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Room-temperature optical absorption over a large dynamic range is reported for single-
crystal undoped yitrivm aluminum garnet {V;AL0,, or YAG). Absorption resulis are
presented for the energy ranges 1.8 to 3.0 and 4.5 to 6.5 eV. For this work, yltraviolet {UV)
absorption measurements were performed on four different boules of Czochralski-grown
undoped YAG. Absorption features were observed at 4.8 and 5.6 eV which can be attributed,
at least in part, to frace impurity concentrations. Along with the UV measurements,
calorimetric absorption resuits are presented at several laser wavelengths in the visible and
near infrared (IR ). The calorimetric results suggest a value of 1.5X 10 2 em ™! for

the absorption coeflicient of undoped YAG in the red and near IR. From the combination of
UY and calorimetric measurements, an empirical estimate of the absorption coeflicient

from the visible to the UV is presented for undoped YAG. In addition to the absorption
spectra, detailed chemical analyses and sample histories are given for the as-grown optical

guality YAG utilized herein.

i INTRODUCTION

Yttrium aluminum garnet (Y3;AL0,;, or YAG) was
first synthesized by Yoder and Keith.! Single-crystal YAG
is a clear, hard (8.5 on the Mohs scale}? cubic crystal of
space group G,!° (1a34).? Since the work of Geusic, Mor-
cos, and Van Uitert,* it has commonly been employed as
a laser host for the rare-earth element N4, but has been
doped with transition metals and every element of the lan-
thanide series with the exception of Lu. Ir addition, YAG
has been utilized as a color phosphor (Ce:YAG) for cath-
ode ray tubes,>®

Absorption results in the transparency region of single-
crystal undoped YAG are limited primarily to the ultravi-
olet (UV). Early absorption results on undoped YAG
were presented by O’Bryan and O’Connor.” O’Bryan and
O’Connor grew YAG and other rare-earth garnets by the
floating zone technique. Their UV spectra lacks detail and
is limited to one piece of floating zone YAG. Another piece
of early work was performed by Bass and Paldino.® They
studied absorption bands that accrued from color center
formation in undoped YAG. The first reasonably compre-
hensive work to appear was that of Stack er 2L® on Czo-
chralski (Cz)-grown undoped YAG, and was one of the
few studies that supplied detailed growth information.
Some chemical analysis {source unknown) was done on
Siack’s YAG crystals, but the results are not sample spe-
cific. Rooze and Anisimov'® also reported UV absorption
studies on undoped YAG. Their material was Cz grown,
but no purities or growth information is given. Amnother
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notable absorption study on undoped YAG was done by
Wong, Rotman, and Warde,'! in conjunction with optical
studies on Ce:YAG crystals. Wong and co-workers’ un-
doped YAG and Ce:YAG were grown at Airtron Corpo-
ration, but ne impurity analysis was reported for the YAG
samples utilized in the study. Other work on undoped
YAG was performed by Tomiki ef 2/.'>'® and Devor, Fas-
tor, and DeShazer.'* Tomiki’s absorption results consist of
two UV spectra. No information is given as to purity or
growth conditions of the samples. Devor and co-workers’
research entails the identification of hydroxyl impurities
and their effects. A large thrust is towsrd elimination of
this type of impurity with postgrowth processing. Devor
and co-workers performed a limited amount of emission
spectroscopy to acquire impurity information on their
YAG samples.

In reviewing the literature dealing with optical absorp-
tion in the transmissive region of undoped YAG, a com-
plete study (i.e., one with a detailed growth, and chemical
history} on high-quality YAG does not emerge. The cur-
rent work represents such a study and presents detailed
results that are representative of as-grown optical guality
undoped YAG.

. EXPERIMENT

For this work, two different types of experimental
studies were performed. In the UV, relative transmission
was performed on samples of differing length to acquire the
absorption coefficients. The UV spectroscopy required for

