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1.1 ĆŢÀɍÙʌŎ  

� �Let there be light (<EG:Ù�M�)�7ˊ�ˊʴ�Lɵ�NK�:�°̸;Ȁ
ĕ:��5�Ù�<ȷí9ŐĲ6�Mʗ#5ǦL�°̸<ȷí9ŐĲ6�NŅ̤:

ƝO5�Ņ̤;K�9ɍÙÀHȉG5ǦL� 
� Ȯǐ;Ȁĕ<�ǠǤRȱȭ&+5ƊLOLȧRÃ�ōGL 50�Ÿõa6:̈N�
-;ƈ�Ȍ�7-;ʆʿƦʻ;Ɏĺ6Đƥ7ïƋ;KMÈî9ȮǐRƤ:DL�-

D5 1772Ÿ�ɅǮ̰Ģ¦;ǹŬ:��5^iȨ�ŕɆĂ&OL�^i;Ȓ̔R˚ɿ
)N%76ǐN&Rŀ�LON^iȨ;ɍǐ<ƉǦ;Ʀʻ7ȆA̹ˮɐ:ɍŧDL

H;6�2L�&L:Ɉǟɐ9ȮǐƦʻ;˕Ʉ<ɏȰȨ;çȾ6�2L�ɏȰȨ�

ŕɆĂ&OL;<^iȨ;ŕɆĂ�Lʉ 100Ÿ;ǿǛ�̄ L 1876Ÿ;%76�2
L�-O�LaL 60Ÿ�̄ L 1938Ÿ:<ʸÙȨ�ɎĺDL[1]� 
� ȧ;ùç�LōaM̫ȇRÃɆ)NʸÙȨ:ʪNa6�°̸<ʕ�GǊD�Ùȟ

@;̰ǊRȉGʗ#5ǦL�-D5-;̰Ǌ;ȒO<˴Ÿ;ĆŢÀ��fIĆŢÀ

ɍÙpW\�v (LED: Light Emit Diode)6¶ʼ&ONĆŢÀɍÙt|Wi:K25đ
#ʖ�ON� 
 
1.1.1 ĆŢÀɍÙʌŎ;Ȁĕ  

� ÌÀ;Z�au���yrk�i (EL: electroluminescence):̜)Nǚë;ĹĞ<
1907Ÿ H. J. Round:K25ʺnOL [2]�%;ĹĞ:��5 Round<Ɓǔ]���
�p� (carborundum)7ġ=O5�L SiCʓǖ:̫ȒRȒ)7̾ʰ!ɍÙ)N�ňɋ
9Ⱦˠ (curious phenomenon)��˃LON7ˌ˶D5�N�-;ƈ�Lossev:K25
%;ɍÙȾˠ<˓D!˚ALO�%;ɍÙǶǱ<�å̫Ŏǂ̫:̸½;�Ⱦˠ6�

N7ƴȜ&OL[3]�SiC;´:H�ńȬ:ŐĲ)N II-VIǍĆŢÀ6�N ZnSRɆ�
5H̫ȒȐÛ:KNɍÙ�ƊLON%7� 1936Ÿ:ĹĞ&OL[4]� 
� £ɉ̓ǸŃƠƈ; 1950Ÿ¶�LĆŢÀɍÙʌŎ<ǣǫɐ9ɍŧR˃+N�-;ĩ
ɞ792L;<Ɓǔa6ǡɟ;ŐĲ6�2L III-VǍĆŢÀ;ɍ˃6�N�²< III-
VǍĆŢÀ�Ź!ÃnO5�N��ńȬ:<ŐĲD9�Ǥǈ6�2LLG 20£ʈĆ
=a6 III-VǍĆŢÀ:ŝ)NĹĞ<Ü!9�2L�1950Ÿ¶:Û25)"Welker
:K25 GaAsČ>̜˾; III-VǍĂėȵ�ĆŢÀ6�N%7�ɧ&OL[5,6]�%;
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III-VǍ;ĂėȵĆŢÀ<Ùőɐ:ǯG5ȑƔ6�N%7�é�2L;6�-O·̞
ÙȵƔ;é̓:��5¦Ǝɐ9ʌǤ792L� 

 
ʼ 1.1 ĂėȵĆŢÀɍÙʌŎ;§9�W�iu�� 

 

