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?Ø
�«äk�¯�m�AA5�#1>Ò4, =�FÝ�ê�,ß�ª GaAs K>f�Ú³ (NEA) 1>
Ò4, �[
§�þf�Ç!�m©EÚ�m©EUå�A5. nØ©Û(JL², du�FÝ�ê�,�O�
ª, 3áÂ�S/¤���Sï>|, Ïd1)>f3 GaAsNEA Ò4S�Þ��m�� á, � GaAsáÂ�þ
Ý ∼ 0.9 µm �, Ù�A�m�� ∼ 10 ps, `²ù«# NEA Ò4äk�`uDÚþ!�, NEA Ò4��¯�AA
5. Ó�3��1Ì�A��S, þf�Ç��� 10%—20%, �m©EåwÍpu± �O�(J. ©Û(JL²,

3�y�p�þf�Ç^�e, ù«#Ò4U
â»~5 GaAsNEA Ò4��m©EÇ4�, Jp GaAsNEA Ò4
���©Eå, k"^u�¯�K!>f\�ìÚgd>f-1ì�>f�+�, ?�Ú*Ð NEA 1>Ò4�
A^��.

'�c: ��ê�,, Sï>|, þf�Ç, �mÚ�m©Eå

PACS: 79.60.−i, 72.80.Eg, 73.61Ey, 73.20.At

1 Ú ó

GaAs K>f�Ú³ (NEA) 1>Ò4äkØÓ
u Ag-O-Cs Ò4ÚõwÒ4�`:, ÃXþf�
Çp, >fUþÚ�©Ù8¥, V>6��, ¦�
§31>�O+!��Nì�!pUÔn!L¡
Ôn, cÙ3�1�À�¡äk��A^ [1−3].

�´duDÚ GaAsNEA Ò4�þ! p .�,
á�, >fÏL*Ñ�ª�L¡$Ä, äk��
êz�¦�B¦��A�m, Ïd��
§3p
��K!pUÔnX�¯¤�, >f\�ì�4
z>f, gd>f-1ì (FEL) �>f�#
+��A^ [4−6], ù
#�A^Ñ�¦ GaAs Ò
4äk¯u 10 ps ��A�m. �´±c�ïÄ
Ì�8¥3þf�Ç�Jp!Cs:O -¹�Ån

��¡, é�'5 GaAs NEA Ò4��m�AA
5 [6,7], cÙ´XÛJp GaAs 1>Ò4��m�
A�¡. Ïd�?�ÚÿÐ GaAs 1>Ò43p
��A��¡�A^, �âqU�� [8] JÑ�F
Ý�,��{, �O¿nØ©Û
�«�FÝ�
ê�,� GaAsNEA Ò4, ±ÏÏL�FÝ�ê�
,�ª, 3 GaAs Ò4SÜ/¤|u1)>fÞ�
�!r>|, l��Jp GaAs Ò4�A�Ý�
8�.

�©Ì�ÄuCXê�1>fëY5�§, l
þf�Ç!�mÚ�m©Eå�n��¡nØ©
Û
�FÝ�ê�,^�eß�ª GaAs 1>Ò4
��AA5. ©Û(JL², ù«#Ò43�y�
p�þf�Çe, U
â»~5 GaAs 1>Ò4�
m©Eå4����, Jp����m©Eå, ù

A:²wÉuDÚ GaAs Ò4��AA5,�?
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�ÚÿÐ NEA Ò431>�A�+��A^Jø

nØÄ:.

2 # GaAs 1>Ò4�nØU�(�

�FÝ�ê�, GaAs 1>Ò4�U�(�
«¿ãXã 1 ¤«, Ù¥ Ec, Ev ©O´ GaAs ��
.U?Úd�ºU?, Eg ´ GaAs �B�°Ý, EF

´ Cs:O -¹� GaAs Ò4(��¤�U?. E0 ´
ý�U?, Φ ´>f�ºÑõ¼ê, δ ´L¡U��
þ.

