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æ^Äu1�5�n��Ý�¼nØ²¡Å�^�³�{O�
 1/4ML Cs �fáN (2 × 2) GaN(0001) L¡
�áNU!U�(�!>f��Ý!>ÖÙØê!õ¼êÚ1Æ5�. O�uy, 1/4ML Cs �f3 GaN(0001) L¡
�½áN � N x , áN�L¡E¥y�7á�>A5, Cs �fáN GaN(0001) L¡�Ì��L¡ Ga �fu
)�^, Cs6s �>f��L¡ Ga �f=£, ÚåL¡õ¼êeü. ïÄ1Æ5�uy, Cs �fáN GaN(0001) L¡
�, 0>¼êJÜ!áÂÌ!��Ì�$U��£Ä.

'�c: 1�5�n, Cs/GaN(0001) áNNX, áNU, >f(�

PACS: 71.55.Eq, 78.20.Ci

1 Ú ó

GaN ´äk���Y°!9�Ç�!ÂB>
Øp!Fp§ÚzÆ½5Ð�A:�#.��
Ná� [1,2]. ÄuK>f�Ú³ (NEA)GaN b	
1>Ò4äk(¯Ýp!Vu��!u�>fU
þ©Ù8¥!°���Y!pþf�Çu�Ú�
�_�A�`:, 3²�>f<M!b	ý�&
ÿ�+�äk�A^d� [3,4]. ÏL;.� Cs

½ Cs, O -¹ó²�� NEA GaN 1>Ò4-¹¢
��¡®mÐ
�þïÄó� [5−8]. Machuca � [9]

^ Cs -¹�� GaN 1>Ò4, 3 310 nm ?¼�p
� 50%�þf�Ç; Norton � [10] ÏLé GaN ?1
�z?n, 3 185 nm ?¼�
�u 40%�þf�
Ç. �é Cs Ú GaN L¡�pÅn�ïÄ, AO´�
)�Ý�¼nØ (DFT) 3S�nØïÄ�é�, k
�?�Ú&?.

� © | ^ 1 �5� n � {ïÄ 
 Cs á N
é (2 × 2)GaN(0001) L¡>f(�Ú1Æ5�
�K�, ±Ïl>f(��gþïÄ Cs 3 (2 ×

2)GaN(0001) L¡�áN �9õ¼ê�Cz, l
�« Cs �f� GaN L¡�p�^Ån, �?�
Ú�¢�ïÄJønØë�Ú/�.

2 O��{9�.

2.1 OOO������{{{

©¥O�ó�Äu DFT �lÞ�þfåÆ
§S CASTEP �¤ [11]. æ^�¬�~êÑ�¢
�� [12], æ^ BFGS �{é¬N�.?1(�`
z, ò��¥�d>fÅ¼ê^²¡ÅÄ¥?1
Ðm, ¿��²¡Å�äUþ Ecut = 400 eV, S
�L§¥�Âñ°Ý� 2 × 10−6 eV/atom, �f
m�p�^åÂñIO� 0.005 eV/nm, ü�fU
þ�ÂñIO� 1.0 ×10−5 eV/atom, ¬NSAå
ÂñIO� 0.05 Gpa, �f�� £ÂñIO�
� 0.0001 nm, æ^ DFT �2ÂFÝCq (GGA) e
�²¡Å�^�³�{ [13,14], Brillouin «È©æ
^ Monkhors-Pack/ª [15] �pé¡AÏ k :�{,

* I [ g , �ÆÄ 7 (1 O Ò: 60871012)! ì À � g , �ÆÄ 7 (1 O Ò: ZR2010FL018)! ì À � �ÆE â u Ð O y (1 O Ò:

2010GWZ20101) ÚìÀ�p��ïuÐOy (1OÒ: J10LG74) ]Ï��K.

† E-mail: bkchang@mail.njust.edu.cn

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

057102-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 057102

k ��:��� 4 × 4 ×1, UþO�Ñ3�´�m
¥?1. ë�O��d�>f� Ga: 3d104s24p1, N:

2s22p3, Cs: 5s25p66s1.

