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Polarity issues affecting III-V
 nitride sem

iconductors are review
ed w

ith respect to their 
determ

ination and control. A
 set of conditions crucial to the polarity control of G

aN
 is provided for 

each of the follow
ing grow

th techniques; m
olecular beam

 epitaxy (M
B

E), pulsed laser deposition 
(PLD

) and hydride vapor phase epitaxy (H
V

PE). A
lthough G

aN
 film

s m
ight have been deposited 

by identical grow
th m

ethods using the sam
e buffer layer technologies, there is often a conflict 

betw
een the resulting polarities achieved by different research groups. In this paper, w

e present the 
im

plications of the conditions used in each of the processes used for tw
o-step m

etalorganic 
chem

ical vapor deposition (M
O

C
V

D
), dem

onstrating system
atic control of the polarity of G

aN
 

film
s on sapphire substrates. The potential for confusion in polarity control w

ill be explained, 
taking into account the im

plications clarified in our studies. The correlation betw
een the polarity 

and the grow
th conditions w

ill be discussed in order to provide a m
echanism

 for the determ
ination 

and control of the crystal polarity during the grow
th of G

aN
 film

s.  

1  Introduction 

The polarity of III-V
 nitride sem

iconductors is a 
critical issue that has hindered im

provem
ents in nitride 

m
aterials and the perform

ance of devices. The quality of 
the w

urtzite G
aN

 film
s show

n in Figure 1 can be varied 
by the polarity, because both the incorporation of 
im

purities and the form
ation of defects are related to the 

grow
th m

echanism
, w

hich in turn depends on the 
polarity 

of 
the 

surface. 
The 

occurrence 
of 

a 
tw

o 
dim

ensional 
electron 

gas 
(2D

EG
) 

and 
the 

optical 
properties of hetero-structures of nitride-based m

aterials 
are influenced by the internal field effects caused by 
spontaneous and piezo-electric polarizations. D

evices in 
all of the III-V

 nitrides are fabricated on polar {0001} 
surfaces. C

onsequently, their characteristics depend on 
w

hether the G
aN

 film
s exhibit G

a- (+c) or N
 - (-c) face 

polarity. Therefore, it is very im
portant to be able to 

determ
ine and control the polarity of G

aN
.  

N
itride film

s have conventionally been grow
n on 

sapphire 
substrates 

by 
using 

a 
num

ber 
of 

grow
th 

techniques, such as tw
o-step m

etallorganic chem
ical 

vapor 
deposition 

(M
O

C
V

D
) 

[1], 
m

olecular 
beam

 
epitaxy (M

B
E), pulsed laser deposition (PLD

) and 
hydride vapor phase epitaxy (H

V
PE). Figure 2 show

s 
optical m

icroscope im
ages for our M

O
C

V
D

-G
aN

 film
s 

w
ith both sm

ooth and hexagonal-facetted surfaces, 

w
hich are due to +c and -c polarity, respectively. The 

results of our study com
pare w

ell w
ith the standard 

fram
ew

orks for the polarity provided by H
ellm

an [2] 
and the resulting G

aN
 sam

ples are acceptable w
ithin this 

context.  

Som
e researchers have classified the polarity of G

aN
 

film
s by the grow

th m
ethod used to obtain them

, in that 
film

s grow
n by M

O
C

V
D

 and M
B

E have +c and -c 
polarity, 

respectively. 
In 

addition, 
nitridation 

of 
sapphire substrate has often been regarded as a w

ay to 
obtain -c G

aN
 film

s. H
ow

ever, different groups using 
the sam

e grow
th technique have som

etim
es found that 

there are conflicts betw
een the polarities that result from

 
their experim

ents. W
hen G

aN
 film

s are grow
n by M

B
E 

(in w
hich the nitridation process is com

m
only used) +c 

G
aN

 
film

s 
are 

the 
likely 

outcom
e 

under 
III-rich 

conditions. O
n the other hand, although the sapphire 

substrate 
w

as 
not 

intentionally 
nitrided, 

a 
hexagonal-facetted surface (indicating -c polarity) w

as 
observed for a G

aN
 film

 on a thin G
aN

 buffer layer 
grow

n by M
O

C
V

D
 and reported by N

akam
ura [3]. In 

another report by U
chida et al., a sm

ooth surface 
(indicating +c polarity) w

as obtained for a G
aN

 film
 

grow
n on a thicker buffer layer by M

O
C

V
D

, even 
though the substrate w

as intentionally nitrided [4]. 
These confusions in controlling the polarity are a feature 
of the grow

th experience of m
any research groups.  
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W
e have studied the role of the LT-buffer layer and 

the im
plications of each part of the process for the 

grow
th 

of 
G

aN
 

film
s 

by 
tw

o-step 
M

O
C

V
D

. 
The 

conditions used to treat the substrate and the deposition 
and annealing of the LT-buffer layer have been found to 
correlate w

ith the polarity of the grow
n layers. Through 

these studies, 'recipes' to control the polarity of the 
layers have been suggested. Indeed, the polarity can be 
m

anaged from
 +c through to -c, including m

ixed 
polarity layers, by system

atically varying the conditions 
used in the M

O
C

V
D

 process (Sec. 4). This paper w
ill 

critically review
 the status of polarity control for the 

M
B

E, PLD
 and H

V
PE grow

th m
ethods, as published in 

the literature. G
eneral conditions that are decisive for 

the determ
ination of polarity are item

ized for each 
grow

th 
m

ethod. 
C

om
paring 

the 
recipes 

used 
in 

M
O

C
V

D
 grow

th w
ith the features identified for the 

other m
ethods, w

e w
ill exam

ine w
hether or not the 

im
plications 

derived 
from

 
our 

evaluation 
of 

the 
M

O
C

V
D

 process are equivalent to those noted for the 
other m

ethods. The correlation betw
een polarity and the 

grow
th conditions w

ill be discussed in order to clarify 
the various confusions experienced in the determ

ination 
of polarity during G

aN
 grow

th.  

In Sec. 2, techniques for evaluating the polarity are 
sum

m
arized in chronological order, and their specific 

features are identified. W
e used coaxial im

pact collision 

ion 
scattering 

spectroscopy 
[5] 

(C
A

IC
ISS) 

to 
characterize the polarity. The im

portant features and the 
advantages of C

A
IC

ISS are m
entioned. The case of 

InG
aN

 m
ulti-quantum

 w
ells is exam

ined to dem
onstrate 

the potential of C
A

IC
ISS analysis. In Sec. 3, the 

correlation 
betw

een 
the 

polarity 
and 

the 
grow

th 
conditions in term

s of substrate treatm
ent and buffer 

layer 
preparation 

is 
sum

m
arized 

for 
G

aN
 

film
s 

deposited 
by 

M
B

E, 
PLD

, 
and 

H
V

PE. 
In 

Sec. 
4, 

variations in the LT-buffer layer depending on the 
grow

th 
conditions 

in 
M

O
C

V
D

 
are 

exam
ined 

w
ith 

respect to controlling the polarity. W
hile discussing the 

im
plications 

of 
each 

grow
th 

process 
in 

M
O

C
V

D
, 

'recipes' to m
anage the polarity of the G

aN
 film

s are 
proposed. B

y com
paring these recipes w

ith the relevant 
details of other techniques, it w

ill be concluded that the 
polar structures at the interfaces of both the sapphire 
substrate and the annealed LT-buffer layer are the m

ost 
im

portant aspects of polarity m
anagem

ent. O
ur focus 

m
oves on in Sec. 5 to a study of the polarity-dependence 

of 
the 

properties 
of 

G
aN

 
film

s 
and 

of 
device 

perform
ance. The dependence of the properties of G

aN
 

on the polarity properties is elucidated w
ith respect to 

both im
purity incorporation and defect form

ation. The 
effect on device perform

ance of the internal electrical 
field due to the polarity in the m

aterial is review
ed, 

focusing on the interface betw
een the m

etal and the 
III-V

 
nitride 

sem
iconductors. 

O
ur 

w
ork 

is 
finally 

sum
m

arized in Sec. 6.  

Figure 1. Schem
atic illustration of G

aN
 w

urtzite crystal structure 
exhibiting the polarity along the c-axis. The sm

all and large spheres 
indicate G

a and N
, respectively. G

aN
 w

ith G
a-face (+c) polarity on 

left side and G
aN

 w
ith N

-face (-c) polarity on right side. W
hen the 

direction of the three bonds of the III-elem
ent is tow

ards the substrate, 
the polar structure is defended as +c polarity. O

n the other hand, w
hen 

that of the bonds is upw
ard against substrate, it is defined as having -c 

polarity. The term
ination elem

ent on the surface is not specified 
unless it is explicitly m

entioned in this article.

Figure 2. O
ptical m

icroscope im
ages of (a) +c G

aN
 and (b) -c G

aN
 

film
s on sapphire substrates. The surface m

orphology of typical +c 
and -c G

aN
 film

s are sm
ooth and hexagonal facetted, respectively. 

The polarity w
as determ

ined by the C
A

IC
ISS m

ethod described in 
Sec. 2.4. 



M
R

S
 Internet J. N

itride S
em

icond. R
es. 9, 1 (2004). 

©
 2004 The M

aterials R
esearch S

ociety 
3

2. C
haracterization of G

aN
 polarity 

W
e selected C

A
IC

ISS analysis to determ
ine the 

polarity of G
aN

 out of the m
any techniques that are 

available. A
fter sum

m
arizing the various techniques and 

their 
features, 

the 
advantages 

of 
C

A
IC

ISS 
are 

introduced by presenting a study of InG
aN

 single 
quantum

 w
ell (SQ

W
) using C

A
IC

ISS in this section.  

2.1. N
otation of G

aN
 polarity 

W
hen 

three 
of 

the 
bonds 

on 
a 

G
a 

atom
 

w
ith 

tetrahedral coordination face tow
ards the substrate, the 

polarity is typically called G
a-face. In contrast, w

hen 
three bonds face in the grow

th direction, the m
aterial is 

term
ed N

-face, as show
n in Figure 1. There are four 

possible surface structures in w
urtzite III-V

 nitrides, 
considering 

both 
the 

term
ination 

atom
 

and 
the 

crystallographic polarity, e.g., G
a-term

inated N
-face 

polarity. A
lthough the term

s G
a- and N

-face, G
a- and 

N
-term

ination or A
- and B

-face have been used as a sign 
of polarity, it is very com

plicated to distinguish the 
polarity 

from
 

the 
term

ination 
atom

s, 
though 

Seelm
ann-Eggebert 

et 
al. 

do 
use 

'term
ination' 

to 
represent the polarity [6]. Furtherm

ore, since A
lN

, InN
 

and their alloys also need to be considered, the polar 
structure w

ith the three bonds of III-atom
 facing tow

ard 
the substrate is defined as +c polarity and the opposite as 
-c polarity in this paper. The term

ination atom
s are not 

specified unless they are m
entioned explicitly.  

2.2. 
Spontaneous 

polarization 
of 

nitride 
sem

iconductor m
aterial 

The w
urtzite sym

m
etry is too low

 to cause an 
equivalent electronic structure of charge density for all 4 
bonds. Even for a w

urtzite m
aterial w

ith ideal lattice 
constant ratio of 'c/a', spontaneous polarization m

ay still 
occur. In hexagonal G

aN
, the strong ionicity betw

een 
G

a-N
 bonds results in larger spontaneous polarization 

along the c-axis and slightly shorter value of c/a ratio 
(The lattice constants of strain-free hexagonal G

aN
 are a 

= 3.189 and c = 5.185 Å
.). The am

ount of sheet charge 
density induced by the spontaneous polarization is 
considered to be -0.029 C

/m
2 [7] corresponding to ~3 

M
V

/cm
 of internal electric field (conversion using the 

dielectric constant of G
aN

). A
ctually, the band profile of 

the G
aN

 m
ust be flat due to the influence of both the 

surface states and the carriers, except in the surface 
region [8]. The surface charge density caused by the 
spontaneous polarization is estim

ated to be in the order 
of 10

13 cm
-2. H

ence, if a surface state density of 
approxim

ately 10
14-10

15 cm
-2 is reduced dow

n to 10
13

cm
-2 by a certain surface treatm

ent for G
aN

 thin film
s 

(~100nm
) w

ith a carrier density of less than 10
17 cm

-3, it 
is expected that the depth of the depletion layer from

 the 
surface should extend to approxim

ately 100nm
, w

hich is 
com

parable to the film
 thickness.  

There is a positive or a negative polarization charge at 
each interface of the m

ulti-quantum
-w

ells (M
Q

W
s) that 

are used as the active layer of LED
s and LD

s. The band 
decline of a very thin w

ell and barrier layer should 
becom

e m
utually opposite, taking into account the 

flatness of the Ferm
i level and the depth of the depletion 

layer. The strength of the electric field w
ithin the InG

aN
 

active layer has been estim
ated experim

entally to be 
0.35 M

V
/cm

 from
 the peak shift of the PL spectra of 

M
Q

W
s w

ith various thickness of w
ells [9]. Since the 

spontaneous polarizations of InN
 and G

aN
 are very 

close, the internal electric field in the InG
aN

/G
aN

 
system

 is m
ainly caused by the difference in their 

piezoelectric polarizations; e
33  (G

aN
: ~0.4C

/m
2, InN

: 
~1C

/m
2[10]). In contrast, the form

ation of a 2D
EG

 of 
up to 10

13 cm
-2 at the interface of the A

lG
aN

/G
aN

 
system

 
cannot 

be 
explained 

by 
piezoelectric 

polarization 
alone. 

The 
effects 

of 
spontaneous 

polarization m
ust be taken into consideration, ow

ing to 
the large difference in the spontaneous polarizations 
betw

een A
lN

 (-0.081C
/m

2) and G
aN

 [11].  

Thus, a band profile of a hetero-structure of III-V
 

nitrides can be m
odified by a com

bination of both the 
piezoelectric 

and 
spontaneous 

polarizations 
of 

the 
m

aterials (discussed in Sec. 5). Since the influence of 
spontaneous 

polarization 
is 

sufficiently 
large 

in 
III-nitride system

, the evaluation of the polarity is also 
im

portant 
w

hen 
designing 

for 
optim

um
 

device 
perform

ance.  

2.3. H
istory of polarity evaluation 

2.3.1. 1988-1994: XPS and therm
al stability 

Techniques that have been used for the evaluation of 
G

aN
 polarity are listed in chronological order in Table I 

(a). The relationship betw
een the grow

th conditions 
(and also the grow

th m
ethod) and the resulting polarity 

is presented. The first characterization results cam
e out 

in 1988, tw
o years after better quality G

aN
 film

s w
ere 

deposited by the developm
ent of the LT-buffer layer. 

Sasaki et al. deposited G
aN

 film
s on both the Si and C

 
faces of 6H

-SiC
 substrates by M

O
C

V
D

, and their 
polarities w

ere determ
ined by the dependence of the G

a 
signal 

intensity 
detected 

w
ith 

angle-resolved 
x-ray 

photoelectron spectroscopy (X
PS) [12]. The surface 

m
orphologies of the sam

ples on Si- and C
-face SiC
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aN
 polarity in chronological order. The relationship betw

een grow
th conditions and the resulting 

polarity is also represented. 

Year 
W

ho [R
ef] 

(grow
th m

ethod) 
Substrate or buffer layer 

Process or Feature of 
H

T-G
aN

 
M

ethod (probe) 
polarity 

Si-SiC
 

Sm
ooth surface 

-c 
88

Sasaki [12] 
(LP-M

O
C

V
D

) 
C

-SiC
 

R
ough surface 

X
PS

(X
-ray) 

+c
c-sapphire 

H
exagonal 

+c 
M

-sapphire 
R

idge-like 
 

94
Sun [15] 
(M

O
C

V
D

) 
Si-SiC

 
H

exagonal 

C
hem

ical stability 
(H

2  annealing) 
-c

Sm
ooth 

+c 
B

ulk G
aN

 
R

ough
H

om
o-epitaxy of H

T- G
aN

 
-c

96
Ponce [18] 
(M

O
C

V
D

) 
Sapphire  

Sm
ooth surface 

C
B

ED
(e-beam

) 
+c

Sm
ooth 

+c 
96

Liliental-W
eber  

[19] 
- 

B
ulk G

aN
 

R
ough

C
B

ED
-c

R
om

ano [20] 
(M

B
E) 

N
itride c- sapphire 

-c

(M
O

C
V

D
) 

c-sapphire 
+c

96

(H
V

PE) 
c-sapphire(ZnO

 buffer) 

 
C

B
ED

 

+c
H

exagonal
(1150°C

 grow
th) 

-c

Sm
ooth  

(950°C
 grow

th) 
+c

96
R

ouviere [21] 
(M

O
C

V
D

) 

a, c-sapphire 
(G

aN
 600°C

 +no anneal) 
a, c-sapphire 
(A

lN
 800°C

 + 1000°C
) 

Sm
ooth 

(900°C
 grow

th) 

C
B

ED

+c

500°C
 

Sm
ooth 

+c

96
D

audin  [45] 
(M

O
C

V
D

) 

G
aN

 buffer layer 
deposited on 
sapphire at 

600°C
 

B
oth

LT-layers 
w

ere
annealed in 
N

2  at 
1000˚C

 for 
5m

in 
R

ough

Ion channel 
(2M

eV
 H

e
+ beam

) 
+c + -c m

ix

Sapphire nitrided for 30m
in at 

1000°C
 

(G
aN

 ~10nm
 at 685°C

) 
-c

97
Sm

ith  [28] 
M

B
E

M
O

C
V

D
-G

aN
 on sapphire 

200nm
 Epi-layer at 775°C

, 
and then supply G

a 
Surface reconstruction 
(e-beam

) 

+c

Sm
ooth side 

inert 
97

W
eyher [32] 

(bulk G
aN

) 
R

ough side 
C

hem
ical stability (alkali 

solution)
etched

Sm
ooth (inert) 

+c 
97

Seelm
ann-Eggebert 

[6] 
(bulk G

aN
) 

R
ough (etched) 

H
SX

PD
(photo-electron) 

-c

non-nitrided 
sapphire 

Sm
ooth 

+c 
98

Sum
iya [35] 

(M
O

C
V

D
) 

G
aN

 
at 

600°C
 on  

nitrided
sapphire 

H
exagonal

C
A

IC
ISS

(2keV
 H

e
+ beam

) 
-c

N
-rich  

(spotty R
H

EED
) 

-c
98

Shim
izu [37] 

(M
B

E) 

N
itrided 

sapphire 
600°C

 
for 

5m
in 

(20nm
 G

aN
 at 500°C

) 
G

a-rich  
(streak R

H
EED

) 

C
A

IC
ISS

-c
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Table I (b).  M
ethods for detecting relative differences depending on the polarity of the G

aN
.  

