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7��þ	ò
 Mn, N �� ZnO ��. X ��û�w«¤k�¬ÑäkûÐ�ü¶��. ZnMnO:N�¬� Raman

1Ì¥ C ���'��Ä�²w��. Ó� van der Pauw{ Hall�AÿþL², ÏLÅÚé C �³�, �¬d n.

�>=C¤ p.�>, ùÌ�´du C � N/¤EÜN�� O  (CN)O, äk�$/¤U�¿�f�Ì. é N, Mn

�� ZnO ¬N�1�5�n�[O�w«
 N, Mn �� ZnO ���Ý3 FermiU??�3�r�g^4z, L

² N 2p >f� Mn 3d >f�m�3�r� p-d �p�^,/¤^5åP-f�)^Ý. ��Ú\ C �, C, N/¤E

ÜN�� O , ��NX^5~f½ö��. �[O�(J�¢�L�©Û(J��L²: éu Mn, N �� ZnO �

��¬, Ú\ C � N/¤EÜN�� O , Mn, N �� ZnO ��^5~f½��. Ïd, Mn 3d>f� N 2p Û�å

P�>f/¤�^5åP-fû½
 Mn, N �� ZnO��¿§c^&Ò��).

'�c: D^��N, c^5, 1�5�n, Mn-N �� ZnO

PACS: 75.50.Pp, 64.70.Kg, 81.15.Gh, 85.75.−d

1 Ú ó

�z (ZnO) ´�«8�n ¶(�� II-

VI x���Y��N, äkB�°Ý� (¿§e

� 3.37 eV)!-f(ÜUp (60 meV)�A5, ´�

�¿§eáÅ�1>fì��`Àá� [1]. 3 ZnO

¥�,�þLÞ7á Mn �±��D^��N, D

^��N���.½öd�ºÑy>f½�Ç�

g^4z, D^��N^5�E1>fì��±J

p>f�ÇEÜ�Ç. Ïd, Mn �, ZnO ÄD^

��N�ïÄÚå
2��'5 [2−4]. Dietl � [2]

3 2000c��, Mn �,� ZnOÄD^��N==

3 p.�>�¹Nyc^5; 2003c, Sharma� [5]

æ�1�5�néNXUþ?1O�, uy Zn-

MnO �c^Ä�?u Mn Óâ Zn � 4.2%,


�c^Ä�?u Mn �Óâ7L� 5%±þ. 8c

l¯õ¢�½önØ��5w, ZnO ÄD^��

N (DMSs)á�����{ØÓ, ��^�ØÓ, �

���¬�^5Ø��, Ñy
²w��É. d	,

Mn �,/¤� DMSs ¿§c^5�ÔnÅ�´

���Ó'5�¯K. Ød�	, XÛ¢yéá�

���k���, &¢Ñ�­E/��Ñäk¿§

c^5¿äkéÐ�¬N(�Ú²w�¿§c^

5 DMSsÓ�´8c��'5�¯K. ��|CÏ

ÏL7ákÅ
zÆí��È (MOCVD) Eâ, é

7��þ	ò Mn-N �� ZnO ���^5�
�

[�ïÄ [6−8], ¢y
Ü©�¬�¿§c^5. Ù

¥, Ü©�¬�>a.�Cz�Ù��^&Ò�C

zÚå
·��4�,�.

¯¤±�, æ^ MOCVD Eâ	ò Mn-N �

� ZnO � � ¥, ¹ k � þ � � ¿ � , � C �

f [9−11], C 2��3ukÅ7á
¥, ©)��

,\���¬�¥, ?
K� ZnO���¬��«

ÔnA5. Jp)�§Ý´4 C øN��«k�

�{, ,
·�CÏ�ïÄ¥uy [7]: §ÝJp�,

%-¹ Mn 
���`Äì (—CH3), ¦�õ� C

�-¹. �ïÄ¥·�æ^Jp)�Øå, �\v

þ H2 ÚUCÉÌ�,
��{, ÅÚ³��¬¥
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���¿ C �,.

