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æ^�ª^�í�{3�=Àæ�.þ��
 ZnO:Mn ��, (Ü N+ 5\¼� Mn-N �� ZnO ��, ?ï
Ä
ò»§ÝéÙ(�9¿§c^5�K�. (JL², ò»� ZnO:(Mn, N) ��¥ Mn2+ Ú N3− þ?u ZnO ¬�
 , vk,��)¤. ò»§Ý�,pkÏu?E N+ 5\Úå�¬��ú, Ó��¬4 N ºÑ��, ��ÉÌ (NO)

ßÝü$. ¿§c^5�3u ZnO:(Mn, N) ��¥, ÙrfÉ NO ßÝ�K�, c^5å�æ^åP^4zf�.
?1)º.

'�c: ZnO:Mn ��, lf5\, ¬N(�, ¿§c^5

PACS: 81.05.Dz, 68.55.−a, 75.50.Pp

1 Ú ó

ZnO á�3¿§e��Y�� 3.37eV, -f(
ÜUp� 60 meV, 3b	u1ì�!b	-1ì
�!Ø>ì�!��U>³�+��A^cµ�
~2,, Cc5É�<��2�'5 [1]. Ó�, ä
k¿§c^5� ZnO ÄD^��N (DMSs) o¿

>f�>Ö9g^á5, kÏuïup5U!
�p�Ú$õÑ���Ng^>fì� [2]. Ù¥,

p.Mn �, ZnO NXäk¿§c^53nØþ®
�ýó [3−5]. ¢�þ�
�|3 p. ZnO:Mn NX
¥uy
¿§c^5, �ÙØp§Ý!^5rf±
9^5å  �3�½�É [6−8]. �dÓ�,	
�
�|3 n.�¬½ö$�e���, ZnO:Mn

¥�uy
¿§c^5, ¿@�c^5�>f½
"� (X�� ! � �) k' [9−11]. o�, 8

c Mn �, ZnO NX�c^59ÙåI�?�
ÚïÄ.

du N lf�»� O lf�»��, � N Ü
©��¬� � O �ÉÌlzU�$, ¤± N �
@�´¢y p-ZnO �n���,��. Ó�, Zhao

� [5] 9 Wang � [12] �nØïÄL² (Mn, N) �
� ZnO ¥ N 2p Ú Mn 3d ;�>f,z, ÏL�Ç
N��p�c^5. �
�|3¢�þÏL (Mn,

N) �� ZnO �¼�
¿§c^5, �´ N 9�
,�{�ØÓ  ¬��>Æ5�!(�9^5
��É [8,13,14]. ÏL N+ 5\ ZnO:Mn ��¿(Ü
9?n¢y (Mn, N) �� ZnO ��{3�½§Ý
þ�±k�JpÉÌßÝ, k|u&¢¿§c^5
��'¯K. ¤±, �¢�æ^�ª^�í�{�
� ZnO:Mn ��, ¿(Ü N lf5\¼� ZnO:(Mn,

N) ��, ?ïÄ9?nL§¥§Ýé��(�9
^5�K�.
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2 ¢ �

æ^�ª^�í�{3�=Àæ�.þ�
� ZnO:Mn ��, ò>�� 2.7 mm �pX7á
�¡ (8 ¡) þ!/��3�»� 60 mm � ZnO

>bq (99.99%) þ��í�qá, Mn ¡Óqá
k�í�¡È� 4%. ����L§¥, �.ý
�� 8 × 10−4 Pa, ± X Ý� 99.999%� � í�
í�íN, ó�Ør�½3 2.5 Pa, í�õÇ½
� 120 W, �.§Ý� 400 ◦C. æ^õõUlf5
\Åé��?1 N lf5\, 5\Uþ� 70 keV,

Jþ� 1.0 × 1016 cm−2. ��3�í¨�e?
1¯ � 9 ? n, � m � ½� 10 min, §Ý ��
3 250 ◦C—700 ◦C. �©¥ò� )�� ZnO:Mn