1950Ÿ¶:ʗ! 1960Ÿ¶
�1970Ÿ¶<˟Ś9ƟǨ
RŕL+Lǔǟ6�N�a

GƟ̘Ȏ;ɍŧR�$N%

7�6�N�|�aʓǖ;

Ɵ̘Ȏ<�1918Ÿ
Czochralski:K25ć�×
ʌʓǖ;ȡȖƟ̘Ȏ�ǚë

:̚ɍ&O (q�a��i
_�Ȏ�CZȎ)[7]�ʗ!
1925Ÿ:<��rh��
Ȏ�̚ɍ&OL�[8]�III-
VǍĂėȵĆŢÀ<ʹȩ:
�#N VǍ×ʌ;ʶȇı
�̮ŵ:̼!�Ɵ̘ǔ: V
Ǎ×ʌ;ˉ̨�˨�Ǒ�;

6Ɵ̘<̩D�2L (Ä�
=�GaP: 37ȇı�InP: 25
ȇı�GaAs: 1ȇı�Si: B
C 0ȇı) [9,10]�%;̼�
ˉ̨ı;ïƋ<ȖÀşǻƦ

ʻ;̚ɍ:K25̀$LO

̀$LOL�%;Ʀʻ<Ɵ 
̘¦�ʹȖ;ʼ̯R˂2LȖÀşǻö:ˉ̨ı·�;ıúR�#5ʹȖ;ˉ̨R̝

"H;6�ǚë< PbTeɼ;ʓǖƟ̘Ȏ7D5ʢǬ&OL[11]�ȖÀşǻƦʻ<)"
: CZȎ:̊Ɇ&O�1965Ÿ:< III-VǍĂėȵĆŢÀ@;ƐɆ7D5 InAsɼ;ʓ
ǖ�Ɵ̘&OL[12]�%;Ʀʻ��nJN LEC (Liquid-encapsulated Czochralski�ȖÀ
şǻĴq�a��i_�)Ȏ6�N� 
� ʷʨƟ̘Ȏ:��5HĂőȇɕƟ̘ȎRɆ�LZ�o_g��Ɵ̘� 1957Ÿ:̚
ɍ&OL[13]�aLȾĲ:��5 III-VǍĆŢÀt|Wi;Ǳ˽Âʿ;LG:ǚH�
ʮɐ:ÃnO5�NǜǶ̕ŨȇɕƟ̘Ȏ (MOVPE: Metalorganic Vapor Phase Epitaxy
aL< MOCVD: Metal Organic Chemical Vapor Deposition):̜)Nǚë;ȷˍ[14]7
GaN7 AlNʓǖƟ̘@;ǚë;̊Ɇ[15]H%;ǔǟ:˨�LŃˮ˿;�P6�N� 
� Ɵ̘Ȏ;´:ɍÙʌŎ:�#NW�}au;̼�ɍʼ�ʗ�L�aG 1962Ÿ:
GE�IBM�L GaAsRɆ�L˧Ł̳ĵ (870~980 nm);��fɍƯ:̜)NĹĞ��
2L[16,17]�ʗ! 1963 Ÿ:< 77K :�#N˾ʗɍƯ (CW ɍƯ);ĹĞ��2L[18]�
ʓǖƟ̘Iv���bƦʻ;Ě�7¼25 1966Ÿ:<Ŗț (300K):�#NɍÙ�Ɗ
LO�Ɓǔ;Ł̐̔ŎĀȽ< 6%:̆DL[19]�ē˄̳ĵ;ɍÙʌŎ:̜D5< 1962
Ÿ: Ga(As1-xPx)Șǖ; pnƳė�L 710nm:��aRƬPɍÙ�ĹĞ&O5�N 
(@77K)[20]�%;Ǥǈʇ:��5<�ƈʗ;ŕ̻7ÌÀ¦;|�vǱ˽:̜)Nɟ
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˝�ȗaN:PO5�P;Ȧż� 45~50%ɯż:9N7 GaAsP<̛Ƴ̌ɭĴ:9M
ɍÙĀȽ�Ɠȥ:ʳ1N%7�ɍʼ&OL[21]�AsʇǤǈ;ĺėH LPE (Liquid 
Phase Epitaxy)Ʀʻ;˿ǽ:K25(AlxGa1-x)Asʓǖ;Ɵ̘�ēʦ:9M�Ŗț:��
5 1.70eV (=729nm):��aRƬPɍÙ�ˇȜ&OL[22]� 
� ̛Ƴ̌ɭĴĆŢÀ6�N GaP��i;ɍÙʌŎ:̜)NɍʼHʗ�L�1955Ÿ
WolffL:K25 GaPʓǖ;ĺėH SiC [3]�ZnS [4]7Ęǲ;ɍÙ�ˇȜ&O�ɍÙ
i�au�<ʉ 560nm�Lɶ1��N7ĹĞ&OL[23]�-;ƈ; 1964Ÿ:< GaP
; pnƳė�LɍÙ�˃LOL7ˊ�ɍʼ��2L�[24]�700nm:�#NɍÙƀż
;̫ȒÆŐƔR§:˜EL;6ßÀɐ9i�au�:̜)NĹĞ<ĜaO9�2L�

D�D GaP<»ŢŴ;Ż7Ç̫ŎŴ;̲ȩ;ʓǖ̃ā̔;ɋ9N̛Ƴ̌ɭĴĆŢÀ
6�M�̃ā̔ÊŐó:KNï̟;LG:Ùő̌ɭ̄ɯ;ĀȽ<¿��%;̟ɉ:

ŝ)N���ai��<)":ɍ˃&OL�Bellɢɲƣ;b���< 1965Ÿ�GaP
: N;K�9Ùőɐ:ȑƔ9ɼ̫Ŏ¡ʋȵ (isoelectronic impurity)Rv��)N7�
-;¡ʋȵȠ¾:u�r�&OL̫Ŏ<ŕɳ̛:��5ƀ!ťĲ)N;6�̃ā̔

ɳ̛6Ź�MRƬPK�:9M�̛Ƴ̌ɭĴ; GaP :��5Hƀ�Ùő̌ɭ�ƊL
ON7ĹĞDL[25]�1960Ÿ¶;ƈĆ:<õ˶; LECȎ�|�a GaPʓǖƟ̘:̊
Ɇ&OLD�&L: LPEƟ̘:K25ʯ˦9 GaP�� pnƳė�Âʿ6�NK�:
9M�2.2eV (=564nm)µ˴:��aRƬ1ĀȽ 0.1%R�ĪNʙɍÙ GaP:N LED�Â
ʿ&ON:ʪ2L[26]�GaP:�#NǜɆ9ɼ̫Ŏ¡ʋȵ:< Zn-OŝH�N�Zn<
ȓ�Uak�o (EA=64meV)R�O<ȗ�vw�(ED=893meV)R GaP¦:ƂƟ)N�
[27]�Zn-Oŝ�ǚ˴ƳǫŎȩRĈGNĺė�O;ȗ��s�g��:K25̫ŎR
u�r�&+N%7�6�N�ʓǨɐ:ťĲ̫Ŏ<ǼŏRž�P#�Z_gu�R

ƂƟ)N��%;Z_gu��ȕȢ)N̥:˧ʰ:ɍÙ)N[28]�%;ɼ̫Ŏ¡ʋȵ
v���b< Ga(AsxP1-x)ʓǖ:H̊Ɇ&O�̾ʰ LED;ŕȾ[29]RĜG�As7 P;
ȆȽR˚ǆ)N%76˧�Lʙa6;ɍÙ�ŕȾ&OL[30]� 
� aL%;ǔǟ:<ÙȵƔ:̜)Nɀ˜ɐɟ˝HȗGLOL�aG 1957Ÿ�Elliott
<ĆŢÀ¦;ÿ˨Ŏ̌ɭ:̜)Nɀ˜RɍʼDL[31]�ʗ! 1958Ÿ:<̫ɥȏ7ȵ
˦¦;éǯȏ;ȘƟȹƛRƙĠ)N���u�;ǰƑ� Hopfield:KMƷǬ&O�
ȵ˦;ÙőƐɽ:ŝ)Nɀ˜ɐķɦ792L[32]��Y��;̾̕Ƈ:ķ4�L|�
v�¡ʋȵ̛̌ɭ;̌ɭɤȽˋɾ[33]�vw�Uak�oŝɍÙ;ɍ˃[34]7˴½ɐ9
̌ɭɤȽˋɾ[35]H%;ǔǟ:ʺnOL�&L:ʓǖƟ̘;Ʀʻ7ŕ̻Ʀʻ;Ě�:
K25ł!;ĆŢÀʓǖ;ĝď�ĎŠ�PL (Photoluminescence)ɼ;ÙőƐɽ�ʆř
:˚ALO�ɀ˜7;Ȇ˱�ʺnOL (Ä�=�GaAsʷʨʓǖ;țżÆŐƔ[36]I
GaPʓǖ;̛Ƴ̌ɭĝďɸ˴Ñ;ĝďi�au�[37])�¦ƔŎǄ©Ȏ:KN�[z
�;éǄ̜É;ȜŔ98H%;ǔǟ:ʺnO�²a6ˣ̒9t�o7D5Ȃ25�

N (Ä�=�GaAs [38])�%;´:�ĆŢÀ;ÙőƐɽ:��5Ń«9ĆŢÀ;|�
vǱ˽:̜D5Hł!;ɟ˃�ƊLOL�ǀ�s�g��Ȏ� 1959Ÿ:ƷǬ&O
[39]�GaAs;|�vǱ˽� 1976Ÿ:ˋɾ&OL[40]�aLĆŢÀ;|�v`�r�
<̫Ŏ��[z�ɕ­ÂɆ:K25țżŀĂ)N��-;țżŀĂ:ŝ)Nʒ̻ó 
(Varshnió)�ʢǬ&O�ł!;ĆŢÀ:��5-;ǜɆƔ�ɤ�GLOL;H%;
ǔǟ;%76�2L[41]� 
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� ²a6˃5ǦLK�:�1950Ÿ¶ƈĆ�L;ʉ 15Ÿ<ĆŢÀɍÙt|Wié̓
:��5ɺ͂Ǹ̰Ģǟ7ġ=ONA�ǔǟ6�2L�ʓǖƟ̘Ȏ;ɍŧ:¼25�

ńȬ:<ŐĲD9� III-VǍʓǖ�ëG5Âʿ&OL�Ęǔ:ĆŢÀʓǖ;|�vǱ
˽IÙőƐɽ:ŝ)Nɀ˜H�Y��;̾̕ƇRķɦ7D5ȗGLOL�˧Ł�˧�

ǵ�̾�ʙ; LED 7 LD (Laser Diode)H%;ǔǟ:ĥĤĂ&OL�ķǣ79NƦʻ�
ƦʻR��i:DLŕȾ�ȾˠR˘ǐ)NLG;ɀ˜�-D5ĥĤĂ;Ü5�L2

L 15Ÿ6̀$LOL;6�N�%;K�9Ɠ˼9˿ŧ<ɫőĕ�L˃5̸ɮ9NÄ
07ƒnON� 
� %;K�:D5 1970Ÿ¶ë̴:<�Ċʰ6�̬�·Ł<Ü̐Ƶ�K�:92L�
̬ʰRɍ)NʌŎ&�ŕȾ6�O=Ü5;ʰRĆŢÀɍÙʌŎ6âȾ6�NK�:

9M�ȮǐItVi���ɼ;ǲ�9é̓:ƐɆ6�N�K25 1960Ÿ¶;ƈĆ�
Lɢɲʣ̆<̬ʰRɍ)NĆŢÀt|Wi�PaM��Wv`�r�ĆŢÀt|W

i (|�v`�r��Ź�7ˊ�ƙĠ)�:ŝ)NƲʍRōGL� 
� D�DǸ;̓ȩ:KM��Wv`�r�ĆŢÀR��i:DLɍÙʌŎ;̚ɍ<

ǯG5Ĭ̩6�2L� 
 
� � ̼Ĥ˦9ćʓǖ;Âʿ�̩D� 
� � ̫ȇ»Ţ;ïƋ�̩D� 
 
� aG�:P�5<�|�v`�r�;Ź�ĆŢÀʓǖ<ƀ�ʓǖʓėúRƬP%

7RĊī7D5Ʈ$N%7�6�N[42]�ƀ�ʓǖʓė<ɠȏ;Ù7ƀ!ɕ­ÂɆ)
NȵƔ;ȟ6�M�ȵɀɐ�Ăőɐ:ŒŔ6�ÖOLɂĽʤƔ:ʞ�N��ʹȩI

ʶȇı�Þ:ǯG5̼!9MʓǖƟ̘��ki;̚Ʃ�̮ŵ:Ĭ̩79N�GaN;
ĺė�ɀ˜�;ʹȩ< 2500
[43]�ɴʌ;ˉ̨ı< 45000ȇı:̆)N[44]�PaM
Ȇ˱ɐ:|�v`�r�;Ȼ�ʓǖ7ȆA�̼Ĥ˦�̼ʋż;ʓǖ;Âʿ�̩D�� 