2 ¢���[O��{

�©ÏL MOCVD �{	òn� Mn-N �

� ZnO ���¬, �A/·¶��¬ A, �¬ B

Ú�¬ C. ¢�L§¥	ò)�§Ý� 450 ◦C, æ

^�¯Ä (Zn-(C2H5)2) �� 
, ±�`ÄÑ�

� (MCp2Mn) ���
, ± O2 ���
, 37�

� (Sapphire)�.þ	ò)� Mn-N �� ZnO �

��¬. �¬ A ´± N2O �� p.�,
, )�Ø

å��3 200 Pa?1$Ø	ò; �¬ B ´^ N2O

�� p.�,
�Ó��\vþ� H2, �ÌJp

Øå� 4 kPa;�¬ C U^ NH3 �� p.�,
�

Ó��\vþ� H2, )�Øå��3 4 kPa?1�

pØ	ò. ¤k Mn-N �� ZnO���¬�	ò)

��m� 30 min.

�¬ A, �¬ B Ú�¬ C �¬��þÚ1ÆA

5©Oæ^ X ��û� (XRD) Ú Raman1Ì5L

�. Ù¿§>Æ5�æ^ van der Pauw{ Hall�A

ÿþ, 3 300 K eæ^õÔ5ÿþXÚ (PPMS)¥

��Ä�¬^rO (VSM) ?1^Æ5��ÿÁ, �

�^|rÝ� 10000 Oe(1 Oe= 103/4πA · m
−1).

,	, �
 � [ & ? � � ¿ � , C é Zn-

MnO:N ���¬^5�K�, �©æ^1�5�

[^� Material Studio 5.0¥� Castep̂ ��én

 ¶(�� ZnO ¬N?1�[O�. Castep̂ �´

��Äu�Ý�¼�{�lÞ�þfåÆ§S [12]:

|^oUþ²¡Å�³�{, òlf³^�³O�,

>fÅ¼êÏL²¡ÅÄ|Ðm, >f - >f�p

�^���Ú�'³dÛ��ÝCq (LDA) ½2

ÂFÝCq (GGA) ?1��, §´8c��O(�

>f(�O��nØ�{ [12−15].
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ã 1 ØÓ^�e	ò�¬� X ��û�Ì

3�[O�L§¥, À^�·�CÏïÄ¥a

q�ïÄ�Y [7]. O�¥æ^�¬�~êÑ�¢�

�, O�¥À^Äu GGA ��'éCq��^ (ul-

trasoft)�³, ²¡Å�äUþ Eout = 460 eV, S�

L§¥�Âñ°Ý� 2 × 10−6 eV/atom,�=�^

3z��fþ�åØ�u 0.05 eV/̊A, SAåØ�

u 0.1 GPa, Brillouin«�È©O�æ^ 13×13×7

� Monkors-parkAÏ K :é� Brillouin «¦Ú,

�� - 'é³O�3��z¯� FourierC��

� FFT(30 × 30× 54) þ?1. UþO�Ñ3�´�

m¥?1,�
��­½°(�O�(J,·�k

`z ZnO (2 × 2 × 2) ����¬N(�, ��¬�

ëê�2`zÙS�I��{.

3 (J�?Ø

ã 1 w«
n��¬� XRD ¢�(J, p�

Iæ^éê�I; ­�w«3 C �³�L§¥,

X ��û� ω-2θ û�¸�Cz, 3 2θ = 34.43◦

Ú 2θ = 41.71◦ ?�û�¸©OéA ZnO ��

� (0002)Ú7���. (0006)�¬¡. Ød�	,

vk*	���,,��'�©l�Ú ZnO á�

�Ù¦õ¬û�¸��3�yâ, `²ùA|�¬

ÑkûÐ�ü¶��. �'�e, NH3 �� p.�

,
�, ZnO ��� (0002)û�¸�érÝC�,

�p°~�, ¬��þCÐ. 
3�ÌJp)�Ø

å�Ó��\vþ H2 �, ZnO ��� (0002)û�

¸�érÝ��, �û�¸��p°��, L²3

ÅÚ³� C �L§¥, �¬�¬��þ�ÅìUõ

CÐ.