© 1980 American Institute of Physics 1200



TABLE 1. Additional growth parameters for YAG -IEL

Growth parameters

melt composition stoichiometric
orientation [1L,41]
pull rate 0.015 in./br.
rotation rate 15 rpm
crucible Iridium
temperature 1972-1976°C
{at seed)

this work was performed on a McPherson 225 1-m vacuum
monochromator. This apparatus has previously been
described.!”!® The maximum entrance and exit slit widths
were 65 yum and the reproducibility of the scan drive was
+ 1.5 A. The MgF,-coated Al grating had 1200 lines/mm
ruling and a blaze wavelength of 1500 A. In the visible and
near infrared (IR}, laser calorimetry was utilized to obtain
the absorption coefficient of the YAG. The calorimetric
measurements were performed with several lasers and one
calorimeter. The details of the experimental setup and the
data analysis methed have been published elsewhere.!>1®

iii. SAMPLE HISTORY

For this work, four boules of undoped YAG were ac-
quired and processed. To facilitate bookkeeping, the boules

are designated YAGs I-IV. All four boules are single-
crystal Cz-grown Union Carbide material. The boules were
free of coloration and twinning. The growth atmosphere
was N; + 800 ppm O, (by volume) for YAGs II and IIL
For YAG L it was sirictly N,. The remainder of the
growth parameters were identical for YAGs L, 1§, and IIL
They are listed in Table 1. All material was as-grown with
no after growth annealing. YAG IV was obtained several
years ago and the specifics of the growth are not known. It
was billed as standard undoped 4 9’s purity YAG. YAG I
and YAG II were grown with 5 9's purity Y,0; powder
and 4 9's purity ALO; powder. YAG 11l was grown with
3 9’s purity Y,0; powder and 8 9’s purity ALO, powder.
( All purities are the purported purities of the starting ma-
terials as stated by the material supplier.}!” Impurity anal-
yses were performed on YAGs I-IV by Northern Analyt-
ical Laboratory'® using spark source mass spectrography
{88MS). The results of the impurity analyses are tabulated
in Table II. Subsequent to the completion of the SSMS
analyses of Table 1, higher resclution SSMS analyses were
performed on YAGs If and IV. These results are tabulated
in Table IIL. In addition o increased sensitivity, the higher
resolution analysis also helps eliminate interferences by
clusters of atoms of the same atomic weight. Comparing
the impurity analyses for YAGs I and [V from Tables I
and I, it is seen that there are differences among the

TABLE I1. Results of the YAG chemical analysis. Impurity concentrations are in ppmw and ppma. The former is a ratio of the atomic weight of the
impurity to the average atomic weight of YAG and the latter is the number of impurity atoms per million atoms of YAG. The < and < signs are present
at the detection limits and where possible interference from clusters of the same weight may have occurred. Elements not reported are less than 0.02 ppma
nominal, which is the detection limit for these analyses. Generally, for elements with more than one isotope, the ppma nominal is corrected by the
abundance factor for the most abundant isotope. As an example, for Nd, the detection limit becomes 0.08 ppma, i.e., 0.02 ppma nominal x {1.0/0.272),

where 0.272 is the isotropic abundance of Nd'*.

Concentration in ppmw

Concentration in ppma

Name YAGIE YAG IE YAG I YAG IV YAGI YAG 1T YAG IH YAG IV
F 0.1 0.1 0.1 0.1 3.2 0.2 0.2 0.2
Na 4.6 0.4 0.8 0.4 0.8 0.5 1.0 0.5
Mg <2 <2 <2 <2 <2 <2 <2 <2

Si <4 <4 <4 <4 <4 <4 <4 <4

P 0.05 0.05 0.05 0.03 .05 .05 0.0%8 0.03
S <2 <2 <2 <2 <2 <2 <2 <2
Cl 10 4 4 2 3 3 3 2

K 0.1 0.04 0.09 0.04 0.08 0.03 4.07 0.03
Ca 4 3.8 3 0.8 3 0.6 2 0.6
A% <0.3 <3 <03 <03 <0.2 <0.2 0.2 <02
Cr 0.3 O.1 0.7 0.05 0.2 .07 0.4 0.03
Mn 0.05 e 0.03 v 0.03 s .03 .-
Fe 4 0.4 4 0.2 2 0.2 2 3.1
Ni 0.1 0.08 0.1 e 0.07 0.04 4.05 cee
Cua <0.2 <0.2 <02 <0.2 <0.1 <O.1 <0.1 <0.1
Ga 2 0.2 0.4 2 1 0.1 0.2 i

Zr 0.9 <0.3 2 <0.3 0.3 <01 Q.5 <0.1
Ba <0.9 <0.9 <09 <0.9 <0.2 <0.2 <0.2 <0.2
La 0.1 <0.09 0.1 <0.0% 0.03 <(.02 0.03 «<0.02
Ce <3 <3 <3 <3 <0.7 <0.7 <0.7 <07
Pr 0.1 < 0.0% 0.1 <0.09 0.03 <0.02 0.03 < (.02
Nd Q.5 0.4 Q.5 0.5 0.1 <0.08 (181 a.i
Gd 1 0.5 8.2 0.1