��, N+ 5\�� ZnO:Mn-N ��, 250 ◦C, 500 ◦C,

700 ◦C eò» 10 min � ZnO:Mn-N ��©O·¶
� S1, S2, S3, S4, S5. ÏL X ��u�� Cu K

(λ = 0.154178 nm) ��|Ë MRD. X ��û�
¤ (XRD) ©Û���(¬�¹; æ^ Horiba HR800

.1Ì¤9-u1Å�� 514.5 nm � Ar+ -1
ì?1¿§.ù1ÌÿÁ; æ^ Thermo ESCALAB

250. X ��1>fUÌ¤ (XPS) ÿþ��zÜd
�, -u1� Al Kα (1486.6 eV); d Ecopia HMS-

3000.¿�ÿÁ¤3¿§eÿÁ�¬�>Æ5�,

ÿÁ�æ^� - ;Ü7�>4±B(���¬þk
�Ð�î0�>; |^nÜÔ5ÿþXÚ (PPMS-9,

Quantum Design) 3¿§eÿÁ��� M -H �,

ÿÁ�^|��²1u�¬L¡.

3 (J�©Û

3.1 (((���©©©ÛÛÛ

ã 1(a) �Ñ
 ZnO:Mn ��� XRD ãÌ. l
ã¥�±w�, ¤k��Ñk²w� ZnO(002) A
�û�¸, L²��áu8�Y ¶(�, �Ñ¥
y c ¶J`��. ã 1(a) ¥vkÑy� N ½ Mn ,
��k'�û�¸, `² N Ú Mn þ?u¬� ,

��¥Ø�3��©v½ÛÑ. éu8�¬X, æ
^ Bragg �§, ¬�~ê c �¬¡må dhkl �3X
e'X [15]:

2dhkl sin θ = nλ, (1)

ã 1 �¬�(�A5 (a) XRD ãÌ; (b) 2θ Ú¬�~ê c

1
d2

hkl

=
4
3

(
h2 + hk + k2

a2

)
+

l2

c2
, (2)

Ù¥, θ Ú λ ©O�û��9 X ��Å�, a Ú c�
¬�~ê, h, k 9 l��V�ê. � (hkl) �� (002)

¬¡�, K�d c = 2dhkl �Ñ��¬�¬�~ê c,

Xã 1(b) ¤«. N+ 5\9ò»?né���(�
K��²w: Ù�, (002) û�¸rÝkÍ,eü,

2�ú£,; Ù�, 2θ k���Ý��î £,

2Åì£E, Ó� c ¶¬�~êk½,O�, 2�
ú~�. E¤±þy���ÏXe: N+ 5\L§
¥, ?\¬N�� N lf�>f½ö�fØ��
p�^¬��XUþD4, Ü©�EÂ�f¼�U
þlm¬� , ��¥¬Ñy�þ�"�,î
�¬��ú¦��¬ S2 � (002)û�¸rÝ�é
u�¬ S1 ²weü, � 2θ ���Ý��î 
£, ¬�~ê:ìO�, (¬§Ýeü. 250 ◦C ò
» 10 min 3�½§Ýþ?E
 ZnO:Mn ���¬
��ú, ¤±�éu S2 5ù, �¬ S3 � (002)û�
¸rÝ²wCr, 2θ ���Ý�� £, c ¶¬�
~êC�. Ó�dò»L§�¦õê��?umY
 � N ¼�¿v�Uþ?\¬� O , � N3− �
» (146 pm) ' O2− �» (138 pm) ��, ³7Úå
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�A�¬�ÆC, ¤±�¬ S3 �(¬§ÝØ9 S1.

�Xò»§Ý�,p, ¬��ú�±?�Ú?E,

Ó�?u¬� � N3− �U(Ü¤ N2 <ºÑ�
�, ¤±�¬ S4, S5 �éu�¬ S3, Ù (002)û�
¸rÝ²wþ,, 2θ ���Ý��Åì £, ¬�
~ê~�.

3.2 ...ùùù111ÌÌÌ©©©ÛÛÛ

n�� ZnO ´8�n ¶(�, áu P63mc

� m +, é ¡5� C6V −4. Ï ~ ZnO 1Æ
| d E2(low), E2(high), A1(TO), A1(LO), E1(TO),

E1(LO) |¤,  B1 �´B+�. �â.ùÑ�
ÀJ½K, 3�Ñ�AÛ��e��4z.ù1
Ì¥�U*	�Y ¶(� ZnO � A1(LO) Ú E2

� [16].

