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�é��ª GaN 1>Ò4�Åãþf�ÇP~��, áÅãþf�ÇP~���¢�y�, 3�Ä�mÑ��
�¹e, |^À�[ù©ÙÚÄu Airy ¼ê�D4Ý
{, O�
u�>fUþ©Ù, ©Û
L¡³^Czéþf
�ÇP~�K�, nØ�¢�ÎÜ�Ð. -¹�k�ó4fê�~�¦L¡³^°ÝÚpÝO\, Úå�Å1f-
u�)�u�>fUþ©ÙP~��, áÅ1f-u�)�u�>fUþ©ÙP~��, ù´þf�Ç3�ÅãP
~��, áÅãP~������Ï.

'�c: GaN 1>Ò4, þf�ÇP~, u�>fUþ©Ù, L¡³^

PACS: 85.60.Ha, 61.72.uj, 81.65. −b, 85.30.Hi

1 Ú ó

K>f�Ú³ (negative electron affinity, NEA)
GaN 1>Ò4(¯Ýp!Vu��!u�>f
Uþ©Ù8¥, ´�~n��#.b	1>Ò4,
3��ý´!�»&ÿ!�¸�o!>få<M
�+�¼�
2�A^ [1−3]. ÄuK>f�Ú³
� GaN 1>Ò4´�cp5U1>Ò4�ïÄ9
:, {I!F�!¥I�I[¿�Ý\ã]Ðm�
«Ä:ÚA^ïÄ, þf�Ç�Jp9ÙUõ´ï
Ä��:�� [4].

þf�Ç´1>&ÿì��Ø%�I, ���
N1>Ò4�1>u��+, L�ì�é�f&Ò
�&ÿUå. þf�Ç�½5I�X1>Ò43
ØÓ�m!^�e5U�½5, ��'X� GaN
1>Ò4�A^. zïû�ïÄö*	�: �X�
m�Cz, þf�Ç���þ�Å��O�O�,
�Åãþf�Çäk��P~. zïû�l��ª
Ò4�ó��ª±9Ò4P~L§¥L¡³^�
Cz�¡ïÄ
P~Ån [5−7]. 8c GaN 1>Ò

4�ïÄffåÚ, �I�\ïÄ GaN 1>Ò4
L¡³^éþf�ÇP~�K�Ån, �Uõ GaN
1>Ò4�5UJønØë�.

�©A^À�[ù©ÙÚÄu Airy ¼ê�D
4Ý
{, O�
L¡³^éu�>fUþ©Ù�
K�,ïÄ
L¡³^Czéþf�ÇP~�K�
Ån, ùéJp NEA GaN 1>Ò4þf�Ç�
½5Jø
�/�.

2 GaN 1>Ò4þf�Ç�P~¢�

þf�Ç´���1f\��1>Ò4L¡
�, Ò4¤u��>fê, =

Yr(λ) =
Ne

Np
, (1)

Ù¥, Np �\��Ò4þ�1fê, Ne �Ò4¤
u��>fê.

zïû�ïÄö�¢�æ^��¬´� Mg
� p . GaN, u � � þ Ý 200 nm, � , ß Ý
� 1.37 × 1017 cm−3, �À�´��,� 2—3 µm
GaN �, 7���. [6], æ^©z [1] �ó²Úÿ
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Á��?1ÿÁ. Cs/O -¹L§æ^ Cs ±Y, O
äY��O�{, -¹�¤�á=� ÿÁ
Ò
4þf�Ç�. òÒ43�ý�¿¥�� 6 h �
2g� ÿÁÙþf�Ç, NEA GaN 1>Ò4P
~c��þf�Ç��Cz�¹Xã 1 ¤« [6].
ã 2 �Ñ
P~��A�Å�:þf�Ç�P~
c�'� r.

