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Äu����>ÖCq�[L�4z>Ö��^, ÏLgU¦) Poisson-Schrödinger �§±9¦)16fëY
5�§, O�¿�?Ø
 p-AlGaN ��,ßÝÚ.¡4z>Öé AlGaN/GaN É�( p-i-n b	&ÿìU�(�Ú
>|©Ù±91>�A�K�. (JL², 4z�A� p-AlGaN ��,ßÝ�p�^é&ÿì5Uk��K�. Ù
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�. 3�½�,ßÝ^�e, 4z�A�r, p-AlGaN ��Ñ¦«�°, ì��1>6��. ���©Û
T(�3
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1 Ú ó

GaN Äá���1n���N�;.�L, ä
k°B�!p>f¤£�Ú�Ý!pÂB>|!
$0>~ê�`:, �2�A^u1>!pª!�
õÇì����+�. °�Y�A:¦Ù�±·u
pª!�õÇì��ï� [1]. 31&ÿ�¡, ·^
ub	Åã1&ÿì�A^ [2]. dub	&ÿì3
�»�E!»��ë&ÿ!»/iÿ�+�¥k
��A^d�, 0 — 2x�zÔb	1>&ÿ
ì��A^ïÄ��
¯�uÐ [3,4], Ñy
�ì
ª!õþf²!�²¡
���«&ÿ(� [5,6].

Ù¥, p-i-n.1>&ÿìduäk�A�Ýp!D
($!þf�Ç�N!" e�ó��`:¤�
&ÿìïÄ�:.

d	, AlGaN Ü7á��X Al |©�Cz, Ù
B�°Ý3 3.4—6.2 eV �mëYCz, CX��
��_«, ´U,�F_á�, 3b	&ÿ+�ä
k2,�A^cµ. AO´ AlGaN/GaN É�(�

3 p-i-n.b	1>&ÿì�A^, ¦� AlGaN �
å�éÐ�ß²I��^, ¦\�1Ã�Ñ/��
?\ GaN áÂ�, ��Jp
&ÿì��AÝ. ,
du0 — 2x�zÔäkér�gu4zÚ
Ø>4z, ¦�3 AlGaN/GaN É�(.¡�)�
þ�4z>Ö, ��É�(.¡?U�u)�,

$�3É�.¡?p)��>fí [7]. 8c'u
AlGaN/GaN É�(4z�A�ïÄ®²�~2
�, � Ì � 8 ¥ 3 é Ó.É � ( 4 z�A �ï
Ä, Xé n . AlGaN/GaN É�(p>f[£Ç
¬N+ (high electron mobility transistor, HEMT) �
ïÄ [8], éÉ.É�(4z�A�ïÄ�~�.

¯¢þ, 4z�Aé AlGaN/GaN É�( p-i-n.b
	&ÿì�5Uké�K� [9], �´�8c���
vk�\XÚ�©ÛïÄ.

�©l AlGaN/GaN É�(4z�A�Ä�n
ØÑu, ÏL����>Ö���O�4z>Ö�
�^, ½þO�?Ø
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�(�!>|©Ù±91>�A�K�; ��O�
¿©Û?Ø
§ÝéT(��b	&ÿì5U�
K�, y²
T(��±3p§e�~ó�.

2 AlGaN/GaN É�( p-i-n 1&ÿì
�4z�A

gu4z´3ÃAå�¹e�4z, du¬�
(���n�é¡5�)�. �X¬�(��n
�é¡5�O�, �zÔ�nØgu4zØäO�,

~Xl GaN � InN Ú AlN �gu4zÒØäO�,

XL 1 ¤«.