 
Į 1.1 �Y��ŒŔĂZy�`�RķȠ:DLɴĂȵ
ʇĂėȵĆŢÀ;|�v�W�Ur� (Ǉȼ[45]KM) 

� Ǹ:�:ɭN�ɍÙʌŎRŕ

Ⱦ)NLG:< nĴ̫Ţ7 pĴ
̫ŢRŕȾ)NƏˁ��N�D

�D�Wv`�r�ĆŢÀ;ĺ

ė�ƀ�ʩŰʾÕĀǨ98;L

G: nĴ�N�< pĴ;81L
�;̫ŢƔïƋ�̩D��Į 1.1
<Ƿ̡;�Y�����ŒŔĂ

Zy�`�EFSRķȠ:DL III-
ɴĂȵĆŢÀ;»ŢÀ7Ç̫Ŏ

Ŵ;¾ʠRˋɾDLʓǨ6�N

[45]�%;ʓǨ�L�� GaN<
pĴïƋ�̩D��� AlN<¤
ǋĬ̩�� InN< nĴĂDǑ!
pĴĂ<ǯG5Ĭ̩6�N%7
�ªƗ6�N�-;´:̬ʰt

|WiǤǈ7D5Ȑɓ&OL 
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ZnSe (Eg; 2.7eV�ɔƳ̌ɭ);ĺėH pĴ̫ŢƔ;ïƋ�̩D� (BC¡ēʦ)7)N
˜Ǉ�çȴ&O5�N[46]� 
� �ˌ;�7���aM:HŃ�9ƦʻɐĿ6�2LLGł!;ɢɲʣ� SiC:Ȑ
ɓD5�L[42]�SiC <Ɓǔ�L pn¤ǋ;̫ŢƔïƋ�ēʦ6�2LD�1960Ÿ¶
:)6:ʷʨÂʿ��ki:̜)N˿ŧH�2L[47]�D�D̛Ƴ̌ɭĴ6�N7ˊ
�Ǫǣɐ9̟ɉRÚǝ6�G�20£ʈƈĆ:ʪ25H 470nm:�#N SiC LED;Ā
Ƚ<̼�0.03%6�2L[48]� 
� %;K�9ȹȍ< 1980Ÿ¶�ęĒŦŃő;˧Ū�ń̓b���:K25ˉȋ&O
L�˧Ū�ń̓b���6< MOVPEȎ:KN GaNƟ̘6ʓǖĤ˦7̫ŢƔïƋ;
Ħ̶RˉȋDK�7D5�L�ƅL;ɢɲ:Øɶ25�RCA (Radio Corporation of 
America)ɨ; MarusukaL<{Wv�WvȇɕƟ̘ (HVPE)RɆ�5 GaNʓǖRƟ̘
&+�ʉ 3.4eV;|�v�r�RƬPɔƳ̌ɭĴĆŢÀ6�N7ĹĞDL[49]�ʗ!
1971Ÿ�PankoveL<¦Ǝȏ̘ 475nm; MISǱ˽ GaN̬ʰ LEDRɍʼDL��Ā
Ƚ�¿�2L[50]�GaN;ȵƔRǚŃ̟:ž�ç)LG:<I<M pnǱ˽�Əˁ6
�2L���˶;˻M pĴ�ǯG5Ĭ̩6�2L;6�1980Ÿ¶:<ł!;ɢɲʣ
� GaN�Lƿ˷D�GaNɢɲ<«ŕ�ǻa2LK�:˃�L (1982Ÿ GaN:P�
5çȴ&OL˜Ǉ<L0͂ʛ6�2L[51])�˧Ū�ń̓b���:KN���ai
��<%;ǔǟ:HLL&OL� 
� GaNƟ̘Ɇ;ķǧʓǖ7D5<e�TWU�ÃnO5�N��GaN7e�TWU
̛:< 16%7ˊ�Ń�9ǫŎŔǅ;�i�rq�ŐĲ)N[52]�%;ǫŎŔǅ¡ǆ
ė;¿ș;LG:�¿țĸɱ|r�Tũ�RŢÛDL;�ǚë;���ai��6

