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Optical absorption over a large dynamic range obtained by two different experimental 
techniques is reported for an undoped a-A12 0 3 single crystal. Absorption data are presented in 
two energy ranges: 0.94-3.5 eV and 4.5-8.6 eV. Vacuum ultraviolet (vuv) absorption 
measurements were performed on three bouies of Czochralski-grown single-crystal Al2 0 3 with 
differing starting material purities. The initial powder purities were 99.99%, 99.999%, and 
99.999999%, In addition to the vuv measurements, calorimetric absorption results obtained in 
the visible and near-infrared (ir) are presented. An empirical formula is obtained that provides 
an estimate of the absorption coefficient from the near-ir to the vuv for undoped Al2 0 3 • 

Detailed impurity analyses and sample histories are given for the optical-quality a-A12 0 3 

utilized herein. 

INTRODUCTION 

Work on the transparency of white (undoped) a-A12 0 3 

was performed as early as 1939 by Freed, McMurry, and 
Rosenbaum. J In later publications by Gilles et al,2,3 and Ro­
mand and Vodar,4 the first ultraviolet (uv) absorption spec­
tra on pure Al2 0 3 of unknown origin and purity were pub­
lished. Other early work was performed by Mitchell, 
Rigden, and Townsend5 and Heath and Sacher.6 Mitchell, 
Rigden, and Townsend5 reported uv spectra along with 
some impurity analyses on undoped Al2 0 3 without addi­
tional sample history. Heath and Sacher6 published a uv 
transmission spectrum for uv-grade Linde Alz 0 3 , but no 
crystal purity or growth information was given. In later 
work, Il'mas and Kuznetsov7 published an absorption spec­
trum for A12 0 3 from 4.2 to 8.6 eV. Unfortunately, they in­
cluded no information as to the purity or origin oftheir "rel­
atively pure" unoriented AI2 0:,. In actuality, their material 
was quite high in absorption for the4,2-8.6-eV range. Subse­
quently, II'mas, Kuznetsov, and Meriloo8 presented the 
most complete study of room-temperature optical absorp­
tion in Al2 0 3 up to that time. They presented uv spectra on 
five pieces of Al2 0] along with chemical analyses for three 
of them. The problem with the study of Il'mas, Kuznetsov, 
and MerHoos is that two of the three chemical analyses indi­
cate impurity levels that are not consistent with obtainable 
material purity. Furthermore, one of their samples con­
tained a large concentration of Fe, but did not exhibit a 4.8-
eV absorption feature that has been identified as Fe} + by 
Tippins,9 Eigenmann, Kurtz, and Giinthard,1O and Blum, 
Tuller, and Coble. l! 

In reviewing the body of work dealing with optical ab­
sorption in the transmissive region of undoped A12 0 3 , most 
of the work has been limited to the uv region. A complete 
study, i.e., one with a detailed growth, anneal, and chemical 
history. on high-quality Al2 0 3 has not yet emerged. The 
current work represents such a study and presents detailed 
results that are representative of optical-quality undoped 
A12 0 3. 

EXPERIMENT 

For this work, two different types of experimental stud­
ies were performed. In the visible and near-infrared (ir) re­
gions (ir), laser calorimetry was utilized to obtain the ab­
sorption coefficient of the Al2 0 3 from 10-3 to 10- 5 em-I. 
The calorimetric measurements were performed with sever­
al lasers and one calorimeter. I2 The calorimeter was pre­
viously employed by Swimm, Xiao, and Bass 13 to perform 
calorimetric measurements on fused silica. The rate calori­
metry data analysis employed in this work is a standard 
method involving samples of differing length and is de­
scribed in detail in Ref. 12. In the uv region, relative trans­
mission and reflection measurements were performed to de­
termine the absorption coefficient. The uv spectroscopy 
required for this work was performed on two different mon­
ochromators: a O.2-m Seya-Namioka vacuum monochro­
mator and a McPherson 225 I-m vacuum monochromator. 
The O.2-m monochromator was outfitted with a H2 lamp as 
the light source and a vacuum ultraviolet (vuv) windowed 
photomultiplier tube (PMT) as the detector. 14 The configu­
ration of the normal-incidence I-m monochromator 
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(McPherson 225), on which most ofthe measurements were 
performed, is described below. 12 