ù«#Ò4(�©�1áÂ.«ÚL¡�
,u�/«, Xã 1 ¤«.

ã 1 �FÝ�ê�, GaAs 1>Ò4�U�(�«¿ã

N(x) = N0 exp(−βx). (1)

1) é.«?1 e �ê�,�O
�J p | u > f Ñ $ � S ï > |, KáÂ

. « � , ß Ý � F Ý A ¦ � U �, � . « ° Ý
� L, �= p-GaAs áÂ�°Ý, >.^��O�:

N(0) = 1019 cm−3, N(L) = 1015 cm−3. k ´À�
[ù~ê, T = 300 K.

�Ø�Ä�,Ü©�f{¿��, K GaAs

áÂ��Sï>|�CqL�� [8]

E = − dV

dx
= −kT

q
β, (2)

Ù¥ β = 4 × ln 10/L, d (2) ª¤«, 3 e �ê�,
e, GaAs áÂ�.«S�>|©Ù�±Cqw�
!r>|, ùé1)16f�Ñ$L§´�©k|
�. Ù¥ q ´>Ö>þ.

2) é/«?1�,�O
e��Ø GaAs Ò4L¡>f³^, /¤K>

f�Ú³G�, �â��NL¡nØ, GaAs u��

/«�CqþÝ d �L«� [6]

d ∼

√
2εδ

qNA
. (3)

T���,ßÝ NA ÀJ3 1018—1019 cm−3.

Ïd��NnØ, 3 Cs:O -¹�, L¡U��e�
, >f³^��Ø. Ù¥ d ¿ L, ε ´ GaAs �0
>~ê.  δ ´ Cs:O -¹�L¡?�U��þ,

L«Xe [6,8]:

δ =
Eg

3
− kT

q
ln

NA

N(L)
. (4)

é�FÝ�ê�, GaAs 1>Ò4(�, .«
�y
>f3 GaAsáÂ�Säkp��A�Ç;

/«3 NEA G�e�±�yÒ4äk�p�L¡
ºÑAÇ, Ó�L¡��,ßÝ�±�y¦�U
/�ØL¡>Ö�A.

3 #Ò4��AA5©Û

GaAs 1>Ò4�>fÑ$L§, �±3�½
�>.^�e, ¦)1)>f�ëY5�§��.

du GaAsáÂ�S p .�,ßÝäk��FÝC
z, ÏdëY5�§ò^eªLã:

∂

∂t
∆n(x, t) =

∂

∂x

[
Dn(x)

∂

∂x
∆n(x, t)

− µn(x)|E|∆n(x, t)]

− 1
τn(x)

∆n(x, t) + g(x, t). (5)

�!Äu1>fëY5�§, mÐ GaAs 1>
Ò4�AA5�?Ø, éù«# GaAs NEA Ò4
�þf�Ç!�mÚ�m©Eå�?1
nØ©
Û. Ù¥ ∆n(x, t) L«1>fßÝ, Dn(x), µn(x),

τn(x) ©O�1-u>f�*ÑXê![£ÇÚÆ
·, g(x, t) ´1)¼ê.

3.1 þþþfff���ÇÇÇ©©©ÛÛÛ

þf�Ç´ïþ GaAs 1>Ò45U���
�ëê. 3�^�e, þãëY5�§ (5) ���

∂

∂x
[Dn(x)

∂

∂x
∆n(x, t) − µn(x)|E|∆n(x, t)]

− 1
τn(x)

∆n(x, t) + g(x, t) = 0, (6)

>.^�:

Dn(x)
∂

∂x
∆n(x)
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− µn(x)|E| ∂

∂x
∆n(x)

∣∣∣∣
x=0

= S∆n(0), (7)

n(L) = 0, (8)

þf�Ç:

J = −PDn(x)
∂

∂x
∆n(x)

∣∣∣∣
x=L

, (9)

du�FÝ�,1>Ò4� NEA ýé��uD
Úþ!�,Ò4, �>f3.«Þ��ò¼��
½�ÄU, ÏdÙL¡ºÑAÇ P ØÓuDÚ1
>Ò4. d (1)—(4) ª9©z [9, 10] CqO��
�, �Ò4áÂ�þÝ L 3 0.7—3 µm �m�, P

� 28%—33%. Ó�d���©{, �â (6)—(9) ª
���§ (6) �ê�), Kß�ª�FÝ�, GaAs

Ò4�þf�ÇXã 2¤«.