2.2 OOO������...

O��.æ^2�^u�«L¡O�� slab

�.,À^äk 12 ��f� (6 � Ga-N V©f�)

þ�²� (Slab) �.5�[ (2×2)GaN(0001) L¡,

Ù¥#Nþ¡ 3 �V©f�gdµþ, ée¡ 3 �
V©f�?1
�½. �
;�²�mu)º��
p�^,÷ z ¶��æ^
þÝ� 1.3 nm �ý��,

�
��L¡>Öu)=£, é GaN (0001) .Ü?
1
b�?n. O��.Ì��Ä Cs �f3 GaN

(0001) L¡�Ê�pé¡áN �, = T1   (Ga

º ), H3   (Ç ), T4   (N º ), BGa   (Ga x
 ) Ú BN   (N x ), Ù �Xã 1 ¤«.

ã 1 GaN(0001) L¡:Àã±9A«�U� Cs áN �

ã 2 Cs/GaN(0001) áNNXL¡ßÀã

3 O�(J�?Ø

3.1 (((���ááá555

Ä k é n ¶ GaN � ¬ N ( � ?1
 `
z, � � X e ¬ � ~ ê: a = b = 0.32247 nm,

c = 0.52537 nm, ù�¢�� [12] a = b = 0.3189 nm,

c = 0.5185 nm ÎÜ��Ð. ,�À^äk 12 ��
f� (6 � Ga-N V©f�) þ�²� (Slab) �.5
�[ (2 × 2)GaN(0001) L¡, `z��AÛ(�ë
êXã 2 ÚL 1 ¤«.

L 1 áN�f Cs 3 GaN (0001) L¡ØÓáN ��áNU!
õ¼ê9AÛ(�ëê

dCs−Ga/Å dad/Å d1,2/Å d2,3/Å Eads/eV φ/eV

Clean 0.65 2.02 4.2

0.67[17] 2.00[17] 4.4[18]

Cs-T1 3.4974 2.7958 0.64 2.01 1.89 2.30

Cs-H3 3.6503 3.1144 0.62 2.01 2.02 2.16

Cs-T4 3.6714 3.1368 0.64 2.01 1.96 2.37

Cs-BGa 3.8273 2.6479 0.62 2.01 1.98 2.36

Cs-BN 3.6402 2.2775 0.63 2.01 2.04 2.36

dad � Cs �fål�º� Ga �f�%�pÝ, dCs−Ga � Cs �f

�º��C� Ga �f¤���, d1,2 �L¡V©f�þÝ, d2,3 L

«1�!1�V©f��må.

3.2 áááNNNUUUÚÚÚAAAÛÛÛ(((���

L 1 O�
 1/4ML Cs �fáN GaN(0001) L
¡�áNU [16].

Eads = −(ECs/GaN(0001) − EGaN(0001)

−nECs)/n, (1)

Ù ¥, n � á N � f � � ê, EGaN(0001)

Ú ECs/GaN(0001) ©OL« GaN(0001) L¡ÃáN
ÚkáN�NX�oU, ECs = −548.9466 eV L«
�á Cs �f�oU. �â½Â, eáNU���,

L«áNL§��9L§, KáN´½�; eá
NU�K�, L«áNL§�á9L§, KáN´
Ø½�.

O�¼� Cs �f3 T1, H3, T4, BGa, BN Ê
�pé¡ �áNU��©O� 1.89, 2.02, 1.96,

1.98, 2.04 eV; T1  áNU��, BN  áNU�p,

�áN áNU�O��. Cs �f3 GaN(0001)

¡½�áN AT3 BN  Ú H3  , BN  �
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½, � Cs �f3 GaN(0001) L¡[£�, [£´�
� T1→T4→BGa →H3→BN.