For the I-m monochromator, the light source was a Ha­
mamatsu L879 deuterium arc lamp15 and a C1518 lamp 
power supply. The detector was the Hamamatsu R1460P 
PMT The detection electronics consisted of a Hamamatsu 
C716-02 preamplifier, a C767 photon counter, and a Rertan 
205A-OSA high-voltage de supply. For the data obtained on 
the McPherson 225 monochromator, the maximum en­
trance and exit slit widths were 65 .l!m, and the reproducibil­
ity of the scan drive was ± 1.5 A. The MgF2 -coated Al 
grating had a 1200-lines/mm ruling and a blaze wavelength 
of1500 A. 

The vuv data taken on the Seya-Namioka monochro­
mator and the normal-incidence monochromator allowed 
the absorption coefficient a to be determined by three differ­
ent methods to elucidate agreement between the data ob­
tained from the two different monochromators and to show 
self-consistency among the analysis methodologies. In cases 
where both rdative transmission (PJ Pi) and relative reflec­
tion (PJ Pi) data existed, Eqs. (1) and (2) were solved for 
R and a, the single surface reflectivity and the absorption 
coefficient, respectively, 

(1) 

-=R 1+ , 
Pr (. O_R)2e -Zal,) 
Pi 1 - R 2e 2aL 

(2) 

where L is the sample length. In cases where reflection mea­
surements existed on a thin sample with a frosted rear sur­
face, these measurements were combined with transmission 
measurements from other samples and Eq. (1) was solved 
directly for the absorption coefficient a. In the event of a 
back-surf ace-frosted sample, light striking the rear surface is 
scattered into nearly 417 steradians; hence, if the detector is 
positioned far enough from the sample, only the reflection 
from the front surface is detected. This type of measurement 
is a good approximation to R, the single-surface reflectivity. 
In cases where only relative transmission data existed, the 
transmission of samples of differing length was measured 
and a was obtained from Eq. (3): 

(3) 

SAMPLE HISTORY 

For this work, three pieces of undoped Alz0 3 were uti­
lized. The A120 3 samples will be referred to as samples A, B, 
and C. The purported purity of the starting materials was 
99.999% for sample A, 99.99% for sample B, and 
99.999999% for sample C. 16 All three bouies are single-crys­
tal Czochralski- (Cz) grown Union Carbide materiaL The 
growth parameters that were identical for each case are list­
ed in Table 1. Sample B was grown as 0° oriented material. In 
0° material, the growth axis, which corresponds to the a axis, 
is perpendicular to the opti.c axis (c axis). The starting mate­
rial was crackle, i.e., chunks ofboules grown by the Verneuil 
method. Samples A and C were grown as 60° oriented mate-
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TABLE I. Growth parameters for the A120 3 boules. 

Atmosphere 
Pull rate 
Rotation rate 
Crucible 
Temperaiure (at seed) 

N, + goo ppm O2 

0.125 in./h 
15-20 rpm 
iridium 
2050·C 

rial. In actuality, the growth axis corresponds to the r plane, 
which is 59.6° from thee axis. For the sample A sapphire, the 
starting material was an ingot of isostatically pressed A12 0 3 

powder. The starting material in the sample C case was loose 
A12 0 3 powder. Samples A and B underwent a post-growth 
vacuum anneal whereas sample C was measured unan­
nealed. The anneal parameters are summarized in Table H. 

