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æ^1ÆD4Ý
�{�O
b	Åã SiO2/Si3N4 0��©ÙªÙ.���º, ¿|^�lfNOrzÆí
��ÈEâ37�� (0001) �.þ��
 SiO2/Si3N4 0��©ÙªÙ.���º. 1��ÿÁL², �¬��Ì
�¸�Å�=�nØ�[Ì��� 10 nm, ¿�X��º±Ïê�O\7£. du SiO2 � Si3N4 äk�é���
ò�Ç', Ï���±Ïê� 13 ��¬��Ì�¸���ÇÒ®�u 99%. �¬��Ì�¥%Å�� 333 nm,

Ì¸��p°� 58 nm. �¬�¡�×£>fw�ºÚL¡��fåw�ºÿþ(JL², �¬��Ì�¥%Å�
7£´df���þÚ.¡o÷Ý�CzÚå�. X ����ÌL², f�.¡LÞ�éu��Ç�K���, ¿
� SiO2 ���þ' Si3N4 �, �´E¤��Ç$unØ���Ï��.

'�c: 0��©ÙªÙ.���º, D4Ý
�{, X ����
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1 Ú ó

©ÙªÙ.���º (DBR) ��R�n¡u
�-1ì!��nu1�4+Ú��Or.&ÿ
ì��|¤Ü©Úå
<��2�,�. ò1
>fì��k«�\��üàd DBR �¤�
{Ùp - ]Û1Æ��n, ��Å�ÀJ�8�,

du13nSõg��, �±��pþf�Ç!
p��&ÿì [1,2]. Cc5, GaN Ä�b	Åã1
>ì��ïÄÚå
<��2�'5, NõïÄ
�|mÐ
b	Åã DBR �ïÄ [3,4]. du GaN

Ä1>ì��k«´I�)�3.ºþ�, 
3¬����.ºþ)� GaN Äk�´�~
(J�, Ïd.º��ÑÀ� GaN Ä DBR[1,5,6].

éub	Åã GaN Ä DBR (�, dup Al |©
� AlGaN )�'�(J, 2\þ¬���Ú9�
�Úå�Aå¯K, b	Åã GaN Ä DBR ���
��vk���?Ð, �� Mitrofanov � [7] �ó�
âk¤â». ¦���
 25 ±Ï� AlGaN/AlGaN

DBR, 3Å� λ = 347 nm ?��Ç�� 99%±þ,

p�«°Ý� 26 nm. Feltin � [3] ��
 35 ±Ï
� AlGaN/AlGaN DBR, 3 λ = 347 nm ?��Ç
�L 99%, p�«°Ý� 20 nm. Ji � [8,9] uy�
X DBR ¥ AlGaN � Al |©O\, Al |©�í.
�A�\²w, /¤ Al |©ìC� AlGaN �, l
K� DBR �1ÆA5 [10]. duºº�ÀJ��
´?¿�, Ïd�'u GaN Ä DBR, SiO2/Si3N4 0
��©ÙªÙ.���º (DDBR) äk�°�p
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��«!����ê=����p���Ç!�
Ä�guu�1Ì±9��{ü!¤�$�`:,

�~·Ü��1Æ��n�ºº. Stephens � [11]

��
 9 ±Ï���1Åã SiO2/Si3N4 DBR, �
�
 96%���Ç, ¥%Å�� 563 nm, p��
«°Ý�u 80 nm. Feltin � [12] ��
 13 ±Ï
� SiO2/Si3N4 DBR, ¥%Å�� 422 nm, ��Çp
u 99%, ¿òÙA^uR�n¡u�-1ìþ. �
©|^DÑÝ
�{�O
b	Åã SiO2/Si3N4

� DDBR (�, ¿|^�lfNOrzÆí��
È (PECVD) Eâ37���.þ)�
 DDBR (
�, ��Ì�¥%Å�� 330 nm.

2 DDBR ��O�)�

n��¹e, DBR ��OÌ�kò�ÇÚ�þ
ü�Ônëê, Ù¥ SiO2 �ò�Ç� 1.46, Si3N4

�ò�Ç� 2.05[13]. DBR ��OnØÄu1ÆD
4Ý
�{, T�{3©z [14] ¥®k�[�ã.

