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é¹k AlN �\�n ¶ AlxGa1−xN/AlN/GaN É�(�, �Äk�þ³^Ú���­�¢SÉ�(³, Ó
�O\gu4zÚØ>4z�A�)�Sï>|�^, æ^ê�gU¦)Å½��§ÚÑt�§, ¼���>f
í (2DEG) ¥>f����Ú��U?. �â0>ëY�.Ú Loudon ü¶¬N�., ^=£Ý
{©ÛTNX¥�
U�3�1Æ(f�9n�·¬�A. ?�Ú, 3¿§eO9�«�U�3�1Æ(fÑ�, í2X - ¶²ï�§�
{, ?Ø 2DEG ©Ù9��>f[£Ç�º��AÚn�·¬�A. (Jw«: AlN �\�þÝÚ AlxGa1−xN ³^
�¥ Al |©�O\þ¬Or GaN �¥�Sï>|rÝ, �¦ 2DEG �©Ù��CÉ�(.¡, ¦.¡1Æ(fr
uÙ¦a.�1Æ(fé>f�Ñ��^
¤�K�>f[£Ç�Ì�Ï�. ·�N� AlN �\��þÝÚ Al |
©, �¼��p�>f[£Ç.

'�c: AlGaN/AlN/GaN É�(�, >f[£Ç, 1Æ(f�, n�·¬�A

PACS: 72.10.–d, 63.20.kd, 72.80.Ey, 73.21.Ac

1 Ú ó

Cc5, Äu0x�zÔ���Ná��2
�A^u1>fì�+�, Ù¥ GaN Äp>f
[£Ç¬N+ (GaN-HEMT) äkpÑÑ{|!p
ÂB>Ø!$u��>{�î0�>>{�`
û�1>A5, ¤��8��NïÄ+��9:
��. äkr4z�A�n ¶ AlxGa1−xN/GaN

´ GaN-HEMT ¥æ^�;.É�(�. =¦3
�ï,��¹e, Ù.¡?��/¤rþfÛ�
z�pßÝ��>fí (2DEG) (¡�Ýêþ?
� 1013 cm−2). Jp 2DEG ßÝÚ>f[£Ç®
¤�`zì�5U�'�. @3 1999 c, Gaska

� [1] Ú Smorchkova � [2] ®©O$^7ákÅÔ
zÆí��È (MOCVD) Ú©få	ò{)�Ñ
3$§eäk�p>f[£Ç� Al0.2Ga0.8N/GaN

Ú Al0.09Ga0.91N/GaN É�(�. 2006 c, Tao � [3]

E^ MOCVD �{¼� Al0.22Ga0.78N/GaN É�(
�, ��Ñ3p§e 2DEG �[£ÇÌ�Ép1
Æ (LO) (fÑ�.

©z [4—6] lnØþïÄ
 AlxGa1−xN/ GaN

É�(�¥16f[£Ç�Ñ�Å�, Ì��)Ü
7ÃSÑ�!lz,�Ñ�!.¡o÷ÝÑ�!
(Æ(fÑ�±94z1Æ(fÑ�. �â®k
�nØÚ¢�(J, Ü7ÃSÑ� (=n�·¬
�A) 3daÉ�(�¥��X 2DEG [£Ç�
Jp. ®k¢�ïÄL² [7−9], 3AlxGa1−xN/GaN

üÉ�(.¡?�\� AlN �l�� (þÝ�
� 1—2 nm) /¤ AlxGa1−xN/AlN/GaN É�(�,

�k�/~� 2DEG É� AlxGa1−xN ³^��Ü
7ÃSÑ�, l
�ÌÝJp>f�[£Ç. Ï
d, AlxGa1−xN/AlN/GaN É�(�3p>f[£
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Ç¬N+ (HEMT) A^�¡�äáÚå. Miyoshi

� [10] æ^7ákÅÔí�	ò{, 3 AlN �À�
þ)�Ñ Al0.26Ga0.74N/AlN/GaN É�(�, 3¿
§e��p� 2100 cm2/Vs �[£Ç. Tülek � [11]

^ MOCVD �{©O)�
 Al0.2Ga0.8N/AlN/GaN

Ú Al0.88In0.12N/AlN/GaN É�(�, ¿3¿§e
ÿ Ñ Ù > f [ £ Ç © O � 1700 Ú 812 cm2/Vs.

Miyoshi � [12] lnØþ©Û
 Al0.26Ga0.74N /GaN

Ú Al0.26Ga0.74N/AlN/GaN É�(�¥�«Ñ�Å
�e>f[£Ç�§Ý�Cz'X. �´, ©z [12]

¿vk�Ä AlxGa1−xN ³^�Ú AlN �\�þ
Ý�Cz±9 Al |©�Cz (AO´��\�
���n�·¬�A��­�) éu>f[£Ç�
K�.

