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A review of B-Ga,0; single crystal defects, their effects on device
performance and their formation mechanism
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Abstract: As a wide-bandgap semiconductor (WBG), 3-Ga,0; is expected to be applied to power electronics and solar blind UV
photodetectors. In this review, defects in 3-Ga,0; single crystals were summarized, including dislocations, voids, twin, and small
defects. Their effects on device performance were discussed. Dislocations and their surrounding regions can act as paths for the
leakage current of SBD in single crystals. However, not all voids lead to leakage current. There’s no strong evidence yet to show
small defects affect the electrical properties. Doping impurity was definitely irrelated to the leakage current. Finally, the forma-
tion mechanism of the defects was analyzed. Most small defects were induced by mechanical damages. The screw dislocation ori-
ginated from a subgrain boundary. The edge dislocation lying on a plane slightly tilted towards the (102) plane, the (101) being
the possible slip plane. The voids defects like hollow nanopipes, PNPs, NSGs and line-shaped grooves may be caused by the con-
densation of excess oxygen vacancies, penetration of tiny bubbles or local meltback. The nucleation of twin lamellae occurred at
the initial stage of “shoulder part” during the crystal growth. These results are helpful in controlling the occurrence of crystal de-
fects and improving the device performance.
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1. Introduction growth techniques have been used to grow bulk 3-Ga,0;
. single crystals successfully, such as Verneuil®-8, Optical Float-
Recently, f-Ga,0; has attracted great attention as an ul- ing Zone (OFZ)®-1, Vertical Bridgman (VB)/Vertical Gradient

tra wide band-gap oxide semiconductor for future power and Freeze (VGF)'2 13, Edge-Defined Film-Fed Growth (EFG)l1+-17]
photc?detec‘For.d.evices. In. order to achie:-ve h.igh-p.e'rformance and the Czochralski methods!18-23], The fluxi?* 25! and gas
and high-reliability of semiconductor devices, itis critical to cc.)n- phasel26. 271 methods have also been applied to the growth of
trol crystal d.efects because those dgfects could have negative B-Ga,05. However, the obtained crystal size is too small for ap-
and damaging effects on the device Performance. In some plications, so these methods are not considered here. Simil-
cases, those crystal defects can even bring about leakage cur- arly, the Verneuil method is also not introduced in this review

rent an'd Igwer bre.ak.down vgltage, such ast m|crop|pgs ob- considering the imperfect 3-Ga,03 crystal quality and inad-
served in SiC. Thus, it is essential to characterize defects in the . g
equate crystal size (only 10 mm in diameter).

crystal and understand their formation mechanism.

The crystal structure of 3-Ga,0Os is shown in Fig. 1. 3-Ga,03
is the most thermodynamically stable one in terms of the six
different phases of the q, 3, y, 6, & and ¢ phases!'l. 8-Ga,0;
belongs to monoclinic system with lattice constants of a =
1.223 nm, b = 0.304 nm, and ¢ = 0.580 nm, and the angle
between the a-and c-axesis $=103.7°(2. There exist two inequi-
valent Ga sites and three inequivalent O sites, denoted by
Ga(l), Ga(ll), O(l), O(ll), and O(lll) atoms, respectively. Ga(l) c=0.580 nm
atoms form slightly distorted tetrahedral bonds with 4 O ions,
and Ga(ll) atoms form a highly distorted cubic close packing ar-
rangement with 6 neighboring O ions. O(l) and O(ll) are 3-fold-
coordinated, whereas O(lll) is 4-fold-coordinated at the corner
of three octahedra and one tetrahedron[3-5],

The melting point of Ga,0j5 is approximately 1800 °C39l, In

a=1223nm

order to obtain large size crystal combined with high structur- a
al quality, melt growth methods are the most suitable, espe- \Q/v
. . . . B ,c
cially when they are used for industrial production. A few melt
b
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Fig. 2. (Color online) Bulk 3-Ga,0s crystals obtained by the following melt methods: (a) EFG, (b) VB, (c) Czochralski, and (d) OFZ. Copyright 2017
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Fig. 3. (Color online) Theoretical limits of on-resistance versus break-
down voltage in unipolar power devices for 8-Ga,0; and other major
semiconductors. Copyright 2014 Physical Status Solidil29l.