Year 
W

ho [R
ef.] 

(grow
th) 

Substrate or buffer layer 
Process or Feature of 

H
T-G

aN
 

H
ow

 
R

em
arks 

01
Jones [41] 
(M

B
E) 

Sapphire 
(A

lN
, none) 

G
a-rich grow

th 
+c, -c on a divided 
substrate

K
elvin probe force m

icroscope 

+c dom
ain 

+25m
V

 
-c dom

ain 
-30m

V
 

02
Jiang [24] 
(M

O
C

V
D

) 
Sapphire 
(none m

entioned) 
+c confirm

ed by C
B

ED
 

atom
ic location by 

channeling-enhanced 
m

icroanalysis 
(e-beam

) 

consistent

A
-face 

+c 
low

 tem
p 

+c > -c 
02

K
oukitu [16] 

(M
O

H
V

PE) 
G

aA
s (111) 

B
-face 

-c 

G
ravim

etric m
onitoring of 

decom
position 

(heat) 
high tem

p; -c > 
+c

30nm
 G

aN
 

Sm
ooth (+c) 

high 
02

Jang [43] 
(M

O
C

V
D

) 
N

itrided-sa
pphire  

G
a 

pulse 
injection

H
exagonal (-c) 

SB
H

 m
easured by I-V

 w
ith 

Ti/A
l contact 

low

G
aN

 
R

ough (rm
s. 5nm

) -c 
-c 

02
R

odriguez [42] 
(M

B
E) 

Sapphire 
4-10nm

 A
lN

Sm
ooth (0.6nm

) +c 

Piezo-response force 
m

icroscopy 
+c

G
aN

 
R

ough (rm
s. 5nm

)  
Strong 

A
1(TO

) 
534cm

-1

03
C

ros [40] 
(M

B
E) 

Sapphire 

4-10nm
 A

lN
Sm

ooth (0.6nm
)  

R
am

an 
Strong 

A
1(LO

) 
739cm

-1 

substrates w
ere either featureless or hexagonal facetted. 

G
aN

 
film

s 
deposited 

on 
Si- 

and 
C

-face 
6H

-SiC
 

substrates w
ere expected to show

 +c and -c polarity, 
respectively, 

according 
to 

the 
relationship 

of 
the 

electron negativity of Si and C
 [13] [14]. H

ow
ever, they 

determ
ined the polarity of the form

er and the latter as -c 
and +c polarity, respectively. This m

isjudgm
ent m

ight 
possibly 

have 
been 

caused 
by 

an 
im

m
ature 

understanding of oxygen adsorption on the polar surface 
of G

aN
 (refer to Sec. 5.1).  

7 years later, Sun et al. found that a G
aN

 film
 

deposited on the Si-face of a 6H
-SiC

 substrate w
as 

unstable in an H
2  am

bient at 600°C
 [15]. This G

aN
 

sam
ple w

as determ
ined to have +c polarity due to the 

electron negativity of Si and C
, in contrast w

ith Sasaki's 
conclusion. W

e also confirm
ed the instability of +c G

aN
 

under these conditions [16]. H
ow

ever, w
e felt that the 

w
indow

 
of 

the 
conditions 

used 
for 

annealing 
tem

perature, tim
e and gas am

bient seem
ed to be very 

narrow
. Therefore, this technique w

as difficult to use 
generally 

for 
determ

ining 
the 

polarity. 
In 

2001, 
K

oukitsu et al. m
easured the decom

position rate of +c 

and -c G
aN

 sam
ples in N

2  or H
2  gas am

bients using the 
m

icrogravity 
m

ethod 
[17]. 

G
aN

 
w

ith 
+c 

polarity 
decom

posed faster at low
er tem

peratures (800-850°C
) 

than G
aN

 w
ith -c polarity (900-950°C

), w
hich w

as 
consistent w

ith Sun's report and H
ellm

an's standard 
fram

ew
ork.  

2.3.2. 1996: C
B

ED
 

The investigation of polarity began intensively in '96, 
w

hen the first G
aN

 blue laser diode w
as developed 

using M
O

C
V

D
 and w

hen better quality G
aN

 w
as also 

being attem
pted to be grow

n by M
B

E. A
 convergence 

beam
 of electron diffraction (C

B
ED

) technique based 
on TEM

 [18] [19] w
as m

ainly used to determ
ine the 

polarity by studying asym
m

etric diffraction spots of 
(0002) and (0002 _). The quality of the G

aN
 m

aterial m
ust 

be sufficiently high in order to achieve clear asym
m

etric 
diffraction spots. Im

portant aspects concerning polarity 
w

ere identified through C
B

ED
 observations of several 

kinds of G
aN

 film
s in the follow

ing w
ork;  
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O
C

V
D

- and M
B

E-G
aN

 film
s w

ere likely to have 
+c and m

ixed polarity-containing inversion dom
ains 

(ID
s), respectively [20].  

2. N
itridation of the sapphire substrate in M

O
C

V
D

 
m

ight result in a -c G
aN

 film
 w

ith a rough surface [21]  

3. The dependence of various properties on the polarity 
w

as revealed [22] [23].  

C
laim

s 1 and 2 indicate the im
portance of the grow

th 
process, as discussed in Sec. 4, and claim

 3 is related to 
the dependence of im

purity adsorption on the polar 
surface, as discussed in Sec. 5  

In order to extend the possibilities of techniques 
based on the TEM

, efforts have been m
ade continuously 

to observe atom
ic alignm

ent w
ith high-resolution im

age 
m

atching [24], to introduce m
icro-channeling effects 

during ED
S analysis [25], to detect the N

 K
-edge and G

a 
L-edge during EELS analysis [26], or to count diffracted 
electrons quantitatively [27]. The polarity can also be 
evaluated by these new

 approaches.  

2.3.3. 1997-1998: Surface reconstruction, chem
ical 

stability and C
A

IC
ISS 

There w
ere tw

o interesting reports in '97. O
ne of 

these, w
hich highlighted the tem

perature dependence of 
the surface reconstruction on the polarity, w

as carried 
out by Sm

ith et al. [28]. H
eld et al. confirm

ed this 
surface reconstruction by R

H
EED

 observations of bulk 
G

aN
 sam

ples for w
hich the polarity had been rigorously 

identified [29]. R
H

EED
 patterns that w

ere characteristic 
of (1x1) and (2x2) reconstructions for -c and +c polar 
surfaces respectively w

ere observed against the [11
0] 

azim
uth under a constant supply of N

H
3  gas. The quality 

of the G
aN

 sam
ples needs to be sufficiently good to 

achieve these surface reconstructions. W
hen the surface 

reconstructions w
ere analyzed theoretically by taking 

into account the polarity and surface-term
ination atom

s, 
the m

ost favorable elem
ent to term

inate the surface w
as 

evaluated as being G
a, in spite of the polarity [30]. The 

relationship 
betw

een 
the 

term
ination 

and 
the 

reconstruction are described in detail in an excellent 
review

 [31].  
A

nother technique involves the chem
ical stability of 

the -c G
aN

 surface in alkali solution [32]. A
pparently, -c 

G
aN

 film
s are etched in K

O
H

 or N
aO

H
, w

hile +c G
aN

 
is 

inert 
to 

these 
solutions. 

The 
polarity 

that 
w

as 
determ

ined by investigating the chem
ical stability w

as 
consistent 

w
ith 

that 
determ

ined 
by 

using 
hem

ispherically-scanned 
x-ray 

photoelectron 
diffraction (H

SX
PD

) [6]. W
e reported the m

echanism
 

for the selective etching, in that O
H

- in solution w
ould 

prom
ote etching, attacking one back-bond of the G

a that 
w

as bonded to the nitrogen on the -c polar surface [33]. 
The etching effects that originate from

 side facets or 
dislocations are still unknow

n, especially for G
aN

 w
ith 

rough surface m
orphology [34]. This chem

ical stability, 
how

ever, is the easiest w
ay to determ

ine the polarity of 
G

aN
. 

The 
m

ethods 
m

entioned 
above 

seem
 

not 
to 

be 
suitable for determ

ining the polarity of thin and poor 
quality G

aN
 such as LT-buffer layers. In '98, w

e used 
C

A
IC

ISS to determ
ine their polarity [35]. The polarity 

of LT-G
aN

 buffer layers w
as successfully evaluated for 

the first tim
e by C

A
IC

ISS [36]. This technique has been 
used 

for 
analyzing 

the 
polarity 

of 
M

B
E-G

aN
 

by 
Shim

izu et al. [37]. The various features and advantages 
of C

A
IC

ISS w
ill be discussed in Sec. 2.4.  

2.3.4. R
ecent m

ovem
ents 

The 
other 

m
ethods 

are 
briefly 

com
m

ented 
on 

according to the data in Table I (b). The polarity can be 
determ

ined 
by 

observation 
of 

both 
the 

angular 
dependence of the G

a K
-edge [38] and the crystal 

truncation rod [39] generated by the standing w
ave of 

the x-rays from
 synchrotron radiation. R

ecently, a G
aN

 
film

 w
ith both polarities w

as deposited by M
B

E on a 
single sapphire substrate [40]. The properties in the tw

o 
regions w

ere m
easured, and the relative differences in 

the polarity w
ere observed. A

1 (TO
) m

ode appeared in 
R

am
an spectroscopy in the -c G

aN
 region [41] due to a 

higher level of im
purities and defects (also discussed in 

Sec. 5.1). The surface potential detected by K
PFM

 w
as 

+25±19, -30±10m
eV

 [42], and the surface charge (
/e) 

evaluated by PFM
 w

as -1.78x10
13, 1.83x10

13cm
-3 [43] 

for the +c and the -c G
aN

 regions, respectively. These 
polarity dependences are im

portant for device design 
w

ith respect to the potential at the interface [44].  

2.4. Polarity characterization by C
A

IC
ISS 

2.4.1. Principle and advantages 

Figure 
3 

show
s 

a 
schem

atic 
illustration 

of 
the 

C
A

IC
SS equipm

ent that w
e used in this research. The 

H
e

+ beam
 is pulsed by chopping the aperture (150ns 

duration at 100kH
z repetition rate) and is accelerated at 

low
 energy (2keV

 in this article). The H
e ion beam

 
im

pinges on the sam
ple surface w

ith a 2m
m

 spot-size, 
focused by an Einzel lens. The diam

eter of the shadow
 

cone form
ed by the low

 energy ion beam
 is calculated to 

be several Å
, w

hich is m
uch larger than the figure of 

0.1Å
 that is used for high energy ions [45], such as in 
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R
utherford back-scattering. The larger shadow

 cone 
enhances 

the 
cross-section 

of 
the 

scattering, 
and 

detection becom
es very sensitive to atom

s in the surface 
region. B

y changing the incident angle, both shadow
ing 

and focusing effects take place according to the atom
ic 

arrangem
ent on surface, as illustrated in Figure 4. 

C
A

IC
ISS is different from

 tim
e-of-flight scattering and 

recoiling spectrom
etry (TO

F-SA
R

S [46]), using the 
principle of elastic recoil detection.  

A
ccording to the procedure in R

ef. [5] as carried out 
by K

atayam
a et al., w

e changed the incident angle 
from

 90° (norm
al to sam

ple) tow
ards a low

er angle. In 
C

A
IC

ISS, H
e

+ and H
e

0 (H
e particles) are back-scattered 

along an angle of 180°, due to im
pact collisions w

ith 
atom

s on the surface, and are detected by a m
ulti 

channel plate. The intensity of the back-scattered H
e 

ions 
depends 

largely 
on 

the 
incident 

angle. 
C

onsequently, 
an 

angular 
dependence 

against 
an 

identical atom
 is obtained, as show

n in Figure 4. The 
better the quality, the deeper the dip ((1) in Figure 4) and 
the narrow

er the w
idth of the peak ((2)).  

A
 specific feature of C

A
IC

ISS is that it is a sim
ple 

w
ay of quantitatively analyzing the atom

ic arrangem
ent 

on the surface, such as the distance and the angle m
ade 

w
ith neighboring atom

s, because the analysis of the 
scattering orbitals can be extrem

ely sim
plified by the 

focusing and shadow
ing effects and by taking only ions 

that have im
pact-collided w

ith atom
s into account. 

U
sing these features, the atom

ic structure of the surface 
(several nm

 deep) can be non-destructively analyzed in 
real space w

ith C
A

IC
ISS. The potential of C

A
IC

ISS for 

determ
ining the surface atom

ic arrangem
ent in real 

space has been dem
onstrated for Si surfaces, com

pound 
sem

iconductors [47] [48] and oxide thin film
s [49].  

The polarity can be determ
ined by the positions of the 

parabolic shadow
ing dip and the focusing peak of the 

H
e

+ beam
 in C

A
IC

ISS analysis. W
hen the incident 

angle of a H
e

+ beam
 that is irradiated from

 the [11
0]

azim
uth is changed, the angular dependence of the 

cation signal intensity is represented by one or tw
o 

peaks 
around 

70° 
for 

+c 
and 

-c 
polarity 

G
aN

, 
respectively. 

These 
angular 

dependences 
can 

be 
calculated by com

puter sim
ulation [50]. H

ow
ever, w

e 
have experim

entally determ
ined the polarity of a G

aN
 

film
 

from
 

the 
angular 

dependence 
m

easured 
by 

C
A

IC
ISS, by com

paring it to those show
n in Figure 5 

for bulk ZnO
 w

ith Zn- (+c) and O
- (-c) face polarity [51]. 

This 
w

as 
achieved 

w
ithout 

using 
the 

results 
of 

sim
ulations. This is possible because ZnO

 has the sam
e 

crystalline structure and very sim
ilar lattice constants to 

those of G
aN

, since they are neighboring elem
ents in the 

periodic table.  

W
e 

have 
to 

com
m

ent 
here 

that 
it 

is 
not 

the 
term

ination 
atom

s 
but 

the 
polarity, 

w
hich 

can 
be 

analyzed by the C
A

IC
ISS m

ethod that w
e use in this 

Figure 3. Schem
atic illustration of C

A
IC

ISS apparatus w
ith a 

cham
ber and block diagram

. The incident and azim
uth angles of the 

ion beam
 can be altered by m

oving
the sam

ple holder, w
hich is 

equipped w
ith a heater.  

Figure 
4. 

Schem
atic 

illustration 
explaining 

the 
focusing 

and 
shadow

ing effect. A
ccording to the definition given in R

ef. [5], w
hich 

w
as m

ade by K
atayam

a et al., the incident angle 
w

as changed from
 

90° (norm
al to the sam

ple surface) tow
ards the low

er angle. The 
angular dependence of the C

A
IC

ISS signal can be obtained because 
both effects correspond to the atom

ic arrangem
ent on surface, as 

observed in the m
iddle. V

ariations in the TO
F spectra are induced by 

changing the incident angle, as show
n on the right. The dependence of 

the integrated peak (colored area) of the TO
F spectra on the angle 

corresponds to the C
A

IC
ISS result show

n on the bottom
 of the 

left-hand side, w
hich can be used to determ

ine the polarity and the 
surface structure.  
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petence of C
A

IC
ISS for determ

ining 
the polarity of III-nitride can be best dem

onstrated w
hen 

it is applied to very thin film
s, such as LT-buffer layers 

and 
quantum

 
w

ell 
structures. 