L 1 0 — 2xY ¶�zÔá��gu4z!¬�~ê!Ø>
~êÚ�5Xê [3,10,11]

AlN GaN InN

Psp/C.m−2 −0.081 −0.029 −0.032

a0/10−10 3.112 3.189 3.54

e31/C.m−2 −0.60 −0.49 −0.57

e33/C.m−2 1.46 0.73 0.97

C13/GPa 108 103 92

C33/GPa 373 405 224

L 1 ¥, Psp �gu4z, a0 �¬�~ê, e31

Ú e33 �Ø>Xê, C13 Ú C33 ��5~ê. n�
Ü7 AlxGa1−xN �gu4zæ^ GaN Ú AlN g
u4z��5��¦�,Ø>4z�ÏLØ>nØ
¦�, ©OX (1) Ú (2) ª¤« [10]:

P sp
AlxGa1−xN = P sp

AlNx + P sp
GaN(1 − x), (1)

Ppe = 2
a − a0

a0

[
e31 − e33

C13

C33

]
. (2)

�â> £ëY5, 3 AlGaN/GaN âCÉ�
(.¡?�4z¬p)��>Ö σ, �ue��4
z~�þ��4z, X (3) ª¤«:

σ = Psp(GaN) − Psp(AlGaN) − Ppe(AlGaN). (3)

3¢Sì���L§¥, du AlGaN/GaN É
�(.¡?�3�½� Al |©p*ÑÚÉ�	ò
�Aåµþ, 4z>Öü$ [10−12]. �¦O�?Ø
�ÎÜ¢S, �©Ú\4zÏfNÚnØ4z�Ú
¢S4z���O. �ÄÉ�.¡ Al |©p*Ñ
ÚÉ�	òAåµþ�, AlGaN/GaN É�.¡?�
4z>ÖX (4) ª¤«:

σ = r[Psp(GaN) − Psp(AlGaN)

−Ppe(AlGaN)], (4)

Ù¥, r L«4zÏf, ^5NÚ4znØ�Ú¢S
���O, =O�¥4z>ÖÓ4znØ��'~.

� r � 0 �, L« AlGaN/GaN É�.¡Ø�34z
�A; � r � 1 �, L« AlGaN/GaN É�(�n�
âCÉ�(�Ø�3Aåµþ.

ã 1 � AlGaN/GaN É�( p-i-n &ÿì�(
�«¿ã. �k�L«4z>Öéì�5U�K
�, �©ÏL����>Ö�5O�4z>Ö�
��^, Xã 1 ¥� δ �. O�¥æ^�ì�(�
� p-i-n ., ��Ü©�á��¤!þÝ!�,©
Ù�¹�L 2. 3 AlxGa1−xN á�¥, � x = 0.2.

ã 1 AlGaN/GaN É�( p-i-n &ÿì(�«¿ã

L 2 p-i-n (��Ü©�á�!þÝÚ�,©Ù�¹ (x = 0.2)

(�� á� þÝ/nm �,ßÝ/cm−3

p � AlxGa1−xN 200 1.5×1018

δ � AlxGa1−xN 1 1.1×1020(��4z)

i � GaN 200 1×1016

n � GaN 2000 5×1018

3����>Ö δ �5O�.¡4z>Ö�,

�I3.¡?\\��� δ �,�, ¿ò�\��
���>l, >l�)��ÌÚÉÌ©O��u4
z�)��!K�½>Ö. du�\��þÝé�,

>l�)�gd16fé��ì��K���Ñ
ØO. d	, T�\�äk�½þÝ,I�ònØO
�¤��4z>Ö¡�Ý=�¤�,���,ß
Ý. d>ÖÅð���\���,ßÝX (5) ª¤
«:

δN =
Q

V
=

Q

S · L
=

σ

L
, (5)

Ù ¥, Q � 4 z > Ö o þ, V � � , � � N È,

S,L ©O��,��¡ÈÚþÝ, σ �4z¡>
Ö � Ý. � x = 0.2 �, � â (1), (2), (4) Ú (5)

ª��� ��4z�¹e, 4z��>Ö¡�
Ý� 1.0992 × 1013 cm−2. � δ ��þÝ�ü�
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� f � þ Ý, � � � 1 nm, K δ � � � , ß Ý
� δN = σ/L = 1.0992 × 1020 cm−3.

3 Ú\4z�A�O��{

d u 3 O � ¥ Ú \ 
 4 z�A, � 3 Al-

GaN/GaN É�.¡�3�½�U��e�, O
�¥k�U¬Ñyþf�A. Ïd, 3O� Al-

GaN/GaN É�( p-i-n .b	&ÿì��U�ã
Ú>|©Ù�7L�gU¦) Poisson-Schrödinger

�§.