3.3 Cs/GaN(0001) áááNNNNNNXXX���>>>fff(((���

Cs �fáNu GaN(0001) L¡�, du Cs �
f�^Úå GaN(0001) L¡�, �áNc�',

GaN(0001) V©f�þÝÚ�måÑÑ�~�, X
L 1 ¤«. láN� Cs �f�º��C� Ga �
f�� (±e{¡ “Cs—Ga ��”) 5w, T1  ��
�á, �3T áNU��, �Ø½, ùÌ�´
du3áN� Cs �f��>f��>, Ga �f�
,¼�>f�E��>, ål�C�§��m�3
�r�·>ü½�^, E¤T áN�Ø½. Cs

�f3 BN  Ú H3  áNU�C, BN  =' H3

 p 0.02 eV, BN   Cs—Ga ��' H3   Cs—Ga

��á 0.001 nm, O�¼� BN   Cs—Ga �ÙØ
� 0.08, H3   Cs—Ga �ÙØ� −0.09, `²3 BN

  Cs—Ga �¥�f�d�A5, �?�Ú`²

 BN ´�½�áN .

ã 3 GaN(0001) �'L¡U�(�ã

ã 3 Úã 4 ©O�µþ� GaN(0001) �'L¡
U�(�ãÚ��Ýã (ã¥J�� Fermi U?).

l GaN(0001) �'L¡U�(�ãÚ©Å��Ý
ãw, d�ºÌ�d N 2p �>f!Ga 4p �>f�
z, ��.Ì�d Ga 4s �>f�z, 3��Úd�
muyL¡���3, Ì�5g Ga 4s �>f, Ga

4p �>fÚ�þ N 2p �>f��z, GaN(0001)

L¡¥y7á�>A5.

ã 5 Úã 6 ©O�Ñ
áN BN   Cs/GaN

(0001) áNNX�U�(�ãÚ©Å��Ýã (ã

¥J�� Fermi U?). �áNc�'CzØ�, d
�ºEd N 2p �>f, Ga 4p �>f�z, ���
.Ød Ga 4s �>f�z	�k Cs 6s �>f��
z; 3��Úd�muyL¡���3, L¡�Ø

5g Ga 4s �>f, Ga 4p �>fÚ�þ N 2p �
>f��z	, Cs 6s �>f�ë��z, L¡E¥
y�7á�>A5, ���°ÝCÄ¿�$U��
£Ä. 3 −10.52 eV Ú −23.69 eV ?�)
ü��
U?, Ì�5g Cs 5s �>fÚ Cs 5p �>f��
z.

ã 4 GaN(0001) �'L¡©Å��Ýã

ã 5 Cs/GaN(0001) áNNXU�(�ã
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,	, '�áNc��U�(�Ú��Ýãu
y, áN� Fermi U??��Ý¸eü (>fêd
áNc� 9.2 ü� 6.8), Ì�´du Cs 6s ;�, Cs

5p ;�� Ga 4p ;��ÍÜ!,z, Cs 6s ;�>
f� Ga 4p ;�?1
>f=£, ¦��L¡ Ga

�fÜ©]!���Ú, �¦ Fermi U??��Ý
¸eü. du Cs 5p �>f�0\, É Cs 5p ;�
Ú Ga 4s ;�ÍÜ!,z�K�, áNNX��°
ÝCÄ¿�$U��£Ä, Ó��éL¡��)�
fK�.

ã 6 Cs/GaN(0001) áNNX©Å��Ýã

3.4 Mulliken >>>ÖÖÖÙÙÙÛÛÛ©©©ÛÛÛ

Cs �fáN3 GaN(0001) L¡, 7,ÚåL¡
�fm>Ö�=£Ú>f(��Cz, Ïd, �±
ÏL Cs �fáN GaN(0001) L¡c�>ÖÙÛê
�Cz�¹?�Ú©Û Cs �f� GaN(0001) L¡
�p�^�&E. e¡©Û�½áN  N x 3
áNc�>ÖÙØêCz�¹.

