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High-performance single crystalline materials

Kunihiro Naoe1

Single crystalline materials are special materials whose properties are often emphasized in 
comparison with those of their polycrystalline materials. They are used in such wide fields as 
electronic devices, light emittinag elements, optical elements, energy conversion elements, and 
so on. We are developing single crystalline materials for compound semiconductors and high 
efficiency optics to realize the next-generation high-performance key devices in the industries.

1. Introduction
A single crystal has the uniform orientation in the 

whole body and no grain boundary. The constituent 
atoms or molecules are spatially aligned with periodic-
ity and any portion of the crystal behaves in the same 
way. In contrast, a polycrystalline material has many 
grain boundaries in the body and every portion has a 
different crystalline orientation. Although it generally 
takes more time to grow a single crystal than a poly-
crystalline material, the single crystal shows genuine 
properties of the crystalline structure. 

While some single crystals are famous as jewelry 
such as ruby, sapphire, emerald and diamond, the em-
phasized characteristics of the single crystal, which is 
superior to that of its polycrystalline structure, are uti-
lized in a variety of products.  Typical products are 
semiconductors in electronics, light emitting devices 
in optics, energy converters in optics, acoustics, me-
chanics and so. Among the single crystals the silicon 
single crystals have a long history since the industrial-
ization, and today, they are indispensable for electron-
ics which is based on ICs and LSIs. Recently, an enor-
mous number of silicon single crystal wafers are used 
for solar cells, too. However, the silicon single crystal 
has reached the functional limit in some applications 
which require higher performance or function beyond 
physics. This paper describes Fujikura’s research and 
development of the single crystal materials which have 
unique characteristics indispensable to the future in-
dustries.

2. Single crystalline materials

2.1  Wide gap semiconducting materials

(The word “wide gap” is also written as “wide band 
gap” which is an energy range in a solid where no elec-
tron states can exist.)

Transistors play the role of amplification or switch-
ing, and they are the major semiconductor devices 

used in broad areas of electronics. Although a variety 
of semiconductor devices such as FETs and IGBTs 
have been developed so far, the society still requires 
the devices of higher performances, such as higher-
speed operation, higher withstand voltage and current, 
and lower loss. Although silicon single crystals have 
been applied to those high-performance devices, there 
is a theoretical limit to advance the performance. Re-
cent progress of compound semiconductors have 
opened a window to practical wide gap semiconduc-
tors whose band gaps are more than two times as large 
as that of silicon. The physical properties of various 
semiconductor materials are shown in Table 1. 1), 2), 3)

In Table 1, SiC, GaN, Diamond and AlN are wide 
gap semiconductors. AlN particularly has the widest 
band gap of these materials, therefore, its electric 
breakdown field intensity is expected to be the high-
est, and also the “on-resistance” in switching is expect-
ed to be the lowest. AlN is expected as a superior semi-
conductor whose characteristics are not realized by 
silicon.

When we manufacture a light emitting device made 
of the semiconductors discussed here, a luminescent 
color of an LED, for example, changes from infrared, 
red, green, blue, and to ultraviolet as the band gap be-
comes wider. Although the GaN single crystal as a 
blue luminescent material was already brought into 
the limelight, the researchers have paid attention to 
the next-generation optical semiconductor materials 

Material AlN Si GaAs 4H-SiC GaN Diamond

Band gap/eV 6.282) 1.12 1.43 3.26 3.39 5.47

Electron mobility/
cm2 V-1 s-1 1100 1350 8500 720a/650c 900 1900

Breakdown strength/
106 V cm-1 11.7 0.3 4 2 3.3 5.6

Thermal conductivity/
W cm-1 K-1 3.43) 1.5 0.5 4.5 1.3 20

Band type D I D I D I

a : a-axis, c : c-axis
D : Direct, I : Indirect

Table 1. Physical properties of important semiconductors.
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with a bigger band gap which emits ultraviolet light. 
The ultraviolet source has promising applications such 
as a light source for ultra-fine lithography, a steriliza-
tion device, and a medical care device. As shown in 
Table 1, since an AlN single crystal has a wide band 
gap and a band structure of direct-transition, it is the 
most promising candidate for an ultraviolet emitting 
device. At present, however, there is no suitable AlN 
substrate in the market for practical use in device man-
ufacturing. We have been developing AlN bulk single 
crystals grown by the sublimation method by the joint 
research with the National Institute of Advanced In-
dustrial Science and Technology (AIST). Recently, we 
have succeeded in growth of large-size and high-quali-
ty AlN single crystals. The result is introduced in the 
following.

2.2   High-performance optical single crystalline mate-
rials

A single crystal, such as Nd:YAG, Nd:YVO4, and 
Ti:Al2O3, is used as a laser medium. Since the emer-
gence of the laser, various new industries utilizing op-
tical technology have developed.  Corresponding to 
the progress of optics and photonics, various function-
al single crystals have been invented to modify a laser 
light and put into practical use. The optical single crys-
tals have been applied to wavelength conversion, po-
larization control, modulation, switching, calculation, 
phase conjugating, beam displacement, focusing, ex-
panding and others. 

