ( -z-face),  as  determined  from the OH- ab- 
sorption/concentration  relations of Kats [ l], corrected  for 
our  spectrometer  polarization  and  resolution,  and  the  Al- 
OH-/AI concentration  relation  of [ 141. Vacuum  sweep- 
ing  depleted  OH - in region  1  and  depleted or reduced 
OH- in regions  2  and 3. For all  regions,  AI-OH-  was 
reduced  to  less  than  1  ppm near  the  center  of the  sample 
and  then  increased  sharply  between  the center  and the 
cathode, with the  highest  concentration  close to the  cath- 
ode. 

While  variations in coloration  were  hard  to  distinguish 
for  this  sample,  632.8 nm absorption  shows AI-hC for- 
mation in most of the  regions  where OH - was depleted 
or reduced.  In  region 3, where  little  AI-OH- is found 
near  the  anode, AI-h' is  higher  near  the  anode  and  de- 
creases toward the  cathode,  where a  large OH- concen- 
tration  still  remains.  Regions l and  2  show  little  AI-h+ 
formation  close  to  the  anode,  where  AI-OH- is higher 
than  at  the  center.  This  unexpected  result is attributed  to 
sweeping in  of hydrogen  impurities  present  on  the  crystal 
surface or electrode.  Al-h+  increases  toward  the  cathode 
beyond  the  2-mm  z-position for  these  regions.  In  this in- 
completely  vacuum  swept  sample,  AI-OH-  and AI-h+ 
coexist  with A1-OH - dominating in regions  containing 
the  most  remanent OH-. The  increase in both  types  of 
aluminum-compensating  defects  toward  the  -z-face  is  an 
indication  of higher AI concentration in this  part of the 
crystal. ESR measurements  give  2.4-2.5 ppm A1 for  sam- 
ples  taken  adjacent  to  the  +z-face  and 5.5-7.5 ppm for 
samples  taken  adjacent  to the -z-face. 

The z-growth sections  of  cultured  quartz  are  custom- 
arily  used for  resonator  manufacture,  but  bordering 
--x-growth regions  that  contain  high  OH - or  aluminum 
concentrations  are  occasionally  accidentally  included in 

the cut.  The  seed  and z- and --x-growth regions  are  usu- 
ally delineated  from  the  coloration  produced by irradia- 
tion.  The  632.8-nm  absorption  and  infrared  scans  are used 
to  examine  the  aluminum  distribution  and  the  type  of 
compensation in z- and  -x-growth  regions  of low alu- 
minum  sample  QA-38. An average  of 0.5 ppm AI was 
measured by ESR for the  z-growth  region of this  crystal. 
Fig. 5 shows  (a)  the  coloration,  (b)  632.8 nm Al-h+,  (c) 
3581 cm-'   OH-, and (d) 3366  cm-'  AI-OH-  absorption 
obtained  from  scans  along  the z-axis after a  2  Mrad ''CO 
irradiation.  The  size  and  x-axis  position  for  the  infrared 
beam are  indicated by the  circles of Fig.  5(a),  while the 
x-axis  laser  beam  positions  are  designated at  the  right  of 
Fig.  5(b).  The  dashed  lines  of  Fig.  5(a)  give  the  scanning 
direction. 

The  outline of the  seed  and  -x-growth  region  can  be 
seen from the  dark  colored  areas in  the  center of Fig.  5(a). 
The  darkened  lines  close  to  the left edge of  the  photo- 
graph are reflections  from  the  back  surface  of the  sample. 
The  absorption  measured  at  the  various  x-positions  gives 
a  good  mapping of the  AI-h+  centers  responsible for  the 
coloration.  The  632.8-nm  absorption is strongest in the 
seed  and  bordering  -x-growth  regions  and  decreases  rap- 
idly with  distance  from  the  seed. At the  10.5 mm 
-x-position  the  absorption  value is 0.05 to 0.06  cm-', 
not much  higher than  the average  0.04  cm-' level  found 
in the  z-growth  sections. 

Fig. 5(c) shows  that  the  2  Mrad 6oCo irradiation  dose 
markedly  reduces or depletes  OH - in  the  seed  and 
z-growth  regions.  High  concentrations of OH - still re- 
main in the  -x-growth  region,  increasing  and  becoming 
more  uniform  with  distance  from the  seed.  From a com- 
parison of Figs.  5(c)  and  5(d) it can  be seen  that  the Al- 
OH- profile  follows  the OH- distribution  across  the  crys- 
tal,  except  for  the  seed.  The  highest  AI-OH-  and  Al-h+ 
absorptions  are  at  the  border  of  the  seed  and  -x-growth 
region,  where  both  aluminum  and OH- concentrations  are 
high. 

CONCLUSION 

In  a  radiation  environment  steady-state  and  transient 
frequency  offsets  occur in oscillators  fabricated  from 
quartz  containing  aluminum  impurities.  Laser  absorption 
is a  useful  nondestructive  method  for  observing  aluminum 
hole,  Al-h+,  defects in irradiated  quartz  containing  alu- 
minum  impurities  and  can  aid in material  selection.  Al- 
though  Al-h+  absorption is stronger with either  the  488.0 
or 514.5 nm line of an  argon  laser,  adequate  sensitivity 
for  mapping  this  defect in quartz is obtained  with  the 
632.8 nm line  of  more  convenient  low  power  He-Ne  las- 
ers. After  alkalis  are  displaced by irradiation or removed 
by sweeping,  the  aluminum  center is compensated by the 
formation of either  Al-h+  or  infrared-active A1-OH -. The 
combination  of  laser  and  infrared  scans  provides  infor- 
mation  on  the  type of  aluminum  compensation  present in 
each  region of the  crystal  and  can  be  used to determine 
the  aluminum  distribution. 
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Fig. 5 .  (a)  Coloration, (b) 632.8  nm,  and  (c)  3581  cm-’  and  (d)  3366  cm-’  hand peak absorption coefficient values a, as a 
function of position  along  the  z-axis for  -x  and  z-growth  regions  of  sample  QA-38  after  a  2  Mrad boCo irradiation.  Diameter 
of  infrared  beam  and  the  positions  along  the  x-axis of the  crystal  at which measurements  were  taken  are  shown in  Fig. 5(a). 
Measurement  positions  for  the  632.8  nm  beam  are  shown in Fig.  5(b). 

The results of this  investigation  indicate  that  both  forms 
of compensation  co-exist,  with AI-OH - dominating in 
regions  still  containing  high  remanent  OH - .  Al-h+  con- 
centration  increases  when  irradiation, or vacuum  sweep- 
ing,  reduces or depletes  OH - .  Changes in Al-h+  and Al- 
OH - distributions  can also be used  to  monitor  the  prog- 
ress of  vacuum  sweeping. 
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