Impurity analyses were performed on samples A and B. 
Samples of these boules were sent to Northern Analytical 
Laboratory 17 for spark source mass spectrography (SPSS). 
Trace impurity analysis on control samples sent to this labo­
ratory by Tebbe et al. lS have been found to be within a factor 
of 2 of the known impurity concentration for 65% of the 
analyses and within a factor of3 for 85% oftile analyses. For 
example, samples with known concentrations of Fe have 
been analyzed to contain 50% of the actual Fe concentra­
tion. In the case of sample C, only the starting material 
(Alz0 3 powder) was analyzed. This analysis was done us­
ing the inductively coupled plasma (lCP) technique at Cer­
alox Corporation. 19 The results of all three analyses are tabu­
lated in Table IlL These analyses show that the actual purity 
of samples A and B and the sample C starting material is 
99.99%. In addition to the starting material impurities, sam­
ple C may contain impurities that entered during the growth 
process. 20 

The sample processing for the A and C material was 
done at Aerospace Corporation21 and Laser Power Optics 
(LPO).22 As a first step, theboules were oriented using x-ray 
diffraction and cut with the c axis perpendicular to the sam­
ple faces. Then the samples were sent to LPO where they 
underwent chemical polishing. As an alternate, some of the 
samples were chemically polished at Dupone3 and were of 
comparable quality to those polished at LPO. The remaining 
sample, B, existed from previous calorimetric measure­
ments.24 Again, this sample was oriented with the c axis per­
pendicular to the sample faces. Sample B received a high­
quality optical polish comparable to that received by the rest 
of the Alz 03. 

RESULTS AND DISCUSSION 

As a precursor to the transmission measurements, a 
qualitative scattering test was conducted on the Al2 0 3 sam-

TABLE II. Anneal parameters for the AI20, boules. 

Temperature 
Duration 
Cooling rate 

\980"C 
4() h 
80--100 ·C/b 
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TABLE III. Results of the AI20 3 chemical analyses. 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 A120 3 and the latter is the number of impurity atoms per million atoms of AI20.,. The < and < relation signs are 
present at the detection limits and where possible interference from molecular clusters of the same weight may have occurred. The pregrowth powder for 
sample c was analyzed using optical ICP at Ceralox Corporation. Samples A and B (after growth) were analyzed using SSMS at Northern Analytical 
Laboratory. For samples A and B, 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 nomina! is corrected by the abundance factor for the most abundant isotope. As an example, for Ni, the 
detection limit becomes 0.03 ppm a, i.e., 0.02 ppma nominal x ([,0/0.6827), where 0.6827 is the isotropic abundance of Ni". 

Sample A SampleH SampleC Sample A SampleD SampleC 

Concentration (ppmw) Name 
Impurity Sample A Sample B Sample C Sample A 

Concentration (ppma) 
SampleD SampleC 

Si 
Ga 
Mo 
Na 
Ca 
Fe 
Mg 
Zr 
Cr 
Cn 
Ni 
Mn 
Ti 
Zn 
Li 
Cl 
S 
K 
P 

.;;;6 
0.7 

<;6 70 <:4 
0.2 

51 
d.2 
<0.9 
<3.5 

0.3 <4 
<4 

0.5 
2 
0.8 

0.3 <4 0.4 
1 
0.3 

0.3 
0.7 
0.2 

I 3 1.5 
0.7 
1.7 
0.5 

0.6 2 
<3 <3 2 <2 <2 

2 
<0.8 
<0.1 
<O.! 

,0.8 < I <0.3 
<0.04 
<.0.04 

<0.3 
<.0.04 
<;0.04 

<0.4 
<0.3 
<0.4 
<0.4 
<0.4 
<0.3 
<3 

.;;0.1 < 1 

.;;;QI <I 

7 
<3 

0.4 
0.08 

5 
<.3 

OA-
0.05 

pIes to determine whether they contained internal scattering 
centers. To facilitate this measurement, Ar + and Kr + la­
sers were employed as optical probes and a visual examina­
tion of the samples was performed. Within the limits of this 
crude measurement, no scattering centers were detected in 
the sample B Al2 0 3 , In contrast, in the A and C material, a 
distinct filament of scattering centers could be seen along the 
laser beam path. Since the sample B material was grown 
from crackle, the appearance of scattering centers was mini­
mized. 

As a second diagnostic, all of the samples were scanned 
on a spectrophotometer before and after the uv absorption 
measurements. This was done to ensure that additional ab­
sorptions did not occur at the near-ir, visible, or uv wave­
lengths, which would indicate color-center formation in the 
samples. No changes in the spectrophotometer transmission 
characteristics were detected. 