W
hen 

the 
C

A
IC

ISS 
technique is to be used for thicker III-nitride sam

ples, 
cross-checking should be im

plem
ented using either 

C
B

ED
 or the chem

ical stability in alkali solution.  

2.4.2. A
pplication of C

AIC
ISS to an InG

aN
 SQ

W
 

The types of atom
s that the H

e
+ beam

 collides w
ith 

can 
be 

distinguished 
by 

determ
ining 

the 
TO

F 
(calculated from

 the distance that the H
e has traveled), 

the acceleration voltage and from
 the w

eight of the 
atom

s. Figure 6 show
s a TO

F spectrum
 for a 3-nm

 
In

0.5 G
a

0.5 N
 single quantum

 w
ell (SQ

W
) on a G

aN
 film

 
at norm

al incidence to a H
e ion beam

 [52]. Since the 
length of travel and the energy of the H

e ions are 
836m

m
 and 2keV

, respectively, the TO
Fs of the H

e that 
is backscattered due to collisions w

ith the In and the G
a 

can be calculated theoretically to be 6417 ns and 6550 ns, 
respectively. The position of the tw

o sharp peaks in 
Figure 6 can thus be assigned to the In and G

a signals. 

TO
F spectra w

ith higher m
ass-resolution for cases 

w
here both atom

s have atom
ic w

eights that are close to 
each other can be obtained by using N

e ions instead of 
H

e ions. The broader TO
F spectrum

 after the G
a signal 

is attributed to the m
ultiple scattering of H

e ions. Since 
the cross-section of light atom

s such as nitrogen is 
sm

aller, 
their 

signals 
are 

detected 
after 

a 
longer 

tim
e-of-flight, and are likely to be in the noise level in 

Figure 6. A
n In signal, w

hich is barely detectable, for 
the 6-nm

 G
aN

 capped SQ
W

 (as indicated in the inset) is 
probably 

derived 
from

 
the 

interface 
betw

een 
the 

SQ
W

/G
aN

, due to the channeling effect at norm
al 

incidence. This In signal w
as hardly detectable at other 

incidence angles. This indicates that C
A

IC
ISS analysis 

can detect inform
ation from

 the surface region of 
III-nitrides, dow

n to a depth of several nm
.  

The 
integrated 

signal 
for 

the 
III-group 

elem
ent 

(shadow
 area in Figure 4) from

 each TO
F spectrum

 w
ith 

changing angle of incidence w
as obtained to evaluate 

their polarity. Surface contam
inants such as C

 and O
, 

w
hich have sm

all cross-sections, w
ould not have any 

influence on determ
ining the polarity. Figure 7 show

s 
the angular dependence of the intensities of G

a and In in 
C

A
IC

ISS-TO
F spectra for an In

0.5 G
a

0.5 N
 SQ

W
. It w

as 
confirm

ed from
 com

parison w
ith the results in Figure 5 

that the alloyed In has +c polarity, w
hile the variation in 

the G
a signal also indicates +c polarity. The indium

 

Figure 5. Incident angular dependence of the Zn signal intensity w
hen 

the specim
en w

as tilted along the <110> azim
uth. (a) single crystal 

(0001) Zn face (+c), (b) sim
ulated curve of (a), (c) single crystal 

(0001)O
-face (-c), and (d) sim

ulated curve of (c). Sim
ulation w

as 
based on a three-dim

ensional tw
o-atom

 m
odel for a virtual surface cut 

from
 an ideal bulk structure w

ithout any reconstruction. (O
hnishi D

r. 
Thesis p.70 R

ef. [49]) The polarity of the G
aN

 w
as determ

ined from
 

the angular dependence revealed by C
A

IC
ISS by com

paring these 
results w

ith these results of ZnO
, because ZnO

 has the sam
e crystal 

structure and lattice constants that are very close to those of G
aN

.

Figure 6. TO
F spectrum

 of the backscattered H
e

+ ions used in the 
C

A
IC

ISS analysis of an In
0.5 G

a
0.5  SQ

W
 w

hen the ion beam
 w

as 
irradiated at norm

al incidence to the sam
ple. The inset depicts the 

TO
F spectrum

 for In
0.2 G

a
0.8 N

 capped w
ith 6-nm

-thick G
aN

 as a 
reference [after R

ef. 52]. The In and G
a signals can be detected 

separately for each tim
e-of-flight. The inset indicates how

 C
A

IC
ISS 

analysis detects a region several nm
 deep below

 the surface. 
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atom
s incorporated into the In

x G
a

1-x N
 SQ

W
 w

ere found 
to occupy substitutional sites for G

a, and they exhibited 
+c polarity.  

3. 
M

anagem
ent 

of 
polarity 

in 
M

B
E, 

PLD
, 

and 
H

VPE-G
aN

G
aN

 film
s are deposited by a variety of grow

th 
techniques 

by 
different 

research 
groups. 

R
eports 

claim
ing to show

 exam
ples of polarity-control are 

surveyed for each grow
th technique in this section. 

Features that are incorporated to control the polarity of 
G

aN
 are sum

m
arized for each of the com

m
on grow

th 
m

ethods (M
B

E, PLD
 and H

V
PE) w

ith respect to 
conditions used for treatm

ent of the substrate and/or the 
LT-buffer layer.  
3.1. M

B
E 

B
oth nitridation of sapphire substrates and deposition 

under III-rich conditions are considered to be suitable 
techniques for obtaining high-quality G

aN
 film

s by 
M

B
E. Table II (a) and Table II (b) show

 a list of 
research 

groups, 
each 

of 
w

hich 
has 

their 
ow

n 
accum

ulated know
-how

 on grow
th strategies. Polarity 

control of M
B

E-G
aN

 w
ill now

 be review
ed, focusing on 

the conditions used for substrate treatm
ent and on the 

buffer layer technologies that are show
n in the Tables.  

3.1.1. C
onditions used for treatm

ent of the sapphire 
and for the buffer layer 

(1) Substrate nitridation 

N
itridation of the sapphire is carried out by alm

ost all 
of the research groups. N

-radicals generated by an rf 
plasm

a are conventionally used for this treatm
ent, w

hich 
takes place at tem

peratures ranging from
 200 to 1000°C

. 
Som

etim
es N

H
3  gas can be used.  

H
einlein et al. system

atically investigated the tim
e 

dependence of the nitridation and concluded that it took 
200 m

in of exposure to N
-radicals to com

plete the first 
m

onolayer of the surface nitride in an M
B

E cham
ber 

[53]. The nitridation done by M
ikroulis et al. (U

niv. of 
C

rete) at 200°C
 caused an im

provem
ent in the flatness 

of the sapphire surface and increased the in-plane lattice 
constant, typically by a value of approxim

ately 9%
. The 

surface becom
e rougher and the lattice constant could be 

increased by 6.2-6.8%
 by nitridation at 750°C

 [54]. 
N

am
koong et al. (G

eorgia Inst. of Tech.) confirm
ed that 

6Å
 of A

lN
 and 23Å

 of A
lN

+N
O

 w
ere form

ed by 
nitridation at 200°C

 and 700°C
, respectively [55]. 

N
-radicals are so reactive that they can even nitride the 

surface of a sapphire substrate at a tem
perature as low

 as 
200°C

. This is com
pletely different from

 nitridation 
caused by a flow

 of N
H

3  gas, as used in M
O

C
V

D
 (refer 

to Sec. 4.2). In a technique that is analogous to 
nitridation 

in 
M

O
C

V
D

, 
a 

flow
 

of 
N

H
3  

gas 
w

as 
introduced into the M

B
E process by Sonoda et al. 

(A
IST) [56] and H

eld et al. (U
niv. of M

innesota) [29]. 
A

lthough the tw
o groups published no results of this 

surface nitridation technique, G
randjean et al. pointed 

out that A
lN

 could also be form
ed by nitridation using 

an N
H

3  flow
 at 850°C

 for 10 m
in [57].  

The polarity of the A
lN

 form
ed by the nitridation 

process w
as suggested to be -c polarity from

 theoretical 
calculations done by Felice et al. [58] (discussed in Sec. 
3.1.4). Indeed, it w

as reported that initial nitridation of 
the sapphire substrate favors the grow

th of G
aN

 film
s 

along the -c direction [59].  

(2) C
onditions used for A

lN
 and G

aN
 buffer layers 

The polarities of G
aN

 film
s on non-nitrided sapphire 

substrates deposited by D
im

itrov et al. (W
alter Schottky 

Inst.) using G
aN

 or A
lN

 buffer layers w
ith the sam

e 
thickness 

of 
15nm

 
w

ere 
identified 

as 
-c 

or 
+c, 

respectively [60]. In cases such as Piquette et al. (C
al. 

Inst of Tech. [61]) and N
am

koong et al. (G
eorgia Inst. of 

Tech. [62]) as w
ell as the w

ork of Sonoda et al. (A
IST 

[59]), M
B

E-G
aN

 film
s on nitrided substrate seem

 to be 
able to be categorized as +c and -c polarity on A

lN
 and 

Figure 7. Incident angle dependence of G
a and In scattered intensity at 

the [112 _0] azim
uth for In

0.5 G
a

0.5 N
 SQ

W
. V

ariation of both the G
a and 

In signals indicates +c polarity judging from
 the C

A
IC

ISS results on 
ZnO

 bulk given in Fig. 5.  Indium
 atom

s incorporated into an 
In

x G
a

1-x N
 SQ

W
 w

ere found to occupy substitutional G
a sites. [52] 
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elationship betw
een grow

th conditions and the polarity of G
aN

 deposited on sapphire substrates by M
B

E. The table show
s the list of 

research groups, each of w
hich has their ow

n know
-how

 on regarding grow
th. 

G
roup [R

ef.] 
(m

ethod) 
N

itridation condition 
Phenom

ena 
B

uffer layer condition 
Epi-layer 

polarity 

16nm
 G

aN
 at 350˚C

+c

at 750˚C

R
oughened, 

increase of lattice 
by 6%

 
16nm

 G
aN

 at 350˚C
 and then, 

annealed at 700˚C
-c

C
rete U

niv. 
[54] 
(R

H
EED

) 

N
-radical 

for 100m
in 

500W
 

plasm
a 

(N
 exist 

from
 A

ES) 
at 200˚C

Sm
oothing, 

increase of lattice 
by 9%

 
16nm

 A
lN

 

N
ot m

entioned 

+c

30nm
 G

aN
 at 500˚C

 
-c 

12nm
 A

lN
  

-c (ID
s) 

at 700˚C
6 Å

 A
lN

 [54] 

30nm
 A

lN
 

+c 
30nm

 G
aN

 at 500˚C
 

+c(ID
s) 

G
eorgia Inst. 

of Tech.[55, 
62] 
(SP-EFM

, 
R

H
EED

)) 

N
-radical 

for 1h 

at 200˚C
 

23Å
 A

lN
+N

O
 

2-67nm
 A

lN
 at 700-850˚C

0.9�m
/h 

615˚C

+c
30-40nm

  
-c 

G
aN

(0.6�m
/h at 

500˚C
60-150nm

 
+c 

G
aN

(0.22�m
/h at 

500˚C
)

110-220nm
 

-c 

G
aN

 
at 800˚C

 
-c 

20-30nm
/h  

-c 
20nm

 A
lN

 at 
500˚C

60nm
/h 

+c 

V
irginia 

C
om

m
on-w

ea
lth U

niv.[65] 
(H

3 PO
4 ,

R
H

EED
) 

N
-radical at 890-985˚C

, and 
500˚C

.

N
o effect of the 

nitridation
tem

perature on 
polarity 

20nm
A

lN
 

at 890-930˚C

G
a-rich  

0.3-1�m
/h 

720-850˚C

+c

15nm
 G

aN
 at 800˚C

-c

0-5nm
  

-c  

W
alter 

Schottky Inst, 
and C

ornell 
U

niv. [60] 
(K

O
H

) 

N
on-nitridation

A
lN

 at 800 
˚C

5-15nm
 

at 800˚C
+c

N
-rich 

V
/III=1 

5-8nm
 G

aN
 

G
a-rich 

-c

A
l-rich 

V
/III=1 

C
al. Inst. of 

Tech. [61] 
(K

O
H

) 
N

-radical for 30m
in at 800˚C

 
Form

ation of A
lN

5-8nm
 A

lN
 

N
-rich 

Slightly G
a-rich 

+c 

at 700˚C
 

-c 
20nm

G
aN

  
at 500˚C

 
-c 

at 700˚C
 

-c 
N

-radical 350W
 plasm

a for 
5m

in at 700˚C
 [59] 

20nm
 A

lN
  

at 500˚C

700˚C
(0.6�m

/h) 
+c

A
IST

(R
H

EED
, 

C
A

IC
ISS) 

N
o-cracking, N

H
3  5 sccm

 for 
30m

in at 910˚C
 [56]  

 
20nm

 G
aN

 at 500˚C
 

100nm
 at 820˚C

+c(-c; no N
H

3

treatm
ent) 

for 15m
in 

G
aN

 at 700˚C
-c

for 3m
in 

+c

U
niv. of 

M
innesota 

[29] 
(R

H
EED

) 

N
H

3  flow
 

(1x10
-5Torr) 

from
 500 to 

1000˚C
.

for 15m
in 

25nm
 A

lN
 at 1000˚C

m
ixed 
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Table II (b). List of reports claim
ing polarity conversion from

 –c to +c M
B

E-G
aN

 by insertion of a m
etal layer.

G
roup [R

ef.] 
(m

ethod) 
N

itridation condition 
B

uffer layer condition 
Epi-layer 

polarity 

20nm
 G

aN
 at 650˚C

 
-c  

C
hiba U

niv. [66] 
(C

A
IC

ISS) 
N

-radical at 200˚C
 for 

40m
in 

A
l thin layer after 100nm

 epi-G
aN

 
at 820˚C

+c

A
lN

 at 850˚C
 

-c 
D

ongguk U
niv. [68] 

(R
H

EED
) 

N
-radical at 500˚C

 for 
10m

in, 250W
 plasm

a 
A

l m
etal (~6 layers)  +A

lN
  

800˚C
 0.9�m

/h 
+c w

hen A
l 

tw
o- layers 

N
on-nitrided

10nm
 A

lN
 at 750˚C

(alternative supply of A
l, N

 source, M
EE)

+c
Sophia U

niv. [69] 
(K

O
H

) 
N

itridation 
non 

M
EE of G

a, N
 at 750˚C

-c
Furukaw

a Electric 
C

o. Ltd. [70] 
N

on-nitridation 
G

a m
etal (2 layers) + 50nm

 G
aN

 at 700˚C
850˚C

, 1.5�m
/h 

+c 

G
aN

 buffer layers, respectively. The polarity seem
s to 

be determ
ined by the choice of buffer layer. H

ow
ever, a 

dependence on the grow
th conditions has som

etim
es 

been observed for both A
lN

 and G
aN

 buffer layers.  
The 

polarity 
could 

be 
system

atically 
varied 

by 
changing 

the 
thickness 

of 
the 

A
lN

 
buffer 

layer. 
D

im
itorov et al. (C

ornell U
niv.) dem

onstrated that the 
polarity could be controlled from

 -c to +c polarity 
(through m

ixed polarity layers) by using buffer layers 
corresponding to 0 nm

, <5nm
, and 5-15nm

 of A
lN

 [60]. 
G

aN
 film

s on thinner A
lN

 buffer layers (<12nm
) are 

likely to contain ID
s, as reported by G

eorgia Inst. of 
Tech. [55]. W

hen G
aN

 film
s are grow

n not only on 
sapphire, but also on G

aA
s (111) B

-face substrates, +c 
polarity can be realized by increasing the thickness of 
the A

lN
 buffer layer (>20 nm

) [63]. Furtherm
ore, the 

grow
th tem

perature of the A
lN

 buffer layer seem
s to be 

im
portant. A

lN
 buffer layers deposited at tem

peratures 
higher than those used for depositing H

T-G
aN

 layers 
tend to result in +c polarity, as observed in G

eorgia Inst. 
of Tech., the W

alter Schottky Inst. and at the U
niv. of 

M
innesota, w

hile the A
IST group claim

 that low
er 

tem
peratures are m

ore suitable.  

Thicker G
aN

 buffer layers lead to +c polarity for 
M

B
E-G

aN
, as reported by H

uang et al. Increasing the 
grow

th rate of the G
aN

 (increase in the am
ount of G

a 
[64]) 

also 
seem

s 
to 

be 
effective 

(V
irginia 

C
om

m
onw

ealth U
niv.) [65]. G

aN
 buffer layers w

ere 
deposited on N

H
3 -nitrided sapphire by A

IST [56] and 
U

niv. of M
innesota [29]. The polarities determ

ined by 
the tw

o groups w
ere opposite (the form

er -c, and the 
latter +c). In addition, the polarity of M

B
E-G

aN
 w

as 
converted from

 +c to -c by annealing the G
aN

 buffer 
layer, as w

as observed in U
niv. of C

rete [54]. Therefore, 

the conflict in the use of a G
aN

 buffer layer in M
B

E w
as 

still apparent.  