ã 2 ����.ù1Ì, Ù¥�¬ S0 ���
, ZnO ��. ªÇ©O�� 437 cm−1 Ú 574 cm−1

�.ù¸�3u¤k ZnO:Mn ��, éA
 ZnO

� E2(high) Ú A1(LO) (f�. 3 N+ 5\9ò»
L§¥, E2(high) �rÝk~f�Or,  A1(LO)

�rÝk,p�eü. éu ZnO á�ó, E2(high)

(f��ÑyL²��áuY ¶(�, ÙrÝ
�N
���(¬�þ, A1(LO) (f�~~� O

�  (VO)!Zn WY (Zni) �"�k' [17]. N+ 5
\é ZnO:Mn ���)î�¬��ú, ¦���
�"�Oõ, (¬�þeü. 250 ◦C ò»?n¦�
��¬��ú���½¡E, Ó� N ¬O�Ü©
¬� O, Úå¬�ÆC, �)�A�"�, ¤±¬
N�þ���. ò»§Ý�,p (> 500 ◦C) ��
��¥ N ºÑ, �A�¬��ú�±k�?E, �
�¥"�~�, (¬�þCÐ, ù�c¡ XRD �
(Ø��.

ZnO � � 3 Mn � , � Ñ y 
 ª Ç �
� 524 cm−1 �N\� AM2, ?1 N lf5\�,

�)
ªÇ�� 274 cm−1 �N\� AM1. <�
éuN\� AM1 �5�
�þ�ïÄ, �*:
Ø�. Kaschner � [18] æ^zÆí��È3 GaN

þ	ò)�
ØÓ N ßÝ� ZnO ��, ¿uy
?u 275 cm−1 �.ù¸rÝ�X��¥ N ßÝ
�,p�5Or, ¤±¦�@�T�´ N ��¬
�  O ��)�Û��Ä�. Friedrich � [19] @
� 273.9 cm−1 ��Ä�´d NO-Zni EÜNÚå

�. ,, Wang � [20] æ^ N lf5\ ZnO ��
{uy
� Kaschner ��ïÄ(J�q�y�, �
¦�(ÜÛ�(f��ÝO��Ñd�Ä�Ø�
�u NO �Û��Ä, ´ O � N ���Úå
C� Zn �f�Û��Ä. d	,©z [21] ��, ©
O�, Fe, Sb, Al Ø� N � ZnO ¥�Ñyaq
�.ù¸, ¿@�d�Ä����¬�"� (VO,

Zni �) k'. dd��, 274 cm−1 NC�.ù¸
Ø´ N �, ZnO ¤Ak��Ä�, �UØ��5
u N ½Ù�'EÜN�Û��Ä. �¢�¥N
\� AM1 �3 N+ 5\�� ZnO:Mn ��¥Ñ
y, ¿3 250 ◦C ò»�k¤Or, ���Xò»
§Ý�,pÅì~f. c¡�©Û�Ñ, 3 250 ◦C

ò» 10 min �, �¬ S3 �¬����½¡E, "
� (VO, Zni �) �éu S2 k¤~�, bed�Ä�
���"�k', ÙrÝAT~f, ù��¢�y
�ØÎ, Ïd AM1 ¸J±@½´d��"�Úå
�. nþ¤ã, ·���u.ù¸ AM1 ´d N �
�Ü©¬� O �ÚåC� Zn �f�Ä�)�,

ÙrÝ3�½§Ýþ�N
ÉÌ (NO) �êþ. �
� N lf5\�, �k�Ü© N �� O, ¤± AM1

rÝ�f. 250 ◦C ò»�, �þ N *Ñ\¬� , ¦
� AM1 ¸Or, 3�p§Ýò»�, N ºÑ��,

¬� � N �A~�, �� AM1 ¸~f.

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

ã 2 �¬�.ù1Ì

ªÇ�� 524 cm−1 �N\� AM2 �5
Ì � k ± e A « * :: Ù �, Wang � [22] 3 Ø
Ó Mn ßÝ� ZnO B��â¥uy?u 526 cm−1

9 573 cm−1 �Ä�!�"�k'� A1(LO) (f
��ªÇþ�X Mn ßÝ�O\~�, ¤±¦
�@�ªÇ 526 cm−1 ��Ä�´���¬�"
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� (VO, Zni ) p��; Ù�, Yadav � [23] @�ªÇ
� 524 cm−1 �N\�´,� Mn ��\Úå ZnO

¬ � � ú ÚÃS ¹ z � B + ( f �, X 2B1

(low); Ùn, Hu � [24] @�¦�¢�¥Ñyaq
�.ù¸áu Mn2O3 A��. d	, ©z [25, 26]