3¿§Úpu¿§�^�e, 1Æ(fÑ�
´K� HEMT ¥��>f[£Ç�Ì�Å�. I
S	�öé�zÔNá�±9üÉ�(�!ü
þf²�(f�ª!>fÚ(f��p�^±9
>fÑ$®k�XÚ�ïÄ. Lee � [13] Äu�*
0>ëY�.Úü¶�.�Ñn ¶É�(�¥
>fÚ(f�p�^M�îþ. Komirenko � [14]

ïÄ
n ¶ AlN/GaN þf²¥.¡1Æ (IO) (
fÚÛ�1Æ (CO) (fé>f�Ñ�,ïÄL²,

3¿§^�eùü«1Æ(fé>fÑ�åÌ�
�^. Qu � [15] O\Sï>|�^, O�
k�þ
³^n ¶ AlN/GaN þf²¥1Æ(fÑ�e�
>f[£Ç, uy3Ä²Ú°²�/e IO (fÑ
�é[£ÇåÌ��^, 
3¥m²°�/e CO

(fÑ�Ké>f[£ÇK���. �´, ©z [15]

3O�¥vk�Ä²¥pßÝ 2DEG �5���
�­é>f©Ù�K�. �C, Qu � [16] ïÄuy,

3¹kn�·¬�n ¶�zÔþf²¥·¬|
©�O\¬��NX(f�ªu)=C, �uy
Ú\ InxGa1−xN B�]ø�N� AlN/GaN/AlN þ
f²�1Æ(f�ª, ��X]ø�¥ In |©�
Czé>f[£ÇåÌ��^�Ñ�(f��u
)UC [17]. �´±þnØïÄ=�ué¡²(�,

¿�vk�ÄB�]øº�Czé[£Ç�K�.

éuõ�á�, AO´¹kn�·¬��é¡þf
(� (X AlxGa1−xN/AlN/GaN É�(�) �(f�
ª±9>f[£Ç·¬�AÚº��A�nØï
Äk��\. ù
Ï�éuUõ1>fì�5Uk

X­�¿Â.

�©±¹k AlN �\�n ¶ AlxGa1−xN /

AlN / GaN É�(�¥� 2DEG �ïÄé�, �Ä
k�þ³^Ú���­�¢SÉ�(³, Ó�O
\gu4zÚØ>4z�A�)�Sï>|�^,

æ^ê�gU¦)Å½��§ÚÑt�§¼�>
f����Ú��U?. ,�, �â0>ëY�.
Ú Loudon ü¶¬N�., ^=£Ý
{©ÛTN
X¥�U�3�1Æ(f�9Ùn�·¬�A. 3
dÄ:�þ, í2X - ¶²ï�§�{, 31Æ(f
åÌ��^�§«, O9�«�U�3�1Æ(f
Ñ�, XÚ?Ø 2DEG ©ÙÚ>f[£Ç�º��
AÚ·¬�A.

2 �.�nØ

¤À AlxGa1−xN/AlN/GaN É�(�Xã 1 ¤
«, �TÉ�(�÷¬Né¡¶ c ¶= [0001] ��
)�, P� z ¶, É�(.¡¤3�²¡� x-y ²
¡, ��.¡ u z = zi(i = 1, 2, 3) ?. òR�u z

¶�� (= x-y ²¡) IP� “⊥”, z ¶IP� “z”,

¿�gò³^� AlxGa1−xN, �\� AlN Ú��
� GaN IP� 1, 2 Ú 3. 3�©�nØO�¥, þ
��Ä AlN �À�Ú Al2O3 �.�K�.

ã 1 n ¶ AlxGa1−xN/AlN/GaN É�(�«¿ã

2.1 >>>fffÅÅÅ¼¼¼êêê���gggUUU¦¦¦)))

3¤?Ø�NX¥, du 2DEG 3 x-y ²¡S
´gd�, 
3 z ��É���, ��ò>fÅ¼
êL«�

Φm (ρ, z) =
(
1/
√

S
)

ϕm (z) exp (ik⊥ · ρ), (1)
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Ù¥, S �É�(.¡�¡È, k⊥ Ú ρ ©O��
�Å¥Ú ¥. �¼���>f���� ϕm (z)

±9�A���U? Em, �3 z ��gU¦)
Å½��§ - Ñt�§. 3k��þCqe, ��
ü>fÅ½��§�{

−~2

2
∂

∂z

(
1

m∗ (z)
∂

∂z

)
+ VC (z)

+VH (z) + eF (z) z}ϕm (z)

= Emϕm (z) . (2)

ùp, ~ = h/ (2π), h �ÊK�~ê, m∗ (z) ´� 
�k'�>fk��þ, e ´>f>Ö, F (z) = Fi

´NX¥Sï>|rÝ (��N¹ A). VC (z) �N
X����. 3O�¥,À� GaN ��.�³U"
:, K VC (z) �L«�

VC (z) =


0.765 (Eg1 − Eg2) (0 < z < z1 ) ,

0.765 (Eg2 − Eg3) (z1 < z < z2) ,

0 (z2 < z < z3) ,

(3)

Ù¥ Egj �1 j �á��B�°Ý. VH (z) ´�
·>�p�^�'� Hartree ³, �dÑt�§(
½ [18]

∂

∂z

(
εs (z)

∂

∂z
VH (z)

)

= −e2


[
N+

D − N2D (z)
]

(0 < z < z1) ,

−N2D (z) (z1 < z < z2) ,

−N2D (z) (z2 < z < z3) ,

(4)

Ù¥, εs (z) ´� �k'�·�0>~ê, N+
D (z)

´lz,�ßÝ, �L«�

N+
D (z) = ND

1 − 1

1 +
1
2

exp ((ED − EF) / (kBT ))

 .

