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á��16fßÝÚ[£Ç´K�ì�5U�'�Ï�, C§ Hall ÿÁ(Jy²,��, AlGaN ¥�16f
ßÝÚ[£Ç�§Ýü$
~�. ,
4zp��,�16fßÝÚ[£ÇØÉ§ÝCz�K�. ±Oý�� GaN

Ná����., 3|©©�ìC� AlGaN ¥¢y�4zp��,ßÝ==3 1017 cm−3 êþ?$��$. �ï
Äæ^16fßÝ� 1016 cm−3 þ?��k¿ n.�, GaN ����., ^4zp��,Eâ3©få	ò)�
� AlGaN ��á�¥¢y
p� 1020 cm−3 þ?��p>fßÝ. Oý��Ná GaN ��N��.�, �kL¡
gd>f��4z�,
, 
�k¿�,� GaN ���.Ø
JøL¡gd>f	, �U�4z>|Jø�õ�g
d>f “
”, l
¢y�p16fßÝ� n.�,.
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1 Ú ó

GaN 9�'�°B��zÔ��N, X AlGaN
�, duäk�p��Ú>f�ÇÚ�Ú Ø�
`ûá�A5, 31Ï!põÇ!pª!p§ì�
�A^+��É'5 [1−3]. ¯¤±�, DÚ��,
Ô (X Si Ú Mg) ¬3á�¥Úå�õ�� . d
u GaN 9Ù¾zÜÔ�B��° (> 3.4 eV), �
� AlGaN ��á�¥� p.½ n.�,ÑéJ¢
y�p16fßÝ [4,5]. d	, >fí�[£Ç¬
�X�,ßÝ�,p
ü$, ��X§Ý�,p,
�kUC���(�Ú|©±Uõ>fí�­½
5 [6]. Ïd, ,��,Ø´3�ÄÉ�(¥¢y�
p16fßÝ�þÀ�{.

III-IV Xá��n ¶¬N(� (8�¬N)
3 c-(0001) ��þäk�p�g4zÚ/½Ø>4
z�A [6]. III-N xá��ù«4zA5¦�æ^
4zp��{¢ypßÝ�,äk�15. AlN

Ú GaN �4z�É��, Ó�æ^©få	òEâ
U
éÐ�� AlGaN ��á�¥�¾|©��5
Cz (AlxGa1−xN, x = 0—0.3), ?
3 AlxGa1−xN
��á�S�ïÑ4z>|.

cÏïÄ(J®y², 3 GaN 9ÙÜ7á�¥
� Mg 
¢y p.�,��,�Ç$ (Mg ��,
k�Ç� 1%). Ïd|^4zOr½pu� p.�
,Úå
2��'5 [7,8]. d	, 4zp� n.�,
�Ån®²��éÐ�)º, ¿A^u AlGaN/GaN
É�(ì�¥. ,
, �â®k���(J, æ^O
ý�� GaN ��., 3¾|©�5ìC� AlGaN
(AlxGa1−xN, x = 0—0.3) ¥¢y4zp� n .�
,, ���>fßÝ=3 1017 cm−3 þ?$��
$ [9,10]. �ÄÉ�(�2�A^�¦�p>fßÝ
Ú­½�>fí, 
3ØÉ§ÝK���¹e, 8
cU���>fßÝ��÷vØ
<�éì�5
U��¦. Ïd, �ïÄÏLæ^�k¿�, GaN
����., 4zp��,��5ìC AlGaN �
�Jø
�, “
”, l
3�5ìC� AlGaN �
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��¥¢y
�pßÝ (1020 cm−3) �4zp� n
.�,.

2 4zp��,

2.1 nnnØØØÄÄÄ:::

éun ¶a (8�¬X) á�, g4zÚØ>
4z�AÑ¬3¬N¥/¤4z>|. 
3á�¬
Xá�¥, duá�SÜ(��IOé¡5, 4z
Cþ�ýé�

∇ · P = 0, (1)

Ù¥, P �4z¥þ.
Ïd3ù«é¡(��á�NX¥, 4z>|

�". ,
, XJ3	ò)�8¡¬X� AlGaN Ü
7�, �5/UC¾�|©, duá�(���é
¡5, ÷ c-(0001) �)�4zCþØ¬�-�, �
ª¬3á�¥/¤4z>| [11]

Npol
D (z) = ∇ · P = ∂P (z)/∂z, (2)

Ù¥, N �4z|CzFÝ, z � c-(0001) �� 
£.