It w
as very difficult from

 these papers to find both 
general conditions that com

pletely covered all of the 
research groups and any clear relationship betw

een the 
polarity 

and 
the 

grow
th 

conditions. 
H

ow
ever, 

w
e 

consider through reading m
any reports that +c G

aN
 

w
ould be obtained on an A

lN
 buffer layer deposited 

under III-rich (higher grow
th rate) conditions at high 

tem
perature in M

B
E.  

(3) Insertion of a m
etal layer 

X
u et al. (C

hiba U
niv.) observed polarity conversion 

by inserting several A
l m

etal layers onto a -c G
aN

 film
 

after 100 nm
 of deposition in M

B
E [66]. A

 bi-layer of 
A

l m
etal w

as explained as the cause of the converted 
polarity, and this technique has now

 been applied to the 
M

O
C

V
D

 process [67]. Park et al. ((D
ongguk U

niv.) 
deposited an A

l m
etal layer directly onto a nitrided 

sapphire substrate and successfully obtained +c G
aN

 
[68]. K

ikuchi et al. (Sophia U
niv.) introduced high 

tem
perature-grow

n A
lN

 m
ultiple interm

ediate layers 
(H

T-A
lN

-M
IL) in m

igration enhanced epitaxy (M
EE), 

in w
hich A

l and N
 are alternatively supplied into the 

M
B

E cham
ber [69]. They controlled the polarity by 

changing either the num
ber of pairs of H

T-A
lN

-M
IL 

and G
aN

 spacers or the thickness. Y
oshida (Furukaw

a 
C

o. Ltd.) verified the potential of the insertion of G
a 

m
etal [70] [71]. Sim

ilarly, G
aN

 film
s can be achieved 

using a hot w
all epitaxy, w

hich consists of the low
 

tem
perature deposition of G

a m
etal and subsequent 

nitridation [72]. In addition, w
e found that M

-face G
aN

 
could be grow

n on an A
l layer deposited on a sapphire 

substrate and subsequently nitrided in our M
O

C
V

D
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etal layer onto 
an interface is highly advantageous for controlling 
orientation, including the polarity of G

aN
 film

 grow
th.  

3.1.2. M
g accum

ulation layer 

R
am

achandran 
et 

al. 
have 

investigated 
the 

phenom
enon of M

g adsorption on the surface of a +c 
G

aN
 layer grow

n on Si-face 6H
-SiC

 by PA
M

B
E. W

hen 
the film

 w
as exposed to 1.2±0.4M

L or m
ore of M

g 
during grow

th under G
a-poor conditions, they found 

that the polarity for the subsequent G
aN

 film
 sw

itched 
to -c polarity [74]. W

hen the inversion takes place, the 
incorporated 

M
g 

concentration 
in 

the 
layer 

w
as 

confirm
ed to be approxim

ately 8x10
19cm

-3. A
t the point 

w
here the polarity changed, the interface w

as rough, 
w

ith a zigzag inversion dom
ain boundary w

ith m
ainly 

{112 _3} facets and a few
 (0001) segm

ents [75]. R
ecently, 

G
randjean et al. have controlled the polarity conversion, 

not only from
 +c to -c, but also from

 -c to +c polarity in 
N

H
3 -M

B
E [76]. The interface in the latter conversion 

w
as confirm

ed as being flat.  

A
 m

onolayer of M
g deposits on the G

a-term
inated 

surface of the +c G
aN

 film
. Since the local structure of 

the M
g

3 N
2  is m

ore favorable than that of the bulk G
aN

, 
the M

g is likely to bond w
ith the N

 atom
s. C

onsequently, 
the displacem

ent of the G
a and the N

 atom
s in the 

outerm
ost layer should occur, form

ing the configuration 
M

g-N-G
a/G

a-N
 from

 M
g-G

a-N-G
a-N

 on the +c polar 
surface. The sign G

a/G
a indicates ID

B
, consisting of a 

plane of G
a-G

a bonds. The N
 atom

s are six-fold 
coordinated w

ith the outerm
ost M

g and the underlying 
G

a. 
This 

surface 
structure 

has 
been 

theoretically 
calculated to be the m

ost stable [31] [74]. R
ecently, a 

m
odel 

of 
pyram

idal 
(zigzag) 

inversion 
dom

ains 
originating from

 the M
g on the (0001) segm

ent of the 
boundary 

w
as 

theoretically 
perform

ed 
by 

first-principles 
pseudopotential 

density 
functional 

calculations [77]. The m
ost favorable structure of the 

M
g boundary inserted into the G

aN
 w

as evaluated as 
abcab 

stacking 
across 

the 
(0001) 

segm
ent, 

corresponding to the atom
ic sequence G

aN
M

gN
G

a,
w

here the side of the boundary lies along the {112 _3}
direction, corresponding to the zigzag inversion dom

ain 
boundary. In this structure, the concentration of M

g in 
the boundary layer w

as calculated to be 3/4 m
onolayer, 

occupying H
3 sites.  

3.1.3. D
eposition of G

aN
 film

: V/III ratio and grow
th 

rate

Tarsa et al. deposited G
aN

 film
s hom

o-epitaxially on 
+c G

aN
 tem

plates by plasm
a-assisted M

B
E [78]. G

aN
 

film
s deposited w

ith a low
 V

/III ratio (G
a-stable) had a 

quality com
parable w

ith the underlying G
aN

 tem
plate, 

w
hile G

aN
 film

s w
ith a high V

/III ratio (N
-stable) 

show
ed a faceted surface and poor crystalline quality. 

H
eld et al. [79] and M

yers et al. [80] deposited on -c 
G

aN
 tem

plates by M
B

E. The form
er obtained G

aN
 

film
s w

ith 3-D
 grow

th under excess N
H

3 (G
a-lim

ited 
grow

th) and film
s w

ith a step-flow
 grow

th under excess 
G

a (N
H

3 -lim
ited grow

th). The latter obtained G
aN

 
sam

ples 
w

ith 
pyram

idal 
hillocks 

or 
a flat 

surface 
m

orphology 
under 

N
- 

and 
G

a-stable 
conditions, 

respectively. The G
a-rich condition is likely to result in 

G
aN

 film
s w

ith a sm
ooth surface, regardless of the 

polarity of the tem
plate.  

The dependence of the polarity on grow
th rate is also 

observed for G
aN

 and A
lN

 buffer layers, show
n in 

Table II (a), as w
ell as in ZnO

 film
s w

ith the sam
e 

w
urtzite 

crystal 
structure 

[81]. 
Takahashi 

et 
al. 

deposited G
aN

 film
s on G

aA
s (111) A

 and B
-face 

substrates by M
O

M
B

E. The deposition w
as carried out 

at 700°C
 by changing the G

a flux (beam
 equivalent 

pressure (B
EP); 2~8x10

-8Torr) under a constant supply 
of D

M
H

y as the N
 source. The grow

th rate of the G
aN

 
on both substrates increased up to 5x10

-8Torr of G
a 

supply, and then saturated at 400nm
/h above that level. 

This indicates that the grow
th w

as prom
oted w

ith a 
supply-lim

it 
(N

-rich) 
for 

the 
low

er 
B

EP, 
w

hile 
it 

occurred w
ith a surface kinetic lim

it (G
a-rich) for the 

higher B
EP. G

aN
 film

s on A
-face G

aA
s (111) w

ere 
found to have +c polarity, and w

ere independent of the 
grow

th rate. O
n the other hand, the polarity on the G

aA
s 

(111) B
-face w

as -c for the supply-lim
ited condition, 

and it w
as +c w

hen it w
as kinetic-lim

ited. G
aN

 grow
n 

under III-rich conditions (kinetic lim
ited, G

a- stable or 
lim

ited grow
th) is considered to predom

inantly display 
+c polarity [82].  

3.1.4. 
Factors 

for 
controlling 

the 
polarity 

in 
M

B
E-G

aN
 on sapphire substrate 

The follow
ing are considered to be the key points that 

are decisive in determ
ining the polarity of M

B
E-G

aN
;  

1.
U

se of an A
lN

 buffer layer deposited on a 
sapphire substrate at higher tem

perature w
ith a 

higher grow
th rate (III-rich conditions)  

2.
Insertion of an M

g, A
l and G

a m
etal layer at 

the interface

3.
U

se of a thicker LT-G
aN

 buffer layer.  
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The vapor pressure of G
aN

 is m
uch higher than that 

of A
lN

, as show
n in Figure 8 [83]. A

lN
 buffer layers, 

w
ith their low

er vapor pressure, should be suitable to act 
as nucleation layers for M

B
E-G

aN
 grow

n under high 
vacuum

 conditions. Felice et al. calculated theoretically 
the 

atom
ic 

structure 
of 

film
s 

consisting 
of 

approxim
ately 1 bilayer of A

lN
 on c-plane sapphire 

substrates [58]. U
nder equilibrium

 conditions, the A
l 

layer in the H
3 sites lying betw

een the last O
 plane (blue 

region) and the first N
 plane (yellow

 region) m
aintain 

the stoichiom
etry of bulk sapphire for 2/3 m

onolayers, 
as show

n in Figure 9 (a) and Figure 9(b). This favorable 
structure could be changed by the am

ount of A
l in the 

initial grow
th, from

 A
l-rich in Figure 9 (a) to A

l-poor in 
Figure 9 (b). B

oth of the geom
etries of the A

lN
 on the 

outerm
ost 

layer 
(betw

een 
the 

green 
brackets) 

corresponded 
to 

+c 
polarities 

(from
 

previous 
calculations) [84]. In contrast, the alignm

ent of the A
lN

 
(betw

een the red brackets) in Figure 9(c) and Figure 
9(d) 

corresponded 
to 

-c 
polarity. 

This 
structural 

difference is observed in the com
plete interface of A

l 
adatom

s lying in the T4 sites betw
een the last O

 plane 
and the N

 plane. The calculations predicted that the 
polarity of these very thin film

s on sapphire substrates 
w

ould 
be 

attributed 
to 

that 
of 

the 
III-V

 
nitrides. 

M
oreover, since the tw

o structures in Figure 9 (b) and 
Figure 9 (c) have very sim

ilar form
ation energies, 

independent of A
l abundance, it is assum

ed that a slight 
fluctuation 

in 
conditions 

in 
the 

initial 
stages 

of 
deposition can alternately sw

itch the structure. The 

situation that is show
n in Figure 9 (c) m

ust occur under 
non-equilibrium

 conditions, such as nitridation of the 
sapphire under A

l-deficient conditions. C
onsequently, 

the nitridation of sapphire is regarded as resulting in -c 
G

aN
, though m

oderate nitridation as carried out by the 
A

IST group [56] m
ight form

 the interface structure 
show

n in Figure 9 (b). Increasing the supply of group III 
im

plies that the grow
th of nitride m

aterials w
ould 

approach the equilibrium
 state, form

ing the structures 
w

ith +c polarity show
n in Figure 9 (a) and Figure 9 (b).  

3.2. PLD
 

In the pulsed laser deposition (PLD
) technique, 

III-nitride film
s are fabricated in an N

2  am
bient through 

the deposition of precursors that are ablated from
 a 

m
etal target or from

 nitride pow
der by an intense pulsed 

excim
er or N

d:Y
A

G
 laser. Since the use of PLD

 m
akes 

it possible to low
er the substrate tem

perature, various 
substrates can be used in PLD

 [85] [86].  

The orientation of G
aN

 film
s deposited by PLD

 w
as 

G
aN

 [11
0] // A

l2 O
3  [1

00], w
hich is sim

ilar to that in 
the cases of M

O
C

V
D

 and M
B

E. O
hta and Zhou et al. 

reported that -c G
aN

 w
as obtained by PLD

 w
hen 

deposition occurred directly onto a sapphire substrate 
w

ithout any buffer layer. B
y introducing 19nm

 of A
lN

 
[87] or 10nm

 of A
l0.8 G

a
0.2 N

 [88] (as em
ployed by the 

form
er and the latter, respectively) the film

s w
ere 

Figure 8. Equilibrium
 N

2  pressure over III-V
 nitrides (solid) + 

III-m
etal (liquid). Lines for each nitride m

aterial are plotted together 
from

 R
ef. 83  

Figure 9. M
odels for the A

lN
 thin film

s on c-plane sapphire substrates 
given in R

ef. [58]. The color regions are added to explain the 
theoretical predictions. The structures in the brackets correspond to 
the polar structures of A

lN
 described in R

ef. [84]. (a) and (b) 
correspond to a +c polar surface. (c) and (d) to -c polarity.
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ore, an 
A

lN
 buffer layer deposited under A

l-rich conditions 
m

ade the G
aN

 film
 grow

 along the +c polar direction, 
and the initial grow

th on the sapphire substrate w
as 

decisive in determ
ining the polarity [89]. G

aN
 grow

n on 

a 
Si-face 

6H
-SiC

 
substrate 

had 
+c 

polarity. 
B

etter-quality G
aN

 film
s w

ere obtained under G
a-rich 

conditions 
[90]. 

Thus, 
the 

trends 
for 

G
aN

 
film

s 
deposited by PLD

 seem
 to be sim

ilar to those deposited 
by M

B
E, as m

entioned in Sec. 3.1.  

3.3. H
VPE 

H
V

PE has m
ainly been used in order to fabricate bulk 

or free-standing G
aN

 w
ith low

er threading dislocations 
on M

O
C

V
D

-G
aN

 tem
plates patterned w

ith SiO
2  [91] or 

W
 [92] m

asks. Sm
ooth H

V
PE-G

aN
 w

as obtained by the 
insertion of a ZnO

 layer on a sapphire substrate. This 
G

aN
 w

as confirm
ed to be +c polarity, as dem

onstrated 
by R

om
ano et al. [20] in Sec. 2.1. The initial grow

th on 
the substrate seem

s to be also im
portant in H

V
PE. In 

this section, the conditions for H
V

PE-G
aN

 deposition 
on substrates w

ithout a G
aN

 tem
plate are sum

m
arized in 

term
s of surface m

orphology (polarity), as in Sec. 3.1 

for M
B

E.  
3.3.1. U

ntil 1992: D
irect grow

th, G
aC

l treatm
ent, and 

ZnO
 insertion 

The first G
aN

 film
 w

as deposited on a sapphire 
substrate by H

V
PE in '69 [93]. Judging from

 its 
hexagonal-facetted surface m

orphology, this G
aN

 film
 

had -c polarity. Intensive efforts have been m
ade to 

grow
 sm

ooth large area H
V

PE-G
aN

 film
s directly on 

sapphire substrates by M
onem

ar et al. [94].  

In 
Table 

III, 
reports of G

aN
 

grow
th on 

sapphire 
substrates by H

V
PE are listed w

ith respect to the 
relationship 

betw
een 

initial 
grow

th 
conditions 

and 

Table III G
aN

 sam
ples grow

n on sapphire substrates by H
V

PE. R
elationship betw

een surface m
orphology and the initial grow

th on the substrate is 
sum

m
arized.  

Year 
W

ho [R
ef.] 

Initial grow
th condition 

M
orphology 

<70 m
l/m

in for 10m
in 

rough + pit 
90 

N
aniw

ae [95] 
G

a+H
C

l treatm
ent of sapphire 

sub. at 1030˚C
>70 m

l/m
in for 20m

in 
sm

ooth 

Sputtered ZnO
 buffer 

sm
ooth + transparent 

92 
D

etchprochm
 [96] 

D
irect grow

th  
granular 

D
irect grow

th  
hexagonal facet 

97 
M

olnar [97] 
ZnO

 or G
aC

l treatm
ent 

sm
ooth 

at <960˚C
 

rough 
97 

Lee [98] 
Sputtered 50nm

 A
lN

  

at 980-1020˚C
 

R
elatively sm

ooth 

N
itrided a-plane sapphire 

hillocks 

G
aC

l treatm
ent 

hillocks 
99 

Paskova [99] 

M
agnetron-sputtered 50nm

 A
lN

 at 1000˚C
 on a-plane sapphire 

Sm
ooth, w

ith pits 

D
irect grow

th 
hillock 

<10nm
 

hexagonal facets 
G

aN

>10nm
 

sm
oothest 

B
uffer layer by M

O
C

V
D

 at 
600˚C

A
lN

 
sm

ooth 
99 

W
agner [100] 

B
uffer layer by H

V
PE at 

650˚C
G

aN
 20 to 200nm

 
truncated pyram

ids 

00 
Tavernier [101] 

0.1�m
 G

aN
 buffer by H

V
PE at 550˚C

 on sapphire, and then tw
o-step grow

th 
at 1050-1100˚C

.
sm

ooth 

w
ithout H

T-G
aN

 
TD

(cm
-2):10

9, rm
s:4.1 

w
ith H

T-G
aN

 
TD

(cm
-2):10

8, rm
s:0.5 

02 
Zhang [106] 

H
T-G

aN
 buffer on c-sapphire 

treated by G
aC

l at 
800-1050˚C

w
ith + flow

 m
odulation 

TD
(cm

-2):10
7, rm

s:1.4 
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surface m
orphology. The first sm

ooth H
V

PE-G
aN

 w
as 

achieved by N
aniw

ae et al. in 1990 [95]. The key 
technology w

as the treatm
ent of the sapphire substrate 

by G
a+H

C
l at 1030°C

. In order to obtain sm
ooth G

aN
, 

G
a+H

C
l treatm

ent should be carried out for m
ore than 

20m
in, 

as 
show

n 
in 

the 
Table. 