Fig. 2 showed the examples of bulk -Ga,05 single crys-
tals obtained by melt growth methods: (a) EFG, (b) VB, (c) Czo-
chralski and (d) OFZ. The EFG method employs a die or a
shaper that is placed in a metal crucible. The melt is transpor-
ted from the crucible to a shaped top surface of the die by a nar-
row slit or channel due to capillary forces. The growth direc-
tion is always along the [010] crystallographic direction, which
is paralleled to both cleavage planes (100) and (001).
Presently, the EFG method is able to fabricate substrate of 2"
(commercialized), 4" (demonstrated), and possible 6” (underre-
search & development) as shown in Fig. 2(a). The VB method
utilizing a Pt-Rh (70%-30%) alloy crucible to grow [-Ga,0;
single crystal is in development, which is favorable for high oxy-
gen concentration. The crystal of 25 mm in diameter is grown
in air without a crystal seed as shown in Fig. 2(b). As for the crys-
tal growth by Czochralski method, crystal spiral growth turns
out to be the main challenge. However, the novel approach
with a CO,-containing growth atmosphere providing oxygen
partial pressures, allows to obtain 2”in diameter crystals as
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Fig. 4. Cross-sectional TEM image of a dislocation viewed from [102].
Copyright 2015 Jpn J Appl Phys[38],

shown in Fig. 2(c). The OFZ method is a crucible-free tech-
nique. The main advantage of this method is the possibility of
using highly oxidizing atmosphere to suppress the volatiliza-
tion of B-Ga,0s. Crystals with 1 in. diameter have been repor-
ted as shown in Fig. 2(d).

B-Ga,03 has attracted much interest as a substrate to
grow GaN heteroepitaxy for efficient high-brightness vertic-
ally-structured LEDs due to its good conductivity and nice trans-
parencyB3% 311, In addition, its most potential application fields
are solar-blind UV photodetectors and high power devices. Be-
cause of its ultra wide band gap, 4.9 eV, 3-Ga,0s is highly trans-
parent from the visible to the deep UV region and has an ex-
tremely high theoretical breakdown electric field (E,) of
8 MV/cmB2, The potential advantage of $-Ga,0; is well de-
scribed by the Baliga's figure of merit (BFOM) which indicates
its basic suitability as a semiconductor material for high power
applications!?. B-Ga,O; has a BFOM about 3000, 10 and 4
times higher than that of Si, SiC and GaN, respectively. This res-
ultis graphically depicted in Fig. 3, which showed the theoretic-
al limits of the on-resistance as a function of breakdown
voltage for the most studied semiconductors. Due to a much
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Fig. 5. (Color online) (a) Optical micrograph of surface of (201) plane after etching. (b) Enlarged image of the etch pits. An XTEM sample is indic-

ated by a white line. Copyright 2016 Jpn J Appl Phys391,
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Fig. 6. Cross-sectional TEM image of a hollow nanopipes defect
viewed from [102]. Copyright 2015 Jpn J Appl Phys(38],

higher BFOM, (-Ga,0; is predicted to outperform SiC and
GaN, meanwhile exceeds the physical limits of Si for power
switching applicationsB33l, Despite of the relatively low elec-
tron mobility limited to 200 cm2V-'s~" by calculation4, the
drastic reduction of the distance between gate and drain will al-
low the fabrication of high efficient semiconductor switches.
Furthermore, compared with SiC and GaNB%), 8-Ga,0; has a rel-
atively low thermal conductivity. Therefore, the development
of thermally stable metal contacts and passivation layers
would make up for this disadvantage and allow (-Ga,0s-
based power electronics to operate under comparatively high
temperature.

In this review, we summarize all kinds of defects observed
in 3-Ga,0s; single crystal recently. Subsequently, the effects of
defects on device performance and their formation mechan-
ism are summarized and analyzed in detail, which will provide
a basis reference for device performance improvement in the
future.

2. Four types of defects in f-Ga,O; single crystal

2.1. Dislocations

The dislocations can be divided into two types, screw dislo-
cation and edge dislocation. Nakai et al. found out the screw dis-
locations on the (010) planel38), as shown in Fig. 4. The disloca-
tion under etch pit was almost paralleled to [010]. The etch
pits of dislocation were approximately 2um in length and
106-107 cm~2 in density. Most of etch pits align in rows along
[100] and [102]. According to the g- b invisibility criterion#2,
the Burgers vector of dislocations were determined to parallel
to [010]. Therefore, the dislocation was defined as screw disloca-
tion because the Burgers vector and dislocation were both par-

alleled to [010] direction.

