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 1 Introduction Un-doped sapphire or single crystal 

aluminum oxide has long been known as an excellent ma-

terial for optical and laser application [1-5]. Recently, sap-

phire found its application in nuclei technology, X-ray ra-

diometry and doped sapphire is a likely material to be used 

as optical storage media [6-8]. Demand for un- doped sap-

phire increased ten fold recently due to its application in 

production of blue LED devices. In this application, sap-

phire is the best and the most economical substrate to de-

posit GaN based compound, the material that produces 

blue light in LED devices. The problem encountered when 

sapphire is used is that sometimes ‘parasite’ yellow-red ra-

diation arises caused by substrate [9, 10]. One of the rea-

sons for the existence of this “parasite” yellow-red emis-

sion might be photoluminescence (PL) of sapphire sub-

strate due to its intense illumination from the light (from 

400 to 600 nm depending on doping) produced by the ma-

terial that constructs the LED device – compound based on 

GaN. This “parasite” emission not only deteriorates the 

spectrum of LED device but also give rise to reduction in 

intensity of LED. To determine the origin of this “parasite” 

luminescence is not only important from applied stand-

point that it might increase the efficiency of LED but also 

from scientific standpoint. It helps to understand the nature 

of luminescence in sapphire especially in non doped crys-

tals. In this regard, we studied PL properties of extra pure 

un-doped sapphire crystals and starting material that have 

been used to grow sapphire crystals, when PL was excited 

by powerful laser radiation in the range from 473 nm to 

532 nm. 

 
2 Experiment Sapphire crystals were grown by both 

Low Thermal Gradient Methods (LTGM)-Kyropoulus 
(Kyr) process and Heat Exchange Method (HEM) and 
Large Thermal Gradient Methods (HTGM)-Czochralski 
(Cz) process and Edge Defined Film Fed Growth (EFG) 
using three different starting raw materials (“crackles”). 
The first source was “crackle” produced from the flame fu-
sion or Verneuil (Ver) process in which starting aluminum 
oxide powder was high purity material produced by differ-

The results of a systematic study of photoluminescence (PL)

properties of un-doped sapphire crystals grown using differ-

ent starting materials on various crystal growth methods (CZ,

EFG, HDSM, Kyropoulus, HEM) are presented. Narrow line

of emission has been attributed to radiation transition in Cr3+

ions (R-line), while the nature of red wide band (RWB) of

emission (600-850 nm) is still under question. Integral inten-

sities of R-line and RWB were analyzed and their depend-

ences on type of starting raw materials and of the method of

crystal growth were shown. The crystals grown using Vernuil

 starting material exhibited significant PL in all utilized meth-

ods. On the contrary, sapphire samples grown by the same

technologies wherein EMT HPDAR (High Purity Densified

Alumina) was the starting material revealed much lower PL.

HPDAR is produced by EMT, Inc. with proprietary and pat-

ented technology. The concentrations of various metal impu-

rities such as Ca, Mg, Zn, Cu, Cr, Fe, Ni, H were measured.

Effect of these impurities on luminescence intensity and es-

pecially the role of hydrogen incorporated into sapphire lat-

tice are discussed.  
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ent manufacturers including Sasol North America-Ceralox 
division (SNAC) or Spolchemie, Inc. The second source 
was aluminium oxide powder from SNAC. The third 
source was High Purity Densified Alumina produced by 
EMT, Inc. (EMT HPDAR

) in which the starting raw mate-
rial was SNAC aluminium oxide powder. We used the fol-
lowing system to describe the studied samples: 1) method 
by which sapphire crystal has been grown, 2) part of crys-
tal where sample was cut from (t-top, m-middle, b-bottom), 
and 3) type of starting materials. If studied crystals have 
been grown by the same method but different manufactur-
ers, we identified them by numbers 1, 2, etc. For example, 
Kyr1-b/Ver2 means that sapphire crystal was grown using 
Kyropoulus method by manufacturer number 1. Sample 
was cut from the bottom part of the crystal and starting ma-
terial was crackles produced by Vernuil method by Spol-
chemie, Inc. The concentration of impurity was analyzed 
using Glow Discharge Mass Spectroscopy method 
(GDMS) in all samples including starting materials to 
grow sapphire crystals. Nuclear Magnetic Resonance 
(NMR) and IR absorption analysis were done to determine 
hydrogen concentration in the samples. There were 23 
samples of both crystals and starting row materials PL of 
which was investigated.  
     PL was excited using radiation of various laser sources 
with excitation wavelengths λex 473 and 532 nm and the 
density of radiation power in the limits of 0.05-0.4 Wt/cm2. 
The radiation from the xenon lamp DKsL -1000 was also 
used for recording the spectra of excitation. PL characteris-
tics were measured using various spectral devices that 
cover wide spectral region from UV to near IR. 