Tw
o 

years 
later, 

D
etchprochm

 et al. found that the insertion of a ZnO
 

layer on the sapphire substrate m
ade it possible to grow

 
H

V
PE-G

aN
 that w

as transparent, w
ith a sm

ooth surface 
[96]. A

 10-300nm
 thick ZnO

 buffer layer w
as deposited 

on 
the 

sapphire 
substrate 

by 
sputtering 

at 
room

 
tem

perature, and then the sapphire substrate that w
as 

covered w
ith the ZnO

 layer w
as introduced into the 

H
V

PE system
.  

The vapor pressure of ZnO
 is so high at 1000°C

 in an 
H

V
PE reactor that there w

as no evidence of ZnO
 at the 

G
aN

/sapphire interface, as reported by M
olnar et al. 

[97]. G
a atom

s left on the sapphire by the G
aC

l 
treatm

ent should be desorbed as w
ell. H

ow
ever, it is 

supposed that a very sm
all fraction of the Zn or the G

a 
could form

 com
positions that w

ould play a role in 
converting the polarity at the interface of the sapphire.  

3.3.2. 1997-1999: A
lN

 and G
aN

 buffer layers 

A
lN

 and G
aN

 buffer layers began to be used in 1997. 
The effectiveness of A

lN
 buffer layers w

as confirm
ed 

by Lee et al. for the first tim
e [98]. Paskova et al. m

ade a 
com

parison of the effects of sapphire nitridation, G
aC

l 
treatm

ent and A
lN

 buffer layers for H
V

PE-G
aN

 grow
th 

[99]. (The grow
th of A

lN
 buffer layers w

as carried out 
by sputtering in a separate apparatus due to the A

lC
l3

corroding the quartz tube of the H
V

PE reactor). It w
as 

concluded that the sm
oothest G

aN
 w

as achieved by the 
use of an A

lN
 buffer layer.  

W
agner et al. reported that H

V
PE-G

aN
 grow

n on a 
G

aN
 buffer layer w

as sm
oother than that on an A

lN
 

buffer layer deposited by M
O

C
V

D
 [100]. H

ere, it is 
w

orth noting that H
V

PE-G
aN

 on an LT-G
aN

 buffer 
layer less than 10nm

 thick had a hexagonal-facetted 
surface (discussed in Sec. 4.3 R

ecipe 1-(2)). The G
aN

 
buffer layer could be desorbed during the ram

ping of the 
substrate tem

perature under an N
H

3  am
bient, and then 

the unintentional direct-grow
th of H

V
PE-G

aN
 on the 

sapphire substrate w
as supposed to take place. In 

contrast, sm
ooth H

V
PE-G

aN
 w

as deposited on A
lN

 
buffer layers. This is w

hy A
lN

 buffer layers, w
hich have 

a low
er desorption rate (as show

n in Figure 8) w
ere 

expected to w
ork as nucleation layers even at the high 

tem
peratures used for H

V
PE-G

aN
 grow

th.  

The im
portance of variations in the LT-buffer layer 

caused by annealing can be found in the report by 
Tavernier et al., w

ho applied a sim
ilar buffer layer 

technology to that used in M
O

C
V

D
 to H

V
PE in a single 

cham
ber [101]. Their studies of buffer layers revealed 

that layer thickness and annealing conditions are crucial 
to obtaining H

V
PE-G

aN
 of high quality.  

3.3.3. 2000-2003: K
inetic effect and a new

 approach 

Sm
all islands that w

ere typically several nm
 in height 

w
ere form

ed on sapphire substrates by the nitridation 
treatm

ents 
used 

in 
H

V
PE 

[102] 
and 

in 
M

O
C

V
D

. 
N

itridation of the substrate is likely to result in -c G
aN

 
grow

th w
ith hexagonal-facetted surfaces, as discussed 

in the section on M
B

E-G
aN

. H
ow

ever, such a trend is 
not observed in H

V
PE-G

aN
. N

am
erikaw

a et al. reported 
that +c polarity w

as observed for H
V

PE-G
aN

 sam
ples 

deposited on both A
- and B

- face G
aA

s (111) substrates 
[103]. This is probably due to the use of grow

th rates as 
high as a few

 µm
/m

in. (M
urakam

i et al. found that w
hen 

an LT-G
aN

 buffer layer on a B
-face substrate w

as 
annealed 

in 
an 

N
H

3  
am

bient, 
the 

substrate 
w

as 
deteriorated 

due 
to 

etching 
of 

the 
buffer 

layer, 
suggesting that G

aA
s (111) B

-face substrates are not 
suitable for G

aN
 deposition [104].)  

In H
V

PE-G
aN

, the coalescence of the G
aN

 islands 
occurs 

rapidly 
(w

ithin 
10 

sec 
of 

their 
grow

th) 
corresponding to 0.4-0.5µm

 of film
 thickness [105]. The 

quality of the H
V

PE-G
aN

 can be divided into tw
o 

regim
es, thinner than 0.4-0.5µm

 and thicker than that, 
w

hich correspond to destructive and better quality, 
respectively. 

G
u 

et 
al. 

obtained 
better 

quality 
H

V
PE-G

aN
 by changing the optim

um
 conditions for the 

tw
o regions [102]. In addition, in a sim

ilar w
ay to the 

case of M
EE [69] given in Sec. 3.1, flow

 m
odulated 

grow
th (FM

G
) w

ith a periodically interrupted H
C

l flow
 

under 
a 

constant 
flow

 
of 

N
H

3  
can 

also 
im

prove 
H

V
PE-G

aN
, as reported by Zhang et al. [106].  

3.3.4. Features for controlling polarity in H
VPE-G

aN
 

N
itridation of the sapphire substrates in H

V
PE does 

not have a great influence on the surface m
orphology 

(polarity) of the G
aN

, probably due to the high grow
th 

rate 
induced 

by 
the 

kinetic 
effect. 

H
ow

ever, 
the 

interface com
positions betw

een the substrate and the 
initial very thin film

 are crucial to +c polarity, as 
provided in the follow

ing:  

1.
G

aC
l treatm

ent of the sapphire substrate  

2.
D

eposition of ZnO
 and A

lN
 layers in an 

isolated system
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3.
U

se of a thicker LT-G
aN

 buffer layer. 
These features are supposed to be essentially equal to 
those used in M

B
E. In order to understand the general 

context 
of 

polarity 
control 

beyond 
these 

grow
th 

techniques, it w
ill be necessary to be able to analyze a 

sapphire surface treated w
ith G

aC
l and also these buffer 

layers.

4. Polarity m
anagem

ent in M
O

C
VD

-G
aN

 

A
n LT-buffer layer is indispensable, not only for 

grow
ing 

high-quality 
H

T-G
aN

 
film

s, 
but 

also 
for 

controlling their polarity, as observed in the drastic 
im

provem
ents in surface m

orphology that have been 
achieved since 1986. The quality of the LT-buffer layer 
strongly depends on the substrate treatm

ent, the grow
th 

conditions 
and 

the 
subsequent 

annealing. 
The 

dependencies of the LT-buffer layer on these conditions 
are highlighted by our studies (detailed below

) under 
Articles,

w
here 

w
e 

attem
pt 

to 
understand 

the 
im

plications of the various conditions. In the subsequent 
sections, entitled The Recipes, w

e propose m
ethods that 

w
ould lead to control of the polarity.  

4.1. Previous w
ork 

A
 few

 years after the developm
ent of A

lN
 and G

aN
 

buffer layers, LED
s based on III-nitride m

aterials w
ere 

realized by the M
O

C
V

D
 process. D

evice developm
ent 

has 
alw

ays 
been 

m
ore 

advanced 
in 

research 
into 

M
O

C
V

D
-G

aN
. Therefore, know

-how
 for im

proving 
G

aN
 m

aterials has not alw
ays been reported as often as 

it m
ight have been. A

s far as w
e could determ

ine during 
our 

survey, 
the 

num
ber 

of 
reports 

claim
ing 

polarity-control in M
O

C
V

D
-G

aN
 are far few

er than 
those for M

B
E-G

aN
. Polarity issues in M

O
C

V
D

-G
aN

 
seem

 to have been left behind. There are, how
ever, som

e 
reports that detail how

 the optim
ization of the grow

th 
conditions 

for 
each 

of 
the 

processes 
in 

M
O

C
V

D
 

happened to result in changes in the polarity and/or the 
surface m

orphology.  
The first G

aN
 film

s deposited by M
O

C
V

D
 in 1984 

had hexagonal-facetted [107] or granular surfaces [108]. 
B

y using an LT-A
lN

 buffer layer, G
aN

 w
ith a sm

ooth 
surface w

as achieved for the first tim
e in 1986 [1]. It has 

been thought that this variation could be related to the 
polarity. H

w
ang et al. investigated the influence of 

sapphire nitridation on G
aN

 film
s in 1995 [109]. Their 

nitridation w
as carried out at 900°C

 for 5m
in. G

aN
 film

s 
using 50nm

 of LT-G
aN

 buffer layer deposited on 
nitrided 

and 
non-nitrided 

sapphire 
substrates 

had 
hexagonal-facetted or sm

ooth surfaces, respectively. 
The carrier density for G

aN
 film

s on nitrided sapphire 
w

as higher by one order of m
agnitude than that for film

s 
on non-nitrided substrates. In addition, the m

obility of 
the form

er w
as 1/4 of that of the latter. That is, the 

substrate nitridation not only had an influence on the 
surface m

orphology, but also on the properties of the 
G

aN
. V

an D
er Stricht et al. system

atically changed the 
surface m

orphology of G
aN

 film
s deposited on nitrided 

sapphire substrates from
 hexagonal-facetted to sm

ooth 
by low

ering the deposition tem
perature of the G

aN
 

buffer layer from
 550 to 450°C

 [110]. The variations 
(re-crystallization or sublim

ation [111] [112]) of the 
LT-buffer layer induced by the gas am

bient [113] and 
the 

annealing 
tim

e 
[114] 

[115] 
w

ere 
investigated 

intensively to im
prove the quality of G

aN
 film

s. Thus, 
the key technologies for controlling the polarity in 

Table IV. G
row

th conditions for our sam
ple preparation. N

um
bers in ( ) are optim

ized values. 

H
2 cleaning 

N
itridation (in case) 

LT-buffer layer 
A

nnealing of 
LT-buffer 

D
eposition of H

T-G
aN

A
lN

500-1040˚C
TM

A
: 2.45-4.9�m

ol/m
in 

V
/III ratio 600-13700 

N
H

3 : H
2  =60- 1500: 1000sccm

 
Thickness: 10-80nm

 (20nm
) 

G
aN

600-1080˚C
(1080˚C

)
H

2  1slm
 

10m
in 

600-1080˚C
N

H
3  1 slm

 + H
2  1 slm

 
0~20m

in (5m
in) 

600˚C
TM

G
: 0.56-5.6�m

ol/m
in 

N
H

3 : H
2  = 250: 750sccm

 
V

/III ratio: 2000 - 20 000 
Thickness: 0-210nm

 (20nm
) 

U
p to 1040˚C

Increasing rate: 
60˚C

 /m
in 

N
H

3 :H
2 :N

2 =
750:750:500 (sccm

) 

0~40m
in (10m

in for 
G

aN
, 20m

in for 
A

lN
)

1040˚C

V
/III ratio:  

15 000 

N
H

3 :H
2 :N

2 =
750:750:500  

G
row

th rate; 1.2 �m
/h 
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M
O

C
V

D
 can usually be found in these reports. The 

im
plications of these conditions w

ill be discussed w
ith 

respect to polarity-control in the subsequent sections.  

4.2. O
ur sam

ple conditions in M
O

C
VD

 

O
ur G

aN
 film

s have been grow
n conventionally on 

c-plane sapphire substrates using LT-buffer layers by a 
tw

o-step sequence in an atm
ospheric pressure M

O
C

V
D

 
apparatus w

ith a vertical w
ater-cooled quartz reactor. 

Trim
ethyl-gallium

 (TM
G

), trim
ethyl-alum

inum
 (TM

A
) 

and N
H

3  gases w
ere used as the G

a, A
l and N

 source 
m

aterials, respectively. H
2  and N

2  w
ere used as the 

carrier gases. A
 quartz inner tube w

as used in order to 
enhance the flow

 velocity of the source gases arriving 
on the substrate on a graphite susceptor. The M

O
C

V
D

 
process involves the follow

ing steps; substrate treatm
ent 

[cleaning in flow
ing H

2  at 1000°C
 and/or nitridation], 

deposition of 
an 

LT-buffer 
layer, ram

ping 
up 

the 
substrate tem

perature (annealing of the buffer layer) and 
deposition of the high-tem

perature (H
T) G

aN
 film

. 
LT-G

aN
 or A

lN
 buffer layers w

ere used in our studies. 
Table IV

 sum
m

arizes the typical grow
th conditions.  

A
lthough 

the 
conditions 

can 
be 

independently 
controlled during each process step, each step has an 
influence on the subsequent processes. There are infinite 
com

binations of conditions until deposition of the 
H

T-G
aN

 film
. The polarities of sam

ples prepared under 
a 

representative 
condition 

for 
each 

process 
w

ere 
analyzed by each of C

A
IC

ISS, X
-TEM

 and chem
ical 

stability.  

4.3. Substrate treatm
ent and G

aN
 buffer layer 

4.3.1. A
rticle 1: Surface of the treated sapphire 

substrate 

It is m
ost im

portant to recognize that the surface of 
the substrate is the first hetero-interface in G

aN
 film

 
grow

th. The surface of the sapphire substrate w
as 

investigated using X
PS w

hen the substrate w
as treated 

by cleaning under H
2  or by nitridation under flow

ing 
N

H
3 .

A
lthough the surface of the sapphire substrate w

as 
som

etim
es covered w

ith undesirable contam
ination (G

a, 
N

, A
l, Si etc.) due to hysteresis in the M

O
C

V
D

 
apparatus [116], oxygen w

as conventionally rem
oved 

from
 

the 
sapphire 

surface 
during 

H
2  

cleaning. 
C

onsequently, the surface w
as slightly rougher, and an 

A
l-rich surface w

as form
ed, w

hich w
as confirm

ed to be 
A

l:O
 = 50:50%

 by X
PS. W

hen it w
as subsequently 

nitrided under flow
ing N

H
3  at various tem

peratures 
betw

een 600°C
 and 1080°C

, the surface com
positions 

of the A
l, O

 and N
 w

ere changed, as show
n in Fig. 10. 

N
itrogen w

as detected for sapphire nitrided at even 
600°C

, and the nitrogen com
position increased w

ith 
higher tem

perature, w
hile the oxygen decreased.  

Thus, an A
l-rich surface w

as form
ed on the sapphire 

substrate by the rem
oval of oxygen during H

2  cleaning. 
In 

contrast, 
A

lO
x N

1-x  
w

as 
induced 

by 
nitridation, 

depending on the tem
perature used. These chem

ical 
states at the surface of the substrate play a decisive role 
in the polar structure of the buffer layer and also the 
evaporation behavior. (R

efer to Recipes 1 and 2).  

4.3.2. A
rticle 2: Structure of the LT-G

aN
 buffer layer 

on the nitrided sapphire substrate

To 
understand 

the 
correlation 

betw
een 

the 
M

O
C

V
D

-process and the polarity, it is necessary to 
evaluate the polarity of the LT-buffer layer itself. Figure 
11 show

s C
A

IC
ISS results for LT-G

aN
 buffer layers on 

H
2 -cleaned and nitrided sapphire substrates [36] [117]. 

The dependence of the intensity on the incident angle 
show

s less variation due to the poor crystalline quality 
of the buffer layer (refer to Sec. 2.4). H

ow
ever, the 

dom
inant polarity of buffer layers as thin as 20nm

 can 
be judged from

 these results by com
parison w

ith the 
results in Figure 5. There are tw

o interesting features 
observed from

 this result. Firstly, both as-deposited 
buffer layers show

 +c polarity, independent of the 
substrate treatm

ent. The other is that the resulting 
polarity for the layer on the nitrided sapphire w

as 
converted to -c polarity after the annealing, w

hile the 
polarity w

as +c for the film
 on the H

2  cleaned substrate.  

Figure 
10. 

N
itridation-tem

perature 
dependence 

of 
the 

atom
ic 

concentration on a sapphire surface determ
ined by X

PS analysis. 
W

hen H
T-G

aN
 film

s w
ere deposited on sapphire substrates nitrided 

at tem
peratures of m

ore than 700°C
, the film

s represented -c polarity 
and hexagonal facetted surfaces.
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O
ur concern w

as focused on buffer layers on nitrided 
sapphire. The non-stoichiom

etric A
lO

x N
1-x  layer form

ed 
by the nitridation is likely to have -c polarity, as 
indicated by theoretical calculations [58]. B

oth +c and 
-c polarity nucleate sim

ultaneously on the nitrided 
sapphire, 

probably 
due 

to 
either 

inhom
ogeneous 

nitridation [117] or favorable form
ation energy. The 

surface of the as-deposited buffer layer w
ould be 

covered w
ith a +c layer w

ith higher grow
th rate [118]. 