éu��n�� DBR, õ���DÑÝ
 M �L
«� [14]

M =


 cos δL (i sin δL) /nL

inL sin δL cos δL


 cos δH (i sin δH) /nH

inH sin δH cos δH


T

. (1)

ùp, nH Ú nL ©O�ü«ØÓ0�¥�pò�Ç
Ú$ò�Ç, T � DBR �±Ïê,

δL =
2πnLdL

λ0
,

δH =
2πnHdH

λ0
,

dH =
λ0

4nH
,

dL =
λ0

4nL
,

Ù¥ λ0 �\�1�Å�.

¥%��Ç R(T ) �±deªL« [14]:

R(T ) =


1 − no

ni

(
nH

nL

)2T

1 +
no

ni

(
nH

nL

)2T


2

, (2)

Ù¥, ni Ú no ©O�\�0�ÚÑ�0��ò�
Ç. �O�¥%Å�� 330 nm, O��� SiO2 �þ
Ý� 56.5 nm, Si3N4 �þÝ� 40.2 nm. �â (1) ª,

nØ�[���Ç� DDBR ±Ïê�'XXã 1

¤«. lã 1 �±wÑ, ��� 99%±þ���Ç,

��I�)� 9 é� SiO2/Si3N4, =� 19 �á�.

DDBR (�)�37�� (0001) �.þ. Ä
k, �g3ZÑÚË°M�¥�(�W7���..

��2^�lfY�W�., ¿^�ílNZ7�
�¡, �\ PECVD �An¥. ¢�¥, ©Od SiH4

(5%) Ú N2 �·ÜíN�� Si , N2 �� N )
� Si3N4; ^ N2O �� O )� SiO2. ü«á��
)�^�XL 1 ¤�.

L 1 DDBR ¥ Si3N4 Ú SiO2 �)�^�

)�á� Si3N4 SiO2

SiH4 Ú N2 ·ÜíN6þ/cm3·min−1 25 170

N2 6þ/ cm3·min−1 900 0

N2O 6þ/ cm3·min−1 0 710

�AníØ/Pa 80 133

�ªõÇ/W 15 20

�An§Ý/◦C 300 300

du DBR �O�¦, å©�Úª��þIp
ò�Çá�, Ïdk37��þ)� Si3N4, ,�
�O)� SiO2/Si3N4, ����E,´ Si3N4 á
�. �d, ¢����
 4 ��¬, ©O·¶�
�¬ A!�¬ B!�¬ C Ú�¬ D, )�^�Ø

 DDBR ±ÏêØÓ�	, Ù{)�^� (�L 1)

���Ó. �¬ A!�¬ B!�¬ C Ú�¬ D �
±Ïê©O� 8, 9, 11 Ú 13. |^ Varian úi)
�� UV5000 .b	 - ��©11ÝOé�¬�
�1Ì?1
L�, |^ JEOL úi)��×£
>fw�º (SEM) Ú DI úi)���fåw�
º (AFM) *	
 DDBR (��.¡ÚL¡/m,

¿æ^ PANalytical úi)��p©E X ����
Ì (XRR) ¤ïÄ
 DDBR �±Ï(�Ú.¡5�.

3 DDBR �L�9?Ø

ã 2 «Ñ
�¬ A!�¬ B!�¬ C Ú�¬ D

ÏLb	-��©11ÝOÿþ�����1Ì, ¤
kêâþ²LIO¾º��1Ìÿþêâ��O.
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¢ÿ�¥, �¬ A!�¬ B!�¬ C Ú�¬ D �
�1Ì�¥%Å�©O� 342, 337, 335 Ú 333 nm,

Ì¸��p°©O� 69, 60, 61 Ú 58 nm, ¸���
Ç©O� 92.6%, 95.3%, 96.4%Ú 99.5%. nØO�
¤� 9 é DDBR ��1Ì�¥%Å�� 330 nm, Ì
¸�p°�� 78 nm, ¸���Ç�u 99%. �±w
Ñ, �X±Ïê�O\, ¸���ÇÅìO\, �n
ØO�(J (ã 1) �Î. ¢ÿ��1Ì�Ì¸�p
°�X DDBR ±Ïê�O\Åì~�, ¿Åìª
Cu 56 nm �m, nØO�L²�p°ÅìªC
u 78 nm. ¢�¥, XJ�¦��Ç�� 99%±þ,