Ueda et al. reported the edge dislocation on the (201) pl-
aneB9, as shown in Fig. 5. The etch pits of edge dislocation mo-
stly lied in a row along the [010] direction as shown in Fig. 5(a).
The estimated etch pit density was 10 cm=2. The distance
between the etch pits varied in the range 20-100 um. Apart
from these pits, isolated etch pits were also observed as
shown in Fig. 5(b). The result suggested that the etch pit was
four-faceted with a core inside, the surface being rectangular
in shape. Its long axis was in the [102] direction. The core of
the etch pit was slightly off-centered. According to g - b invisibil-
ity criterion similar to the determination of screw dislocation,
it can be clearly indicated that the defect under the etch pit
was an edge dislocation because the Burgers vector was per-
pendicular to dislocation direction.

2.2. Voids

The voids defect has some volume, and thus can be ob-
served on different crystal planes, including hollow nanopi-
pest38, platelike nanopipes (PNPs)B3%, nanometer-sized groo-
ves (NSGs)“% and line-shaped grooves*4. Nanopipes were hol-
low characterized by electron diffraction patterns and EDS. Its
size was 0.1 um in diameter and at least 15 um in length elong-
ated along [010] because the bottom end of the defect was
not located in the TEM sample, as shown in Fig. 6. No strain
field was found around them. The etch pits distribution of hol-
low nanopipes showed no significant orientation, with a dens-
ity of 102cm~2.

A very narrow groovel39! goes deep into the crystal, thus,
the defect is called platelike nanopie on the (010) plane as
shown in Fig. 7(a) which is different from hollow nanopipe in
Fig. 6. The etch pits of PNPs was along the (010) plane and paral-
lelogram-shaped. The PNPs was hollow, too. In addition, Nano-
meter-sized grooves also were found on the (010) planelo.
The NSGs length ranged from 50-1200 nm in the [001] direc-
tion, and the width of most grooves was approximately 40 nm
in the [100] direction as shown in Fig. 7(b). The main sidewalls
in the grooves were (100) and (001) because they were both
thermodynamically stable planes. These NSGs tended to be gen-
erated alongthe[001] direction. AllNSGs should terminate with-
in crystal because the grooves disappeared gradually with the
etching time. The depth was estimated to be roughly 30 nm.
The NSGs were different from micropipes found in SiC
crystalB7.411 that penetrate the whole crystal.

Numerous line-shaped grooves*l extended along the
[010] direction and broadened along the [100] direction on
the (001) plane as shown in Fig. 8. Such line-shaped defects exis-
ted not only on the etched surface but also inside the crystal,
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Fig. 7. (a) A cross-sectional FIB-SIM image of an PNPs defects. Copyright 2016 Jpn J Appl PhysB39. (b) SEM image of three NSGs in an array along

the [001] direction. Copyright 2016 Jpn J Appl Phys40L
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Fig. 8. (Color online) DICM images showing line-shaped voids ex-
posed on the surface etching for (a) 5 min and (b) 25 min. (c) Length his-
togram of the 625 line-shaped voids observed on the 5-min etched sur-
face. Copyright 2017 Jpn J Appl Phys®4.,

and can be regarded as voids because these defects had some
volume. The etched line-shaped grooves density near the sur-
face was approximately 3 x 102 cm=2. The length of the
grooves along [010] varied from 10-400 um. In addition, a
line-shaped etch pattern was also found on the (201) plane by
Kasu et all*3l. The defect was the same as those observed by Kur-
amata et al.[*6l,

2.3. Twin

A large number of defects were reported on (010), (001),
and (201) crystal planes. In contrast, the defects reported on
(100) is very rare. Galazka et al. even considered the (100)
plane as almost dislocation-free plane because the disloca-
tions were all parallel to the (100) cleavage plane and did not
lead to etch pits on (100) surface at all*l, However, an import-
ant defect, twin, was observed on the (100) planel9. The

shapes of the etch pits corresponding to the defects of PNPs
on both sides of the dotted line had mirror symmetry. The
plane corresponding to the dotted line was a (100) twin bound-
ary also shown in Fig. 9(a). A schematic diagram of the atomic
structure of the twin lamellae is shown in Fig. 9(b).