ÏL± �ïÄ, 3æ^ MOCVD Eâ���

�¬)�L§¥, H2 �Ú\(¢�±��³��

¬¥ C �¹þ. ùpæ^ RamanÑ�Ì5ïÄ H2

Ú\� C �Ä��Cz. Ï� RamanÑ�Ìé C

´�~¯a�. ã 2 w«, 750 cm−1 ?��Ä�

ª�7���.��Ä�ª [16], ü�'�°�¸

 u 1360, 1585 cm−1 éAu C ìq�Û��Ä

�, ©OéAXÃS� (D �) Ú�$� (G �), ù

p� C 5
u7ákÅ
 [17]. � C �'�ÃS

� (D �) Ú�$� (G �) ��Ä�3U^ NH3 É

Ì�,
�Ó�Jp)�Øå¿�\ H2 �A��

�, L²²L�X��N!)��Y, ò Mn-N �

� ZnO ���¬¥���¿�, C ¤õ³�.

æ^ var der Pauw{?1 Hall�A�ÿþ, ÿ

þ(JXL 1 ¤«. Hall�Aÿþ(JL²�¬ A

¥ n.�>A5�äk 5.7 × 1018 cm−3 �>f

ßÝ![£Ç3 1.09 cm2
·V−1

·s−1 �m, 
3Jp
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)�Øå¿�\ H2 �, �¬ B Ly n.�>A

5�äk 2.2×1018 cm−3 �>fßÝ, �'�¬ A

�>fßÝ~�
��. 3�¬ B �)�	ò^

�eUC NH3 ��ÉÌ�,
, �¬�>A5=

C� p.�>, ¿�äk 2.1×1017 cm−3 ��Çß

Ý. du3 p.�>� Mn-N �� ZnO ���,

�3X�ÌÖ��^, �¬äk�$�[£Ç, =

� 0.026 cm2/V·s. 
3 Hall ÿþO�L§¥éJ�

¹ù�Ö��^, ùò�U�����p�ÿþ�

ÇßÝ, Ïd, ¢S�ÇßÝ�' 2.1×1017 cm−3 �

�ÇßÝ$Nõ.

Hall�AL²: 3ÅÚ³� C �L§¥, �¬

��>A5u)=C, ùÌ�´du3�¬¥��

¿�, C, Ï~� N (Ü¤���ÌEÜN, ù3

éõïÄ¥Ñk�� [18−20]. C � N (Ü¤EÜ

N CN �� O � (CN)O ¿�f�ÌJø>f, �

�¡¦� N ÉÌ�,ßÝ��ü$, ,��¡¿�

f�Ì� (CN)O Jø>fé N ÉÌ�ÇßÝ?1

Ö�. nÜùü��¡L²: C 3 Mn-N �� ZnO

��¥��ü$ N ÉÌ��,�Ç, ���¬l p

.�>=C� n.�>A5.
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ã 2 ØÓ^�e	ò�¬�Ñ�ª RamanÑ�Ì¥%¸

�Cz

¿§e, |^ PPMS VSM¥éØÓ^�)�

� ZnMnO:N ���¬^5?1ÿþ, (JXã 3

¤«. n� Mn-N �� ZnO���¬ÑLyÑ
¿

§c^&Ò, �·�CÏ�ïÄó��� [7,8]. ÿþ

(Jw«: 3 C �³�L§¥, �¬�c^&Ò3

Or, �¬ C äk����Ú^zrÝÚ
�å,

ùÌ�´dué C �³�, ¦��¬l�5 n.�

>=C� p.�>, ��Jp
 N ÉÌ�ßÝ. �

â Wang� [21] �O�(J: N ÉÌ3 Mn �, ZnO

¥Ï~± Mn—N �/ª�3, N �ÉÌ�3��

¬NNX¥äk�$�/¤U. Ïd3 p.�¬ C

¥, äk�õ� Mn—N (Ü�, Or
�Ç�LÞ

7á Mn �m�c^ÍÜ, ù«d Mn��Û�å

P�>f� N���>f�p�^/¤^5åP

-f, l
���¬ C äk�r�c^&Ò. 
 Mn

�,��¬ A Ú�¬ B ¥, du Mn �3���©

ÙØþ!5,/¤
�
¹kõ Mn Ú� Mn �B

��â, �¬ A Ú�¬ B ¥�3é��c^&Ò�

U5g¬âL¡��-��c^5g^^Ý [22,23].