(5)

ùp, ND ��,ßÝ, kB �À�[ù~ê, T �á
�§Ý, EF �¤�U?, ED ��ÌU?, N2D (z)

�¤kf���>f�ßÝoÚ. N2D �>fÅ¼
ê�m�'X�

N2D (z) =
∑
m

|ϕm (z)|2nm, (6)

Ù¥ nm L« m åP�þ�>fßÝ, �L«�

nm (z) =
m∗kBT

π~2
ln

[
1 + exp

(
EF − Em

kBT

)]
. (7)

EF �de�>¥5^�)�:∫ z3

0

[
N+

D (z) − N2D (z)
]
dz = 0. (8)

æ^S�{Ï~�¦�Å½� - Ñt�§�gU
) [19].

2.2 111ÆÆÆ(((fff���

�â0>ëY�.Úü¶¬N�., �©¤�
Ä�É�(NX÷ve�·>�§| [20]:

E (r) = −∇φλ,j (q, r) , (9)

D (r) = εj,⊥ (ω) E⊥ (r) ρ̂

+εj,z (ω) Ez (r) ẑ, (10)

∇ · D (r) = ρ0 (r) . (11)

3þã�§|¥, E⊥ (r) Ú Ez (r) ©O�o>|r
Ý E (r) 3 x-y ²¡Ú z ���©þ, D (r) �>
 £¥þ, φλ,j (q, r) �1 j �á�¥ λ |(f³,

ρ0 (r) �gd>Ö�Ý,εj,⊥ (ω) Ú εj,z (ω) ©O�
��á�3 x-y ²¡Ú z ���0>¼ê.

d (9)—(11) ª)� z ��þ�(f³/ª
� [20]

φλ,j (q, z) = cj+ exp(ikjz) + cj− exp(−ikjz)

(j = 1, 2, 3), (12)

Ù¥ kj =
√
−εj,⊥ (ω)/εj,z (ω)q �(f3 z ��

�Å¥.

�â Loudon �. [21], AlN Ú GaN �6(f
ªÇ ω Cz�0>¼ê�L«�

εj,⊥ (ω) = ε∞j,⊥
ω2 − ω2

j,⊥l

ω2 − ω2
j,⊥t

, (13)

εj,z (ω) = ε∞j,z
ω2 − ω2

j,zl

ω2 − ω2
j,zt

. (14)


éun�·¬á� AlxGa1−xN, �Ä� LO (f
�ü� (P� “l”), 
î1Æ (TO) (f�V� (©O
P� “ta” Ú “tb”). �æ^ Qu � [16] é AlxGa1−xN

0>¼ê��E, =

εAlGaN,⊥ (ω) = sign
(
ω2 − ω2

AlGaN,⊥l

)
ε∞AlGaN,⊥

×

(
ω2 − ω2

AlGaN,⊥l

)2

(ω2 − ω2
⊥ta) (ω2 − ω2

⊥tb)
, (15)

εAlGaN,z (ω) = sign
(
ω2 − ω2

AlGaN,zl

)
ε∞AlGaN,z

×

(
ω2 − ω2

AlGaN,zl

)2

(ω2 − ω2
zta) (ω2 − ω2

ztb)
, (16)

Ù¥, ωAlGaN,⊥l, ωAlGaN,zl d?��Ã5���
 £ (MREI) �. [22] [Ü¼�, ω⊥ta, ω⊥tb, ωzta,
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ωztb K d Holtz � [23] J Ñ � [ Ü � { ¼ �.

� εj,⊥εj,z < 0 ½ εj,⊥εj,z > 0 �, ©O���
�½P~�(f³. 1Æ(f��ÚÑ'X±9(
f³�¦)�N¹ B.

2.3 111ÆÆÆ(((fff���������>>>fff[[[£££ÇÇÇ

�âX - ¶²ï�§nØ, (f�����>
f[£Ç µ �L«� [24]

1
µ

=
2~

en2
skBT

∑
m,m′,

q, λ

|Fmm′ (q, λ)|2

×q2
xΠ (q, ω)

exp
(

~ω

kBT

)
1 − exp

(
~ω

kBT

) , (17)

Ù¥, ns ´>f¡�Ý, |Fmm′ (q, λ)| ´>f� λ |
(f� Fröhlich �p�^Ý
� [24],

|Fmm′ (q, λ)| =
∣∣∣∣e∫

dzϕ†
m′ (z) φλ,j (q, z) ϕm (z)

∣∣∣∣ .