ã 1 �� 6 h � NEA GaN 1>Ò4þf�Ç�P~Cz

ã 2 P~��A�Å�:þf�Ç�P~c�'�

��, ¿©-¹�1>Ò43 6 h �, þf�Ç
u)
wÍ�P~. ØÓÅã�þf�ÇP~ÌÝ
ØÓ, �Åãþf�ÇP~��, áÅãþf�Ç
P~��.

Siegmund �ïÄöæ^7���.� Mg �
,� p. GaN á�, �,ßÝ�� 1017 cm−3, GaN
��þÝ3 1 µm �m. �¬3���ªeó�, �
pý�¿¥ÿÁ Cs/O -¹���¬, ²Ln�õ
��)�þf�ÇP~(J�ã 3[7]. lã¥��
±wÑ, ØÓÅãéA�þf�ÇP~ÌÝ´Ø�

Ó�, áÅãþf�ÇP~��, �XÅ��O�,
P~��AO�.

ã 3 Siegmund �ïÄö�Ñ� GaN Ò4þf�Ç��
m�P~Cz

3 u�>fUþ©ÙO��nØÄ:

3.1 GaN 111>>>ÒÒÒ444���UUU���(((���

GaN á�´���Y��N, GaN 1>Ò4æ
^�´n ¶(�, 300 K �n ¶�� GaN ¬N
�U�(�Xã 4 ¤«. �� GaN á��B�°
Ý 300 K ��� 3.39 eV, d�kn�3��U�,
5gug^;���p�^Ú¬N�é¡5, M -L
U��pÝ EM -L � 4.5—5.3 eV, A U��pÝ EA

� 4.7—5.5 eV, g^ - ;�3�U Eso � 0.008 eV,
¬N - |3�U Ecr � 0.04 eV[8].

GaN 1>Ò4d�¥�>fáÂ\�1fU
þ, -u���, ù�-uL§Ì��1>Ò4á
��áÂXêÚU�(�k'. �éu GaN d�
�4��:, Γ U�´���Y, M -L U�Ú A

U�´m��Y. �1>fld�º�[� Γ U
��, �I÷vUþÅð, 1>fld�º�[
� M -L U�½ A U��,IÓ�÷vUþÅðÚ
ÄþÅð, �I�áÂ½u���(f�Uþ Ep.
3 GaN 1>Ò4¥, �>fUþv
��, >f�
mÑ�Ì�´d Γ U�Ñ�� M -L U� [9]. ��,
�âUþÅð: $U1>fÌ�d�Å1f-u�
), �Ü©�¬dáÅ1f-u, Ì�´1>f3
Ñ$�L§¥¬��Uþ; pU1>f�ÜdáÅ
1f-u�), Ï��Å1fUþ�$, Øv±|
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±�mÑ�ÚÑ$L§¥�Uþ�� [6,9].

ã 4 300 K � n ¶ ( � � � GaN ¬ N � U � (
� (Eg = 3.39 eV, EM -L = 4.5—5.3 eV, EA = 4.7—5.5 eV,
Eso = 0.008 eV, Ecr = 0.04 eV)

GaN 1>Ò4�Vó4� [GaN(Mg):Cs]:O-Cs
�.@�, Cs/O Ú\�/¤�ó4fïá�>|,
ü$
L¡³^, �ª��¤I� NEA A5 [10].
üÕ? Cs -¹�, Cs Äk�L¡��C�,��
f Mg/¤ó4f [GaN(Mg):Cs]. ó4f��à�
�L¡�ý, ù
ó4f�¤1��ó4�,/¤ I
³^. üÕ? Cs -¹�5� 3.0 eV �ý�U?�
eü, òý�U?£���.±e�� 1.0 eV ?,
¦k�>f�Ú³� −1.0 eV, ¼�wÍ� NEA A
5. 3 Cs/O �Ó-¹�L§¥, O ©f3� Cs �
A�/¤ O �f, O �f¬?\L¡�, ?�Úl
z���CL¡� Cs �¤1��ó4�: O-Cs. Ù
¥��ó4f�)�� O �fÚü� Cs �f, ó
4f��àE,��L¡ý��ý. O-Cs ó4�
/¤ II ³^, ¦k�>f�Ú³düÕ? Cs -¹
�� −1.0 eV ?�Úü$�� −1.2 eV.