L 1 ØÓ^�)� ZnMnO:N ���¬� Hall�Aÿþ(J

�¬?Ò A B C

þÝ/µm 0.453 0.455 0.45

16fßÝ/cm−3 −5.7 × 1018 −2.2 × 1018 2.1 × 1017

16f[£Ç/cm2 /V·s −1.097 −0.52 0.026

>{Ç/Ω·cm 0.994 5.4 116
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ã 3 ØÓ^�e	ò�¬�^5ÿþA5­�

(ÜC5�nØb� [21,24−26] Ú Mn-N �

� ZnO ���¬�¬N(��ÔnA5, ·�

/Ïu1�5�n^� Material Studio 5.0éTN

X?1�[O�. Liu � [27] |^T�{ïÄ
 Co

�, ZnO D^��N�^Æ5�, ù
5�3 Hsu

� [28] �¢�¥���
Ü©y¢. �©ÏL|^

1�5�n�[^� Material Studio 5.0é C � N

EÜN�� O �f (CN)O �� ZnMnO ¬�N

X!N �� O �f NO �� ZnMnO¬�NX?1

�[O�, �ï ZnO(2×2×2) ���, Ú\���

f½�fEÜN�?1(�`zXã 4 ¤«.

ã 4(a) L«3 ZnO ¬�NX¥ (CN)O (�

/ª, Ù¥J���L« (CN)O (�, ù«(�/

ª²L`z, äk�$�/¤U, O�(J� Li

� [18] �O�(J��; ã 4(b)L«3 ZnO¬�N

X¥ NO (�/ª, ²L1�5�n�AÛ(�`

z?n, NO-Mn (�/ª3 ZnO ¬N(�¥äk

�$�/¤U, ù� Zhang� [24] �nØO�(J

´���.
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ã 4 (a)L«3 ZnO¬�NX¥� (CN)O; (b) L«3 ZnO ¬�NX¥� NO

1�5�né¹k (CN)O EÜN� ZnMnO

¬�NX��[O�(JXã 5 ¤«. O�L²:

ã 5(a)�o��Ý, g^�þÚg^�e���Ý

A���, ��g^^ÝA�� 0, Ïd, TNXv

k4z>f, ØLy^5; lã 5(b) w«� N 2p >

f� Mn 3d >f�©��Ý5w, 3 FermiU?N

C�p�^�~f, ¤±o��Ý3 FermiU?N

Cé�k4z>f�3.
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ã 5 (a) ¹k (CN)O � ZnMnO �o��Ý; (b) N 2p >f

� Mn 3d >f�©��Ý

1�5�né¹k NO ÉÌü�� ZnMnO ¬

�NX��[O�(JXã 6 ¤«. �[O�L

²: ã 6 (a)� Mn, N �� ZnO �o��Ý, �±

wÑ, >fg^�þÚg^�e�o��Ý©Ù�

3X�O, äkØé¡5, 3 Fermi U?NC�Ó

â�¥, ²é��Ý?1È©O���g^�þ�

>fêõug^�e�>fê, Ñy
²w�>f

g^4z, L² Mn, N ��� ZnO NX¥�3À

^Ý.�
?�Ú)º FermiU?NC�>fg^

4z, ã 6(b)w«�A¬�NX� N 2p >f� Mn

3d >f�©��Ý, �'cö C, N V�fEÜN

�� O(CNO) � ZnMnO ¬�NX, ��~²w/

w�3 FermiU?NC, N 2p>f� Mn 3d >f�

g^��, ��NXo>f4z�z^Ý, �)^

5, Mn 3dÛ�åP�>f� N 2p >f/¤�^5

åP-fû½
^5�p�^��).
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ã 6 (a) Mn � NO ��e ZnO �o��Ý; (b) N 2p >f