ã 2(a) ´�FÝ�,^�e, GaAlAs/ GaAs .
¡�EÜ�Ç S = 105 cm/s, GaAs áÂ�þÝØ
Ó�, ß�ª GaAs 1>Ò4þf�Ç�\�1U
þCz�nØ�A�. �[(JL², �X L �
O�, 3\�1$UàÜ©�þf�ÇÅìO�,

3 L ∼ 3 µm NC��4�, 3pUàÜ©, þ

f�Ç�X L �O�Åì~�. ù
A�´du
áÂXê�X\�1fUþ hv �~�~�E
¤�, � L �� 2—3 µm �, ���A«��þ
f�Ç�3 15.5%—18.7%����Cz, ���
���þ!�©Ù. L ∼ 3 µm �Ò4�þf�Ç
� L ∼ 2 µm �Ñkü$, ù´Ï�� L > 2 µm �
�Ü©1f®��¿©áÂ, �duSï>|�5
��, 1>f$Ä´§O\, l��þf�ÇÅ
ì~f. Ïdù«#Ò4��O, 3ß�ªó��
ªe, e�¼��p�þf�Ç, Ò4áÂ�þÝ
�ÐØ�u 3 µm.

Xã 2(b) ¤«, �XEÜ�Ç S �O�, þf
�ÇÅì~�, ��X\�1fUþO�, þf�
Ç�ü$�\²w. ù´du GaAs épU1f
äk��áÂXê, >fÌ�3 GaAlAs/GaAs .
¡NC�), Ïd� S O��, pUà1f�)�
>f���õ, ��pUàþf�Ç'$Uà$.

� S > 1010 cm/s �, þf�Ç��½�. Ïdéß
�ª1>Ò4, ¦þü$ GaAlAs/GaAs .¡�EÜ
�Ç S �©k|uþf�Ç�Jp.

� � � � � � � � ���� �� �� � � � � � 	 
 �� � � 
 �� � � 
 � � � � 
 �� � � 
 �� � � 
 �� � � � 
 � � � � � � � � �  � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���� � � � � � � � � � � � � � � ���� �� �� ���� � � � � � � � �� �  � !  
ã 2 �FÝ�,^�e, ß�ª GaAs NEA Ò4� L Cz (a), � S Cz (b) �þf�Ç�

o� L 6 3 µm �, duáÂ��3���S
ï>|, ~�
1)>f3Þ�L§¥���, ¦
�õ�>f��Ò4L¡. Ïd3�Ü©1Ì�A
«�, Ò4�þf�ÇåÏ��.

3.2 ���mmm���AAA©©©ÛÛÛ

é GaAs NEA 1>Ò45`, e�^up�1
>�A+�, Ò7L�ÄÒ4��m�AA5. é

uß�ªó��ª� GaAs NEA Ò4, 3n�� δ

óÀe, t = 0 ��Ð�^����

g(x, t) = αI0(1 − R) exp(−αx), (10)

Ù¥ α ´ GaAs �áÂXê, §�\�1fUþ�
'. I0 ´\�1r, t�Ò4�A�m. du d ¿ L,

�Ñ>f3du���¥�Þ�L§. ,	, du
3 GaAs Ò4�]��AL§¥, =>fL§ÓÌ
�/ . ¤±©ÛL§�Ñ\�1féSï>|�
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K�Ú13áÂ�S�DÂ�m.

>.^�÷v [7]

Dn(x)
∂

∂x
∆n(x, t)|x=0

− µn(x)|E| ∂

∂x
∆n(0, t) = S∆n(0, t), (11)

n(L, t) = n(L, t − dt) exp(−dt/τ ′), (12)

Ù¥ τ ′ L¡?>fßÝ�²þP~~ê (ò,©
?Ø), µn|E| Ø�L1>f�¤£�Ý v

[11]
n .