Dy 0.5 0.1
Ho <0.2 0.6 <0.2 0.6 0.03 0.1 <3.03 0.1
1201 J. Appl. Phys., Vol. 68, No. 3, 1 August 1990 Innocenzi et af. 1201




TABLE III Results of the higher sensitivity SSMS analyses performed on
YAGs I and IV. These are longer duration analyses with increased sen-
sitivity to 0.007 ppma nominal. In this analysis, the detection limit for N¢&
becomes 0.03 ppma or 8.1 ppmw. All analyses were performed by North-
ern Analytical Laboratory.

Ppmw ppma
Name YAG YAG IV YAG I YAG IV
B 0.06 0.06 0.2 0.2
F G.1 0.05 0.2 0.1
Na 0.2 0.3 0.3 0.4
Mg 1 1 2 2
Si 2 2 2 2
P 0.03 0.03 .03 0.03
S 2 1 2 1
Ct 3 3. 3 3
K 02 0.2 a.2 0.2
Ca 0.6 0.8 0.5 0.7
v <0.1 <0.1 <0.07 <0.07
Cr 0.05 0.07 .03 0.05
Mn 0.02 0.01 0.01 0.057
Fe 0.1 0.3 0.07 0.2
Co <0.01 < Q.01 < 0.007 <0.007
Ni 0.02 0.02 0.01 0.01
Cu 0.04 0.02 0.02 0.01
Zn 0.04 <0.02 .02 <0.01
Ga 0.1 i 0.05 0.5
Zr <0.1 <0.1 <0.04 <0.04
Ba <0.3 <0.3 <0.09 <0.09
La e e e -
Ce <0.3 <0.3 <0.07 <0.07
Pr aae aen o “re
Nd . as e P o
Th <0.05 <0.05 <0.01 <0.01
Dy 0.2 <01 ¢.04 <0.03
Ho 0.1 .03 .02 0.01

results. Other than changes in the estimated concentrations
of the impuritics, new impurities appear in Table III (B,
Co, Zn, Tb) while others {La, Pr, Nd} disappear. From
the results of Table I, all of the YAG samples appear to be
4 9's purity while Table 151 suggests that YAGs I and IV
may be 5 s purity.

The YAG I-III boules were cut into 0.5-in.-diam cyl-
inders of differing length. These were sent to Laser Power
Optics'® (LPQ) for polishing where they received a high-
quality chemical polish, the details being an LPO secret.
YAG IV already existed in rectangularly shaped samples
of differing length. These sampies were cut and polished at
The Aerospace Corporation.’’ The polishing technique
was a standard mechanical method employing diamond
paste. The smallest grit size was 1 pgm. This resulted in a
coarser finish than that achieved on YAGs I-IIL

iV. RESULTS AND DISCUSSION

A qualitative scattering test utilizing Kr™ and Ar™
ion lasers as probes was conducted on the YAG samples to
determine whether they contained internal scattering cen-
ters. For YAG I and IV, no scattering was detected. How-
ever, upon examination of YAG I, a distinct filament of
internal scattering centers was discernable along the laser

1202 J. Appl. Phys,, Vol. 68, No. 3, 1 August 1980

beam path. YAG I alse showed some signs of internal
scattering, but less than YAG I.