��ü>fCq�¹e� Schrödinger �§�

− ~2

2
d
dz

[ 1
m∗(z)

d
dz

ψ(z)
]

+ Ec(z)ψ(z)

= Eψ(z), (6)

Ù¥, ~ �8�z� Planck ~ê, m∗ �>f�k�
�þ, z �òR�u.¡��I, ψ ���>fí�
Å¼ê, E �þfzU?, Ec ���.Uþ. Ec �
>³�'X� (7) ª:

Ec(z) = −qV (z) + ∆Ec(z), (7)

Ù ¥, q � Ä � > Ö > þ, V � > ³, ∆Ec � É
�(��ØëY�. é AlGaN/GaN É�(ó,

k ∆Ec = 0.63∆Eg, ∆Eg L«É�(B�°Ý�.

AlGaN �B�°Ý� AlN Ú GaN B�°Ý��g
��, � (8) ª:

Eg(x) = 6.28x + 3.42(1 − x) − x(1 − x). (8)

ÏL¦) Schrödinger �§ (6), �±¦�þf
z�U? Ei ÚéA�Å¼ê ψi, l�±��
��>fí�¡�Ý ns2D(z) Ú�m©Ù n2D(z),

X (9) Ú (10) ª¤«:

ns2D =
∑

i

ni

=
∑

i

m∗

π~2

∫ ∞

Ei

1
1 + exp(E−EF

k0T )
dE, (9)

n2D(z) =
∑

i

niψ
∗
i (z)ψi(z), (10)

Ù¥, Ei �1 i �þfU?, ni L«1 i þfU?
þ�>f¡�Ý,

m∗

π~2
���>fí���Ý, EF

� Fermi U?, k0 � Boltzmann ~ê, T �§Ý, È
©�� Fermi-Dirac ÚO, ψi(z) � Ei ¤éA�8
�z���Å¼êê3 z ���©Ù. Ón, ��

�Çí��ÏL Schrödinger �§¦�.

®�>ÖßÝ©Ù, ¦) Poisson �§�¦�
>³©Ù, �ÏL (7) ª¦���.Uþ. éu Al-

GaN/GaN É�(, �Ä�4z>ÖÚ��>fí�
�^, Poisson �§���

d
dz

[
ε0εr(z)

d
dz

V (z)
]

= −ρ(z), (11)

Ù¥,

ρ(z) = q[N+
D −N−

A +p−n+p2D−n2D+δN ], (12)

Ù¥, εr ��é0>~ê, ε0 �ýé0>~ê, N+
D

��Ì�,ßÝ, N−
A �ÉÌ�,ßÝ, p Ú n ©O

��ÇÚ>f�NßÝ, δN L«4z>Ö�©Ù.

ÏLgU¦) Poisson-Schrödinger �§�±�
�ì�SÜ�>³©ÙÚ>|©Ù. Ú\ GaN 9
á���K�©[£Ç�. [13] Ú1áÂ�. [14],

ÏL16fëY5�§�¦� AlGaN/GaN É�
( p-i-n.b	&ÿì�1>6:

∂p(z)
∂t

= G(z) − Up(z) − 1
q

∂Jp(z)
∂z

, (13)

∂n(z)
∂t

= G(z) − Un(z) +
1
q

∂Jn(z)
∂z

, (14)

Ù¥, p(z), n(z) ©OL«1)�Ç�ÝÚ1)>
f�Ý; G(z), U(z) ©OL«Ñ¦«1)16f�
�)ÇÚEÜÇ; Jp(z), Jn(z) ©OL«1)�Ç
>6Ú1)>f>6. Äu¤£*ÑDÑ�., 1
)�Ç>6 Jp(zx) Ú1)>f>6 Jn(z) ©O�
L«� (15) Ú (16) ª:

Jp(z) = qp(z)µpE − qDp
dp(z)
dz

, (15)

Jn(z) = qn(z)µnE + qDn
dn(z)

dz
, (16)

Ù¥ µp, µn ©OL«�ÇÚ>f[£Ç; Dp, Dn

©OL«�ÇÚ>f*ÑXê, E �Ñ¦«>|.