þ@�T�Ä�u ZnO:Mn ¥¬�  Mn �f
�Û��Ä. �¢�¥, N\� AM2 Ñy3 Mn �
,� ZnO ��¥, Ù¸r3 N lf5\�~f, �
Xò»§Ý�,pqCr. dc¡©Û, N+ 5\é
��¬E¤î�ú, ò»c���¬�ÃSA�
²w, eUì Yadav ��*:, d� AM2 ¸rAT
�é�r, ��¢�y�Àâ, Ïd AM2 �UØ´
d¬��úÚÃS¹z�B+(f�Úå�. Ó
�,·�uy AM2 � A1(LO) �¸rCzª³��
��, ¤±d�Ä����¬�"� (VO, Zni ) �
éXØ�. d	, �¢�¥ AM2 �Ñy�� Mn2O3

Ã', Ï� XRD ©Û¥vkuy� Mn �'�,
��. ¤±, ·�@� AM2 u ZnO:Mn ¥¬�
 Mn �f�Û��Ä, ù�L² Mn ��Ü© Zn

��3u¬� .

3.3 zzzÆÆÆddd���©©©ÛÛÛ

�ïÄ��¥���zÆG�, ·�ÀJ�
¬ S3 Ú S4 �
 XPS ÿÁ, *	� C 1s, Zn 2p, Mn

2p, O 1s 9 N 1s 1>f¸, ¿^(ÜU� 284.2 eV

� C 1s ��SIéÙ?1
��, (JXã 3 ¤
«. ã 3(a) w«ü��¬� Zn 2p3/2 (ÜUþ
� 1021.8 eV, L² Zn ±ü�� Zn2+ �3u��
¥. Mn 2p3/2 1>f¸3� 640.6 eV ?, vkuy
7á Mn (637.7 eV) 9 Mn4+ (642.4 eV) �1>f
¸, � Mn 2p Ì¸3pUà¥y¥((�, Xã 3(b)

¤«, L²�¬¥��¥ Mn Ì�± +2 d/ª�
3[14]. ã 3(c)� O 1s 1>fUÌ, ?u� 530.4 eV

rÝ�r�¸éA
 O-Zn ½ O-Mn, ?u 532.3 eV

?�f�1>f¸�U�áNu¬.?� O k
'[14], ¿3 500 ◦C ò» 10 min ���, Ù�Ï3
u�p§Ý�9?n?E
����ú¦�¬.
�é~�. N 1s 1>fUÌXã 3(d) ¤«, �¬ S3

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

� � � � � �
� � � � � �

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

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

 !"# $%&'( )  !"# $%&'( )
 !"# $%&'( )  !"# $%&'( )

ã 3 �¬ S3 Ú S4 �1>fUÌ (a) Zn 2p; (b) Mn 2p; (c) O 1s; (d) N 1s
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� N 1s � [ Ü ¤ ü � ¸, © O u 397.1

Ú 398.5 eV. Ù ¥ c ö  u N—Zn � [8], L ²
3 250 ◦C ò» 10 min ���¥ N3− ®k��
�
 O2−, /¤ÉÌ (NO) "�. �ö�U� (N-

C)O, (N-H)O �a�Ì"���3k' [8,27], §�
¬����Ì"��ÓÖ�ÉÌ, ¤±¿�ÿÁ
�(JL²�¬ S3 E�f n .�>, Ù>fß
Ý� 3.051 × 1016 cm−3, >{Ç� 31.84 Ω·cm−1.

3 500 ◦C ò»�, N 1s ¸rÝ²w~f, ù´du
Ü© N—Zn »�, ¿/¤ N2 <ºÑ��Úå�,

ù�<y
 XRD 9.ù1Ì�(Ø.

3.4 ^̂̂555©©©ÛÛÛ

¿§e (300 K) ÿÁ� M -H �Xã 4 ¤«.