Although YAGs I and IV did not scatter the laser
light, a distinct yellow-green luminescence emanated from
these samples for probe wavelengths in the blue and violet.
This phenomenon was also present in YAG I This
yellow-green luminescence appeared quite similar to that
reported by Bernhardt.”’ The luminescence was excited in
the 400-to 500-nm range, although no absorption was de-
tectable on spectrophotometer scans in this region. The
luminescent emission occurred from 500 to 660 nm and
was broadly peaked in the 540- to 380-nm range. Bern-
hardt suggested the possibility that the luminescence could
be related to the presence of Fe’* and Mn’ ™. Based on
the current chemical analyses, Bernhardt’s suggestion can-
not be ignored because of the presence of Fe and Mn in
YAGs IE I, and IV, although Mn was detected close to,
or at, the sensitivity limit in all of the analyses. Another
passible explanation for the yellow-green luminescence is
the presence of Ce in the samples. Ce:YAG is known to
emit yellow-green Iuminesce over the 500- to 660-nm
range, and this Ce*t (5D to 4F) emission is also excited
with 400- to 500-nm light.>'! Yellow-green Ce emission
has been studied as a function of the partial pressure of
oxygen in the annealing atmospheres of annealed Ce:YAG
crystals. In cathode luminescence experiments, Robbins er
al?? found that the yellow-green Ce luminescence
decreased for Ce:YAG crystals annealed in oxidizing at-
mospheres. Alsc, Rotman and Warde® observed increased
yetlow-green Ce emission in phctoluminescence studies for
decreasing oxygen partial pressures in the annealing atmo-
spheres of their Ce:YAG. The yellow-green Ce emission
appears to be influenced by an intrinsic lattice defect asso-
ciated with electrons trapped at oxygen vacancies.”** Al-
though annealing studies were not performed in the
present study, we have observed that the yellow-green lu-
minescence exhibited by undoped YAG is dependent upon
the partial pressure of oxygen in the growth atmosphere,
something which was not considered in the previous stud-
ies. As an example, YAG [, which was grown in the ab-
sence of O,, did not luminesce yellow-green although it
contained Ce. Fhe lack of yellow-green luminescence may
have resulted from the reduction of the normally present
Ce’* to Ce?t. However, in intentionally doped Ce:YAG
crystals {0.4 wt. %), we have observed that the intreduc-
tion of oxygen into the growth aimosphere decreases the
efficiency of the Ce yellow-green luminescence. Obviously,
the effect of oxygen atmospheres on the yellow-green lumi-
nescence is a complicated issue most likely involving Ce
concentration, oxygen vacancies, and other background
impurity concentrations. Additional studies with detailed
chemical analyses will be required to elucidate the various
dependencies involved.

As a second diagnostic, all of the YAG samples were
scanned on a spectrophotometer before and after the UV
absorption measurements. This was done to ensure that no
additional absorptions occurred in the near IR, visible, or
UV which would indicate color center formation in the

innocenzi et al. 1202
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FIG. 1. UV absorption results for YAGs I-IV. The absorption coefficient
o, in cm ~ Y, is plotted vs photon energy in €V. YAG I results are repre-
sented by the squares, YAG II by the circles, YAG Il by the diamonds,
and YAG IV by the triangles.

samples. No changes in the spectrophotometer iransmis-
sion characteristics were detected.

Figure | shows a plot of the UV absorption results for
Y AGs I-IV. The absorption coefficient &, in cm ~ 1, is plot-
ted versus photon energy in eV. YAG I results are repre-
sented by the sguares, YAG II by the circles, YAG I by
the diamonds, and YAG IV by the triangles. As can be
seen from the figure, there is a considerable variability in
absorption coeficient among the different YAG crystals.
In another absorption study on multiple pieces of undoped
YAG, Slack er al.’ showed the same sort of variation in
optical absorption coefficient in the 4.3- to 6.5-eV range.
Two of the boules which luminesce yellow-green, YAGs I
and IV, have the smallest absorption throughout the mea-
surement range. From this, it is evident that the yellow-
green luminescence did not adversely effect the absorption
of YAGs II and IV in this region as compared to the
absorption in YAG I, which did not exhibit the lumines-
cence. At 6.5 eV, the YAG I-IV curves merge together
and increase in absorption as they track the onset of the
UV absorption edge. This energy was reported by Slack er
al’ to be the start of the fundamental absorption in un-
doped YAG.

Ir Fig. 1, there is one absorption band that is readily
discernable from all four curves. This is the feature that is
centered at approximately 4.8 eV. This absorption was pre-
viously seen by Slack er al.® and Devor and co-workers.'*
This feature has been identified as a charge transfer band
due to Fe® + .28 In recent optical and electron paramagnetic
resonance studies, Chen er gl.*’ have attributed the 4.8 eV
charge transfer band to Fe® * substituting for Al at both
tetrahedral and octahedral lattice sites. In the present
study, YAGs I and III have the largest concentrations of
Fe and exhibit the largest 4.8-eV absorptions. Although the
results of the SSMS analyses indicate that the Fe concen-
trations are comparable in YAGs | and HI, there is a
factor of 4 difference in the absorption coefficient at 4.8 eV,
This effect may be due to differences in the actual Fe con-
centrations. For trace impurity concentrations in AI{OH),
powder, Tebbe ef al.®® have found chemical analyses from
Northern Analytical Laboratory to be within a factor of 2
of known impurity concentrations for 65% of the analyses