1>f��?\�,ßÝ�L¡u���,

3Ñ¦«r>|�^e, m©;�ì���mÑ�,

¿±�½�AÇ�ý�u�, Ku��ý��1>
f6L«�

J(t) = −PDn(x)
∂

∂x
∆n(x, t)

∣∣∣∣
x=L

, (13)

Ù¥ P ´Ò4L¡�>fºÑAÇ.

ÄuþãCXêëY5�§, =d (10)—(13)

ªØU¼� ∆n(x, t) �)Û), Ïdæ^���
©�{��Cq), Ù)´Ã^�½� [7], ¿
��# GaAsNEA 1>Ò4��m�A�, X
ã 3¤«.

ã 3 ØÓ GaAs �þÝ L e��m�A�

ã 3 ´ØÓþÝ L e, �FÝ�,1>Ò4�
�m�A�. lã 3 �±wÑ, �XÒ4þÝ L

�~�, Ò4��A�m×� á. � L ��, Ò
4��A�m�á. ù´du L ~��, >fÞ�
�Ý~�, Ó�Sï>|O�, �öÑ|u>fÞ
��m� á, Ïd L ��, >fÞ��mü$�
�²w.

dã 3 ��, � GaAs �þÝ� 0.7 µm, �A
���¸°3��áÂ«S�±��� 7 ps, U


÷vX FEL >f��¡�A^ [5]. Ó�3�Ó
�A�me, 0.7 µm ��uDÚ GaAs NEA Ò4�
þÝ, ¦�Ò4�þf�ÇwÍJp, cÙéu$
Uþ1f�1Ì�A«�. � GaAs �þÝ´ 2 µm

�, �mò´Ú�¸°©O��� 30 ps Ú 50 ps.

ÏdÄuþã©Û, �DÚ GaAs 1>Ò4�', �
�ê�,�ªwÍJp
 NEA 1>Ò4�]��
AA5, ¿�Xù«# NEA Ò43p�1>�A
+�äk2��A^cµ. 3¢SA^¥, �±
�â¤�¦þf�ÇÚ�A�m, ÏLN!Ò4�
þÝ5¢y.

nþ¤ã, ù«#ß�ª GaAs NEA Ò4�
�A�Ý�~5Ò4wÍJp, �áÂ�þÝ�
�� 0.7 µm �, Ù�A�m�±�� 7 ps. Ïd
§k"â»DÚ GaAs NEA Ò4�m©EÇ4
����, íÄ GaAs ÚÙ¦0 — 1x��N
Ò43p��A>f�¡�?�Ú�uÐÚ
A^.

3.3 ���mmm©©©EEEååå

du GaAs 1>Ò4��äk�p��m©
Eå, Ïd3��A^¥, þØ?Ø GaAs Ò4�
��m©Eå�K�. ���e��>fl�äd
å�ÄÀá���, ±9���«`û�>f,

�¦ GaAs 1>Ò4�u�>fäk�$��©
Ù [12], ÏdI��Ä GaAs 1>Ò4��m©E
å¯K, �!æ^N�D4¼ê (MTF) { [13] 5©
Û�FÝ�, GaAs Ò4��m©Eå, ïÄu�
�°Ý!áÂXê9�.¡EÜ�Ç�ëêéù
«# GaAs Ò4�m©Eå�K�.�{zO�, �
§ (5) ¥�Xêþ�²þ�.

ã 4 ´�FÝ�ê�,^�e, ß�ª GaAs

Ò4� MTF �©Û. dã 4(a) ��, �þ!�,
Ò4�', �FÝ�ê�, GaAs Ò4� MTF wÍ
Jp. L ∼ 1.5 µm �, MTF � L �� 0.7 µm Jp�
�²w. dã 4(b), (c), (d) ��, � L, α ~�, S O
��, K MTF O�.  L �~�é MTF �K��
�, ù´du3FÝ�,e, �X L ~�, Ò4SÜ
�Sï>|O�, é MTF �K���5��. �Ò
´`, Sï>|��3, é MTF �K�ÓÌ�/ .