Figure 1 displays uv absorption spectra for the three 
boules of Cz-grown undoped A12 0 3. Sample A is represent­
ed by the circles. sample B by the squares, and sample C by 
the triangles. A representative error bar, calculated at one 
standard deviation, is also displayed in Fig. L This error bar 
encompasses all experimental uncertainties including differ­
ences among samples of the same materiaL The actual error 
bars for the sample B uv measurements, which are depicted 
in Fig. 2, are somewhat less than this representative error 
bar. The absorption data of Fig. 1 was generated using eight 
pi.eces of sample A material, six pieces of sample B material, 
and four pieces of sample C material. As can be seen from 
Fig. 1, there are several broad absorption features in the 
spectra that are characteristic of charge transfer9 that occurs 
between 0 2 

- ligands and transition-metal ions of valency 
3 +. Employing Fig. 1 and Table Hr, it is interesting to 
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<I 
<I 
<1 
<I 

4 
<2 

0.2 
0.05 

3 
<2 
0.2 

0.03 

compare the overall chemical analysis of samples A and B to 
their optical spectra. The chemical analysis indicates that 
the sample A material has, in all cases, greater trace impurity 
content or the same trace impurity content as the sample B 
material. It is evident that the chemical analysis alone will 
not elucidate the cause of the optical absorption differences 
between samples A and B. This effect may be due, in part, to 
uncertainties in the actual impurity concentrations as was 
discussed in the section on sample history. 

Beyond 8.5 eV, an of the crystals begin to increase in 
absorption as they begin to track the onset of the fundamen­
tal absorption in Alz 0 3 , The transmission of all samples 
went to 0.0 at 8.75 eV. This energy is dose to the 8.8-eV 
estimate of the room temperature optical band gap given by 
French!4 and many of the references cited by Arakawa and 

162~-J ___ i~~ik-~i.--L __ ~ __ L-~ 
5 6 7 8 9 

Pholon Energy leV) 

FIG. 1. uv absorption spectra for the three bOllles of Cz-grown undoped 
AI2 0, Sample A is represented by the circles, sample B by the squares, and 
sample C by the triangles. 
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Williams,25 although they estimated the band edge to be at 
8.55 eV. In Fig. 1, one absorption feature is readily observ­
able in all three spectra. This is the absorption band centered 
at 7.0 eV. At 7.0 eV, absorptions have been attributed to Cr 
by Loh,26 Cr, Ni, and Fe (7.2 eV) by Tippins,9 and an an­
ionic vacancy by H'mas, KuznetsQv, and Meriba. 8 In addi­
tion, Lee and Kroger27 have reported a donor level for Si in 
polycrystalline AII 0 3 near 7.0 eV (1.7 eV from the valence 
band edge), but this has not been observed in optical mea­
surements. In the present study. all ofthe crystals display 7.0 
e V absorption and contain Cr, Fe, and Ni, but for samples A 
and B, Ni is present at a concentration that is almost an order 
of magnitude less than the Cr and Fe concentrations. 

Continuing with Fig. 1, in the case of the sample A spec­
trum (circles), two additional absorption features can be 
discerned. The first absorption band is centered at approxi­
mately 8.0 eV. Absorptions in the vicinity of 8.0 eV have 
been attributed to Cr (7.8 and 8.3 e V) by Loh26 and Mn (8.0 
e V) by Tippins. 9 The second absorption feature occurs in the 
vicinity of 6.0 e V. Absorption near 6.0 e V has also been asso­
ciated with Mn by Tippins.9 In samples that were not report­
ed to contain Mn, Mitchell, R.igden, and Townsend5 sug­
gested that a possible cause of the 6.0-eV absorption was an 
interstitial Al decorated with an e-. From Table III, the 
sample A material was found to contain Cr (,0.8 ppmw) 
but not Mn. From this, it can be concluded that the 8.0- and 
6.0-eV absorptions in the sample A spectrum are most prob­
ably not due to Mn. 