� Mn 3d >f�©��Ý

·�3�¬��L§¥, æ�
�\ H2, Ó�

JpØåÚUCÉÌ�,
. �\ H2, Ó�JpØ

åé C �´2³�, RamanÌ�(JL²��


é C �²w³�, XRD �L² ZnO ��� (0002)
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û�¸�érÝ��, �û�¸��p°��, 3

ÅÚ³� C �L§¥, �¬�¬��þ�ÅìUõ

CÐ. 
é�¬�>Æ�^5�¢��nØïÄ,

uyé C �³���Jp�¬�¿§c^5, Ó�

�¤õ¼� p.�¬, �´T�¬äké$�[£

Ç, ù�`²
 Mn � N �m�3�r�c^ÍÜ,

¦� N ÉÌ��ÇÛ�zrÝO�, l
���¬

¥�Ç�[£Ç�$.

4 ( Ø

|^ MOCVD Eâ, ÏLUCÉÌ�,
Ú�

\ H2 ¿Jp)�Øå5ÅÚ³� C ��{, 37

��þ	ò
 Mn, N �� ZnO ��. XRD w«

¤k�¬ÑäkûÐ�ü¶��. ZnMnO:N X�

�¬� Raman1ÌL²: 3ÅÚ³� C �L§, C

�'�Ä�~f��²w��. Ó� van der Pauw

{ Hall�AÿþL², ÏLÅÚé C �³�, �¬

d n.�>=C¤ p.�>, 3³� C �Ó��

²wJpÉÌ N ��,�Ç. �Ä�¬^rOÿþ

��`²
 C �³���Or
�¬�¿§c^

&Ò, 
 n.�>��¬�3���c^&Ò�U

5g¬âL¡�-���c^5g^^Ý. ,	,

é N, Mn �� ZnO ¬N�1�5�n�[O�w

«
 N, Mn �� ZnO ���Ý3 FermiU??�

3�r�g^4z, L² N 2p >f� Mn 3d >f

�m�3�r� p-d �p�^,/¤^5åP-f

�)^Ý. ��Ú\ C �, C, N/¤EÜN�� O

 , ��NX^5~f½ö��. �[O�(J�

¢�L���. éu Mn, N �� ZnO ���¬, Ú

\ C �, C � N/¤EÜN�� O , äk�$/

¤U�¿�f�Ì, ¦� Mn-N �� ZnO ���¬

¥ n.�>, ¿�^5~f½��. C �³�Ø=

��Jp
 N ÉÌ��,�Ç, Ó��é�§Ýþ

Or
�¬�¿§c^&Ò. Ïd, 3 MOCVD E

â�� N, Mn �� ZnO��L§¥, C �³�Ø=

� ZnO � p.�,JÑ
g´, �� ZnO ÄD^

��N¿§c^5�¢yJÑ
#��Y.
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Abstract

Mn-N co-doped ZnO film on sapphire substrate is fabricated bymetal-organic chemical vapor deposition method with changing

the acceptor-doped source and importing the hydrogen and increasing the pressure to suppress carbon (C) approach gradually. X-ray

diffraction displays the strong C-axis orientation. Ramansepectrum is employed to analyze vibration modes related toC elements.

Hall measurements on the samples by van der Pauw method reveal the transition from n-type to p-type after suppression of C, which

is possible due to the complex of (CN)O acting as a shallow donor. The first principles simulation calculation for Mn and N codoped

ZnO crystals has been perfermed, and the total density of states reveals the strong p-d interaction and magnetic moment existing in

the Mn and N codoped ZnO. The introduction of the complex of (CN)O, causes the p-d interaction to disappear and the magnetic

moment to reduce even disappear. Therefore, the formation of magnetic bound polaron of Mn 3d electronics and N 2p local bound

electronic determines the magnetic interaction effect, which can be explained from the theoretical predication on theMn 3d and N 2p

ferromagnetic (hole) coupling on the ferromagnetism.
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