X ã 1(a) ¤ «, ± GaN � � ., ) � ¾ |
©l GaN � AlxGa1−xN (x = 0—0.3) �5ìC

�AlGaN�. 3ù«�5ìC�á�¥, duÙ¬
�Czé� (< 2%), 
�Ø>4z�AØ´�5
Cz, Ïd�±�ÑØ>4z�A��^. æ^
ù«�5ìC�ª)�� AlxGa1−xN Ü7�U�
CzXã 1(b) ¤«, Ù¥ CB Ú VB ©OL«�
�Úd�. GaN Ú AlN �g4z�©O� −0.029
Ú −0.081 C/m2. Ïd�X AlxGa1−xN ¥ Al |©
l 0 � 0.3 �5O\, AlxGa1−xN Ü7á�¥�g
4zOr, Ïdg4z�)�>|�

ρsp = −∇ · P > 0. (3)

þ!NXu GaN þ� AlxGa1−xN ¥�4zrÝ
� [11]

P (x) = [(2x + 1.187x2) + 3.25x] × 1013, (4)

Ù¥, 2x + 1.1875x2 �Ø>4zÜ©, 3.25x �g4
zÜ©. x � Al |©�¹þ, � x(z) = x0(z/z0), z0

� AlGaN �)���� £.

��ìC�p��16fßÝ� [11]

ρπ(x0, z0) =
x0

z0

(
5.25 + 2.375x0

z

z0

)
× 1021, (5)

Ù¥, ρπ(x0, z0) � £ z ?�16fßÝ, ü 
� cm−3, z0 �ü �Å.

������������� ������������� ������������� �������������� � �� �� � � � � � 	 

P� �� � 
� � 
 � 
 
� � 
� � � � � � � � �

ã 1 L¡9.¡>Öé4z>Ö��z«¿ã

d (5) ª�, �,ßÝ�dÜ7|© x ½|©
ìC�þÝ z0 5N!. XJ|©ìC�þÝ z0 $
u�{¿16f��ÙÛ¿Å� (170 Å) ½{¿1
6f�¤�Å� (30 nm), gd>fí3 z ��´
þfz�, ¿�¥O��>fí/�. ,
, éþ�
|©ìC«, >fí¥n�G�. ¿dúª��, ì
C�þÝ��, Al |©�p, 16fßÝ�p.

Xã 1(c) ¤«, 3|©�5ìC� AlGaN Ü
7���)��� (c-(0001)) (¢�3��­½�
g4z>|. ù��>A5�>|U
ò±��K
>A5�gd>Öá\Ù¥, ±÷vÑt©ÙÚ>
¥5, l
3Ã?Û�,,��á�¥¢y�pß
Ý� n.�,. æ^·��ìC�þÝÚ Al ¹þ,
± GaN ���Ä�, ��U�4z>|JøL¡>
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Ö�Ná GaN Ä.�', Ùþ)�� AlGaN ��
¥>fßÝpü�êþ?±þ.

2.2 ¢¢¢������{{{

¯ ¤ ± �, d � Ì , � � , � � � n .á
� (X Si ��©få	ò (MBE) �zÔ)�� n
.�,�Ì) ¥�gd>f´É9-¹, Ù¥�g
d>f�ßÝÚ[£ÇÑ�á��§Ý�¤�'
'X. =§Ý,p, 16fßÝÚ[£Ç���¥
�'O\, §Ýü$, 16fßÝÚ[£Ç�ü$.
,
, 9-¹�>f�X§Ý�Cz¬LyÑ “È
(” y�, =§Ýü$, gd>f�ßÝ¬:ìe
ü, Ó�16f[£Ç�¬ü$.

� 
 � y ´ 4 z p � � ^ 3 �5ì C
� AlxGa1−xN Ü7¥¢y� n.�,, 
�,��
,, ¦^ Hall ÿÁ{���� AlxGa1−xN Ü7¥
>fßÝÚ[£Ç�§ÝCz�'X. Ï�,�J
ø�16f�§Ýü$, ÙßÝÚ[£ÇÑ:ìe
ü, ¤±, e>fßÝÚ[£ÇØ�§ÝCz, K�
�y�ïÄ����p>fßÝ´ÏL4zp�
�{¼��.

�ïÄ©Oæ^Oý�� GaN Ná�Ú)�
37�� (sapphire) þ� GaN ����., )��
5ìC� AlxGa1−xN (x = 0—0.3) Ü7��, �
�ÿÁá�, ^u'�©z¥�{Ú�©¤ã�
{���16f9Ù[£Ç. á�)����{
I Vecco úi�O�E� GenII ©få	ò (MBE)
XÚ. æ^ X ��û��´�mã (RSM) 5L�
ØÓ�.�����(�A5.