The next feature observed in this study, the 4.8-eV ab­
sorption band, is shown in Fig. 2. Figure 2 displays uv and 
calorimetric absorption results for sample B. The uv data 
extend from 8.6 to 4.5 eV and the calorimetry data from 3.5 
to 0.9 eV. Both types of Fig. 2 data were generated from the 
same six pieces of sample B material utilized for the data of 
Fig. I. The uv error bars are computed at one standard devi­
ation while the calorimetric error bars are derived from a 
statisticaHy weighted least-squares fit ofthe absorption data 
at each wavelength. Absorption at 4.8 eV has been associat­
ed with the presence of Fe by Tippins,') Eigenmann, Kurtz, 
and Gtinthard,1O and Blum, Tuller, and Coble, I I and to Cr 
and V by McClure. 28 The only crystal that was measured in 
the 4. 8-e V region, sample B, contains Fe and Cr, but does not 
contain V. The remaining absorption at 3.0 eV, which is 
observed in the sample B calorimetric results, is probably 
due to the presence of Cr since Cr absorption at 3.1 e V has 
been reported by McClure28 and others. McClure also re­
ported a 3.1 e V absorption due to V, but V is not present in 
the sample B material. 

From the combination of the uv absorption data and the 
calorimetric results (Fig. 2), a simple empirical relation can 
be written to obtain an approximate value for the absorption 
coefficient of undoped Alz 0 3 over four decades of magni­
tude (l.OX 10-4 to 1.0 em-I). This empirical relation can 
be employed as an order of magnitude estimate of the optical 
absorption in undoped A12 0 3 , It is written as 

a = to 4,5 cm- I X 10E[eVj/I.7cV, (4) 

where a is the absorption coefficient in em -, I, and E is the 
photon energy in e V. Equation (4) is applicable for photon 
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FIG, 2. uv and calorimetric absorption results for sample B. The uv data 
extend from 8.6 to 4,; eV and the calOlimetry data from 3.5 to 0.9 eV. The 
uv error bars are computed at onc standard deviation while the calorimetric 
error bars are derived from a statistically weighted least-squares fit of the 
absorption data at each wavelength. 

energies from 0.9 to 8.5 eV. Since a temperature-dependent 
study of optical absorption was not performed, an Urbach 
modef9

•
30 was not assumed for the absorption coefficient. 

CONCLUSION 

uv absorption spectra have been obtained for three dif­
ferent boules of undoped Cz-grown optical-quality Al2 0 3 

along with calorimetric absorption measurements on one of 
the boules. An empirical formula has been obtained that pro­
vides an estimate of the absorption coefficient from the visi­
ble to the vuv regions for undoped A12 0 3. Along with the 
absorption measurements, detailed chemical analyses were 
performed on aU three boules of material and compared to 
the optical spectra. In the Al2 0 3 absorption spectra, absorp­
tion features were seen at 8.0, 7.0, 6.0,4.8, and 3.1 eV. From 
previously reported results, most of the absorption bands 
can be attributed to trace impurities. From the uv absorption 
measurements, it is clear that Al2 0 3 absorption in the uv 
region is heavily influenced by extrinsic defects. At present, 
these impurity absorptions cannot be separated out to obtain 
the intrinsic crystalline absorpti.on. Additional controlled 
doping studies like that performed by Loh26 are required to 
obtain absorption cross sections for Ubiquitous impurities in 
A12 0 3. Cross-sectional studies along with detailed trace im­
purity analyses are necessary to help isolate extrinsic absorp­
tion effects from those due to intrinsic mechanisms. Al­
though the optical quality of single-crystal Al2 0 3 has 
improved, the flY absorption characteristics have not 
changed appreciably since the work of Gilles et al. 2 in 1947. 

To help reduce uv absorption levels, additional work is 
required to develop higher-purity starting materials such as 
that reported by Tebbe et al. ls Moreover, since the overall uv 
absorption levels have not changed considerably in 42 years, 
this may represent a plateau that may not be improved upon 
by conventional technology. Alternate growth techniques 
that share a higher degree of cleanliness, such as laser fioat­
zone growth,3l could represent part of the solution. 
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