�2L[53]�AlN ;|r�TũRÛON%76�a�raI�ru�ŃŶ:¿ș&O�
Ȫʰ˺ǐ9 GaNćʓǖ�ƊLOL;6�2L[53]�H1Pp̫ȇɐȷƔ�-D5Ù
őɐȷƔHŃŶ:Ě�D5�L[54]� 
� ɺ̓;���ai��< pĴ̫Ţ;ŕȾ6�2L�ZnRv��DL GaNķǧ:
¿˼̫ŎʚȮŠ (LEEBI: Low-Energy Electron Beam Irradiation)Rʺ�%76�ɍÙƀ
ż�ʵD!ľü)NȾˠ�˃LOL[55]�%;ɍ˃;)"ƈ; 1989Ÿ�£ɉë;
GaN pnƳėĴ̬ʰ LED�ŕȾ&OL[56]�&L:< 1992Ÿ; pĴ AlGaN[57]�
1995Ÿ; pĴ InGaN[58]@7ʗ��Ü5;ɴĂȵʇĆŢÀ; pĴ̫ŢƔ;ŕȾ:Ɵ
û)N:ʪ2L�%O7BCĘEǔǟ: Mgv�� GaNRɴʌ̪ĭȇ¦6Ȱæɀ)
N%76 pĴ GaNRÂʿ6�N%7�Ǐ¯Ăő;b���:K25ĹĞ&OL�
[59]�LEEBIKM̔Ʌ:Ě�L��ki6�2L;6�)":Ǐ¯Ăő:KN GaN
ʇ̬ʰ�ʎʰ LED;ŕɆĂ@7ʞ�2L[60,61]� 
� %Oa6˃5�LK�:�20£ʈ¦ɒa6;̿ǐǟ7 1950Ÿ¶ƈĆ�L;ɺ͂
Ǹɍŧǟ�-D5 1980Ÿ¶¦ɒ�L;ɺ̓ǸɍŧǟRʒ5ĂėȵĆŢÀÙt|Wi
<ŃŶ:Ɵ̘D5ǦL�ƟȯDLʓǖƟ̘Ʀʻ:K25ǡɟ02Lʓǖ�ëG5£

;¦:ÂMç&O�Ęǔ:ʓǖ¦;̫Ŏȹƛ:ŝ)Nɀˉ�ȗaM�ʓǨɐ:ȾĲ

ʎŁ�L˧Ła6Źʀĭ:Ț25ĂėȵĆŢÀRɆ�LɍÙʌŎ�ŕȾ&ON:ʪ

2L�²IĂėȵĆŢÀR��i:DLɍÙʌŎ<°̸:725ǚHŃ«9Ùȟ;

�P:925�N� 
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Į 1.2 LEDɆ;ǲ�9Ǥǈʇ7-;ɍÙȏ̘ʀĭ 

 
 
1.1.2	LED;��ruâʢ 	

� 50Ÿ:Č?ɓ˅aD�̰Ǌ;Ȁĕ;Ǣ�Į 1.2;K�:ĂėȵĆŢÀ��i;

LED<˧Ł�LʎŁa6]|�D5�N	(ʾ˪6�N��AlGaInPͅ×ʇ<ē˄ȏ̘

��f;LG: 1980Ÿ¶:̚ɍ&O[62]�1990Ÿ¶: LED:H̊Ɇ&OL[63])�

aLƉǦ;Ùȟ�PaMʸÙȨIɏȰȨ:ȆA�	
	
�	ĀȽ�̼� :	ɏȰ̫ȿ< 13lm/W�ʸÙȨ< 90lm/W:ŝD[51]�ȾĲűˢ¦;	

LEDɏʰÙȟ:< 140lm/W·�:̆)NH;�N[64]�	

�	ŞĢ�̘� :	ɏȰ̫ȿ<ǅąư̌�ʸÙȨ< 2�ư̌:ŝD[65]�ȾĲűˢ¦;	