2.4. Small defects

Apart from the mentioned defects above, small defects
were also found. However, the small defects exist in the shape
of different types of etch pits, including arrow-shaped etch
piti** 43 and gourd-shaped etch pit>l. The arrow’s head faced
toward the [102] direction. Some of the etch pits tended to
form an array toward the [010] direction. Fig. 10 showed an
AFM image of the arrow-shaped etch pit. The average density
was 7 X 10 cm=2. The depth of the etch pit was approxim-
ately 600 nm. The origin of the arrow-shaped etch pit was pre-
dicted to be from a dislocation.

Fig. 11 showed the AFM image of a gourd-shaped etch
pit. The point head faced toward the [102] direction. The aver-
age density was 9 X 10* cm~2 The depth of the gourd-shaped
etch pit was 25 nm, which was much less than that of the ar-
row-shaped etch pit (600 nm). Thus, the gourd-shaped etch
pit tended to be shallower than the arrow-shaped etch pit.
Some gourd-shaped etch pits also tended to form an array
along the [010] direction. The origin of the gourd-shaped etch
pit should be a dislocation similar to the arrow-shaped etch
pit.

Furthermore, Hanada et al™3! pointed out that etch pits
of various shapes were observed on (010) plane and divided in-
to types A-G according to the shape of etch pits as shown in
Figs. 12 and 13. The type-A etch pit became type-B etch pit
after etching for 10 min, and subsequently became the type-C
etch pit after further etching for 10 min. Finally, the type-C
etch pit changed to type-D after etching for 20 more min. There-
fore, it could be concluded that type A, B, C, and D originate
from void-type crystal defects. The type-G void defect could be-
come type-A etch pit after etching as shown in Fig. 13. Thus,
the void defects must change in shape similar to type-
G—A—B—C—D etch pits by etching. In addition, the size of
the type-E and type-F etch pitincreased after etching, neverthe-
less, the shape remained unchanged. This suggested that the
type-E and type-F etch pit contained a dislocation as its core in
the depth direction.

B Fu et al.: A review of B-Ga,03 single crystal defects, their effects on device performance and ......



(a)
(100)
Twin boundary
[201] [001]
[102k—
(010114 gy

Specimert
for XTEM
'.‘l-..‘ s
Eﬁ?? ,u.‘ 2k

60 um

Journal of Semiconductors doi: 10.1088/1674-4926/40/1/011804 5

(b)
[001]

fl’
é‘“1-1;100 R
[010] 1100

! ,!-.-

RER,
% Mg

+8, e
&- .ﬁ

g s

a._b
&3
- —
k?a L:“L:.‘ﬁ.‘j

RES,
‘T

=
‘o
P
¢
% O

Twin boundary  Twin boundary
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Fig. 11. (Color online) AFM image of a gourd-shaped etch pit. Copyright 2017 Jpn J Appl Phys45,

2.5. Defects summary

Table 1 covers all types of defects, except small defects [dis-
cussed in 3.2], observed on different -Ga,Oj; crystal planes. Ac-
tually, in terms of defects features, these defects can be classi-
fied into three types: (1) dislocation (edge dislocation and
screw dislocation), (2) defects that originated from voids (hol-
low nanopipes, PNPs, NSGs, line-shaped grooves), (3) twin. The

B Fu et al.: A review of B-Ga,03 single crystal defects, their effects on device performance and

Burgers vector of edge and screw dislocation observed on
(201) and (010) respectively are both paralleled to [010] direc-
tion. However, the distribution direction of etch pits and the dis-
location extending direction are completely different. In addi-
tion, it is found that the extending direction of void defects are
all paralleled to the [010] direction. The etch pits distribution
of PNPs and NSGs observed on (010) lie in rows along [100]
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Fig. 12. SEM images of six etch pits of different shapes (Types A, B, C, D, E, and F) according to shapes of the etch pits on 3-Ga,03 (010) single

crystal surface. Copyright 2016 Jpn J Appl Phys.43!
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Fig. 13. SEM images of the same pit at the same position on the same -Ga,05 (010) single crystal surface etched for the etching times of 0, 2, 4,

and 10 min. Copyright 2016 Jpn J Appl Phys[#3,

Table 1. All kinds of defects observed on different 3-Ga,Oj crystal plane.