-¹�¤�� GaN 1>Ò4U�(�Xã 5
¤«, ü^�ÇØÓ�Cq��ã|¤L¡³^,
g��m�g� I ³^!II ³^. b, c ©OL« I, II
³^�°Ý, V2, V3 ©OL« I, II ³^�"àpÝ,
I ³^�å©pÝ� V1, ý�U?� V3.

3 GaN 1>Ò4L¡³^¥, ³U¼ê V (x)
�±L«�

V (x) = −Fi(x − bi), (2)

ª¥, i = 1, 2, ai < x < ai+1, a1 = 0, a2 = b, a3 =
b+c, Fi = −(Vi+1−Vi)/(ai+1−ai), zi = ai+Vi/Fi.

I, II ³^�o°Ý�O3 0.8—1.6 nm[5], Ú�

f�Ý��. �â Spicer JÑ�1>u� “nÚ�
.”, ��½Uþ E �1>f²LU��«Ñ$
�Ò4¡�, �±ÏL���A±�½�VÇ p(E)
�BL¡³^. ��
L¡³^/GÚ>fUþ,
/Ï��½�Å½��§, �±)Ñ p(E). ���
A´d�*âfÅâ��5¤û½��«þf�
A. >f�B³^c��UþØC, ¿vkUþ�
�¶ØØ>fUþp$, >f�B³^�þÝÑ´
���, = (b+c). >f3³^,�ýÑy�VÇ¬
É�³^pÝÚ°Ý�N�, ù´�*âfÅÄ5
9Ø(½'X�äNNy. p(E) �N
1>f�
BL¡³^�Uå, ¡�ß�Xê, K� p(E) �Ï
�Ì�k>fg�Uþ���ÚL¡³^/G [11].

ã 5 -¹�¤� GaN 1>Ò4�U�(�

3.2 uuu���>>>fffUUUþþþ©©©ÙÙÙ���OOO���

é��ª GaN 1>Ò4ó, pU>fÌ�3
Ò4CL¡�), ²L�á�ålÑ$�U��
�, �¬k��êþ� M -L U�>f½�µþ�
9>f�3. 3 Γ U�½ M -L U�9z>f�U
þÎÜÀ�[ù©Ù [12,13]

nd(∆E) ∝ ∆E1/2 · exp(−∆E/kT ), (3)

ª¥ k �À�[ù~ê, T �ýé§Ý, Et �9
z>fUþ, éu Γ U� ∆Et − Ec, éu M -L U
� ∆Et − EM -L. Ec Ú EM -L ©O���. (Γ U
�) Ú M -L U��U?.

9z>f?\U��«�, 3U��«>
|å��^e�L¡¤£. ¤£L§¥>fUþÚ
$Ä��¬��Cz, �>fÑ$�Ò4L¡�,
ÙUþ©Ù�ÏL¦)À�[ù�§�� [14,15].
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3 GaN 1>Ò4¥, 1>f��[k�[� Γ U
�, �Uþv
��, �¬d Γ U�Ñ�� M -L
U�, ¿×�3 M -L U�¥9z. du�Ó��
Ä M -L U�Ú Γ U��1>u�, �
O��
{z, 3>fUþ�O�¥�±6Ø�Ä9>f
�u� [16].

e9z>f�Uþ Et �u Ec, = ∆E = 0, K
>f²LU��«��Uþ©Ù�

� E À 1
2
Ew �,

n0(Ep) ∝
[( δs

Ep

)2

− δs

Ep

]
exp

(
− δ2

s

4EwEp

)
; (4)