L 2 �Ñ
 Cs �fáN GaN(0001) L¡c�
>ÖÙØêCz�¹, Ù¥, L¥>ÖÙØê�T

� Ga �f, N �f>ÖÙØê�²þ�. lL 2 5
w, 1�� Ga �f>ÖÙØêCz��, 1���
18� Ga �f>ÖÙØêCz$�, l1���
18� N �f>ÖÙØêÄ�vkCz. ÏL©
Û Cs �fáNc�>ÖÙØêCz�¹�� Cs

�fÌ��1�� Ga �f�p�^. ÏL?�Ú
©Û1��o� Ga �f>ÖÙØCz�¹5w,

Cs �f	�>f��L¡Ü© Ga �f?1
>
Ö=£, Ü© Ga �f¿�¼�>f, �Ò´`1�
� Ga �fÜ©]!���Ú, ù�´ Cs �fá
N GaN(0001) L¡�L¡�E,�3��Ï, �±
þU�(�Ú©Å��Ý©Û(J��.

L 2 Cs �f3 N x áNc��>ÖÙØê

�f� �f áNc áN�

Cs 0.71

1��
Ga 0.75 0.65

N −0.98 −0.98

1��
Ga 0.86 0.84

N −1.01 −1.01

1n�
Ga 1.16 1.16

N −1.01 −1.01

1o�
Ga 1.07 1.04

N −1.01 −1.01

1Ê�
Ga 1.11 1.13

N −1.01 −1.01

18�
Ga 0.91 0.88

N −0.87 −0.87

3.5 áááNNNppp���õõõ¼¼¼êêê���CCCzzz

é��Nó, õ¼ê´r��N.Ü�>f
ºÑN	¤I����Uþ, ÙL�ª� [18]

Φ = Evac − EF, (2)

Ù¥ Evac L«ý�U?, EF �NX� Fermi U?.

·�O�
 GaN(0001) ¡�õ¼ê� 4.2 eV,

�¢�� (4.0 ± 0.2) eV ÎÜ�Ð [19], �©z [18]

�O�(J 4.42 eV �C.

Cs �fáN GaN(0001) L¡�õ¼êü$,

T1, H3, T4, BGa, BN  �õ¼êCzþ©O� 1.90,

2.04, 1.83, 1.84, 1.85 eV, Ù¥ H3  õ¼êCz�
�, T4  õ¼êCz��. õ¼êü$�Ì��Ï
´du Cs �f>K5�� (0.79), Ga �f>K5
�p (1.81), Cs �f� Ga �f�p�^� Cs �f
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�>f, Ga �f�>f. O�uy, Cs 6s �>f�
áNÔL¡Ü© Ga �f?1
=£,/¤
ó4
Ý, duó4Ý��3ü$
�.L¡�õ¼ê,

�¢�(J�� [19]. ,	, GaN L¡õ¼ê�Cz
��ÙL¡(�Cz!>Ö=£þ�Ï�k'.

3.6 111ÆÆÆ555���

éu1��N�p�^Ï~æ^ý9CqÚ
ü>fCq��{. Ï�(fªÇ��u>f3�
mÚ�S�[ªÇ, æ^ü>fCq��Ñ(f�
m��[, =�Ä>f-u. XJ�Né1Å��
^��5�A, �N÷*1Æ�A¼êÏ~�±d
1�E0>¼ê ε(ω) = ε1(ω) + iε2(ω) ½Eò�
Ç N(ω) = n(ω) + ik(ω) 5£ã, Ù¥

ε1 = n2 − k2, (3)

ε2 = 2nk. (4)

¬N0>¼ê�JÜÚ¢Ü!áÂXê!�
�Ç!E1>�Ç��±�â���[VÇ�½
ÂÚ Kramers-Kronig 'Xí�Ñ, äNí�L§Ø
2Kã. ùp��Ñ¤�â�nØúª [20−−22]:

ε2(ω) =
π

ε0

( e

mω

)2

·
∑
V,C

{∫
BZ

2dK

(2π)2
|a · MV,C|2

×δ[EC(K) − EV(K) − ~ω]
}

, (5)

ε1(ω) = 1 +
2e

ε0m2
·
∑
V,C

∫
BZ

2dK

(2π)2

× |a · MV,C(K)|2

[EC(K) − EV(K)]/~

× 1
[EC(K) − EV(K)]2/~2 − ω2

, (6)

α ≡ 2ωk

c
=

4πk

λ0
, (7)

R(ω) =
(n − 1)2 + k2

(n + 1)2 + k2
, (8)

Ù¥ n �ò�Ç, k ��1Xê, ε0 �ý�¥�0
>~ê, λ0 �ý�¥1�Å�, C Ú V ©O���
Úd�, BZ �1� Brillouin «, K �>fÅ¥, a

�¥þ³ A �ü ��¥þ, MV,C ��[Ý
�,

ω ��ªÇ, EC(K) Ú EV(K) ©O���Úd�
þ���U?. ±þ'X´©Û¬NU�(�Ú1
Æ5��nØ�â, §�N
U?m>f�[¤�
)1Ì�Ån.