(18)

3 (17) ª¥, >f�Ý'é¼ê�JÜ Π (q, ω) �
L«�

Π (q, ω) =
Sm⊥

π~3q

(
m⊥kBT

2

)1/2

× [g (φ− − φF) − g (φ+ − φF)] .(19)

ùp,

φF =
EF

kBT
,

φ± = φF

(
~ωm⊥ ± ~2q2

⊥/2
)2

~4k2
Fq2

⊥
,

g (y) =

∞∫
0

{
[exp (y + z) + 1]

√
z
}−1 dz,

Ù¥ kF ´>f¤�Å¥.

3 ê�O�(J�©Û

e¡·�À� AlxGa1−xN/AlN/GaN É�(�
?1ê�O�, O�¥¤^ëþ�� [22,25−29] �u
L 1, AlxGa1−xN ��Aëþ�^�5��¼�.

3.1 2DEG ©©© ÙÙÙ ��� ººº ��� ��� AAA ÚÚÚ nnn ��� ···
¬¬¬���AAA

� Al |© x = 0.3, AlxGa1−xN ³^�� 6 nm,

GaN ���� 12 nm, AlN �\�þÝ di ©O� 2,

4, 6 nm, ³^��,ßÝ� 1.5×1018 cm−3, �,
þÝ� 6 nm, �ÌU? ED ���. 0.03 eV �,

gU¦) (2) Ú (4) ª��É�(����>Ú>
fÄ�Å¼êXã 2(a) ¤«. ùp, � di � 2 nm

� AlxGa1−xN ³^��>.?� z ���":.

(Jw«: >fål AlN/GaN .¡�²þål li

©O� 1.498, 1.275, 1.151 nm. lã 2(a) �±wÑ,

�X di �O\, 2DEG ¬Åì�T.¡�C. ��
¡, �X di �O\, Ù³^pÝ�ÅìO\, K>f
�í����¥; ,��¡, GaN ¥�Sï>| F3

q�X di �O\
ÅìOr (� di ©O� 2, 4,

6 nm �, F3 K©O� 1.24, 1.83, 2.32 MV/cm), ?

¦ GaN ¥��,p, ¦>f��C.¡. >f
�£Ä���ûuþãü�¡¿��(J, ��
öé>f��^�ucö, �¦ 2DEG �X di �
O\
Åì� AlN/GaN .¡�C. ã 2(b) �ÑØ
Ó Al |©e, AlxGa1−xN/AlN/GaN É�(���
þÝ©O� 6, 2, 12 nm ��� �Ú>f�Ä�
Å¼ê (z ��":À� AlxGa1−xN ³^��>.

L 1 O�¥¤^ëþ��

ë þ �� (AlN) �� (GaN)

ωzt/cm−1 614 532

ωzl/cm−1 888 734

ω⊥t/cm−1 673 559

ω⊥l/cm−1 898 741

a/nm 0.3112 0.3189

Eg/eV 6.14 3.43

P sp/C·m−2 –0.010 –0.036

m⊥/m0 0.32 0.19

mz/m0 0.33 0.21

ε∞z /ε0 5.36 6.38

ε∞⊥ /ε0 5.17 6.11

εs/ε0 8.5 8.9

e31/C·m−2 –0.64 –0.44

e33/C·m−2 1.80 0.86

C11/GPa 396 390

C12/GPa 137 145

C13/GPa 108 106

C33/GPa 373 398
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ã 2 AlxGa1−xN/AlN/GaN É�(���ãÚ>f�Ä�Å
¼ê (a) �ØÓ AlN �\�þÝ; (b) �ØÓ Al |©¹þ

?, eÓ). (JL²: x �O\Ó�¬¦ F3 O�, �
�>f� AlN/GaN .¡£Ä. dã 2 ��wÑ, �
X di Ú x �O�, >fÅ¼ê�¸��k¤Jp,

ùI�X 2DEG �ßÝ�ÅìJp. ±þ(JJ«,

.¡1Æ(fé 2DEG [£Çké­��K�. A
��Ñ: 3�©O�¥, durSï>|��^�
�u Hartree gU³�)����­�A, ¦��
3 GaN ¥¥C�5, 3.¡?¥Cn�/³².

3.2 111ÆÆÆ(((fff������nnn���···¬¬¬���AAA

Qu � [16] ¤ ? Ø � ¹ k n � · ¬ É � (
� � 1Æ( f � ª ¬ � X x � C z 
 L y Ñ
� � � z Ü Ô | ¤ � É � ( � � � Ø Ó �/
�. ·�ÿÐ©z [16] �?Ø, d MREI �.�
�1Æ(f�ªCz��.|©, ©O� x =

0.03, 0.132, 0.436, 0.887, 0.902, 0.92. ùp©OÀ�
?uØÓ«m� x = 0.02, 0.08, 0.3, 0.5, 0.89, 0.91

Ú 0.97, O��A(f��ÚÑ'X±9(f³.