��É�.�K�, ®~Ø�=�.êâ. lã 4

¥��Ù/w�, �¬ S1 � M -H �A���
�, �¬ S2 k'�f�^¢£�, �¬ S3 �^¢
£�²wOr, �¬ S4 Ú S5 þØw^¢1�,

L²� )�� ZnO:Mn ��3¿§eØäkc
^5, N+ 5\���w�f�c^5, 250 ◦C ò
» 10 min ����c^5Or, §Ý?�Ú,p,

���¿§c^5��. c¡ XRD 9 XPS �©Û
Ä�þüØ
� Mn �',����3, Ó�7
á Mn 9ý�õê Mn ��zÔþ´�c^�, �
kØp§Ý��$u~§ (TC �� 42 K) � Mn3O4

wc^5 [27], Ïd�¬ S2, S3 �c^5ATu
�����(�. ?�Ú©Ûuy, ¿§c^5�
�3u N+ 5\�� ZnO:Mn ��¥, �3p§ò
»e�X��¥ N �<º��, L²¿§c^5
���¥ N ��39ÙßÝ�Ø�©.

Cc5, 'u Mn �, ZnO ¿§c^5�nØ
ïÄw«, 3 p.NX¥k"ÏL�Çp�¼�¿
§c^5 [3−5]. ,�¢�¥¥y¿§c^5�
�¬ S2 Ú S3 ²L¿�ÿÁ�Ñ, �öþ� n .
�>. õ�ïÄ�|�3 n.½p{ ZnO:Mn-N �
�¥uy¿§c^5, ¿æ^åP^4zf (BMP)

�.)ºc^5�å [8,14]. ¦+ ZnO:Mn NX
�¿§c^5�5Ø�©�ß, ��¢�¥¿
§c^5�Ñy�U�åP^4zfk'. �
� Mn2+-Mn2+ �m�����^´�c^� [28],

¤±� )�� ZnO:Mn ��~§eØwc^1

�; ZnO:Mn ��?1 N+ 5\�, Ü© N ?u¬
� O  , /¤ÉÌ (NO) �NXJøÛ��Ç, §
��±� Mn2+ ��p�^�U¦� Mn2+ g^
��/�7Û��Çü�/¤ BMPs, ��4zf
�m?�Úu)�U�)c^ÍÜ. �dud�É
ÌßÝ�$, BMPs êþ��, ¤±��=w�f
�c^5. 3 250 ◦C ò»�, �þ� N ?\ O  
/¤�Ç¥%, ?)¤�õ� BMPs �zuc^
ÍÜ, ��c^5Or. 3 500 ◦C 9±þ§Ýeò
»�, ��¥ N �<ºÚå�AÉÌßÝ�ü$,

BMPs êþ�A~�Øv±3÷*þw«¿§c
^5. o�, Û��ÇßÝ�CzÚå BMPs êþ
�ØÓ, ?�Ué¿§c^5��39rf�)
�K�.

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

� �� �� �� �� � � � � � � �
ã 4 �¬3¿§e� M -H �

4 ( Ø

æ^�ª^�í�{��
�p(¬�þ
� ZnO:Mn ��, ?(Ü N+ 5\99?n¼
�
 Mn-N �� ZnO ��. ïÄuy N+ 5\
¬� ZnO:Mn ���5î�¬��ú, d�É
Ì (NO) ßÝ�$, ¿§c^5�f; ÏL·�§
Ý (250 ◦C) �ò»?n, k|uJp��¥ NO ß
Ý, Or¿§c^5; �p�ò»§Ý (> 500 ◦C)

U
k�?E���¬��ú, �¬Úå��¥ N

�ºÑ, ü$ÉÌßÝ, ?�U��¿§c^5
��. ÏL N+ 5\ ZnO:Mn ��?1ÉÌ�,´
�«¼�¿§c^5�k��{, �Ù��ó²�
k�?�Ú&¢.
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Effects of the annealing temperature on microstructure
and room-temperature ferromagnetism of N+
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Abstract

The Mn-N codoped ZnO thin films are fabricated on quartz glass substrates using the radio-frequency magnetron sputtering

technique together with the direct N+ ion-implantation. The effects of annealing temperature on microstructure and room-temperature

ferromagnetism of the thin films are investigated. The results indicate that both divalent Mn2+ and trivalent N3− ions are incorporated

into ZnO lattice. As the annealing temperature increases, the lattice distortion induced by N+ ion-implantation can decrease, and

the N3− may escape from the film, which results in the reducing of acceptor (NO) concentration. Ferromagnetism is observed in

the (Mn,N)-codoped ZnO thin film at 300 K and found to be the sensitive to the acceptor concentration. The mechanism of room-

temperature ferromagnetism in the ZnO:(Mn, N) is discussed based on the bound magnetic polaron model.

Keywords: ZnO:Mn thin films, ion-implantation, crystal structure, room-temperature ferromagnetism
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