LED:<ǟƆŞĢ� 10�ư̌R˩�NH;HŐĲ)N[64]�	

�	ǊɂĽƔ :	ʸÙȨ;ĺė�Ȉ̖RĜp6�5Ē!�LɂĽ:ŝ)Nˡʱ�ƞƑ&	

� � O5�L�aL�ˌ�;ĀȽ;Ð̯7ėn+5ʢ�N7�ɗZy�`�� 	

� � ;Ð̯�LHƉǦ;ÙȟKM LED;ǋ�ÖO5�N�	
	
7ˊ2L��ruRƬ25�5�ćʋ9ʼɧĨ;´:Ȯǐ�tVi���;|ra

�Wuɼ�-;ƐɆ<ɑ�Ź�25�N�ȷ:̫úȕ˥̔;¦6Ȯǐ;ĈGNøė

<�ʃį:��5 9%[66]�ǹŬ;§ˁ 15]į:��5< 12%RĈGN[67]�K2

5 LEDȮǐRÃ�%76ƊLON<G;ɗZy�`�ĀǨ7 CO2ưç̔ôșĀǨ:

ł!;į�ȐɓDōG�LED���;ǕČ�ü˼ĂD5ǦL�D�DĂėȵĆŢÀ

ɍÙʌŎ:Hˉȋ)A�˙̶<ŐĲ)N�LED;ȾȹR����D9�L��:Ʈ

$L̈́P;��ru:P�5âʢ)N%76�ɻʣ;ʢ�Nˉȋ)A�˙̶R· 

a7G5ʺ!�	
	
� LED;ǕČ;ü˼Ă�˿F¦6�2009Ÿʃį]�y`�����Ńő;

MatthewsL<̮ŵ:ʬĠȗ�ɍʼRʺ2L[68]�ƅL<ÃɆǔ;̫úȕ˥̔0#6

<9!�ʿĤ;ɄɅ��kiRHĜFÜ�W�eWa�RƬ25ˏÇ)A�07§

ſDL�LED;̚ɍëǟ:<ȷŔ;|�v`�r�RƬPɔƳ̌ɭĴĆŢÀRŋÁ

:ÂN�:ł!;þú�Ȑ�OL��̼ĀȽĂ;LG:<�� pnƳė6<̟ɉ��
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2L�K25 LED;̼ĀȽĂRĮNLG: DH	(p���s�)Ǳ˽�ŢÛ&OL

[60,61]�2000Ÿ¶:Û25�L<wz̳ĵ:�#N_��U;̔Ŏ̙E˳GĀǨR

&L:̷ʵ:D5�̫Ŏ�Ǽŏŝ;˲ŠâʓėɤȽR̼!)NLG: 1970Ÿ: IBM

; Esaki7 Tsu:K25ƷǬ&OL˩ǫŎ	(Superlattice)	[69]�̊Ɇ&O5�N[70,	

71]�%;K�9ł̒̔Ŏ®ơǱ˽RÂʿ)NLG:<ÖOLʷʨƟ̘Ȏ�Əˁ6�

N�˴Ÿ; LED;̼ĀȽĂ<Z�o_g��Ɵ̘Ȏ�-;¦6Hȷ: MOVPEȎ;

ɍŧ:KNH;07ˊ25H̄ˊ6<9��D�D%; MOVPEȎ:KNʓǖƟ̘;

LG:<̼ț̼ı�Əˁ6�M���ki¦:ȕ˥&ONZy�`�<ʲŃ6�N�

MatthewL�ƭƾDL;H%;Ɵ̘¦;Zy�`�ȕ˥̔6�M�ƅL;˚A:K

O= 1mmˈ; InGaNʇ LEDqr�͂ÌɄɅ)NLG: 72~252kJ;Zy�`��

ȕ˥&O�͂P;�h���RÂNLG:< 720~7560kJ;Zy�`��ȕ˥&O

N[68]�ʲŃ9Zy�`�ȕ˥6<�N��ÃɆǔ;̫úȕ˥̔7ŞĢa6ėn+

5ʢ�N7 LED<ʸÙȨKMɗZy�`�7ˊ�̯6ÖO5�N%7<ěŔ6�9

��D�D%O<ʼ 1.2:a7GL LEDɄɅ��ki;�̐:̄ 9��	
	

ʼ 1.2	�ʮɐ9 LED;ɄɅ��ki	

	