1)16f�)Ç G(z) ÚEÜÇ U(z) ©OL«
� (17)—(19) ª:

G(z) =
Popt(1 − R)

A · hc/λ
α exp(−αz), (17)

Up(z) =
p(z)
τp

, (18)

Un(z) =
n(z)
τn

, (19)

Ù¥ Popt �\�1õÇ, R �ì�L¡1��Ç,

A �ì�k�&ÿ¡È, h � Planck ~þ, λ �\�

057802-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 057802

1Å�, c �1�Ý, α � GaN Äá��1áÂX
ê, τp, τn ©O�1)�ÇÆ·Ú1)>fÆ·. O
�¥, �&ÿì�k�&ÿ¡È� 0.0014 cm2.

4 O�(J�©Û?Ø

3¦^.¡��>ÖCqL«4z>Ö�^
�e, ÏL±þO��{O�?Ø
��4z!
Ü©4z!Ã4z�¹e AlGaN/GaN É�( p-i-n

.b	&ÿì�U�ã, >|©Ù�ÔnA5, ¿
éþã�¹e1>&ÿì�1>�AÌ?1O�
Ú©Û.ïÄ¥¤æ^�ì�(�Xã 1 ¤«. �
��þÝ!�,,�ßÝXL 2 ¤«.

ã 2 p-AlGaN ��,ßÝ (a) éì�U�ãÚ; (b) >|©
Ù�K�

ã 2 ¤«���4z�¹e p-AlGaN �ØÓ
�,ßÝéì�SÜU�ãÚ>|©Ù�K�.

ã 2 L², 3��4z�¹e, � p-AlGaN ��,
ßÝl 1.5× 1018 cm−3 O\� 2.5× 1018 cm−3 �,

p-AlGaN ��ý�Ñ¦«Åì á,  i-GaN �
�ýKlØÑ¦ÅìC���Ñ¦. ù´du�
X p-AlGaN ��,ßÝO\, É�(.¡?4z>
Ö¤�����>fíÅìÑ¦, �� p-AlGaN �
��,ßÝ��,��.�, É�(.¡?���

>fíTÐ���Ñ¦ [15,16]. p-AlGaN ���,
ßÝUYO��, $�,� i-GaN ��ò���Ñ
¦. d�, ì�SÜÑ¦«dÜ© p-AlGaN �Ú�
Ü i-GaN ��¤.

ã 3 p-AlGaN ��,ßÝéì�1>�AÌ�K�

ã 3 ¤«���4z^�e p-AlGaN ��,
ßÝé1>�AÌ�K�. lã¥�±uy, �
X p-AlGaN ��,ßÝ�O\, �Å�¤éA1>
6Åì~�. ù«y��ÑyÌ�8(u¤æ^
� GaN Äá��[£Ç�.. �â GaN Ä[£Ç
�., �>|�u�.>| 220 kV/cm �, >f�
Ú�Ý�X>|�O\~�, éA�¤£>6�
�>|�O\~�. ¿��X�,ßÝ�O\,

p-AlGaN ��ý�Ñ¦«Åì á, ��Ùé1)
16f�áÂ~f, 1>6~�. Ïd, 3��4z
�¹e, p-AlGaN ���,ßÝ��, p-AlGaN �
�Ñ¦«°Ý�Ä,  i-GaN ��N´���Ñ¦,

éA�1áÂ�f, 1>6��.

ã 4 ¤«�ØÓ4z^�e�>|©ÙÚU
�(�ã, Ù¥ r �4zÏf, Xúª (4) ¤«, p-

AlGaN ���,ßÝ� 2.0× 1018 cm−3. Éó²^
�K�, 3 AlGaN/GaN É�	ò�, Al |©�p*
ÑÚÉ�.¡?�AåµþéJ��, 4zÏf�
´Ø���, �U3É�	ò(å±�ÏL¢�ÿ
�. Ïd, 3O�¥�4zÏf� 0 � 1 �²þl
Ñ�. lã 4 �±wÑ, �4zÏf r l 1 Åì~�
� 0.1 �, p-AlGaN ��Ñ¦«Åì á,  i-GaN

��Ñ¦«ÅìÐ°, �Ù>|rÝ�ÅìO�.