Äk?Ø IO (f. Ù³3z�.¡?��,

¿�üý±�ê/ªP~, =�¦ ε1,⊥ε1,z > 0,

ε2,⊥ε2,z > 0, ε3,⊥ε3,z > 0, ε1,zε2,z < 0, ε2,zε3,z <

0. 2�âN\>.^� [30] φIO,1 (q, z)|z→−∞ = 0,

φIO,3 (q, z)|z→+∞ = 0 �)�(f�ÚÑ'X÷
v M22 = 0. du�Ì'X, �©��Ñ Al |©
� 0.02, 0.08 Ú 0.3 (06 x < 0.436) �, ¤k�U�
3� IO �ÚÑ'XÚ(f³©Ù (ã 3).

�
Bu'�, ã 3 ��Ñ x = 0 � IO (f
�ÚÑ'XÚ(f³. d�, IO (f�3�ªÇ�
�� ω ∈ (ω3,⊥t, ω2,zt) ½ ω ∈ (ω3,⊥l, ω2,zl). ã 3(a)

¥�¢��ÚÑ'X, î�I¥ q �(f�Å¥,

� d � AlN ��þÝ (d = 2 nm). Ïd, éu�
½�Å¥ q �õko| IO (f (ü| LO Úü
| TO). ùp, UªÇdp�$�^S, ©Oò�
|(fIP� ω1, ω2, ω3 Ú ω4. � qd → ∞ �,

ω1 Ú ω2 ÅìªuÓ��ìCªÇ 826.594 cm−1,

ω3 Ú ω4 �ÅìªuÓ�ìCªÇ 580.473 cm−1.

� x = 0.02, 0.08 Ú 0.3 �, K IO ( f � U �
3 � ª Ç � � � ω ∈ (ω1,⊥l, ω2,zl). é u � ½
� q, �õ�3ü| IO (f, �þ� LO (f (ω1

Ú ω2). �X qd → ∞, � x = 0.02 �, ω1 Åìª
u 850.175 cm−1, 
 ω2 Kªu 826.594 cm−1, �ö
�� ∆ω0.02 = 23.581 cm−1; � x = 0.08 Ú 0.3 �,

∆ω0.08 Ú ∆ω0.3 ©O� 39.368 Ú 45.231 cm−1. d
d��, Al |©�O\��É�(NX���Øé
¡5, ¦�ü|p.¡1Æ(f�ªuØÓ�ìC
ªÇ, ¿�ùü�ìCªÇ�� ∆ωx ��X Al |
©�O\
ÅìO�.

� x = 0.5, 0.89, 0.91 Ú 0.97(0.436 < x < 1)

�, IO (f�ØÓu 0 6 x < 0.436 ���/. d
�, IO (f�3�ªÇ��� ω ∈ (ω3,⊥t, ωztb)

½ ω ∈ (ω1,⊥l, ω2,zl), =©O�3�| LO (fÚ�
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ã 3 �ØÓ Al |©� AlxGa1−xN (6 nm)/AlN (2 nm)/GaN (12 nm) É�(�¥ IO (f�ÚÑ'X±9 IO Ú CO (f³ R
�J�L«É�(.¡¤? �. (a)IO (f�ÚÑ'X; (b) IO (f³; (c) CO (f³

| TO (f. dd��, 3$|© (0 6 x < 0.436)

�, ��3ü|p IO (f�, �X Al |©�O
\ (0.436 < x < 1), Ù¥�| LO (f�ò=z
� TO (f�.

��é', ã 3(b) ¥�¢��Ñ x = 0 � IO

(f�·>³©Ù. lã 3(b) �±wÑ, � q =

0.45 nm−1 �, o| IO (f�·>³�ýé�þ
3 GaN/AlN .¡ z = z1 = 6 nm Ú z = z2 = 8 nm

?����, ¿�ü>á�¥�êP~, 3NX>

.?A�P~�", �z| IO (f³3ü�.¡
?¸��ýé�þ��. 
� x = 0.02, 0.08, 0.3,

q = 0.45 nm−1 �, ü| IO (f³�ýé�©O
3 AlxGa1−xN/AlN .¡ z = z1 = 6 nm Ú AlN/GaN

.¡ z = z2 = 8 nm ?���Ø���¸�. $ª
| IO (f (P� IO2) ³����Ñy3 AlN/GaN

.¡ z = z2 = 8 nm ?, �����X x �O\

Åìü$. 
pª| IO (f (P� IO1) ³���
�Ñy3 AlxGa1−xN/AlN .¡ z = z1 = 6 nm ?,
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�����X x �O\
,p.