Subsequent annealing of the film
 w

ould m
ake the -c 

dom
ains rise to the surface due to the sublim

ation of the 
film

. B
ased on these considerations, buffer layers on 

nitrided sapphire substrate are assum
ed to be covered 

w
ith a +c layer grow

n laterally over the -c dom
ains.  

To confirm
 this assum

ption, thicker buffer layers 
(210nm

) 
w

ere 
prepared 

on 
nitrided 

sapphire 
and 

annealed for various tim
es at 1040°C

. A
n LT-G

aN
 

buffer layer on a nitrided substrate w
as found to 

evaporate 
w

ith 
a 

layer-by-layer 
m

ode 
due 

to 
the 

A
lO

x N
1-x  on its surface [119]. Figure 12 show

s the 
angular 

dependence 
of 

the 
G

a 
signal 

intensity 
in 

C
A

IC
ISS for the thicker buffer layer annealed for 0, 10, 

20 and 30m
in [120]. The C

A
IC

ISS result for the 
as-deposited sam

ple show
s predom

inantly +c polarity 
[Figure 12 (a)]. The sam

ple continues to have +c 
polarity after annealing for 10m

in. Sharpening of the 

peaks is also observed in the result, suggesting an 
im

provem
ent in the crystal quality near the surface 

[Figure 12 (b)]. The peak at 72° splits into tw
o peaks 

and the peak at 35° intensifies w
ith further annealing, as 

show
n in Figs. 12 (c) and (d). This indicates that the film

 
surface is transform

ing from
 +c polarity (triangles) to -c 

polarity (squares). The lines in Figs. 12 (c) and (d) 
present the w

eight ratio of +c: -c polarity at 5:5 and 2:8, 
respectively, w

ith the assum
ption that they share the 

sam
e crystal quality (i.e., the sam

e intensity of the 
C

A
IC

ISSS signal for +c and -c dom
ains).  

Since 
C

A
IC

ISS 
analysis 

detects 
the 

atom
ic 

arrangem
ent of only the surface region (as discussed in 

Sec. 2.4), the film
s w

ere further investigated by TEM
 

[120]. Figure 13 show
s X

-TEM
 im

ages for the sam
e 

sam
ples that are show

n in Figs. 12 (c) and 12 (d). 
C

olum
nar ID

s w
ere found to extend to the surface, and 

dom
e-shaped dom

ains w
ere found near the interface, 

sim
ilar to the observations reported by W

u et al. [121]. 
W

ith increasing annealing tim
e (sublim

ation of the film
), 

Figure 11. A
ngular dependence of G

a signal intensity for the buffer 
layers in C

A
IC

ISS analysis: (a) as-deposited 20-nm
 buffer layer on 

non-nitrided 
sapphire, 

(b) 
as-deposited 

20-nm
 

buffer 
layer 

on 
nitirided sapphire and (C

) annealed buffer layer of (b). The polarity of 
a buffer layers on nitrided sapphire substrates changed from

 +c to -c 
polarity, w

hile there w
as no change for buffer layers on non-nitrided 

sapphire substrates. [after R
ef. 36]. This is the first determ

ination of 
the 

polarity 
for 

LT-G
aN

 
buffer 

layers, 
w

hich 
has 

led 
to 

an 
understanding of the correlation betw

een the M
O

C
V

D
 process and 

the polarity.

Figure 12. Incident angular dependence of G
a signal intensity at [112 _

0] azim
uth of H

e
+ beam

 in C
A

IC
ISS analysis for a 210nm

 G
aN

 buffer 
layer on nitrided sapphire: (a) as-deposited, (b)10m

in, (c) 20m
in, and 

(d) 30m
in annealing tim

e. The lines in (c) and (d) are calculated 
according to the w

eight ratios of the +c:-c polarity m
aterial as being 

5:5 and 2:8, respectively, assum
ing that they are of the sam

e crystal 
quality i.e., the sam

e intensity of C
A

IC
ISS signal for +c and -c 

dom
ains. The sharpening peak in (b) indicates crystallization, and the 

peak splitting at 72° in (c) suggests the existence of -c dom
ains that 

are becom
ing exposed due to the evaporation of the buffer layer. [after 

R
ef. 120] 



M
R

S
 Internet J. N

itride S
em

icond. R
es. 9, 1 (2004). 

©
 2004 The M

aterials R
esearch S

ociety 
19

the dom
e-shaped dom

ains are exposed to the surface. 
The TEM

 im
ages are consistent w

ith the C
A

IC
ISS 

spectra. Since the -c signal com
ponent of the C

A
IC

ISS 
result increased after annealing, the inverted dom

ains 
(dom

e shaped) can be considered to have -c polarity.  

4.3.3. A
rticle 3: Interface betw

een the G
aN

 buffer and 
the treated sapphire substrate 

The interface betw
een the G

aN
 buffer layer and the 

substrate w
as investigated by X

PS. Figure 14 show
s the 

annealing-tim
e dependence of the peak position of N

1s 
for buffer layers on both H

2  cleaned and nitrided 
sapphire 

substrates. 
The 

peak 
positions 

for 
both 

as-deposited layers are observed at around 397.4 eV
, 

corresponding to G
aN

. The sam
ple on nitrided substrate 

m
ostly evaporated after annealing for 20m

in, because 
the position of N

 1s at 396.5eV
, corresponding to the 

A
lN

 and G
a signals, w

as in the noise level. In contrast, 
A

lx G
a

1-x N
 w

as form
ed at the interface betw

een the G
aN

 
buffer layer and the H

2  cleaned sapphire substrate. The 
peak position for the annealed buffer layer on the H

2
cleaned sapphire stayed at 396.8eV

, regardless of the 
tim

e, and the G
a 3d peak w

as shifted to slightly low
er 

binding energy from
 G

aN
 (19.8eV

) [119].  
R

ecently, w
e have deposited a G

aN
 film

 by M
O

C
V

D
 

on an H
2  cleaned sapphire substrate that had once been 

exposed to air. A
lthough the surface should have been 

term
inated w

ith oxygen, a +c G
aN

 film
 w

ith sufficient 
quality w

as obtained on the sapphire by tw
o-step 

M
O

C
V

D
 w

ithout the need for a second H
2  cleaning 

process [122]. The sapphire surface becom
es rougher by 

H
2  cleaning, represented by the w

eak R
H

EED
 pattern. 

In addition, a com
parable G

aN
 film

 w
ith high quality 

w
as even grow

n on a sapphire substrate cleaned in an N
2

am
bient at m

ore than 1000°C
 [123]. It is supposed from

 
these facts that the therm

al roughening of sapphire at 
higher tem

perature m
ight be im

portant as a nucleation 
site for the grow

th of the LT-buffer layer.  

4.3.4. R
ecipe 1: Thickness and annealing of the G

aN
 

buffer layer on nitrided substrates 

Taking into account the ID
s structure of the G

aN
 

buffer layer on the nitrided sapphire reported in Article 2,
w

e dem
onstrate how

 to control the polarity of the 
H

T-G
aN

 by changing the thickness of the buffer layers 
and the conditions used for the annealing. The m

ixed 
polarity of the buffer layers grow

n by M
B

E on nitrided 
sapphire has also been observed by C

A
IC

ISS analysis 
[59]. Since G

aN
 film

 grow
th on nitrided sapphire 

substrates is supposed to be sim
ilar to grow

th by M
B

E, 

Figure 13. C
ross-sectional TEM

 im
ages for the buffer layers annealed 

for (a) 20m
in and (b) 30m

in. The sam
ples correspond to (c) and (d) in 

Figure 12, respectively. [after R
ef. 120 ] 

Figure 14. D
ependence of (a) N

1s and (b) G
a 3d peak positions for a 

20-nm
-thickness G

aN
 buffer layer on H

2  cleaned (open circles) and 
nitrided (closed circles) sapphire substrates on the annealing tim

e 
under the N

2  and H
2  m

ixed am
bient. The positions w

ere detected by 
X

PS analysis. [after R
ef. 119 ] The sam

ple on the nitrided substrate 
evaporated com

pletely, and A
lG

aN
 w

as form
ed at the interface 

betw
een the sam

ple and the non-nitrided substrate.
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our recipes in M
O

C
V

D
 w

ill be com
pared w

ith the 
features found in M

B
E, w

hich are listed in Table II (a) 
and Table II (b).  
(1) Thickness 

Thicker buffer layers (160nm
) w

ere deposited and 
annealed for various tim

es at 1040°C
 under a gas 

am
bient of N

H
3 : H

2 : N
2

= 750:750:500sccm
. The 

absorbance at 3.6eV
 decreases as a function of the 

annealing tim
e, as show

n Figure 15 (a), indicating a 
reduction 

in 
the 

thickness. 
Their 

polarities, 
as 

determ
ined by C

A
IC

ISS, are indicated in the figure. 
G

aN
 film

s w
ere deposited on these annealed buffer 

layers, w
ith their polarities clearly identified. G

aN
 film

s 
w

ith sm
ooth (+c) and hexagonal faceted (-c) surfaces 

w
ere confirm

ed w
hen deposited on thicker buffer layers 

annealed for 10m
in (+c) and m

ore than 30m
in (-c), 

respectively. The size of the hexagonal facets could be 
system

atically changed up to 60µm
 by varying the 

annealing tim
e of the buffer layer, as show

n in Figure 15 
(b). W

e suppose that the m
ilky surface of the G

aN
 film

 
w

as probably due to +c and -c m
ixed grow

th [36].  

The effect of the thickness of the buffer layer can be 
seen in the data for M

B
E-G

aN
 film

s show
n in Table II 

(a). In spite of the presence of an A
lN

 or G
aN

 buffer 
layer, M

B
E-G

aN
 film

s on thicker buffer layers are 
likely to have +c polarity. W

hen the group at G
eorgia 

Inst. of Tech. [62] increased the thickness of the A
lN

 
from

 12 nm
 to 30 nm

, the polarity w
as converted from

 
m

ixed polarity to +c polarity. Sim
ilar results w

ere 
obtained 

by 
both 

the 
V

irginia 
C

om
m

onw
ealth 

U
niversity, w

ho used G
aN

 buffer layers m
ore than 60 

nm
 thick [65] and the W

alter Schottky Institute, w
ho 

used A
lN

 buffer layers that w
ere m

ore than 5 nm
 in 

thickness [60]. These exam
ples of polarity conversion 

depending on the thickness of the buffer layer are 
exactly sim

ilar to our case for M
O

C
V

D
-G

aN
.  

(2) V/III ratio 

G
aN

 
buffer 

layers 
w

ere 
deposited 

on 
nitrided 

sapphire under G
a-rich (low

er V
/III ratio: 2000) and 

optim
ized (V

/III ratio: 20 000) conditions. Figure 16 
show

s A
FM

 im
ages for 20-m

in annealed buffer layers 
deposited under (a) optim

um
 and (b) G

a-rich conditions 
before (on the left) and after (on the right) dipping them

 
in K

O
H

 solution. The sm
ooth surface of the optim

um
 

buffer layer turned into a rough surface, indicating -c 
polarity. In contrast, the surface for the G

a-rich buffer 

Figure 15. (a) D
ependence of absorbance at 3.6eV

 on annealing tim
e 

for a 160nm
 G

aN
 buffer layer on a nitrided sapphire substrate. (b) 

V
ariation of hexagonal facet size of G

aN
 film

s deposited on annealed 
buffer layers in (a). The polarities of the H

T-G
aN

 layers are attributed 
to those of the annealed buffer layers. [after R

ef. 36 ]

Figure 16. A
FM

 im
ages of annealed buffer layers on nitrided 

sapphire substrates before (on the left) and after (on the right) 
dipping in K

O
H

 solution for each tim
e stated. (a) The sam

ple 
deposited under a V

/III ration of 20 000 and annealed in the H
2  and 

N
2 m

ixed am
bient for 20m

in, and (b) the sam
ple deposited under a 

V
/III ratio of 5000 and annealed in an N

2  am
bient for 20m

in. [after 
R

ef. 119] 
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layer is resistant to the K
O

H
 solution, indicating +c 

polarity [32]. From
 these results, the III-rich condition 

m
ight be considered to suppress the effect of -c polarity 

on nitrided sapphire substrates.  

The FW
H

M
 of the G

a 3d spectrum
 detected by X

PS 
for the form

er as-deposited sam
ple w

as 2.2 eV
 w

ider 
than that (1.5-1.7eV

 by our analysis) for the latter layers 
[119], suggesting the existence of G

a m
etal or G

a that 
w

as w
eakly bonded w

ith the N
. Thus, the III-rich 

condition is suggested as being effective for obtaining a 
+c interface, as discussed in section 3.1.4 for M

B
E, as 

w
ell as in M

O
C

V
D

. Furtherm
ore, the effect of the 

III-rich condition on the +c polarity m
ight be extended 

to the H
V

PE technique using the G
aC

l treatm
ent 

m
entioned in Sec. 3.3.  

(3) A
nnealing conditions for the buffer layer 

The 
G

a-rich 
buffer 

layer 
is 

supposed 
to 

predom
inantly cohere and/or evaporate during the initial 

annealing. In fact, w
e confirm

ed that the buffer layer 
had com

pletely evaporated w
ithin 7 m

in under an 
am

bient of N
H

3 : H
2:N

2
= 750: 750: 500 sccm

. The 
sublim

ation could be suppressed by increasing in the 
am

ount of N
2  (replacing the H

2 ) in the gas am
bient, and 

this annealed buffer then w
orked as a nucleation layer.  

The annealing of the LT-buffer layer in M
O

C
V

D
 is a 

unique process. To add to the im
portance of the V

/III 
ratio, the annealing conditions are also crucial to the 
polarity in term

s of controlling the thickness of the 
buffer layer. A

n H
2  am

bient should be used for thicker 
or III-poor buffer layers, w

hile an N
2  am

bient is 
appropriate for a thin or III-rich layer in order to obtain a 
buffer 

layer 
of 

the 
optim

um
 

thickness. 
These 

correlations 
are 

very 
com

plex, 
depending 

on 
the 

individual grow
th apparatus. O

ur case is referred to in 
detail elsew

here [119].  

Tw
o 

recipes 
for 

obtaining 
+c 

G
aN

 
on 

nitrided 
sapphire are; 1) the deposition of a thicker buffer layer 
under III-rich conditions, and 2) annealing of the layer 
for a short tim

e under an N
2  am

bient. W
e suppose that 

U
chida et al. in R

ef. 4, w
ho deposited +c G

aN
 on 

nitrided sapphire substrates, m
anaged to use these 

correlations in their M
O

C
V

D
 apparatus.  

4.3.5. R
ecipe 2: G

row
th on H

2  cleaned substrates 

H
2  cleaning of sapphire substrates is indispensable for 

the grow
th of G

aN
 w

ith a sm
ooth surface by tw

o-step 
M

O
C

V
D

. G
aN

 film
s and G

aN
 buffer layers on this type 

of substrate have +c polarity. The basis of the recipe for 
preventing grow

th w
ith -c polarity on H

2  cleaned 

sapphire is in preventing the substrate from
 undergoing 

unintentional nitridation.  

It w
as confirm

ed that nitridation using N
H

3  gas at 
tem

peratures higher than 700°C
 resulted in -c G

aN
 film

s 
in our deposition system

. In addition, the introduction of 
a flow

 of N
H

3  into the reactor, even for several seconds 
at 1080°C

, resulted in the grow
th of -c G

aN
 film

s. 
Therefore, 

unintentional 
nitridation 

probably 
takes 

place in the follow
ing circum

stances; 1) w
hen N

H
3  is 

introduced into the reactor during the decrease in 
substrate 

tem
perature 

for 
the 

deposition 
of 

the 
LT-buffer layer after H

2  cleaning of the sapphire, and 2) 
w

hen a longer tim
e is used and annealing is carried out 

in an H
2  am

bient for a thin LT buffer layer (exposure of 
the 

sapphire 
surface). 

These 
factors 

indicate 
the 

im
portance of correct tim

ing of the sw
itching of the 

source gases w
hen shifting to a subsequent part of the 

grow
th process.  

Seelm
ann-Eggebert et al. have already pointed out 

that the occurrence of inversion dom
ains in the film

s 
could m

ainly be attributed to poor process control 
during substrate cleaning and in the very initial stages of 
the nucleation process, preceding buffer grow

th [6]. It is 
supposed that the G

aN
 w

ith the hexagonal facets on a 
thin buffer layer that w

as reported in R
ef. [3] m

ight 
originate 

from
 

the 
unintentional 

nitridation 
of 

the 
sapphire substrate.  