��I��� 13 é DDBR, �0x�zÔÄ DBR

'� [3,7], ¤I�±Ïê~�
 10—20, Ì¸��
p°�O\
 1 � 2 �. d	, ��u��0x�
zÔÄ DBR ¤I�7ákÅÔzÆí��ÈEâ,

�� SiO2/Si3N4 ¤I� PECVD Eâó²�{ü,

¤��$. ,��¡, lØÓ±Ïê� DDBR ��
1Ì¥�±*	�, �X DDBR ±Ïê�O\, ¥
%Å�u)
7£. 3á�ò�Ç n �½�^�
e, �â (1) ª�O�(J��, ¥%Å�� ��
�þ´���'�, =�þ��, ¥%Å��á. ¤
±, ¥%Å��7£L², �X±Ïê�O\, �þ
Åì~�, ù�(J��
 SEM ÿþ(J��y.

ã 1 ��ÇÚ��¸�p°� DDBR ±Ïê�'X

ã 3 ¤«��¬ D �L¡ AFM ì¡, lã¥
O��Ñ�L¡þ��o÷Ý� 4.417 nm. æ^Ó
��{O����¬ A Ú�¬ C �L¡þ��o
÷Ý©O� 3.887 Ú 4.311 nm. (JL², �¬�o
÷Ý�X DDBR �±Ïê�O\O\. ã 4 �Ñ

�¬ C ��¡ SEM ì¡, �f�´ SiO2 �, �
��´ Si3N4 �. lã 4 �±�Ù/*	��O)
�� DDBR �G(�, ±Ïê� 11, �þ¡��Ú

ã 2 ØÓ±Ïê� SiO2/Si3N4 DDBR ��1Ì

�e¡��þ� Si3N4 �, �.�7��. d SEM

ì¡�±ÿ��¬oþÝ�� 1020 nm, �O�
¬oþÝ� 1101.5 nm, ¤±¢S)���¬þÝ
��u�O�. dd��, �X±Ïê�O\, L¡
o÷ÝØäO\, á��)��Çü$, =3�Ó
�)�^�e, z�� SiO2 ½ Si3N4 �þÝ¬�
X±Ïê�O\~�. ùÒ´E¤ DDBR ��1
Ì¥%Å�7£��Ï.

ã 3 �¬ D �L¡ AFM ì¡

�
?�ÚïÄ DDBR .¡�5�, ·�|
^ XRR é DDBR �¬?1
L�. XRR Ø=�
±��'u�þÚá�¤©�&E, �éu.
¡o÷ÝÚØ²�Ý�~¯a. ���¹e, XRR

é 0.1 nm �m�o÷ÝCzÑ�±©E [15]. é
u��n��.¡, XJÐ\��Ý� φ, @o
d Fresnel úª����Ç RF �

RF =

(
sinφ −

√
n2 − cos2 φ

sinφ +
√

n2 − cos2 φ

)2

, (3)
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ã 4 �¬ C ��¡ SEM ì¡

Ù¥ n �0�ò�Ç. éu X ��ó, ��á�
�ò�Ç n Ï~�u 1,

n = 1 − δ − iβ, (4)

Ù¥, δ �0�á��|¤Ú�Ýk', β � X

���Å�k'. XJ.¡´o÷�, K X ��
���Ç R Ld RF ¦±�� Debye-Waller Ï
f exp

(
σ2K⊥K ′

⊥
)[16,17]

, =

R = RF exp
(
σ2K⊥K ′

⊥
)
, (5)

Ù¥ σ �þ��o÷Ý, K⊥ Ú K ′
⊥ ©O�.¡þ

eü¡SR�u.¡�Å¥þ.

d XRR �±¼�á���Ý!þÝÚo÷
Ý�&E, �´ØUd XRR ����ù
ëê�,

7LÏL[Ü, ¿�â�Z�[Ü(JâU(½
á���X�ëê�. éuü��� X ����

��, Parrat[18] ®�L0�; éuõ��� X ��
����, �'ïÄ|®²é XRR �[Ü�{�
LXÚ�ïÄ [19,20]. ·�|^ PANalytical X’Pert

Reflectivity ^�?1ãÌ©ÛÚ[Ü. ã 5 ¤«�
�¬ B � XRR, �)¢�ÿþ�Ú�Z�[Ü(
J. [Ü�, ·�æ^�´��ÕáCz�ëê, ¿
Ø´Ó�á��¤k�êþæ^�Ó�ëê. ,	,

�.á�À^7��, þÝ� 430 µm. �Z[Ü�
���¬ëêXL 2 ¤�.