Parameter  Edge dislocation Screw dislocation Twin  Hollow nanopipes PNPs  NSGs Line-shaped grooves
Clrystal (201) (010) (010) (010) (010)  (010)  (201)(001)
plane

Crystal //1010] //[1001//[102] No direction //[100] //[001] No direction
direction

Dislocation  Not exactly normal to (201) but ~ //1010]

direction slightly tilting to [102]

Burgers //1010] //1010]

vector

Twin plane (100)

Void //1010] //[010] //[010] //[010]
direction

and [001] direction, respectively. Furthermore, the etch pits dis-
tribution of hollow nanopipes and line-shaped grooves ob-
served on (010) and (201), (001) respectively do not show signi-
ficant direction. The twin crystal found on (010) is the (100) crys-
tal plane.

3. Effects of the defects on device performance
and their formation mechanism

3.1. Effects of the defects on device performance
In this section, four types of defects have been found in -

B Fu et al.: A review of B-Ga,03 single crystal defects, their effects on device performance and ......
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Fig. 14. (Color online) (a) Distributions of number of dislocations and reverse leakage current (/) in SBD. (b) Distributions of number of disloca-
tions and forward leakage current () in SBDs. (c) Distributions of number of voids and reverse leakage current (/) in SBDs. (d) Distributions of
number of voids and forward leakage current () in SBDs. Copyright 2016 Jpn J Appl Phys!48l,

Ga,03, and their effects on device performance are to be sum-
marized. The effects on device performances caused by disloca-
tion and void have been discussed by Kasu et al8 Fig. 14(a)
showed the relationship between the number of dislocations
and the reverse leakage current (f) in SBD. In this figure, the re-
verse leakage current at —15 V was represented by the colors
of the circles. The black, yellow, and red circles indicated low, in-
termediate, and high reverse leakage currents (f), respect-
ively. They found that in the rich dislocation region at the up-
per center to the middle right of the sample, the reverse leak-
age current () was high, which suggested that there was a
strong relationship between the number of dislocations and
the reverse leakage current. Dislocations were considered to
run mainly along the [010] direction. Dislocation defects and
their surroundings through the whole sample were regarded
to act as a path of leakage current. Fig. 14(b) showed the rela-
tionship between the number of dislocations and the forward
leakage current (/). In this figure, the forward leakage current
was defined to be a current at a bias of 0.4 V. The forward leak-
age current (f) distribution seemed similar to the reverse leak-
age current (fg) distribution.

Fig. 14(c) showed the relationship between the number of
void etch pits and the reverse leakage current (). The num-
ber of voids was represented by the diameter of the circle. The
black, yellow, and red circles represented low, intermediate,
and high reverse leakage currents (fg), respectively. The SBDs
in the lower left-hand region showed a large number of voids
and a high leakage current. Therefore, the void defects in this re-

gion produced a leakage current.

In addition, on the right-hand side, SBDs with large num-
ber of dislocations showed a low reverse leakage current
(black circles) in the Fig. 14(c). The void defects in this region,
however, did not produce leakage current. Therefore, it
seemed that not all void-type defects produce a leakage cur-
rent. At present, it can be confirmed that voids were termin-
ated within the crystall#% 431, Thus, some voids may become cur-
rent paths between the (010) surface and the (010) back face,
but others may not. Fig. 14(d) showed the relationship
between the number of voids and the forward leakage cur-
rent. The forward leakage current showed a similar distribu-
tion to the reverse leakage current.

It is common knowledge that dislocation only terminates
on crystal surface or boundary. In other words, once the disloca-
tion is formed, it goes through the whole crystal plate easily.
Subsequently, dislocation and the surrounding regions will act
as paths for the leakage current of SBD in single crystal.
However, not all voids produce leakage current. It not only de-
pends on the orientation relationship between the extending
direction of the void and the crystal plane, but also on the
length of the void. The line-shaped grooves observed on the
(001) and (201) did not alter the electrical properties because
they rarely appeared on the surface and extended along [010]
direction, which were paralleled to the substrate plane. On the
other hand, some voids observed on (010) caused the leakage
current because they were long enough to run through the
whole crystal plate and form a leakage current path from the
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Fig. 15. (a) Relationship between the reverse leakage current and the
number of arrow-shaped etch pits in SBD. (b) Relationship between
the reverse leakage current and the number of gourd-shaped etch
pits in SBD. The area of each SBD (S) is 1 x 10-3 cm2. Copyright 2017
Jpn J Appl Phys[45],

(010) surface to the (010) back surface. That helped to under-
stand why the etch pit density on the (201) surface was higher
than that on the (010) surface, but the number of SBDs with
high leakage current on the (201) surface was much lower
than that on the (010) surface.