� X ? Ø CO ( f. Ù ³ 3 AlN ¥ � �,


 3 AlxGa1−xN Ú GaN ¥ ¥ � ê P ~, = �
¦ ε1,⊥ε1,z > 0, ε2,⊥ε2,z < 0, ε3,⊥ε3,z > 0.�
â N \ > . ^ � φCO,1 (q, z)|z→−∞ = 0,

φCO,3 (q, z)|z→+∞ = 0, �)� CO (f�ÚÑ
'X÷v M22 = 0, ��3�ªÇ��� ω ∈

(ω2,zl, ω2,⊥l), �� x ���Ã'. Ø���5, �©
=�Ñ q =1.5 nm−1, x = 0.3, 0.89 �, �pªÇ�
ü| (m = 1, 2) CO (f³ (ã 3(c)). du(��Ø
é¡, ��T³ÑØäké¡5. ,	, �X x �O
\, du����(f³3 AlxGa1−xN �¥��
BÅìO�, 
3 GaN �¥��BKÄ�ØC, �
·>³���ÅÌ��X x �O\
ÅìO�.

ã 4 Al |© x = 0.3 �, AlxGa1−xN (6 nm)/AlN (2 nm)/GaN (12 nm) É�(�¥�n« HS (f³ R�J�L«É�(.
¡¤? � (a) 1�« HS (f³; (b) 1�« HS (f³; (c) 1n« HS (f³
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� � ? Ø � � m (HS) ( f. T ( f
k ± e n « a.: 1 � « ´ 3 AlxGa1−xN

Ú AlN ¥¥�êP~, 3GaN ¥�� (P� HS1),

= � ¦ ε1,⊥ε1,z>0, ε2,⊥ε2,z> 0, ε3,⊥ε3,z< 0.

1�«´3AlxGa1−xN Ú AlN ¥��, 3 GaN ¥
¥ � ê P ~ (P � HS2), = � ¦ ε1,⊥ε1,z <0,

ε2,⊥ε2,z<0, ε3,⊥ε3,z>0. 1n«´3 AlxGa1−xN ¥
��, 3 AlN Ú GaN ¥¥�êP~ (P� HS3), =
�¦ ε1,⊥ε1,z<0,ε2,⊥ε2,z>0, ε3,⊥ε3,z >0. O��L
², TNX¥Ø�33 AlxGa1−xN ¥¥�êP~!
3 AlN Ú GaN ¥��� HS (f�.

òþãna HS (f�©O(ÜN\>.^
� φHS,1 (q, z)|z→−∞ = 0, φHS,3 (q, z)|z→+∞ = 0,

�)��A�ÚÑ'X©O÷v M12 + M22 = 0,

M21 + M22 = 0, M21 + M22 = 0.

HS1, HS2 Ú HS3 �3�ªÇ��©O� ω ∈
(ω3,zl, ω3,⊥l), ω ∈ (ωzta, ω⊥ta), ω ∈ (ω1,zl, ω1,⊥l).

�©=Ò q = 1.5 nm−1, x = 0.3, ©O�Ñ m = 1,

2, 3, 4 �n« HS (f³ (ã 4).

X ã 4(a) ¤ «, HS1 ( f ³ 3 AlxGa1−xN

Ú AlN (= 0 < z < z2) ¥A�P~�", �3 GaN

¥¥y��/ª, �X m �O�ÅÌÅì~�. 3
ü�Å!��S (8 nm < z < 16 nm), ØÓ m �
��Åéuü�Å!���¥%äk(½�é¡
5 (m = 1, 3 �é¡, m = 2, 4 ��é¡).

HS2 (f³3 AlxGa1−xN �Ú AlN �¥©O
/¤�ÌØÓ���Å, 3 GaN ¥¥�êP~. �
X x �O\, ��Å�ÅÌÅìO� (ã 4(b)).

ã 4(c) w«, HS3 (f³3 AlN/GaN .¡?
��¸�, ¿3 AlN �Ú GaN �¥¥�êP~, 

3 AlxGa1−xN �¥��. �X Al |©�O\, �
�ÅÌ±93 AlN/GaN .¡?�¸�ÅìO�.

I��Ñ�´, 3�©¤?Ø�NX¥Ø�3
¥y���DÂ (PR) (f�.

3.3 >>>fff[[[£££ÇÇÇ���ººº������AAA

� 
 � ¢ � ( J ' �, � © � á � §
Ý � 300 K, > f ¡ � Ý � 0.844×1013 cm−2,

Al0.2Ga0.8N ³^�þÝ� 20 nm, GaN �� 2 µm,

��.¡(f (IO2) Ú1�a HS (f (HS1) Ñ
� e > f [ £ Ç � AlN � \ � þ Ý � C z '
X (ã 5). ê�O�(Jw«: 3 IO1, CO, HS2, HS3

(fÑ�e, >f[£Ç���pu IO2 Ú HS1 (
fÑ�e�[£Çü�êþ?, ��öéo[£
Ç µT ��z��ÑØO. ��wÑ, �X AlN �
\�þÝ�O\, du IO2 (f�Ñ�, >f[£
ÇÅìeü, 
 HS1 (f�Ñ��¦[£ÇÅìO
�. ù´du AlN �þÝ�O\¬¦ GaN ¥Sï>
|O�, ��Û�3 AlN/GaN .¡³²¥���>
f�5��C.¡, � IO2 (fé>f�Ñ�Åì
Or, 
 HS1 (f�Ñ�KÅì~f, cöéo[
£Ç��zåÌ��^. Ïd, o[£Ç�X AlN