�Sï|��, MTF �Jp�wÍ. �©z [13]

�', ��ê�,ß�ª GaAs 1>Ò4��m©
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Eå?�ÚJp, ù´duSï>|�O�¤��
�. Ïdù«#Ò4(�U
?�ÚJp NEA Ò

4����m©Eå, ùé GaAs NEA Ò4?�Ú
�uÐÚA^´�©k|�.

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

� � � � � � ��� � �� � ���� � � 	 �  � � � � ��� � � � ���� � � � � � � � � �
� � � � �   ! "� � � � �   ! "

� � � � �   ! "
# $ %

& ' ( ) * + , - ./ 0 1 2 3 4 ,/ 0 1 2 3 4 ,/ 0 5 2 6 4 , / 0 5 2 6 4 ,
/ 0 5 2 1 4 ,/ 0 5 2 6 4 ,/ 0 7 2 1 4 ,/ 0 8 2 1 4 ,9 : ; < = > ; ? @ A B C D& ' ( ) * + , - .

& ' ( ) * + , - .& ' ( ) E + , - .& ' ( ) F G + , - .& ' )& ' ( ) * + , - .
9 : ; < = > ; ? @ A B C D

9 : ? < H > ; ? @ A B C D / 0 5 2 6 4 ,9 : ; < = > ; ? @ A B C D9 : ; < = > ; ? @ A B C D9 : I < H > ; ? @ A B C DJ K 0 7 2 5 L M J K 0 5 2 N 7 L MJ K 0 5 2 6 O L M
ã 4 �FÝ�ê�,^�e, ß�ªÒ4� MTF �©Û (a) �þ!�,Ò4'�; (b) Cz L; (c) Cz α; (d) Cz S

4 ( Ø

�©�O¿nØïÄ
�«p�A�Ç�#
1>Ò4, =�FÝ�ê�, GaAsNEA 1>Ò4,

©Û
3�FÝ�,�ªe, ß�ª GaAs 1>Ò
4�þf�Ç!�mÚ�m©Eå. �ý(JL²,

ù
�Ônëþäk²wØÓuDÚ GaAs 1

>Ò4�A:, Ì�Ly3, #Ò43�±�p�
þf�Ç^�e, �m�A�Ç×�O�, �m©
Eå?�ÚJp. Ïdù«# GaAs 1>Ò4�Ñ

~5 NEA Ò43]��A�¡�Øv, k"ÿ
Ð NEA 1>Ò43p��Aì��#+���2
�A^.
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Theoretical analysis of response characteristics for
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Abstract

A new-type GaAs photocathode with ultrafast time response, that is, the large exponential-doping transmission-mode GaAs pho-

tocathode, is discussed in detail. The response characteristics, including quantum yield, time and spatial resolution, are numerically

simulated. The analysis results show that the transit response time of the photo-excited electrons for the GaAs photocathode is ex-

tremely shortened, because the built-in electric field in GaAs layer formed by the large exponential-doping mode is benefitcial to the

photoelectron transport process of GaAs photocathodes. The response time can reach about 10 ps when the thickness of GaAs dgorp-

tion layer is around, which shows that the novel NEA cathode has a better feature of temporal response than that of traditional GaAs

photocathode. In addition, the quantum yield will reach ∼ 10%–20% in the whole special response range, and the spatial resolution

is improved obviously. The analysis results indicate that with high quantum efficiency guaranteed, the large exponential-doping NEA

cathode overcomes the limitation of time response of traditional GaAs NEA cathode and improves the spatial resolution, which in-

dicates that the new NEA cathode is expected to meet the demands of high-speed device and photoelectron device, and promote the

further development and applications of NEA cathodes.

Keywords: large exponential-doping, built-in electric field, quantum yield, time and spatial resolution
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