3 ¢�ÿÁ(J

cÏ�¢�(J®²y², æ^��ïÄ�
Ó��5ìCó²)�� AlxGa1−xN Ü7¥, Al
|©�L 30% (x > 0.3) �, AlGaN Ü7��¥á
�¬N(�®²tµ [12]. ù«¬N(�tµ��
�äkéõ�"�, Ïdæ^tµ���á��
����Nì��¦>6��, ì��5U�z.
�âù�ïÄ(J, À½�ïÄó�¥�5ìC
� AlxGa1−xN Ü7¥ Al �|©���� 0.2.

ã 2 � æ ^ O ý � � GaN N á � � � .,
) � � Al | © © O � 10%Ú 20%� �5ì
C AlxGa1−xN � X ��û� RSM ã. dã 2 �¢
�(J��, ü��¬� GaN �.Ñk�r� X
��û�¸, 
��X	ò��á�¥ Al |©�
O\
Åì/¤ “�” G¸. üö� “�” G¸Ä�
þÑ?3R�u�.¸���, ddy²	ò)�
� AlGaN �¬�NXvktµ, ��á��þ÷
vì�¦^I�. ã 2(a) � “�” G¸�rÝÑr
uã 2(b). ù�(J`², æ^	ò)���5ì
C Al0.1Ga0.9N á�, du¬�Ú�.¬��É�
�
�þpu�5ìC� Al0.2Ga0.8N á�. ,

�â4zp��,nØ, �5ìC� AlGaN á��
�,ßÝ� Al �|©O\
O\, �,ßÝ��
5ìC��þÝ¤�'. Ïd3J¦4zp��,
ßÝÚá��þ�¡�3��ò¥Ú²ï. Ïd3
��ì��A�Äé16fßÝÚ��á�¬N
�þI¦�nÜ²ï.

� � � � � �
� � � � � � 	 � 
 � � � � � � 	 � 
� � � 
 � � � � 
 �
ã 2 AlxGa1−xN ��3Ä.þ�Üå«¿ã (a) Al |©� 10%; (b) Al |©� 20%
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Xã 3 ¤«, ,��,� GaN Ä.�>fßÝ
�§Ý�ü$
²w/~�, 4z�A¢y� n.
�, AlGaN ��N¥, gd>f�$Ä�§ÝÃ
', ÏdØ¬3$§G�e� “È(”, =4zÚ\
�gd>f�ßÝÚ[£ÇØ¬�§ÝCz
²
wUC. ã 3 ¤« Hall ÿÁ(JL²: du�k¿
�,��.¥�3�þgd>f��4z>|Ú
\>f� “
”, ¤±^�k¿�, GaN ����
�.)���5ìC� AlGaN ���>fßÝp
� 1020 cm−3. 3�Ó¾|©^�e, Ùgd>fß
Ý�Oý�Ná� GaN þ)���5ìC AlGaN
��¥�>fßÝ�', pü�êþ?±þ.

òéA�ìC�þÝ (100 nm) Ú Al |©¹þ
�\ (5) ª, ���16fßÝ�nØO����
� 1.097 × 1018 cm−3. (5) ª´ÄuOý� GaN N
á��16f�[O�úª, ¢�ÿÁ� GaN N
á¥16fßÝ���� 0.7 × 1018 cm−3. ÿþ(
J�nØO���� �
unØ�.�{zÚ
4zXê��Ø°(. 
�ïÄ¦^ GaN ���
Ä., ���16fßÝ�±3 0.8× 1020 cm−3 þ
?, ' GaN Náþ�16fßÝpü�êþ?. �
Ï´�� GaN Ä.á�¥, Ø
L¡>Ö	, 4z
>|�ò�.��S�gd>fá\>|, ���
5ìC)�� AlGaN ��¥4z>|��, “
”,

Oý� GaN Ná��kL¡gd>f��4z
>|��,
, l
¦cö'�öpÑü�êþ?
±þ��,ßÝ.

ã 3 16fßÝ�§Ý�Cz ã¥ FS GaN L«g|
  GaN �.

du�Ó�á�3�Ó�§Ý�¸e, 16f
ßÝÚ[£Ç¤�''X, ÏdXã 4 ¤«, ±O
ý� GaN Ná���.�^�k¿�,� GaN �
���.��¬�', 3cöþ4zp�¢y� n

.�,16f[£Ç��ö�$. dnØúª (5)
¥���Ñd5Æ. d	, GaN Ná���.��
���¥16f[£Çp�,�­��Ï3u, æ
^ GaN Ná�þ)����¬N¥�"�²w�
u GaN ��þ)��¬N¥�"�.