�þÝ�O\
Åì~�. Tülek � [11] ÿ�¿§e
�>f¡�Ý� 0.844×1013 cm−2 � Al0.2Ga0.8N

(20 nm) / AlN(1.2 nm) / GaN(2 µm) É�(�¥>
f�[£Ç� 1700 cm2/Vs. �©éTNX>f
[£Ç�nØO�(J� 1885 cm2/Vs, pu¢�
� 11%�m. ù��OÌ�8Ïuê�O���Ñ

.¡o÷Ý±9(Æ(f�g�Ñ�é>f[
£Ç�K�.

ã 5 n ¶ Al0.2Ga0.8N/AlN/GaN É � ( � ¥ . ¡ ( f
Ú HS (fÑ�e>f[£Ç� AlN �\�þÝ�Cz ¢%
�:�©z [11] ¥�¢��

3.4 >>>fff[[[£££ÇÇÇ���nnn���···¬¬¬���AAA

�
rN>f[£Ç�n�·¬�AÚ.¡
�A, ·�À� AlxGa1−xN ³^�, AlN �\�
Ú GaN ��þÝ©O� 20, 1.2 nm Ú 2 µm , �§
Ý� 300 K, >f¡�Ý� 0.844×1013 cm−2 ?1
O�. ã 6 �Ñ
 IO2 Ú HS1 (fÑ�e>f[£
Ç� Al |©�Cz. Ï Al |© x > 0.436 � IO2

�(f�ªòu)=C, �ã 6 =�Ñ x < 0.436

���/. lã 6 �±wÑ, IO2 (f�Ñ��
X Al |©�O\
ÅìOr, 
 HS1 (f�Ñ�
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KÅì~f. E¤±þ(JÌ�kn�¡��Ï.

1�, Al |©�O\Ø=N� AlGaN ³^�¥�
·�0>~ê, 
��N�T�±9Ù¦��g
u4zÚØ>4z�, �� GaN ¥Sï>| F3 Å
ìOr, ¦�.¡³²¥ 2DEG Åì�.¡�C.

1�, Al |©�O\¬�� AlxGa1−xN ³^pÝ
O\, �du AlN �\���l�^, AlxGa1−xN

³^pÝ�O\Ø¬é.¡? 2DEG �©ÙE¤
é�K�. 1n, .¡(f�ªÇ�ÅìO�, l

é>f�Ñ�Or. ±þn�¡�nÜ�^¦
� 2DEG Åì� AlN/GaN .¡�C, ��.¡(
f (IO2) é>f�Ñ�ÅìOr, HS (f (HS1) é
>f��^K~f, cöéo[£ÇåÌ��^,

nÜ�J´o[£Ç�X Al |©�O\
Åìe
ü.

ã 6 3n ¶ AlxGa1−xN(20 nm)/AlN(1.2 nm)/GaN(2 µm) É
�(�¥, .¡(fÚ HS (fÑ�e>f[£Ç� Al |©�
Cz ¢%�:�©z [11] ¥�¢��

4 ( Ø

du AlN �\�
���É�(�¥#.¡
�Ñy±9NX�Øé¡5, ��NX1Æ(f�
�ÚÑ'XÚ·>³©Ù�n�·¬�ALyÑ
� AlxGa1−xN /GaN üÉ�Úé¡NX��E,�
/�. äNLy�Ó«a..¡1Æ(f�ÚÑª
Ç�XÅê�O�
ªCuü�4�, ¿�ü�4
���X Al |©�O�
ÅìO�. 
3é¡�
NX (X GaN/AlN/GaN) �¥, Ó«a.�.¡1Æ
(f�ÚÑªÇKªuÓ�4�. d	, �«a.
1Æ(f·>³©Ù�é¡5!¸�±9��Å
Ì��X Al |©�Cz
u)UC. �X AlN �
\�þÝ�O\Ú Al |©�,p, 2DEG �ßÝÅ

ì,p, 
>f�o[£ÇKdu.¡1Æ(f�
Ñ�
¥yeüª³. ·�N� Al |©Ú AlN �
\��þÝ, U
¦Äu AlxGa1−xN/AlN/GaN É
�(��1>fì�5U��`z.