� E ¿ Ew �,

n0(Ep) ∝
[( δs

Ep

)2

− 1
]

exp
(
− δ2

s

4EwEp

− δs

2Ew
+

3Ep

4Ew

)
. (5)

ª¥ E ´>f²LU��«��Ò4L¡�
{e�Uþ, E = δs − Ep, δs ´U��«��
þ, Ep ´>f²LU��«����oUþ,
E, δs Ú Ep þ´�éU��«��$:ó�.
Ew = (F · Lp)2/3 · ∆Ep, Ù¥ Lp ´>fÑ�²
þgd§, ∆Ep ´>f3zg-EÑ�¥¤��
�²þUþ, F ´U��«¥�>|rÝ, ÏU
��«'�Ä, �@�Ù¥�>|�!r>|,
= F = δs/d; d �ÏLeªO���:

d = (2δsε0ε/nAe)1/2, (6)

ª¥ ε0 ´ý�0>~ê, ε ´ GaN ��é0>~
ê, nA ´Ò4�ÉÌ�,ßÝ, e ´>f�>Öþ.

Et 6= Ec �, K Γ U�>fÑ$�Ò4L¡�
�Uþ©Ù�L«�

nΓ (E) =CΓ ·
∑

i

ndΓ (∆Ei)

× n0(∆Ei + Eg − E). (7)

M -L U�>fÑ$�Ò4L¡��Uþ©Ù
�L«�

nM -L(E) =CM -L ·
∑

i

ndM -L(∆Ei)

× n0(∆Ei + EM -L − E), (8)

ª¥ CΓ , CM -L ´8�z~ê. ∆Ei �9z>fU
þ Et ���.U? Ec ��, � (3) ª¥ ∆E ¹Â
�Ó. Ù¥ Eg � GaN 1>Ò4�B�°Ý, EM -L

� M -L U��pÝ8�z~êd (6) ª(½:∫ +∞

0

nΓ (E)dE = 1, (9)∫ +∞

0

nM−L(E)dE = 1. (10)

ò nΓ (E) Ú nM -L \��\=���ª GaN
1 > Ò 4 > f Ñ $ � Ò 4 L ¡ � o � U þ ©
Ù n(E)[16],

n(E) = (1 − θ) · nΓ (E) + θ · nM -L, (11)

ª¥ 0 < θ < 1, L«-u�pu M -L U��1>
fêÓ�Ü-u>fê�'~, \�1fUþ�p,
θ ��C 1.

KÒ4L¡³^���½�Å½��§�

d2ψ(x)
d2x

− 2m

~2
[V (x) − E]ψ(x) = 0, (12)

ª¥, m �>f�þ, ~ = h/2π, h �ÊK�~ê.
ß�Xê p(E) �dß�>6�Ý�\�>6

�Ý�'¦�

p(E) = k · ψ∗
t ψt

ψ∗
i ψi

, (13)

ª¥, ψt Ú ψi ©O�u�>fÅ¼êÚ\�>
fÅ¼ê, k �\�>f�Uþ E k'. æ^Ä
u Airy ¼ê�D4Ý
{�±¦Ñ��½�Å
½��§�), léß�Xê p(E) �±½þ
�£ã [17,18].

duL¡³^é�, >f�BL§¥�Uþ�
����±�ÑØO, K�BL¡³^�u��ý
�¥�>fUþ©Ù nv(E) � [16]

nv(E) = n(E)p(E). (14)

4 (J�?Ø

þf�Ç3P~�L§¥, GaN 1>Ò4�
NDÑA5Ø¬u)Cz, ��)º´L¡ Cs/O
-¹�u)
Cz, ��L¡³^u)Cz, �
ªE¤�Åã1)>fºÑL¡³^u��ý
�¥�êþ�)��P~ [5], �©éd?1O�
©Û. �âu�>fUþO��nØ, �O�Ñ>
fÑ$�Ò4L¡��Uþ©Ù n(E), Xã 6 ¤
«; >f�BL¡³^�ß�Xê p(E) Xã 7 ¤
«; u�>fUþ©Ù nv(E) Xã 8 ¤«. O�¥
�ëê����: ¿§ T = 300 K, Eg = 3.4 eV,
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Lp = 30 nm, ∆Ep = 35m eV, δs = 1.3 eV, ε = 10.4,
nA = 1.6 × 1017 cm−3.