Apart from the defects of dislocation and void, it was not
confirmed whether arrow-shaped etch pits*! observed on the
(201) and (001) surface affected the electrical properties or not
by using the etch-pitting method, as shown in Fig. 15(a). Simil-
arly, there was no obvious relationship between the reverse
leakage current and gourd-shaped etch pit density®5! on the
(201) surface as shown in Fig. 15(b). In addition, doping impur-
ity was not related to the leakage current#4l,

In addition to the reported effects of dislocation on the leak-
age current for power device above, the dislocation in 3-Ga,03
single crystal may have other impacts on the electrical proper-
ties. The dislocation may generate a large number of electric-
ally active centers due to the uncoordinated atoms in the dislo-
cation core, which can lead to the formation of new energy
levels in the band gap. In addition, the dislocation may also
change parameters related to carriers, such as carrier lifetime
and mobility, because it can become the capture center of carri-
ersl49, 501

The effects of twin on electrical properties have not been re-
ported up to now. However, the optical and electrical proper-
ties of 3-Ga, 05 single crystal, such as photoabsorption and carri-
er characteristics, may change due to the existence of twin[>'l,

3.2. The formation mechanism of defects

It is of great importance to improve the quality of crystals
by clarifying the formation mechanism of the defects, in order
that they may provide adequate support for device perform-
ance. In Section 2.5, the defects observed in 3-Ga,0; crystal

(201)

Screw ‘\,_i\,_‘:\ e T
dislocation —— -
,—;" " |

| e ;l |

[102] | [ "

A | |

T | [ |

Fig. 16. Schematic of a subgrain boundary. Copyright 2015 Jpn J Appl
Phys38l,

were divided into three types: dislocation, void and twin.
However, the small defects, including the arrow-shaped and
gourd-shaped etch pits, were not regarded as intrinsic defects.
It is well known that the crystal plate must be polished before
etching. Presently, chemical mechanic polishing (CMP) is very
popular with wafer manufacture because it can cause little pol-
ishing scratch and mechanical damage compared with com-
mon mechanical polish. However, CMP also causes unintention-
al damage to wafers. Most small defects areinduced by mechan-
ical damages!*4l. Therefore, they are not defined as the native
defects in 3-Ga,0; single crystal.

The dislocation can be induced by many conditions when
growing bulk single crystal. The common case is that the dislo-
cations existing in crystals are caused by the extension of de-
fect from the seed to the grown crystal. In most cases, that can
be eliminated by the technology of “neck”>> 561, The disloca-
tions can also be induced easily at the “seed” stage because of
the thermal shock, which can be overcome and improved by ex-
tending the meltback distance of the seed®’l. In addition, crys-
talline interface morphology!®8], stress>, component segrega-
tion[®9 and inclusion® can also lead to the occurence of dislo-
cations. As for dislocations in 3-Ga,O; crystal, Nakai et al.38] car-
ried out a more detailed analysis. They interpreted that screw
dislocations aligning along [102] form a subgrain boundary, as
shown in Fig. 16. The subgrain boundary was a twist bound-
ary with a rotation axis perpendicular to the boundary plane
(201). The rotation angle 8 can be estimated from the follow-
ing equation(>3:

6=>b/D,

where b was the magnitude of the Burgers vector and D was
the spacing between dislocations. So far, they have no TEM
results of the dislocations under etch pits aligning along [100].
However, the shape of the etch pits was similar to that align-
ing along [102]. Therefore, they supposed that the defects un-
der etch pits aligning along [100] were also screw dislocations.
Edge dislocations lying on a plane slightly tilted towards
the (102) plane, with a possible slip plane being the (101)
plane, which has also been reported by Yamaguchi et al52.,
Since the generation mechanism of edge dislocations has not
yet been proved, further researches are necessary to prove.
Indeed, both PNPs and NSGs can be classified as hollow
nanopipes. These hollow nanopipes have no surrounding
strain field, therefore, the formation mechanism of them are dif-
ferent from the defects of micropipe observed in SiC. The mi-
cropipe is known to be hollow with a diameter of 2-3 umB7],
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The formation mechanism is that a screw dislocation with a Bur-
gers vector larger than a critical value of the order of 1.0 nm
magnitude produces a hollow pipe in the core to reduce the
strain energy around the dislocationl>4, Therefore, the mi-
cropipe has a large strain field that can be detected by X-ray to-
pography. However, the nanopipe in 8-Ga,0; has no surround-
ing strain field, which suggests that the hollow nanopipe forma-
tion is not caused by a screw dislocation with a large Burgers
vector. As is mentioned in Section 2.5 above, hollow nanop-
ipes, PNPs, NSGs and line-shaped grooves were all originated
from voids. Regarding the generation mechanisms for voids,
Ueda et al. proposed the following conditions[39%:

(1) The condensation of excess oxygen vacancies in the
grown crystal generates multiple vacancy-type stacking faults
on the crystal plane and finally forms voids.

(2) The voids are formed by the penetration of tiny
bubbles at the liquid-solid interface into grain boundaries.

(3) The voids are formed by local meltback at some
grown-in defects such as screw-type dislocations during
growth.

Up to now, numerous experiments and tests are being
done in order to clarify the generation mechanism of voids,
but no conclusion has been drawn.

Referring to the crystal growth methods related to CZ,
twins are typical defects that often generate in the early stage,
namely, the shoulder part of the bulk crystals. It is also well
known that twins are assumed to be generated by strain relaxa-
tion during the crystal growth, and they can be suppressed by
adjusting the growth conditions. Twins are originated com-
monly from the TPB point (intersection of liquid-solid-gas)©2l.
Hurle summarized the three factors leading to the existence of
twins easily when using CZ to grow crystal®63};

(1) The facet at the position of TPB point appears on the
crystal surface.

(2) Special shoulder angle is required to form the twin on
the external surface and make the facet exist continuously. At
the same time, the contact angle between the growing sur-
face and the meniscus surface makes the tension balanced at
the TPB point exactly.

(3) There is a big degree of supercooling outside the crys-
tal surface.

As for the twins observed in $-Ga,Oj; crystal39, it was as-
sumed that the nucleation of twin lamellae was an initial stage
of the “shoulder part” during crystal growth. After the twin
lamellae were nucleated, their width increased with the relaxa-
tion of accumulated strain in the grown crystal. However, the
origin of the twin lamellae remains unclear at present. Further
study needs to be conducted.

4. Conclusion

In this paper, we have presented four types of defects in
-Ga,03single crystal, discussed their effects on device perform-
ance and analyzed their formation mechanisms in detail.

Four types of defects, namely dislocations, voids, twin and
small defects, were found in 3-Ga,0s. The dislocations can be
divided into two types, screw and edge dislocation. The hol-
low nanopipes, PNPs, NSGs and line-shaped grooves were ori-
ginated from the voids defects. An important defect, twin, was
observed on the (100) crystal plane.

The effects of those defects on device performance were
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also discussed. The dislocation and the surrounding regions
can act as paths for the leakage current of SBD in single crys-
tal. However, not all voids produced leakage current. It not
only depended on the orientation relationship between the ex-
tending direction of the void and the crystal plane, but also on
the length of the void. There’s no strong evidence yet to show
that the etch-pitting method plays a role in proving small de-
fects affect the electrical properties. In addition, doping impur-
ity was definitely not related to the leakage current.

The formation mechanism of defects in 3-Ga,Oj3 single crys-
tal was analyzed in detail. Most of the small defects, such as
the arrow-shaped and gourd-shaped etch pits, were induced
by mechanical damages. The screw dislocation was originated
from a subgrain boundary. The edge dislocation lying on a
plane slightly tilted towards the (102) plane, with the (101)
plane being the possible slip plane. The voids defect, includ-
ing hollow nanopipes, PNPs, NSGs and line-shaped grooves
may be caused by the condensation of excess oxygen vacan-
cies, the penetration of tiny bubbles or local meltback. The nuc-
leation of twin lamellae was formed at an initial stage of the
“shoulder part” during the crystal growth.

These findings also suggest that the formation of defects
can be controlled by adjusting the growth condition of the
bulk crystal and the subsequent substrate fabrication process.
Thus, it is hopeful to fabricate devices with better electrical per-
formance on 3-Ga,0; single crystal.
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