N¹ A Sï>|rÝ�O�

AlxGa1−xN/AlN/GaN É�(�¥�Sï>|rÝ�
L«� [31]

Fi =

∑
j

dj (Pj − Pi)/εs
j

εs
i

∑
j

dj/εs
j

(i, j = 1, 2, 3). (A1)

ù p, dj � 1 j � á � � þ Ý; Pj � T � . ¡ ü ý 4
z r Ý � �, Ù ¥ � ) g u 4 z P sp

j ÚØ> 4 z P pz
j ,

= Pj = P sp
j + P pz

j ; εs
j �T�á��·�0>~ê. dug

u4zÚá����5�k', �n�·¬ AlxGa1−xN ³
^�¥�gu4z�d��zÜÔ AlN Ú GaN �gu4
z�5��¼�, 
Ø>4z´d.¡¬����)�A
C¤�, Ï~L«� [31]

P pz
j = 2e31,jκxx,j + e33,jκzz,j . (A2)

Ù¥, e31,j Ú e33,j þ�Ø>~ê,κxx,j Ú κzz,j �ACÜþ
Ý
�, �L�

κxx,j =
a0 − aj

aj
. (A3)

ùp, a0 Ú aj ©O�NX²ï¬�~êÚ1 j �á�
�gd¬�~ê, eNX±n ¶�zÔ���À�, K
k a0 ≈ abuff

[31]; 
 κzz,j �L«� [32]

κzz,j = κxx,j
C11,j + C12,j − 2C13,j

C33,j − C13,j
.(A4)

Ù¥ C11,j , C12,j , C13,j Ú C33,j ��5~ê.

N¹ B 1Æ(f��ÚÑ'X±9
(f³�O�

0>ëY�.�>.^��¦>| E (r)÷����
ëY, > £ D (r)÷ z ��ëY [20], =

φλ,j (q, z)|z=zj
= φλ,j+1 (q, z)|z=zj

, (B1)

−εj,z
∂φλ,j (q, z)

∂z

∣∣∣∣ z=zj

= −εj+1,z
∂φλ,j+1 (q, z)

∂z

∣∣∣∣ z = zj . (B2)

ò (B1), (B2) üª�¤Ý
/ª�

Mj+1 (zj) Cj+1 = Mj (zj) Cj , (B3)
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Ù¥ Mj (zj) Ú Cj A©O÷v [30]

Mj (z) =


exp(ikjz) exp(−ikjz)

εj,z
∂ exp(ikjz)

∂z
εj,z

∂ exp(−ikjz)

∂z

 , (B4)

Cj =

 cj+

cj−

 , (B5)

éu�©¤ïÄ�NX, (Ü©z [30] ¥�4í5K, ��
=£Ý


M = M3 (z2)
−1 M2 (z2) M2 (z1)

−1 M1 (z1) , (B6)

Ù¥ M � 2× 2 Ý
. éun ¶ AlxGa1−xN / AlN / GaN

É�(�, �U�3 IO, CO, HS Ú PR �1Æ(f�. (
ÜN\>.^�, 1Æ(f��ÚÑ'X�8(�=£Ý


 M ¥Ý
��m÷v��§, ·�3�©¥®�ÑÙä
N/ª.

d1Æ(f��ÚÑ'X)��A�(fªÇ, 2|
^=£Ý
 M ¿(Ü1Æ(f³�8�z�§)� cj+

Ú cj−, ���â (12) ª=����A�(f³. 1Æ(f
³�8�z�§� [20,30]

~
2ω

=
∑

j

ε0

2ω

∫
Rj

dz

[
q2 ∂εj,⊥ (ω)

∂ω
|φλ,j (q, z)|2

+
∂εj,z (ω)

∂ω

∣∣∣∣∂φλ,j (q, z)

∂z

∣∣∣∣2
]

, (B7)

Ù¥ Rj L«É�(NXá����«�. 3·�¤�Ä�

É�(NX¥, 2DEG Ì�©Ù3 AlN/GaN .¡?, ���

Ñ�.(f�é>f�K�.
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Abstract

Adopting a numerical method of solving self-consistently the Schrödinger equation and Poisson equation through taking into

account the realistic heterostructure potential, which includes the influences of energy band bending and the finite thickness of barriers,

and through considering the built-in electric field induced by spontaneous and piezoelectric polarization, the eigenstates and eigenen-

ergies of electrons in two-dimensional electron gas (2DEG) are obtained for wurtzite AlxGa1−xN/AlN/GaN heterostructures with an

inserted AlN layer. Based on the continuous dielectric model and the Loudon’s uniaxial crystal model, optical-phonon modes and their

ternary mixed crystals effect are discussed using the transfer matrix method. Furthermore, the Lei-Ting balance equation is extended

in order to investigate the distribution of 2DEG and its size effect as well as ternary mixed crystals effect on electron mobility, which

under the influence of each branch of optical-phonon modes are analyzed at room temperature. The results show that the increases of

the thickness of inserted AlN layer and the Al component of AlxGa1−xN in the barrier enhance the built-in electric field in the GaN

layer, leading 2DEG to be much closer to the interface of a heterostructure. In addition, it can also be found that the scattering from

the interface phonons is stronger than from other optical-phonons, the interface phonons play a dominant role in the total mobility. A

higher electron mobility can be obtained by adjusting appropriately the thickness of inserted AlN layer and Al component.

Keywords: AlGaN /AlN/GaN heterostructure, electron mobility, optical-phonon mode, ternary mixed crystal ef-
fect
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