ã 7 Cs/GaN(0001) áNNX0>¼êJÜ

ã 8 Cs/GaN(0001) áNNXáÂÌ

ã 9 Cs/GaN(0001) áNNX��Ì

0>¼ê���Ï�m�[�*ÔnL§�
�N>f(��xù, �N
�NU�(�9Ù
¦�«1Ì&E [22]. GaN ����Ná�, Ù1
Ì´dU?m>f�[¤�)�, ��0>¸�
±ÏL GaN �U�(�Ú��Ý5)º. ã 7

��' GaN (0001) L¡9ÙáN Cs �f��0
>¼êJÜ�Uþm�'Xã. lã 7 5w, �
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' GaN(0001) L¡0>¼êJÜÑy
o�0>
¸ D1, D2, D3, D4. Ù¥ D1 ¸5g N 2p � (þd
�) � Ga 4s ���[, D2 ¸´d N 2p � (ed�)

� Ga 4s ���[, D3 ¸´d Ga 2p �� N 2p �
��[, D4 ¸´d Ga 3d �� N 2p ���[. Cs

áN±�, 0>¼êJÜ�$U��£Ä, D3 ¸�
�, Ì�´du Cs �fáN� Cs 5p ;�Ú Ga 4s

;�ÍÜ!,z, áNNX��°ÝCÄ¿�$U
��£ÄÚå�. Ó�, Cs áNÚå GaN (0001) L
¡(��UC�´�Ï��.

ã 8 Úã 9 � Cs áNc� GaN(0001) L¡á
ÂÌ!��Ì�UþCz�¹, �±þ©Û0>¸
�¹�q, áN�áÂÌ!��Ì�$U��£Ä,

¸� �9ÙCz�¹�0>¸¸� �9Cz
Ä���.

4 ( Ø

æ^Äu1�5�n��Ý�¼nØ²¡Å
�^�³�{O�
 Cs/GaN(0001) áNNX�á
NU!U�(�!>f��Ý!>ÖÙØê!õ
¼êÚ1Æ5�. O�
 Cs �f3 T1, H3, T4,

BGa, BN Ê�pé¡ �áNU, N x �Ù
½áN , T1  �Ø½. '�áNc��U�
(�Ú��Ýãuy, áN� Fermi U??��
Ý¸eü, L¡E¥y�7á�>A5. Cs �fá
N GaN(0001) L¡�Ì��L¡ Ga �fu)�^,

Cs 6s �>f�L¡ Ga �f=£, ÚåL¡õ¼ê
eü. ïÄ1Æ5�uy, Cs �fáN GaN(0001)

L¡�, 0>¼êJÜ!áÂÌ!��Ì�$U�
�£Ä.
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Abstract

We employ first-principles to calculate the adsorption energy, the band structure, the density of states, the charge populations, the

work function and the optical properties of 1/4ML Cs adsorption on (2 × 2) GaN(0001) surface using the density-functional theory

within a plane-wave ultrasoft pseudopotential scheme. The results show that the most stable position of Cs adatom on GaN(0001)

surface is at the bridge site of N atoms for 1/4 coverage. The surface of GaN(0001) shows still metallic character after adsorption. Cs

adatom affects mainly Ga atoms at surface. The transfer of Cs6s state electrons to Ga atoms at outmost layer leads to the decrease of

work function. By analysis of optical properties, we can see imaginary part of dielectric function, absorption spectrum and reflected

spectrum shift toward low energy after Cs adsorption.

Keywords: first-principles, Cs/GaN(0001) adsorption system, adsorption energy, electronic structure
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