4.4. A
lN

 buffer layer 

4.4.1. A
rticle 4: C

om
parison w

ith LT-G
aN

 buffer 
layers 

Figure 17 show
s the dependence on annealing tim

e of 
the X

R
D

 intensity of the (0002) peaks of 20 nm
 thick 

LT-G
aN

 and A
lN

 buffer layers deposited on H
2 cleaned

sapphire at 600°C
 under optim

um
 conditions. Since the 

therm
al annealing caused the crystallization of the 

buffer layer [124], the intensity of the G
aN

 (0002) 
diffraction w

as enhanced w
hen it w

as annealed for 10 
m

in. The extended annealing caused the layer to be 
thinner due to sublim

ation. It is w
orth noting here that it 

took double the tim
e for the A

lN
 to achieve m

axim
um

 
intensity in Figure 17, probably due to the low

er 
m

ass-transportation and sublim
ation of the A

lN
 buffer 

layer. This im
plies that the annealing conditions should 

be changed to suit the kind of buffer layer used [125] 
[126]. Indeed, the 

(0002) FW
H

M
 of G

aN
 on an A

lN
 

buffer w
as im

proved from
 400 (10 m

in annealing, 
w

hich w
as the optim

um
 tim

e for the G
aN

 buffer layer) 
to 240 arcsec, sim

ply by annealing the A
lN

 buffer for a 
longer tim

e (20 m
in), as show

n in Figure 17.  
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s the relationship betw
een the FW

H
M

 
and the annealing tim

e for 20 nm
 thick A

lN
 and G

aN
 

buffer layers. The annealing tim
e m

eans the tim
e 

interval from
 the end of the buffer layer deposition at 

600°C
 till the start of the H

T-G
aN

 deposition at 1040°C
. 

A
fter taking 7 m

in to reach 1040°C
, the annealing w

as 
m

aintained at 1040°C
 for the rem

ainder of the tim
e. A

ll 
of the sam

ples exhibited +c polarity. A
lthough the best 

quality G
aN

 w
as obtained on an A

lN
 buffer layer, the 

values changed drastically in the narrow
 w

indow
 of the 

annealing-tim
e conditions. Figure 19 show

s the FW
H

M
 

and surface m
orphology (polarity) of H

T-G
aN

 film
s on 

nitrided sapphire substrates using A
lN

 and G
aN

 buffer 
layers of various thicknesses. The buffer layers w

ere 
annealed for 10m

in. A
s discussed in Recipe 1, the 

m
aterial changed from

 -c to +c polarity (through a 
m

ixed polarity condition) for both types of buffer layer 
w

ith increasing buffer layer thickness. H
ow

ever, the 
w

indow
 for the A

lN
 buffer layer is narrow

er, as in the 
case show

n in Figure 18. Therefore, LT-G
aN

 buffer 
layers m

ay have an advantage for controlling the 
polarity of G

aN
 film

s grow
n by M

O
C

V
D

.  

4.4.2. R
ecipe 3: H

igh-tem
perature A

lN
 buffer layers 

H
T-A

lN
 buffer layers are useful in the grow

th of G
aN

 
film

s by M
B

E (Table II (a) in Sec. 3.1). W
hen an 

H
T-A

lN
 buffer layer w

as deposited at 1040°C
 in 

M
O

C
V

D
, introducing N

H
3 at high tem

perature caused 
the unintentional nitridation of the sapphire (Recipe 2).
C

onsequently, the G
aN

 film
s had -c polarity w

ith 
hexagonal 

facets. 
Tw

o 
experim

ents 
have 

been 
undertaken to prevent this conversion to -c polarity 
w

hen using an H
T-A

lN
 buffer layer [127].  

The TM
A

 precursor w
as introduced into the reactor 

10 seconds before the N
H

3  gas during the deposition of 
an H

T-A
lN

 buffer layer at 1040°C
. A

s expected, a +c 
G

aN
 film

 w
as achieved. Judging from

 the deposition 
rate, the thickness of the A

l m
etal layer w

as estim
ated to 

Figure 17. V
ariation of (0002) peak intensity of LT-G

aN
 (open 

circles) and A
lN

 (closed circles) buffer layers of 20nm
 thickness as a 

function of annealing tim
e. The intensity w

as enhanced due to the 
crystallization of the sam

ples induced by the annealing, and it 
subsequently decreased due to the layer being thinned by sublim

ation. 
This indicates that the effects of m

ass transportation and sublim
ation 

are sm
aller for A

lN
 buffer layers.

Figure 18. FW
H

M
 of �

(0002) for H
T-G

aN
 film

s deposited on G
aN

 
(open circles) and A

lN
 (closed circles) buffer layers w

ith the sam
e 

thickness, w
hen the buffer layers w

ere annealed for the tim
es show

n 
in the figure. The conditions for obtaining better quality H

T-G
aN

 
m

aterial are w
ider w

ith G
aN

 buffer layers [127].

Figure 19. The FW
H

M
 value of �

 (0002) for 1 µm
 H

T-G
aN

 film
s 

deposited on A
lN

 (closed circles) and G
aN

 (open circles) buffer 
layers w

ith the thicknesses in the figure. The buffer layers w
ere 

annealed for 10m
in under the optim

um
 am

bient. Their polarity 
changed as indicated by the surface m

orphology, and the polarity 
conversion occurred drastically in the case of the A

lN
 buffer layer.
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be 4 Å
 during this 10 second period. In another 

experim
ent, a low

er V
/III ratio of less than 1800 w

as 
used for the A

lN
 deposition at 1040°C

, w
hich resulted 

in +c G
aN

 w
ith a sm

ooth surface, as show
n in Figure 20. 

These tw
o recipes, 1) the deposition of A

l m
etal and 2) 

the use of a low
er V

/III ratio, seem
 to be consistent w

ith 
the features seen in M

B
E.  

4.5. Polarity of the H
T-G

aN
 

4.5.1. A
rticle 5: C

orrelation betw
een the polarity and 

the grow
th process 

The polarity of H
T-G

aN
 w

as found to be attributable 
to 

that 
of 

the 
annealed 

buffer 
layer 

from
 

the 
observations in the previous sections. D

uring re-grow
th 

on a G
aN

 tem
plate, the polarity could also attributed to 

that of the tem
plate, as recognized by W

eyher et al. 
[128]. In our deposition system

, the deposition rate of 
M

O
C

V
D

-G
aN

 film
s is lim

ited by the arrival rate of the 
TM

G
 source gas. Film

s are grow
n w

ith changing 
deposition rates, ranging from

 0.9 to 5.0 µm
/h. The 

polarities of these M
O

C
V

D
-G

aN
 film

s w
ere identical 

w
ith those of the annealed buffer layer on nitrided 

sapphire substrates [129]. This is inconsistent w
ith 

M
B

E-G
aN

 in term
s of the kinetic effect highlighted in 

Sec. 3.1.3. A
lthough the range of conditions used for the 

H
T-G

aN
 m

ight be insufficient, w
e insist here that the 

polar structure at the interface of one of the underlying 
layers (the annealed LT-buffer layer or the tem

plate) 
w

ould be the m
ost crucial factor in determ

ining the 
polarity of G

aN
 film

s in M
O

C
V

D
.  

W
e have investigated the im

plications in the exact 
grow

th sequence and conditions in M
O

C
V

D
. W

hen 
sum

m
arizing them

 in Articles 1-5 and Recipes 1-3 w
ith

respect to the polarity, the relationship betw
een the 

grow
th conditions and the polarity can be represented as 

Figure 20. Influence on surface m
orphology of H

T-G
aN

 film
s of the 

V
/III ratio in A

lN
 buffer layers deposited at 1040 °C

; V
/III ratio= (a) 

600, (b) 1800, (c) 6800, and (d) 13700. [ 127] A
 low

er V
/III ratio w

as 
required for the deposition of A

lN
 buffer layer in order to obtain +c 

G
aN

 film
.

Figure 21. Sum
m

ary of the key points for controlling the polarity of G
aN

 film
s on sapphire substrates (as detailed in the A

rticles and the R
ecipes) 

in the tim
e chart of the tw

o-step M
O

C
V

D
 process. O

ur typical grow
th conditions are represented. The polarity at the end of each process is 

rem
arked w

ith blue and red indicating +c and -c polarity, respectively, w
hich can be used as the road m

ap to control the polarity of G
aN

 in 
M

O
C

V
D

. [after R
ef. 130] 
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ap on a tim
ing chart of the M

O
C

V
D

 
process, as show

n in Figure 21 [130]. The route is 
divided by the nitridation of the sapphire substrate. In 
order to achieve +c G

aN
 in M

O
C

V
D

, the sapphire 
substrate m

ust not be nitrided after the H
2  cleaning. In 

the case w
here nitridation occurs, how

ever, the polarity 
can still be controlled by m

odifying the preparation of 
the LT-buffer layer.  

4.5.2. R
ecipe 4: A

pplication of the road m
ap 

The road m
ap can be exam

ined in several w
ays, not 

just for controlling the polarity, but also for depositing 
G

aN
 film

s on various substrates. W
hen G

aN
 film

s are 
deposited on Si-face 6H

-SiC
 substrates in M

O
C

V
D

, it is 
w

ell know
n that LT-A

lN
 buffer layers should be used. 

W
hen an LT-G

aN
 buffer layer w

as used, part of the SiC
 

surface 
w

as 
exposed 

during 
the 

tim
e 

that 
the 

tem
perature w

as ram
ping because of the absence of a 

non-volatile interm
ediate layer (such as A

lG
aN

) at the 
interface of the sapphire substrates (Article 3). To 
overcom

e this unsuitable feature of using an LT-G
aN

 
buffer layer on a SiC

 substrate, it w
as annealed in an N

2
am

bient to suppress evaporation during the ram
ping of 

the tem
perature (Recipe 1 (3)). A

s expected, a G
aN

 film
 

w
ith a sm

ooth surface and of better quality w
as obtained 

on the SiC
 substrate using the LT-G

aN
 buffer layer 

[131].  

B
y m

odifying the tim
ing of the introduction of the 

source gases according to Recipe 2, grow
th of G

aN
 w

as 
achieved on a Si (111) substrate using only an A

lN
 

buffer layer. The key point of this w
as that the TM

A
 and 

the N
H

3  gas should arrive sim
ultaneously at the Si 

substrate in order to prevent the A
l and N

 from
 alloying 

w
ith the Si [132].  

G
aN

 film
s w

ere deposited on (La
0.29 , Sr0.71 )(A

l0.65 ,
Ta

0.35 ) O
3  (LSA

T) (111) substrates, w
hich have a lattice 

constant that corresponds to the 3x3 structure of G
aN

 
(0001) and a therm

al expansion coefficient close to that 
of G

aN
. Since the LSA

T substrate w
as deteriorated by 

N
H

3  and TM
G

 gases at high tem
perature, an A

lN
 layer 

w
as used as a blocking layer to protect the surface. The 

G
aN

 film
 on the LSA

T had +c polarity and its G
aN

 [1
00] // LSA

T [1
0] orientation w

as rotated in-plane by 
30° against the expected orientation (G

aN
 [2

0] // 
LSA

T [1
0]) [133]. This w

as probably caused by the 
bond configuration of the surface of the LSA

T substrate. 
In 

addition, 
G

aN
 

film
s 

on 
m

etal-face 
and 

O
-face 

LiG
aO

2  
(001) 

substrates 
had 

+c 
and 

-c 
polarity, 

respectively [134].  

5. Polarity dependence of properties and device 
perform

ance 

The 
focus 

of 
our 

concern 
m

oves 
on 

to 
the 

polarity-dependence of the properties of G
aN

 film
s and 

device perform
ance. M

orkoc et al. [135] have already 
review

ed the band profile and the characteristics of 
electronic 

devices 
such 

as 
field 

effect 
transistors, 

considering 
the 

spontaneous 
and 

piezoelectric 
polarizations. The system

atic variations of the 2D
EG

 
density and the band profile for an A

lG
aN

 /G
aN

 / 
A

lG
aN

 hetero-structure w
ere theoretically predicted by 

A
m

bacher et al., taking into account the thickness of the 
barrier layer, the com

position of the ternary alloy, the 
degree of strain, and the screening of the polarization 
field by free carriers [136].  

In this section, the polarity-dependence of the optical 
properties of G

aN
 film

s is discussed w
ith respect to 

im
purity-incorporation 

and 
defect 

form
ation. 

Furtherm
ore, 

the 
structures 

of 
interfaces 

are 
sum

m
arized w

ith respect to the contact form
ed betw

een 
the m

etal and G
aN

 polar surface, w
hich are not fully 

discussed in these excellent review
s.  

Figure 22. D
epth profiles of C

-, O
-, A

l -, Si -, G
a

- and G
aN

- for (a) +c 
G

aN
 and (b) -c G

aN
 film

s of 1µm
 in thickness. The intensities of 

im
purities norm

alized to the G
aN

- count are listed at the bottom
 of 

each figure. The values norm
alized to the G

a+G
a

+ ion in the brackets 
are evaluated from

 depth profiles using and O
2 + prim

ary beam
 [after 

R
ef. 137]. The A

l, C
 and O

 im
purities w

ere m
ore readily incorporated 

into -c G
aN

 film
s.  
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5.1. O
ptical properties and defect form

ation 

Figure 22 show
s depth profiles of +c and -c G

aN
 

film
s. The yields of the m

atrix ions of G
a and G

aN
- are 

constant throughout the film
s. C

om
paring the results for 

both 
G

aN
 

film
s, 

C
, 

O
, 

and 
A

l 
im

purities 
are 

incorporated by one or tw
o orders of m

agnitude m
ore 

into -c G
aN

, w
hile Si im

purities have an incorporation 
rate that is several tim

es higher into +c G
aN

 [137]. 
C

onsistent w
ith the higher level of im

purities, the carrier 
concentration for -c G

aN
 w

as m
uch higher than that for 

+c G
aN

, in spite of the grow
th conditions (the V

/III 
ratio) and the grow

th rate. The dependence of the 
im

purity incorporation can be explained either by the 
difference in the adsorption energy betw

een the m
atrix 

elem
ents and the im

purities on the polar surface [138] or 
by differences in the m

ode of the grow
th.  

Li et al. found that the doping behavior of M
g and the 

resulting conductivity of the doped layers in M
B

E-G
aN

 
strongly depends on the polarity of the G

aN
 [139]. In 

fact, M
g w

as incorporated by up to a factor of 30 tim
es 

m
ore into +c G

aN
 [140]. A

ctivation of the p-type 
dopants w

as achieved for +c G
aN

. O
ne of the reasons 

w
hy this w

as possible is thought to be that C
 and O

 
im

purities are incorporated m
ore into -c G

aN
 [141]. 

G
aN

 film
s on bulk G

aN
 single crystals w

ith -c polarity 
grow

n by M
O

C
V

D
 [142] and film

s on ZnO
 w

ith O
-face 

polarity grow
n by M

B
E [143] w

ere also found to 
contain 

m
ore 

oxygen 
im

purities 
in 

the 
-c 

G
aN

, 

respectively, w
hich w

as confirm
ed by IR

 and SIM
S. 

This im
purity-dependence on the polarity is consistent 

w
ith our experim

ents w
ith M

O
C

V
D

-G
aN

, except for 
the case of Si [137]. C

om
parable Si incorporation into 

both types of G
aN

 film
s has been suggested by both N

g 
et al. and ourselves, w

hile Li et al. reported higher 
incorporation of Si in -c G

aN
. The issue of Si im

purity 
incorporation is still therefore controversial.  

The dependence of im
purity incorporation on the 

polarity resulted in differences in the IR
 [142] and 

R
am

an spectra [41] as in Sec. 2.1. The dependence of 
the optical properties and of defect form

ation on the 
polarity w

as investigated on our +c and -c G
aN

 film
s. 

The PL spectrum
 of +c G

aN
 at 8K

 [144] exhibits free A
 

and B
 exciton em

ission [FE(A
) and FE(B

)] at 3.492 and 
3.499eV

, respectively, as show
n in Figure 23 (a). The 

recom
bination of the first excited states of the A

 exciton 
[FE(A

n=2 )] is also found at 3.510eV
. These assignm

ents 
are 

based 
on 

the 
position 

of 
the 

energies 
of 

the 
respective exciton absorption peaks. The sam

ple also 
exhibits exciton recom

bination at 3.486 and 3.464 eV
, 

w
hich are due to the bound-to-neutral donor (D

0, X) and 
neutral deep acceptor (A

0d , X) transitions, respectively. 
The PL peak at 300K

 is assigned to the free exciton 
em

ission, as revealed from
 Figure 23 (c). C

onversely, -c 
G

aN
 

exhibits 
a 

rather 
broader 

PL 
band 

and 
an 

absorption tail, as in Figure 23 (b) and (d). The spectrum
 

at 8K
 exhibits a peak at 3.475eV

 and a shoulder around 
3.45 eV

. Since the residual electron density of the -c 
G

aN
 is as high as 3.5x10

18cm
-3, the disappearance of 

excitonic absorption due to C
oulom

b screening by the 
increase 

in 
tem

perature 
above 

75K
 

is 
reasonable. 