ã 6 >fÑ$�Ò4L¡��Uþ©Ù

ã 7 >f�BL¡³^�ß�Xê (b = 0.40 nm,
c = 0.50 nm, V2 = 2.40 eV, V3 = 2.20 eV)

ã 8 u�>fUþ©Ù (b = 0.40 nm, c = 0.50 nm,
V2 = 2.40 eV, V3 = 2.20 eV)

��ª GaN 1>Ò4Ñ$�Ò4L¡�>f
Uþ©Ù n(E) kü�Ì¸, $UàéA Γ U��
>f, pUàéA M -L U��>f. éu�½�³

^, ß�Xê p(E) �X>fUþ�O\O\, ù
�þfåÆ����A´�Î� [19]. u��ý�
¥�>fUþ©Ù nv(E) �kü�Ì¸, $Uà�
Ò´ Γ U��>f�BL¡³^u��ý�¥
�>f, pUà�Ò´ M -L U�>f�BL¡³
^u��ý�¥�>f.

3Ò4P~L§¥, O ½¹ O ,�¬áN3-
¹�L¡, -¹�L¡� Cs �¬u)øNy�. ù

�^¬»�-¹�¥�ó4f, ¦/¤K>f�
Ú³�k�ó4fêþ~�. ã 9 � GaN 1>Ò4
k�>f�Ú³ χeff �L¡ Cs CXÝ c �m�'
X [20]. k�ó4fêþ�ü$¦ I, II ³^°Ý b,
c O\, ³^"àpÝ V2, V3 Jp [5]. �â���
A��n [19], L¡³^�ù«UCò¬K�ß�
Xê p(E), �ªK�u�>fUþ©Ù nv(E)[5].
ã 10 Úã 11 ©O�Ñ
 I, II ³^é nv(E) K�
�O�(J.

ã 9 GaN 1>Ò4k�>f�Ú³�L¡ Cs CXÝ�
m�'X

þãnØO�uy, nv(E) Ì�É I ³^�
K�, II ³^é nv(E) �K��±�Ñ. I ³^
°Ý b!"àpÝ V2 O\, Γ U�Ú M -L U�
u��>fUþ©Ù¸�þü$, � Γ U�é
A�u�¸ü$ÌÝ��. ± I ³^°Ý b �O
\�~, b d 0.3 nm O\� 0.5 nm, Γ U�u�
�>fUþ©Ù¸�d 3.3 ü� 0.9, ü$ÌÝ
� (3.3 − 0.9)/3.3 = 73%; �dÓ�, M -L U�u
��>fUþ©Ù¸�d 3.9 ü� 2.6, ü$ÌÝ
� (3.9 − 2.6)/3.9 = 33%. � θ �ØÓ��, (Ø´
�Ó�.

3�Åã, 1fUþ�$, >f�1f-u�
Ì�u)���[, �Ò´dd�º�[� Γ U
�, ,�Ñ$�L¡¿U�½VÇu��ý�¥.
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3áÅã, 1fUþ�p, 1)>fUþ�A��,
¿�1>fÌ�3Ò4CL¡�), Ø7²L�å
lÑ$��Uþ, �±u)m��[, =káÂ
��1fUþ hν ld�º�[� Γ U�, 2áÂ
½u���(fd Γ U�Ñ�� M -L U�, ��
u��ý�¥ [6,9], �ëìã 6. 1fUþ�p, u
��éA M -L U��>fê�õ, u�>fUþ
©Ù�pUà¢SþéAX M -L U��>f. Ï
d, pUàu�¸�½´dáÅ1f-u�)�,
$Uàu�¸Ì�´d�Å1f-u�)�.