 
 3 Experimental results Room temperature (RT) PL 
spectra of various sapphire samples at λex = 473 and 532 
nm cover range from 500 nm to 800 nm. We presented 
only the spectra registered at 473 nm excitation as the PL 
spectra are the same in the region 600-850 nm at 473 and 
532 nm excitations (Fig. 1 and Fig. 2). Details of the sam-
ples’ description are given in the Table 1. 
 It should be noted that the spectra of starting materials 
and crystals are significantly different. There are two su-
perposed wide bands in the PL spectra of starting materials 
(Fig. 1). The yellow–green band (YGB) presented in the 
PL spectra of starting materials in the region 480-650 nm 
disappears in the PL of the grown crystals and the week 
narrow line observed at λm ~ 694 nm is getting more in-
tense in the grown crystals (RLI-integral intensity of this 
line) (Fig. 2). The red wide band (RWB) with the maxi-
mum at λm ≈ 725 nm is the most intense (RWI-integral in-
tensity of this band) for grown crystals. 
 Detailed measurements confirmed that narrow line has 
a doublet structure. The components of the doublet are 
shifted into short wavelength region at the decreasing tem-
perature and there is a redistribution of intensity between 
components of this doublet (Fig. 2, insert). 
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Figure 1 Room temperature PL spectra (λex = 473) of: 9-SNAC 

aluminum oxide; 10-Sapphire crackles produced  by Vernuil 

method from SNAC aluminum oxide; 14, 19-Sapphire crackles 

produced by Verneuil method from aluminum oxide produced by 

Spolchemie; 1-EMT HPDAR produced from SNAC aluminum 

oxide. Detailed history of the samples is given in Table 1. 

 
 The values of TRI (Total Red Luminescence), RWB 
and RLI (in arbitrary units) vary in wide limits. We divided 
studied samples into 3 groups (SET) depending on TRI: 
TRI varies up to 1000 a.u, (SET1), TRI varies from 1000 
a.u up to 4000 a.u (SET2) and TRI is above 4000 a.u. 
(SET3) (Table 1).  
 Behavior of RLI and TRI is different and RLI/TRI ra-
tio varies from zero to 26 and 63% (samples # 20 and 17, 
respectively). Contribution of the RLI to the total PL is 
very low (< 14 %) for the rest of the samples (Table 1). 
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Figure 2 PL spectra of un-doped (2, 3, 8, 11) and doped with 

Ti3+ ions (Ti) sapphire crystals at 300 K and 11*-at 77 K grown 

by Kyropoulus method from Vernuil (11, 8) and EMT HPDAR 

starting materials (2, 3). λex = 473 nm. (Intensity of the curve (Ti) 

is reduced to fit curve 2). Detailed history of the samples is given 

in Table 1. 
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Table 1 Sample and its history; intensities of PL components 

and their ratio, in a.u. RT, λex = 473 nm. 

 

Sample   History  TRI RWI RLI RLI/TRI 

1  HPDAR 130 130 0 0.000

2  Kyr1-b/HPDAR 190 165 25 0.132

3  Kyr1-m/HPDAR 300 280 20 0.067

4 SET 1 Kyr1-t/Ver1 370 340 30 0.081

5  HEM1/Ver2 530 530 0 0.000

6  Kyr1-b/Ver1 770 755 15 0.019

7  Kyr1-m/Ver1 1025 1000 25 0.024

8  Kyr2/Ver2 1055 1030 25 0.024

9  SNAC 1955 1955 0 0.000

10  Ver1 2500 2490 10 0.004

11  Kyr2/Ver2 2570 2560 10 0.004

12 SET 2 Kyr3-b/HPDAR 2745 2730 315 0.005

13  Kyr3-t/HPDAR 3090 3075 15 0.005

14  Ver2 3990 3980 10 0.003

15  Ver1 4115 4110 5 0.001

16  EFG/HPDAR 4265 3800 465 0.109

17  Cz1/HPDAR 4555 1685 2870 0.630

18  Ver2 7565 7560 5 0.001

19  Ver2 8010 8010 0 0.000

20 SET 3 Cz1-t/Ver2 12510 9240 3270 0.261

21  EFG1/SNAC 13820 13570 250 0.018

22  Cz1-b/Ver2 14490 12410 2080 0.144

23  Cz1-m/Ver2 23630 20855 2775 0.117

 

 

Table 2 Impurity concentrations (in ppm) and RWI (in a.u.). 