1203 J. Appl. Phys., Voi. 68, No. 3, 1 August 1380
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FIG. 2. UV and calorimetric absorption results for YAG IV. The calo-
rimetry is the data in the 1.5- to 3.5-eV range. The YAG IV UV resulis
are the same as depicted in Fig. 1 except that they are shown in Fig. 2
with error bars. All error bars in the figure are computed at one standard
deviation.

and within a factor of 3 for 85% of the analyses. For
example, samples with known concentrations of Fe have
been analyzed to contain 50% of the actual Fe concentra-
tion.

The only other feature present in the YAG crystals is
a less prominent absorption centered at 5.6 ¢V. Absorption
in the vicinity of 5.6 eV has been linked to the presence of
Ce®t and an intrinsic lattice defect by Wong and co-
workers '’ and to the presence of Nd’* by Rooze and
Anisimov.® The 5.6-eV feature is most pronocunced in
YAG 1. According to the chemical analysis of Table II,
YAG I contains both Ce and Nd, although N4 is detected
close to the sensitivity limit for that analysis.

The next figore, Fig. 2, shows UV and calorimetric
absorption results for YAG IV. The YAG IV UV results
are the same as depicted in Fig. 1 except that they are
shown in Fig. 2 with the appropriate error bars. These
error bars and the error bare for the calorimetric measure-
menis are computed at one standard deviation. The calo-
rimetry, which is the data in the 1.5- to 3.5-eV energy
range, is total absorption data on a 1.l-cm sample; it has
not been separated into surface and bulk absorption.
Hence, the calorimetry should be viewed as an upper
bound for the value of the bulk absorption coefficient in
this region. It is interesting to note that the calorimetric
absorption results appear to level off at 1.5% 10 ? cm !
for energies less than 2.0 eV. It is also interesting that the
calorimetric results suggest a lower visible region absorp-
tion than that measured by Devor and co-workers!® using
relative transmission on as-grown undoped YAG. The dif-
ference between the two estimates of the bulk absorption
coefficient is greater than an order of magnitude through
the visible range.”

From the combination of UV and calorimeiric mea-
surements, a simple empirical relation can be written to
obtain an approximate value for the absorption coeflicient
of undoped YAG over three decades of magnitude
(1.0x107 3 to 1.0 cm ). This empirical relation can be
employed as an order of magnitude estimate of the optical
absorption coefficient. It is written as

a=10"*5 cm — ' 10EIeVI/13 eV, (1)

Innocenzi ef al. 1203




where « is the absorption coefficient in cm ~ ! and £ is the
photont energy in eV. Equation (1) is applicable in the
energy range from 2.3 to 6.4 eV and for the range of &
mentioned above. An empirical relation for absorption in
Nd:YAG was previously published by Gorban,
Gumenyuk, and Degoda,* but it covers a much narrower
range of energy (4.1 to 6.2 eV} as compared to the present
relation. Since no temperature- dependent studies of opti-
cal absorption were performed, an Urbach®"* model was
not assumed for the absorption coefficient.

V. CONCLUSION

In this work, UV absorption specira on four boules of
undoped Cz-grown optical quality YAG have been ob-
tained. From the UV spectra (Fig. 1), it is observed that
the four boules of undoped YAQG are as much as an order
of magnitude different in optical absorption coefficient in
the 4.5- to 6.4-eV range. The optical absorption of YAG in
this energy range is greatly infiuenced by extrinsic mecha-
nisms, i.e., impurities. The results from the present study
show two pronounced absorption features: one at 4.8 ¢V
due to Fe* *, and the other at 5.6 &€V which can be partially
attributed to trace impurity concentrations.

In addition to the UV measurements, calorimetric
measurements were performed on one of the YAG boules
to estimate the bulk absorption coefficient in the visible and
near-IR regions. The calorimetric measurements suggest a
leveling off- of the optical absorption of undoped YAG in
the red and near IR at a value of 1.5X 107 ¢cm ™ *. From
the combination of UV and calorimetric measurements, a
simple empirical relation has been written tfo obtain an
approximate value for the absorption coefficient of
endoped YAG over three decades of magnitude,
1.0X107 to 1.0 em ~ L
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