H
ow

ever, -c G
aN

 exhibits a Stokes shift of nearly 20 
m

eV
 at 300K

, although high quality Si-doped +c G
aN

 
(w

ith nearly the sam
e electron density of 2.2 x10

18cm
-3)

did not show
 any Stokes shift at 300K

. Therefore, the 
form

ation of an im
purity-induced band tail is probable 

in 
-c 

G
aN

, 
w

hich 
subsequently 

causes 
band 

gap 
narrow

ing 
due 

to 
potential 

fluctuations 
and 

inhom
ogeneous distribution of the fixed charges. The 

donor im
purity is considered to be O

, w
hich is m

ore 
readily incorporated into -c G

aN
, as revealed by SIM

S 
in Figure 22. To determ

ine the possibility for the 
incorporation 

of 
acceptor-type 

defects 
such 

as 
G

a 
vacancies 

[145], 
m

ono-energetic 
slow

 
positron 

annihilation m
easurem

ents w
ere carried out. Indeed, the 

S param
eter of -c G

aN
 [146] is greater than that of +c 

G
aN

, as show
n in Figure 24. The fitting results of the 

relationship betw
een E and S are also show

n by the solid 
lines, and the diffusion lengths of positrons are derived 
to be 23nm

 for +c G
aN

 and 4.8nm
 for -c G

aN
. These 

results im
ply that -c G

aN
 contains a higher density of 

Figure 23. C
om

parison of PL and O
A

 spectra at 8K
 and 300K

 for +c 
and -c G

aN
 film

s. [after R
ef. 144 ] 
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plexes than +c G
aN

. 
Therefore, the form

ation of extended band-tail states in 
-c G

aN
 is considered to be due to the sim

ultaneous 
distribution 

of 
donors 

and 
acceptor-type 

vacancy 
defects, w

hich occurred during the grow
th of the -c 

polarity G
aN

 m
aterial.  

5.2. Schottky barrier 

K
arrer 

et 
al. 

characterized 
the 

influence 
of 

the 
polarity on the electrical properties (I-V

 and C
-V

 
m

easurem
ents) of Pt Schottky diodes on Si-doped 

epitaxial G
aN

 layers w
ith +c and -c polarity [8]. A

n 
effective Schottky barrier height (SB

H
) w

as m
easured 

betw
een Pt/G

aN
 by using the I-V

 characteristics as a 
function of the ideality factor. The value of the SB

H
 w

as 
determ

ined to be 1.1 and 0.9 eV
 for devices on +c and -c 

G
aN

 w
ith the sam

e carrier density (n
e =6-10x10

17cm
-3)

respectively. Jang et al. also reported that the SB
H

 
determ

ined 
by 

I-V
 

characteristics 
on 

+c 
G

aN
 

(n
e =3x10

16cm
-3) w

as higher by 0.31 eV
 than that on -c 

G
aN

 (n
e =1x10

17cm
-3) [44], w

hich w
as consistent w

ith 
K

arrer's report in term
s of the difference in the SB

H
. 

H
ow

ever, the SB
H

 values m
easured by C

-V
 w

ere 1.75 
eV

 for the +c G
aN

 and 0.85 eV
 for -c G

aN
 (K

arrer et al). 
Furtherm

ore, the energy of the valence-band edge for 
the +c G

aN
 surface w

as higher by 1.4 eV
 than that for -c 

G
aN

 
m

easured 
by 

high 
resolution 

photoem
ission 

spectroscopy (H
R

PES). There are large differences in 
the SB

H
 of G

aN
 diodes obtained from

 C
-V

 and I-V
 

m
easurem

ents. 
Since 

these 
Pt/G

aN
 

sam
ples 

w
ere 

prepared on G
aN

 deposited by the M
B

E m
ethod, 

inversion dom
ains (ID

s) containing -c polarity should 
exist in the +c G

aN
. A

 sm
all fraction of -c ID

s w
ith 

low
er barrier height m

ay be regarded as a reason for 
large difference in the results betw

een the I-V
 and the 

C
-V

 m
easurem

ents. Since a larger diode current m
ay be 

selectively 
injected 

into 
-c 

ID
s, 

the 
SB

H
 

can 
be 

underestim
ated from

 the m
easured I-V

 characteristics. 
O

n the other hand, since the ratio of the areas of the tw
o 

dom
ains contributes to the SBH

 determ
ined by the C

-V
 

m
easurem

ent, a sm
all quantity of -c ID

s w
ould hardly 

have any influence on the result.  
R

ickert 
et 

al. 
studied 

the 
SB

H
 

for 
thin 

m
etal 

over-layers of A
u, A

l, N
i, Ti, Pt and Pd on n- and p-type 

+c G
aN

 sam
ples using synchrotron radiation-based 

x-ray photoem
ission spectroscopy [147]. Figure 25 

show
s the values of the SB

H
 of the six kinds of m

etals 
as a function of the w

ork function of the m
etals. The 

relationship betw
een the SB

H
 and the w

ork function did 
not obey the perfect Schottky barrier m

odel. The change 
in the barrier height w

as sm
aller than the value expected 

Figure 24. The line shape param
eter S of +c and -c G

aN
 as a function 

of the position of the acceleration energy E. The value of S depends 
on the size and density of vacancy-type defects. The diffusion length 
of positrons decreases w

ith increasing defect density. [after R
ef. 144]

Figure 25. (a)Surface barrier heights m
easured in R

ef. [147] for 
n-G

aN
 show

n as a function of the w
ork function of the m

etal used for 
the contact form

ation. (b) Surface barrier heights m
easured in R

ef. 
[147] for p-G

aN
 show

n as a function of the w
ork function of the m

etal 
used for the contact form

ation.  
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from
 the change in the m

etal w
ork function. These 

results indicate the im
portance of the effect of the 

surface state and the interface state (refer to Sec. 5.4). 
To explain this appropriately, a m

odel that takes into 
account the pinning of the Ferm

i level at the surface 
w

ould be required. The position of the Ferm
i level on 

the surface of the G
aN

 can be changed by the kind of 
m

etal, the conduction type of the G
aN

, or the chem
ical 

treatm
ent of the surface. In addition, the SB

H
 for a 

Pt/n-G
aN

 structure w
as reported to be about 1.6 eV

, 
w

hich 
is 

com
parable 

to 
that 

obtained 
by 

C
-V

 
m

easurem
ent and H

R
PES.  

5.3. O
hm

ic contact 

The form
ation of ohm

ic contacts has been achieved 
on m

any sem
iconductors by either high im

purity doping 
in the contact region or by decreasing the tunneling 
barrier thickness at the m

etal / sem
iconductor interface. 

In the case of nitride sem
iconductors, the form

ation of 
an 

ohm
ic 

contact 
can 

be 
expected 

ow
ing 

to 
the 

polarization effect.  

Jang et al. com
pared the characteristics of an ohm

ic 
contact using Ti/A

l/N
i/A

u m
etal on +c G

aN
 w

ith that on 
a -c G

aN
 sam

ple [44]. The contact resistivities, as 
determ

ined by the transfer length m
ethod (TLM

), w
ere 

8.3x10
-4

cm
2 for the +c sam

ple and 7.0x10
-2

cm
2 for 

the -c sam
ple. These sam

ples w
ere annealed at 700°C

 
for 1 m

in. A
lthough the net carrier concentration of the 

-c sam
ple w

as higher than that of +c sam
ple, the contact 

resistivity on the +c G
aN

 w
as low

er by tw
o orders of 

m
agnitude than that on the -c G

aN
.  

It is w
ell know

n that a thin A
lN

 layer can be form
ed 

at the interface betw
een the m

etal and the G
aN

 after 
annealing a Ti/A

l contact at a tem
perature higher than 

400°C
. 

Luther 
et 

al. 
explained 

the 
low

er 
contact 

resistivity for a +c sam
ple as being due to polarization, 

that is, a 2D
EG

 could be induced by polarization at the 
+c A

lN
/G

aN
 interface, but not at the -c interface [148]. 

Therefore, 
the 

effective 
SB

H
 

for 
the 

tunneling 
probability of an electron through the A

lN
 epilayer in a 

+c sam
ple is considered to be m

uch higher than that for 
a -c sam

ple. K
w

ak et al. investigated the effects of 
polarity on the electrical properties of Ti/A

l contacts for 
n-type G

aN
 [149]. They reported that Ti/A

l contacts on 
n-type +c G

aN
 becom

e ohm
ic w

ith a contact resistivity 
of 5x10

-5
 cm

2, w
hile a Schottky contact w

ith a barrier 
height of over 1 eV

 w
as form

ed for contacts on n-type -c 
G

aN
.  

The effects of polarity on ohm
ic contacts to p-type 

G
aN

 w
ere also investigated. B

and bending, w
hich is 

caused by the polarization charge of a thin InG
aN

 
capping layer on a p-G

aN
 layer, is utilized to realize the 

ohm
ic contact. G

essm
ann et al. discussed the effect of 

thin strained cap layers on the contact resistance of 
p-type 

+c 
G

aN
 

[150] 
[151]. 

Tw
o 

cases 
w

ere 
investigated; a G

aN
 cap/A

lG
aN

 structure and an InG
aN

 
cap/G

aN
 structure. The electric field in the strained cap 

layers can reduce the thickness of the tunneling barrier 
at 

the 
m

etal/sem
iconductor 

interface. 
Since 

band 
bending due to the capping layer can be induced by an 
internal electric field, the thickness of the capping layer 
m

ust be optim
ized so that tw

o conditions, the form
ation 

of the 2D
EG

 and sufficient tunneling probability for 
holes, could be satisfied sim

ultaneously. The specific 
contact resistances w

ere obtained experim
entally using 

the TLM
-m

ethod. These w
ere 6x10

-3
 cm

2 for InG
aN

 
(2nm

) /p-G
aN

 (N
i/A

u contact: annealing at 500°C
) and 

7x10
-4

cm
2 for G

aN
 (10nm

)/A
lG

aN
 (Pd/A

u contact: 
annealing 

at 
500°C

). 
These 

results 
indicated 

the 
advantageous effect of polarization fields in the cap 
layer on the reduction of ohm

ic contact resistance.  

5.4. Surface state 

Surface or interface states are probably not taken into 
account 

in 
the 

analysis 
of 

the 
experim

ental 
data 

m
entioned in Sec. 5.3 and 5.4. In addition, the surface 

state density has seldom
 been taken into consideration in 

theoretical calculations of the band structure. H
ow

ever, 
R

idley estim
ated the electron populations induced by 

spontaneous and piezoelectric polarization in n-type +c 
A

lG
aN

/G
aN

 
hetero-structures 

by 
using 

elem
entary 

electrostatic theory [152]. H
e considered several points, 

such as the existence of the donor density in the barrier 
layer, the surface charge (adsorbed ion and surface state 
population change) of the G

aN
 buffer layer and/or the 

A
lG

aN
 barrier layer. It is suggested that the thickness of 

the surface barrier layer should be optim
ized according 

to the pinning position of the Ferm
i level by the surface 

states, 
though 

the 
2D

EG
 

density 
induced 

at 
the 

hetero-interface m
ust becom

e larger w
ith increasing 

thickness of the barrier layer.  
Several m

ethods of reducing the surface states have 
been proposed. The treatm

ent w
ith (N

H
4 )2 S

x  carried out 
by Lin et al. [153] caused the band bending of a p-type 
+c G

aN
 surface to release by 0.25eV

. The interface 
states of an n-type +c G

aN
 surface w

ere decreased to 
1x10

12 cm
-2eV

-1by treatm
ent w

ith an N
2  plasm

a, w
hich 

w
as about 1/5 of the level for a non-treated surface 

(experim
ent carried out by H

ashizum
e et al. [154]). 

Furtherm
ore, a decrease in the electron affinity of 

C
s-adsorbed A

lN
 [155] and G

aN
 [156] surfaces w

as 
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s-surface dipole, 
w

hich w
as form

ed by an initial interaction betw
een the 

C
s and the em

pty surface states. U
nfortunately, these 

experim
ental data w

ere not discussed in connection w
ith 

spontaneous polarization, w
hich induced sheet charges. 

A
lthough a m

ethod of controlling the surface states has 
not yet been established, the control of charges caused 
by 

surface 
states 

and 
spontaneous 

polarization 
is 

considered to be one of the new
 topics that could realize 

new
 functionality from

 nitride sem
iconductors.  

6. Sum
m

ary and R
em

arks 

The evaluation and control of crystalline polarity are 
im

portant because the spontaneous and piezoelectric 
polarizations 

are 
large 

enough 
to 

influence 
the 

band-profile 
of 

hetero-structures 
in 

the 
III-nitride 

system
 (Sec. 2). These polarizations can be used not 

only for controlling the SB
H

 and achieving ohm
ic 

contacts (Sec. 5.2 to 5.4), but also for exploring new
 

functionalities in III-nitrides (Sec. 5.5). Taking it into 
account that im

purities (O
, C

, and A
l) and vacancy-type 

defects (V
G

a ) are m
ore readily incorporated into -c G

aN
 

film
s (Sec. 5.1), it is necessary to grow

 +c G
aN

 film
s 

w
ith sm

ooth surfaces.  
G

aN
 film

s grow
n by M

B
E, PLD

, H
V

PE and M
O

C
V

D
 

have been review
ed, m

ainly w
ith respect to the control 

of polarity. The first three are based on the published 
literature, 

w
hile 

the 
last 

is 
based 

on 
our 

studies. 
Focusing on the grow

th conditions in the substrate 
treatm

ent and/or the preparation of LT-buffer layers, a 
set of conditions for obtaining +c G

aN
 film

s is provided 
for each grow

th m
ethod, as follow

s;  

(1) M
B

E and PLD
 (Sec. 3.1 and 3.2)  

a.
U

se 
an 

A
lN

 
buffer 

layer 
deposited 

on 
a 

sapphire substrate at higher tem
perature under 

a higher grow
th rate (III-rich condition)  

b.
Insertion of M

g, A
l and G

a m
etal layers at the 

interface

c.
U

se of a thicker G
aN

 buffer layer.  
(2) H

V
PE (Sec. 3.3)  

a.
G

aC
l treatm

ent of the sapphire substrate  

b.
D

eposition of ZnO
 and A

lN
 layers in an 

isolated system

c.
U

se of a thicker LT-G
aN

 buffer layer.  

(3) M
O

C
V

D
 (Sec. 4)  

a.
Prevent H

2  cleaned sapphire substrates from
 

undergoing unintentional nitridation.  

b.
U

se thicker LT-G
aN

 buffer layers deposited 
under a low

er V
/III ratio on nitrided sapphire 

substrates.

c.
M

uch low
er V

/ III ratio for H
T-A

lN
 buffer 

layers on sapphire substrates.  

A
 III-rich condition at the interface of the sapphire 

substrate is m
ostly decisive in the disparate grow

th 
techniques. Indeed, the III-rich condition (low

er V
/III 

ratio) has been used during the deposition of LT-buffer 
layers 

on 
H

2 -cleaned 
sapphire 

substrates 
in 

our 
M

O
C

V
D

. The initial grow
th at the interface of the 

sapphire under the III-rich condition should occur in an 
equilibrium

 state leading to +c polarity, though the 
kinetic effect is still unclear.  

C
A

IC
ISS can be used to evaluate the polarity of thin 

film
s such as buffer layers (Sec. 2.4). The polarity of an 

LT-buffer layer w
as detected for the first tim

e by using 
C

A
IC

ISS (Sec. 4.3). W
e have studied the role of the 

LT-buffer layer and its im
plications in each process for 

G
aN

 film
 grow

th by tw
o-step M

O
C

V
D

, not only in 
term

s of controlling the polarity but also for im
proving 

m
aterial 

quality. 
A

 
road 

m
ap 

representing 
the 

correlation 
betw

een 
the 

polarity 
and 

the 
grow

th 
conditions in M

O
C

V
D

 has been m
ade, as show

n in 
Figure 21. Indeed, the polarity can be m

anaged from
 +c 

to -c though m
ixed polarity by system

atically varying 
the conditions used in M

O
C

V
D

-G
aN

. A
lthough the 

initial grow
th on sapphire w

ould determ
ine the polarity 

of the epitaxial m
aterials, the polarity can be controlled 

by understanding the structure of the LT-buffer layer 
and its im

plications for the M
O

C
V

D
 process. It can be 

concluded through these studies that the polar structure 
at the interface of an annealed LT-buffer layer is the 
m

ost crucial factor in determ
ining the polarity of a G

aN
 

film
. 

R
ecently, the im

portance of polarity w
as highlighted 

in the state-of-the-art grow
th of InN

 film
s [157] [158], 

and-c G
aN

 w
ith a sm

ooth surface has apparently been 
obtained 

by 
M

O
C

V
D

 
[159]. 

M
oreover, 

w
e 

have 
discovered 

that 
an 

H
N

O
3  

treatm
ent 

of 
H

2 -cleaned 
sapphire substrates resulted in -c G

aN
 film

 grow
th in 

M
O

C
V

D
 [160]. Thus, even m

ore interesting results 
relating to film

 polarity have been reported. W
e intend 

to further prom
ote studies of the polarity of III-nitrides 

for applications that utilize the effects of polarity.  
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