L 2 XRR �Z[Ü����¬ëê

�Ý/g·cm−3 þÝ/nm

SiO2 1.84 ± 0.34 55.5 ± 2.4

Si3N4 3.73 ± 0.67 42.5 ± 2.9

L 2 �êâ¥, “±” Ò�c�êâ´ÚO²þ
�, “±” Ò���êâ´IO�, =����â²�
�. Ø
L 2 �Ñ��ÝÚþÝ	, [Ü¤���
¬ëê¥�ko÷Ý�. 3�Z[Ü(J¥, d�
.�L¡�z��á� (�) SiO2 Ú Si3N4) Ñ�
3�½�o÷Ý, �´Ø
1 2 �!1 3 �!1 6

�k�u 0.1 nm �o÷Ý�	, 1 1 �1 9 ��Ù
{��o÷Ýþ�u 0.05 nm. 1 10 ��1 19

�, �Ò´L¡ 5 ±Ï�S, þk�u 0.7 nm �
o÷Ý, $�keZB��o÷Ý. ���J�´,

XRR �éL¡�A�'�¯a, �â©z [21] �
�, X ���K��lL¡�e� 8 �±Ï�¬�
(�. 3�¢�¥�±wÑ, X ��éL¡� 5 �
±Ï'�¯a. 3�Z[Ü(J¥, L¡A��o
÷ÝÑ3 2.5 nm �m, ��o÷Ý��
 5 nm

�m, � AFM ÿþ(J'��C.

ã 5 �¬ B � XRR 9[Ü(J
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XRR �(J�á��Ýk', Ïd XRR (
J¿ØU©E´o÷Ý�K��´.¡LÞ�
�K�, ¤k�K�þLy3[Ü(J�o÷Ý
¥ [22]. �´, AFM ¤�� DDBR o÷Ý�Ú[Ü
¤��o÷Ý��~�C, ��Ø� 1 nm, dd
��, �¬�.¡LÞ�éu��1Ì�K�é
�, Ì�K�5guo÷Ý. �â©z [11] ��,

SiO2/Si3N4 �.¡LÞ��þ3 1—2 nm �m, �
�©�¢�(J�Î. ,	, �Z[Ü(J¥ SiO2

�Ý� 1.84 g·cm−3 �m, XRR (JÓ�`² SiO2

���þ' Si3N4 �. ù�U´E¤ DDBR ��Ç
$unØ���Ï��.

4 ( Ø

�O¿��
b	Åã� SiO2/Si3N4 DDBR

(�, ¿lnØÚ¢�þé DDBR (�?1
ï
Ä. (JL², ��Ì�¸�Å���O�Ñk 
���X±Ïê�O\7£, ��ÇÑ$unØ
�. SEM ì¡Ú AFM ì¡L², ��Ì¸�Å��
 �Ú7£´d�þCzÚå�, ��Ç$un
Ø�´duL¡o÷ÝÚå�. ,	, �þ�X±
Ïê�O\~��´dL¡o÷ÝÚå�. XRR

L², .¡LÞ�éu��Ç�K�'��, o
÷Ýé��Ç�K�'��.
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Abstract

In this paper, we design a SiO2/Si3N4 dielectric distributed Bragg reflector (DDBR) by the transfer-matrix method, which is

grown by plasma-enhanced chemical vapor deposition on sapphire (0001). There exists a slight difference between theoretical and

experimental results in peak wavelength (∼10 nm). The peak wavelength is blue shifted with the number of DDBR pairs increasing.

The 13-pair DDBR provides a 58 nm wide stop band centered at 333 nm with a maximal reflectivity of higher than 99%, as the

refractive index ratio of Si3N4 to SiO2 is relatively high. It is proved by the scanning electron microscope and atomic force microscope

measurements that the variations of thickness and roughness of Si3N4 layer with respect to SiO2 layer during growth contribute to the

blue shift of peak wavelength. The X-ray reflectivity measurements indicate that the interfacial degradation of the samples has little

effect on the maximum reflectivity, and the relatively poor quality of SiO2 compared with Si3N4 may be one of the reasons that cause

the difference between the measurements and simulations.

Keywords: dielectric distributed Bragg reflector, transfer-matrix method, X-ray reflection
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