 

Sample, # 1 10 3 7 17 22 

Impurity HPDAR Ver1 Kyr1- 

m/ 

HPDAR

Kyr1- 

m/ 

Ver1 

Cz1/ 

HPDAR

Cz1-b/ 

Ver2 

Ca  0.2 0.6 0.5  0.6 0.1 0.9 

Mg  <0.05 0.2 <0.05 0.1 0.1 <0.05 

Zn <0.2 0.9 <0.2 <0.2 0.3 <0.2 

Cu <0.05 <0.05 0.3 1.0 0.1 2.0 

Cr <0.04 <0.04 <0.04 <0.04 0.7 0.1 

Fe 0.2 0.02 0.09 1.0 2.0 0.2 

Ni <0.1 0.2 <0.1 0.2 0.3 <0.1 

H 

RWI 

23 

130 

1100 

2490 

355 

280 

630 

1000 

243 

1685 

2560 

12410 

 

 Excitation spectra of narrow line and RWB are differ-
ent also. Excitation spectrum of narrow line consist of two 
wide bands at λm ≈ 415 and 517 nm, while the excitation 
spectrum of RWB exhibits new band with λm ≈ 500 nm 
and intensity of bands at λm ≈ 415 and 517 nm are reduced. 
Concentrations of impurities (including hydrogen) were 
measured in all studied samples (Table 2). Concentrations 
of elements such as Na (<0.05), K (<0.05), Ti (<0.1), Si 
(<0.5), Mn (<0.05) and Co (<0.05) were bellow detection 

limit of the GDMS in all samples. Total concentration of 
impurities excluding hydrogen in all studied samples is 
very low (2-4 ppm). Hydrogen concentration in samples 
measured by NMR method varies from tens of ppm up to 
thousands of ppm (Table 2). 
 

4 Discussion The comparison of obtained results for 

PL of starting materials and grown sapphire crystals, and 

literature [1-5, 10-17] allowed us to do some assumption 

and conclusions concerning origins of observed PL. YGB 

might arise from the PL of some defects formed on the sur-

faces of the grain of starting materials, complex centers 

formed by interaction of F-type centers with defects and 

uncontrolled impurities or they originate from PL of micro 

precipitates as it was recently interpreted [18]. The fact 

that YGB is the most noticeable for starting materials in 

which impurities concentration is higher confirms these as-

sumptions. 

We concluded that observed narrow PL line is caused 

by 2E → 4A2 radiation transition in Cr3+ ions which replace 

Al3+ ions of lattice [1-5, 12-16]. Peak position of this nar-

row line is the same as the peak position of the line in the 

PL spectra of sapphire doped with Cr3+ ions, (ruby) (R-line 

luminescence). The doublet structure of this R-line is the 

result of radiation transitions from two levels of 2E excited 

electronic state. A population of the upper level falls when 

temperature decreases and as result relative intensity of 

short wave length component of R-line doublet decreases 

comparing to intensity of long wave length component. 

Excitation spectrum of R-line described in literature is 

close to the excitation spectra of narrow line mentioned 

above in previous section. 

The origin of the RWB emission is still under question. 

One of the reasons for the appearance of RWB might be 

due to vibronic sideband arising from R-line. RL has very 

low intensity in most samples excluding only samples 17, 

20, 23 and RWB was observed in the all studied samples. 

That is why we concluded that phonon sideband could not 

be the reason for the RWB appearance. 
Another possibility for RWB is 4T2 → 4A2 transition in 

Cr3+ ions [1-5, 16, 19-21]. However, the 4T2 → 4A2 type PL 
becomes significant for ruby crystals only at T > 500 0С. 
4T2 level that is located above 2E level has significant elec-
tron population only when temperature is much higher then 
room temperature [1-5]. 

The possible mechanisms of RWB described above 

also suppose correlation between RLI and RWB in regards 

to the radiation transitions in luminescence centres (LC) of 

certain  type (Cr3+ ions replacing Al3+ ions ). However, we 

did not find any correlation between RLI and RWI. More-

over, excitation spectra are different for R-line and RWB. 

So, the conclusion should be made about various nature of 

R-line and RWB. 

PL of some transition ions can cause appearance of 

RWB. PL spectra of transition elements such as Ti3+, V3+, 

Mn4+ and Mn2+ are located in this region [1, 3, 15, 22-24]. 
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PL spectra of V3+ and Mn4+ ions usually represented by 

relatively narrow bands and PL band of Mn2+ ions in octa-

hedral oxygen surround lies in the shorter wave length re-

gion (600-650 nm) [1, 3, 14]. Ti3+ ions in sapphire crystal 

are characterized by similar wide band of PL [2-4]. We 

measured PL spectrum of Al2O -Ti3+ crystal with Ti3+ con-

centration about 800-900 ppm (Fig. 2, curve Ti). The con-

centration of Ti3 should be ~ 0.3, 1 and 10 ppm for samples 

# 8, 13 and 23, respectively, assuming RWB in its entirety 

caused only by Ti3+ ions emission. These values signifi-

cantly exceed the titanium concentration for these samples 

measured by GDMS method (< 0.1 ppm). Therefore, Ti3+ 

ions emission is not the reason for RWB appearance.  