�â®²���¢�ïÄ(J, dã 3 �±²
wwÑ, �k¿�,� GaN ��þ)�� AlGaN
¥�n�>fíäkòzA5, ¤±16f[£Ç
$u�òz>fí. ë�©z [13] ¥O�� GaN
��¥�>f[£Ç�16fßÝ'XL²: �X
>fßÝl 2 × 1017 cm−3 O\� 1 × 1019 cm−3,
du(fÑ���^, [£Çò¬ü$ 3.4 �. 3�
ïÄ¢�¥, æ^�k¿�, GaN ��., 10%¾
|©��5ìC AlGaN ��¥>f[£Ç3¿§
^�e�� 190 cm2/(V·s) (n3D = 1.9×1017 cm−3).

±Oý� GaN Ná���., �Ó|©��5
ìC AlGaN ��¥�>f[£Ç�� 81 cm2/(V·s)
(n3D = 4.7 × 1019 cm−3). Ïd, üö�16f[£
ÇCz'~�� 2.3. Ó�, éu 20%¾|©��5
ìC AlGaN ��, 16f[£ÇCz'~�� 2.4.
ù�©Û(JL², 3�5ìC� AlGaN ��¥,
>f�>fm�Ñ��^é[£Çké��K�.

ã 4 >f[£Ç�§Ý�Cz

Xã 4 ¤«, 4zp��,�16f[£Ç
ØÉ§ÝK�, 
,��,� GaN Ä¡þ, 5g�
Ì,��>fÏü§� “È(”, ��[£Ç²w
ü$. �â Hall ÿþ�(J, ,��,��¬¥1
6fßÝÚ[£Ç3§Ýü$�²wü$, Ly
Ñ “È(” y�. 
é4zp��,�¬, 16f�
ßÝÚ[£Çdu�9-¹Ã', ¤±3§Ýü$
�Ø� “È(”. Ïd�±(½�ïÄ¥)��¾|
©�5ìC� AlGaN ��¥�gd>f´d4z
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p�¢y�.

4 ( Ø

�©��
±�k¿�, (n., � 1016 cm−3)
� GaN ����., 3¾|©�5ìC� AlGaN
��¥¢y
p� 1020 cm−3 �4zp��p>f
ßÝ. òá�?1ØÓ§Ý� Hall ÿÁ, (Jy¢

4z�,�gd>fßÝÚ[£ÇØ�§ÝC
z, vkLyÑ,��,16fßÝÚ[£Ç�§
Ýü$� “È(” y�. ±�k¿�, GaN ���
Ä.�á�¥>fßÝ��
 0.8 × 1020 cm−3, '
8c¤���Oý�¬G GaN á��Ä.���

>fßÝpü�êþ?±þ. æ^�k¿�, GaN
����., Ø
L¡>Ö	, 4z>|��±ò
�.��S�gd>fá\>|, ���5ìC)
�� AlGaN ��¥4z>|��, “
”, l
¢
y�p16fßÝ��,. 
Oý� GaN Ná�
�kL¡gd>f��4z>|��,
, Ïd�
��4z�,16fßÝ'cö$ü�êþ?±
þ. 3�5ìC� AlGaN ��¥¢y�p16f
ßÝ��,, �JpÄu�z;ÄÉ�(�ì��
A�ÇJø
�U5. du��á��>fßÝÚ
[£ÇØÉ§ÝK�, ÏdÄu�z;á��É�
(�ì��­½5ò¬��Jp.
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Abstract

Carrier concentration and mobility of materials are key factors affecting device performance. Hall tests at different temperatures

demonstrate that the carrier concentration and mobility in impurity-doped AlGaN decrease with temperature decreasing. However,

carrier concentration and mobility obtained by polarization-induced doping are independent of temperature. Using quasi-insulating

GaN as substrate, the electron concentration obtained in the linearly graded AlGaN film through impurity-doping is only 10−17 cm−3

or less. In this study, using unintentional impurity doped (n-type, 10−16 cm−3) GaN template, graded AlGaN film is grown by

molecular beam epitaxial, in which polarization induced ultra-high electron concentration is up to 1020 cm−3 in graded AlGaN film

without using any dopant. Using quasi-insulating GaN as substrate, only the surface of the free electrons serves as polarization dopant,

while unintentionally doped GaN template is used as a substrate, in addition to free electrons on surface/interface, it is also reasonable

to surmise more negative charges attracted by polarization electric field to be the source of polarization doping, in the unintentional

doped GaN template, thereby achieving an ultra-high carrier concentration via polarization induced n-type doping.

Keywords: ultra-high electron concentration, polarization doping, graded AlGaN films
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