ã 10 I ³^éu�>fUþ©Ù�K� (θ = 0.4) (a) I
³^°Ý b éu�>fUþ©Ù�K�, � c = 0.50 nm,
V2 = 2.40 eV, V3 = 2.20 eV; (b) I ³^"àpÝ V2 é
u�>fUþ©Ù�K�, � b = 0.40 nm, c = 0.50 nm,
V3 = 2.20 eV

nþ©Û, -¹� O ½¹ O ,��áN9 Cs
�f�øN¦-¹�k�ó4fêþ~�, Úå³
^°Ý!pÝ�O\ [5], ¦>fß�Xê~�, �
ªE¤��ª GaN 1>Ò4u�>fUþ©Ù�
P~. ùéÌ�d�Åã1f-u�)�1>f�
ºÑK���, édáÅã1f-u�)�1>f
�ºÑK���, lE¤ØÓÅãþf�ÇP~

ÌÝ�ØÓ, =�Åãþf�ÇP~��, áÅã
þf�ÇP~��.

�©�¤
��ª GaN 1>Ò4u�>fU
þ©Ù�O�, ©Û
L¡³^éu�>fUþ©
Ù�K�. lL¡³^éu�>fUþ©Ù�K�
Ú�mÑ���Ý, )º
��ª GaN 1>Ò4
þf�Ç3�ÅãP~��, áÅãP~���y
�, nØ�¢�ÎÜ�Ð. ùé&¢ GaN 1>Ò4
�1>u�Ån, Uõ1>u�5U�½5Jø

kÃ�ë�.

ã 11 II ³^éu�>fUþ©Ù�K� (θ = 0.4)
(a) II ³^°Ý c éu�>fUþ©Ù�K�, � b =

0.40 nm, V2 = 2.40 eV, V3 = 2.20 eV; (b) II ³^"à
pÝ V3 éu�>fUþ©Ù�K�, � b = 0.40 nm,
c = 0.50 nm, V2 = 2.40 eV

5 ( Ø

��ª GaN 1>Ò4u�>fUþ©ÙÌ�
É� I ³^�K�, II ³^éu�>fUþ©Ù�
K��±�Ñ. -¹�k�ó4fêþ�~�¦L
¡³^°ÝÚpÝO\, Úå�Å1f-u�)�
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u�>fUþ©ÙP~��, áÅ1f-u�)�
u�>fUþ©ÙP~��. ù��
þf�Ç3
�ÅãP~��, áÅãP~��.

a����ð�ó�Æ�Û���Ç!o©��Ç
9�u�Æ�û�Ç'u���A�kÃ?Ø. a�Ú¡
�Æ¬!zïûÆ¬!qU�Æ¬é�©JÑ��B?
UïÆ.
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Abstract
Quantum efficiency decay of reflection-mode GaN photocathode is small at short wavelengths and large at long wavelengths.

In light of this experimental phenomenon, the emitted electron energy distribution is calculated by using the Boltzmann distribution

and transfer matrix method based on Airy function, with the intervalley scattering considered. The effect of surface potential barrier

change on quantum efficiency decay is investigated. The results of theoretical calculation are in good agreement with the experimental

results. The reduction of effective dipole in activated layer leads to inereased length and height of surface barrier, which causes more

decay of the emitted electron energy distribution generated by longer wavelength photons, and less decay of the emitted electron energy

distribution generated by shorter wavelength photons. It is the fundamental reason of phenomenon that the decay of quantum efficiency

is small at short wavelengths and large at long wavelengths.

Keywords: GaN photocathode, quantum efficiency decay, emitted electron energy distribution, surface potential
barrier
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