There are other possibilities for the origin of RWB 

such as annihilation of excitons; complex processes in ex-

cited states of some color centers, nonlinear luminescent 

processes [8, 11, 17, 25]. But these processes can not ex-

plain the intensity, genesis of RWB in studied samples.  
The intensity of RWB depends on growth methods and 

starting materials. RWB intensity is lower for crystals 
grown by LTGM (SET1, SET2) compared to HTGM 
(SET3). Inside each SET, the crystals grown using EMT 
HPDAR materials have the lowest value of RWB. Samples 
grown by LTGM and HTGM also have smaller RWI varia-
tions within the same crystal if they are grown from EMT 
HPDAR starting material compared to very large difference 
in RWI for crystals grown by the same method and the 
same manufacturer but with Vernuil starting material (for 
example, samples 2, 3 and 4, 6, 7 in Table 1). The only 
significant difference between different starting materials 
is hydrogen concentration (Table 2). 

Traditionally, the raw material of choice has been the 
“by-product” of the “flame fusion” or Vernuil process ty-
pically called “crackle. This process involves oxygen – hy-
drogen flame, causing possibility of contamination by hy-
drogen in grown crystals. One would expect that Vernuil 
grown sapphire would have very high hydrogen concentra-
tion due to peculiarity of the process. At the same time, it 
was reported early that hydrogen concentration in sapphire 
grown by Vernuil process is reaching only couple of ppp 
[26]. The same low level of hydrogen concentration was 
reported in naturally formed corundum crystals [27]. Tra-
ditionally hydrogen concentration in transparent materials 
is measured using method of IR absorption [28]. 

We measured hydrogen concentration in studied sam-
ples using methods of IR absorption [26] together with 
method of NMR. Our measurements using method of IR 
absorption have shown similar results reported previously -
hydrogen concentration reaching up to 10-15 ppm. On the 
other hand, NMR measurements have shown that hydrogen 
concentration in Vernuil starting material and sapphire 
crystals grown using Vernuil starting material is reaching 
thousands of ppm. NMR method is a direct method to 
measure quantity of hydrogen protons regardless of the po-
sition that hydrogen atom can occupy in aluminium oxide 
lattice. In contrary, IR absorption method can be consid-

ered as indirect method to measure hydrogen content. 
Probably for aluminium oxide (sapphire) IR absorption 
method is an inappropriate method to determine real hy-
drogen concentration and more reliable results are obtained 
using NMR method or any other direct methods. 

Emerging Material Technologies, Inc (EMT) has de-
veloped and patented a method for the preparation of raw 
material in which alumina powder is going through plasma 
(temperature of which can achieve above 10000 oC) with 
the following crystallization. In this process, no hydrogen 
is used and the traces of water that might come from the 
starting aluminum oxide powder are simply vaporized to-
gether with other impurities.  

Hydrogen concentration measured by NMR on 
HPDAR starting material and crystal grown using HPDAR 
starting material is very low and in order of magnitude 
lower than hydrogen concentration for sapphire crystals 
grown by the same methods but with Vernuil starting ma-
terials (Table 2). There is definite correlation between con-
centration of hydrogen and TRI (Table 2), but unfortu-
nately the nature of the main component of which, RWB 
luminescence, is not clear yet. 

 
5 Conclusions Photoluminescence properties of 

sapphire samples grown utilizing standard starting materi-
als such as prepared by Vernuil method and sapphire 
grown with High Purity Densified Alumina (HPDAR) were 
compared. 

Red photoluminescence of un-doped sapphire is a su-
perposition of  both narrow line (R – lines) peaked near 
694 nm that caused by radiation transition 2E → 4A2 in 
chromium ions Cr3+ those replace Al3+  ions of sapphire 
matrix and wide band luminescence in the region 600-850 
nm. The origin of the red wide band luminescence is not 
established yet. 

Crystals grown using Vernuil starting material exhib-
ited significant photoluminescence in the region from 550 
nm up to 850 nm when samples are illuminated by blue or 
green lasers. In contrary, very low photoluminescence ex-
isted in sapphire samples grown by the same technologies 
but wherein starting material is EMT HPDAR. 

Hydrogen concentration in Vernuil starting materials 
and sapphire crystals grown Vernuil starting material is 
very high reaching thousands of ppm. Hydrogen concen-
tration in HPDAR and crystals grown using HPDAR start-
ing material is lower in order of magnitude. There is direct 
correlation between hydrogen concentration and intensity 
of wide band luminescence but the nature of which is not 
clear yet. 
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