ù´Ï��4zÏf���, .¡4z>ÖßÝ�
�, ¦U��e�î, 3.¡?p)
��>
fí, ¶-
>|?\ i-GaN �. �4zÏf�
��, .¡4z>ÖßÝk¤ü$, U��e�
§Ýk�, .¡?p)���>fí~�, ¶-�
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^Ø2²w, ¦�>|ÿÐ� i-GaN �.

ã 4 4 z Ï f é ì � > | © Ù Ú U � ã � K �
(a) r = 1.0; (b) r = 0.7; (c) r = 0.4; (d) r = 0.1

ã 5 4zÏféì�1>�AÌ�K�

ã 5 �ØÓ4z^�e�1>�AÌ. ã 5 L
²O\4z�A�, �Å�éA�1>6�X4z
Ïf�O�O\. ùL², 3 AlGaN/GaN É�.
¡�4z�î, 4z>Ö�õ, �Å�éA�1
>6Ò��. Ï�4z>Ö�~��� p-AlGaN �
Ñ¦áÂ�CÄ$���, 1)16f�¤£~f,

�U��*Ñ?\ i-GaN ��Â8, Â8�Ç²w
ü$, �A��A>6�ü$. Ïd, 3 p-AlGaN �
�,ßÝ����¹e, 4z�A�r, p-AlGaN

��Ñ¦«�°, éA�1áÂ�r, 1>6��.

ã 6 ¤«�§Ýé GaN Ä p-i-n .b	&ÿ
ì�AA5�K�. lã¥��, �ì�ó�§Ý
l 200 K O\� 400 K �, �Å�¤éA�1>6
=k�fO\, ¿�k��K�. ù`²Ø�ÄÙ
¦Ï�, §Ýé AlGaN/GaN p-i-n É�(��AA
5K�é�, ì�3'���§Ý��SÑ�±�
~ó�.

ã 6 p-i-n (�3ØÓ§Ýe�1>6©Ù

5 ( Ø

�©Ì�ÏL���, δ �CqL«4
z>Öéì�5U�K�, O�?Ø
 p-AlGaN

��,ßÝ!É�(.¡4z�A9§Ýé Al-

GaN/GaN É�( p-i-n .1&ÿì1>�A�K
�. (JL²: �X p-AlGaN ��,ßÝ�O\,

p-AlGaN ��ý�Ñ¦«Åì~�,  i-GaN �K
lØÑ¦ÅìC���Ñ¦. ��Å�¤éA�1
>6� p-AlGaN ��,ßÝ�O\ü$. 3É
�( p-i-n 1>&ÿì¥, 4z�Aéì�SÜ�
U�©ÙÚ>|©Ùk��K�. 4z�A�~f
�� p-AlGaN �Ñ¦«°Ý~�, K�
&ÿì�
1>�A. É�(ü>|©����, ¬���Ò
��, 4z�AéÉ�( p-i-n ì�5U�)�K
��Ò��. d	, §Ýé AlGaN/GaN É�( p-i-n

&ÿì�5UK�é�. 3§Ýl 200 K � 400 K

���¥, §Ýé�AÌ�K��~�, `²d(
�é§ÝØ¯a, �±3p§^�e��mó�.
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Abstract

Based on the simulation of the polarization effect by the sheet charge layer approximately, the energy band structures and elec-

tric field distributions of AlGaN/GaN heterostructures with different doping concentrations of p-AlGaN and polarization effects are

calculated by self-consistenly solving the Poisson-Schrödinger equations. The corresponding photoelectric response is calculated and

discussed by solving the carriers continuity equation. The results show the interaction between the doping concentration and the

polarization effect has an important influence on the performance of the p-i-n detector. Specially, under the condition of complete

polarization, a high doping concentration in the p-AlGaN layer will result in a narrow depletion region in p-AlGaN layer and the i-GaN

layer will be depleted easily, which corresponds to a low photocurrent. Similarly, a strong polarization will result in a wide depletion

region in p-AlGaN and high photocurrent for the same doping concentration in p-AlGaN layer. Finally, the effect of temperature on the

performance of the detector is calculated and analyzed. It is concluded that AlGaN/GaN heterostructure p-i-n ultraviolet detector can

be used in the high temperature environment.
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