For the past ten years Fujikura has been focusing on 
fiber lasers as a product derived from the optical fiber 
technology.  The fiber laser requires a high-perfor-
mance optical isolator which protects the laser oscilla-
tor. Recently we have succeeded in growth of a garnet 
single crystal suitable for an optical isolator used for a 
high power laser or a short wavelength laser. The in-
vented single crystal is composed of Tb, Sc, Lu and Al, 
and has a large Faraday rotation angle and a high trans-
mittance. This is an achievement of the collaboration 
with National Institute for Materials Science(NIMS).

3.  Product introduction

3.1  AlN bulk single crystal

Since AlN has a very high nitrogen dissociation 
pressure when heated at the atmospheric pressure, it 
will be easily sublimated and decomposed in stead of 
being melt. So, we have been studying the sublima-
tion-recondensation method for the single crystal 
growth using a seed. The method is called Modified 
Lely method. In this method, AlN vapor sublimated 
from a source material is transported to a seed crystal 
which is placed at lower temperature than the source 
material, and the supersaturated vapor is recondensed 
as a newly grown crystal in a closed system. Fig. 1 

shows a large-sized and high-quality AlN single crystal 
grown on an SiC seed crystal which is attached in a 
crucible as a closed system.

The AlN single crystal was 43 mm in diameter and 
10 mm in thickness. A portion containing SiC was cut 
out from the single crystal, and the etch pits on the 
polished surface were observed by etching. The re-
sults are shown in Fig. 2.

The etch pit density (EPD) of a sample collected 
from the AlN/SiC interface is 4 ¥ 106 cm-2. 

On the other hand, a sample picked out from a por-
tion distant from the AlN/SiC interface shows a low 
EPD, 7 ¥ 104 cm-2. The strain due to misfit is eased 
and dislocation density tends to decrease as the dis-
tance from an AlN/SiC interface becomes large.

High-speed growth by homoepitaxial growth on an 
AlN seed crystal at high temperature was tried using 
the same equipment. 5)6) The appearance of the ob-
tained single crystal and the surface of the sample af-
ter etching are shown in Fig. 3.

The crystal grown by homoepitaxial method shows 
the lowest dislocation density of 1.2 ¥ 104 cm-2, and 
the data indicates great improvement of crystalline 
quality and also indicates possibility of crystal growth 
of large-sized and high-quality bulk AlN with a high 

Diameter 43 mm, thickness 10 mm

Fig. 1. AlN bulk single crystal.

(a) An AlN single crystal grown on an AlN seed

(a) (b)

(b) Surface after etching by molten alkali

Fig. 3. AlN single crystal by homoepitaxial growth and the 
etched surface.

(a) Near interface of AlN/SiC  (b) Near top of crystal

Fig. 2. AlN (0001) surfaces after etching by molten alkaline.
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growth rate. We continue improving the technology to 
offer the high quality AlN single crystals which will 
support the advanced technologies in electronic and 
photonics.

3.2   High performance single crystal for optical isola-
tor

An optical isolator is an important device to stabilize 
and protect a laser oscillator. So far, a thin film of mag-
netic garnet single crystal including Fe has been main-
ly used as a Faraday rotator. However, the transmit-
tance of the thin film crystal is not sufficient at the 
wavelength of 1 μm that is often used for the fiber la-
ser. Actually, Tb3Ga5O12(TGG) single crystal is still 
used for an isolator at the wavelength, though TGG 
indicates a moderate transmittance and insufficient 
Faraday rotation angle in a wavelength range from vis-
ible to near infrared. TGG has a problem such that it is 
not easy to grow the crystal due to evaporation of gal-
lium oxide and eventually the process is costly.

To solve the above problem, we have tried to grow a 
Tb3Al5O12(TAG) single crystal which is supposed to 

have high transmittance and a large Faraday rotation 
angle. In the experiments, it was not easy to prepare a 
large crystal because of incongruent composition. 
From a viewpoint of a cationic size, it was very difficult 
to keep the stable Garnet structure of TAG because of 
unbalance of ions with a different radius. To solved the 
problem, we optimized a balance of the ion radii by 
substituting of Al with Sc or Lu, and eventually suc-
ceeded in the growth of Tb3Sc2 - xLuxAl3O12(TSLAG) 
single crystal. The grown TSLAG crystal has a diame-
ter of 1 inch and no crack as shown in Fig. 4.

As shown in Fig. 5, the transmittance of TSLAG is 
higher than that of TGG crystal in the range of the 
measured wavelength. Particularly, the transmittance 
is high at the wavelength of 400 – 800 nm around the 
visible region. Also, the Faraday rotation angle of 
TSLAG is 1.3 times of that of TGG for the same mag-
netic field. We believe that the characteristics are best 
in the world. Today, we are still improving the process 
to prepare the longer and thicker single crystal.

4. Conclusion
This report has introduced two single crystals, AlN 

and TSLAG. Each has a unique feature to improve or 
to change the existing technology, one for semicon-
ductor in electronics and the other for optical compo-
nent in optics. We continue developing other crystal-
line materials which will contribute to the society as a 
key element of technology.
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Fig. 5(b). Relative Faraday rotation angle of TSLAG and TGG.
(The data for TGG is fixed to unity.)
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Fig. 5(a). Transmittance spectrum of 
TSLAG and TGG.

Fig. 4. TSLAG single crystal.