� &L:Ź�˄̓6əGN7H27ȗ

ñ9Ħ̶Rɍ˃6�N�ćʰƔ;ƀ�

LEDRɆ�5ɏʰRÂNLG:�̬ʰ

LED;qr��:̬ʰ7ʾʰ̜É:�

N̾ʰ;ÙRɍ)NʸÙÀRļŲDL

ɏʰ LED� 1990Ÿ¶;ƈĆ:ëG5

̚ɍ&OL[72]�%;�̬ʰ LED+ʸÙ

À�;ǱƟ<°̛;˄˅RʢƜ)N7

̮ŵ:ɀ:̊25�N%7�ɀˉ6�

N�°̛;˄ʏʥ<ǐǗRăí)Nǭ

Àʏʥ7�Ċʰ:ŝƐ)N̈́ɰ̸;̗

Àʏʥ	(-O.O̬:	446nm�ʙ:	

555nm�˧:	600nm:ƚż;��aR	

ƬP)6ǱƟ&O5�N�%;̈́ɰ̸;̗Àʏʥ:ŝ)Nðȥƀż;Ȇ:K25°̛

�˔ɟ)Nʰ�ŀĂ)N�K25œÜ:ɋ9Ni�au�;K�:˃�5H°̛;

ɓ:<ĘEʰ:˔ɟ&OLMH)N�D�DĮ 1.3:ɧD5�NK�:��NH;

R˔ɟ)N��ki:<ȵÀ:KNÙ;ĝď7ĎŠ�ĜaON�PaM�N̓P;

Ùȟ;ʰ�°̛;ɓ:<œɁ:ĘEʰ:˃�5H�-OLR-O.OȮǐ7D5Ã

2Lǔ:˔ɟ&ONʰ˚<œÜ:ɋ9NēʦƔ��N;0�ʓǨɐ:Ź�ʀĭ;ȏ

̘RĜp0Ùȟ�ʯŊ7ˊ�%7:9N���NÙȟ�˟Ś9ʰRĜp6�N�ě

�Rìǉ)NLG;ķȠÙȟ�Əˁ6�N�-;K�9ķȠÙȟ7D5�Cool	White

;ĺė:<ǓÙʰ��Warm	White;ĺė:< 3000K�L;̀À˲Š�Ɇ�LON	

(Į 1.4)�aLķȠÙȟ7;̸½Ɣ	(ʰ;âȾƔ;ʯŊ&)Rìǉ)NLG:�ȣʰƭ

ǅ	(CRI:	Color	Rendering	Index)�7ġ=ONƭǳ�Ŕʡ&O5�N[51]�Į 1.5<̬

ʰ LED7 YAGʸÙÀ	(Y1-xGdx)3(Al1-yGay)5O12:Ce3+:KNɏʰ LED;¶ʼɐ9i�a

u�6�N��g���9��aRƬP LED7���v9��aRƬPʸÙÀ;ʑ

Eėn+:K25ɏʰ�ÂON0#69!�CRI;Ð̯�LḪŵ:ǜî:925

�N%7�é�N[72]�	
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Į 1.3	°̛;˄˅;Ɵɶ��ki7Ùȟ	

	

	
Į 1.4	ķȠÙȟ	

	
Į 1.5	̬ʰ LED+YAGʸÙÀ	

(Ǉȼ[72]KM)	

	
ʼ 1.3	§9ʸÙÀ;ɰ̸7ʑƟ	

	
	
� ȾĲ< CRIÎR�$NLG:�aL<ʰțżRïƋ)NLG:ǲ�9ʸÙÀ�Ã

Ɇ&O5�N�-;�̐Rʼ 1.3:a7GL[51,73]�%;ʼ�L�ɓɜȬ6�NK

�:�ʸÙÀ<ųİ̸	(�UU�i)��U�o��ȅƔ×ʌR˟Ś:Ĝp6�N�

ųİ̸;ɍƱIʆʿ98�ɂĽ:ɃŃ9p��hR¢�ƊN%7<ğɟ;«ŕ6�

N[74]�~ʌRÃ�ĂėȵĆŢÀ;ĺė As-;H;�ȅƔ;̼�ĊŎ6�ND�ɴ

ĂȵʇĂėȵĆŢÀ;ĺėH|�v`�r�Z�hxU��b;LG: InRÃ�;

6�ĂėȵĆŢÀR��i:DL LED<-H-HɂĽˡʱ:ŝ)NĦ̶�Lʩɇ:
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<9O9�[75]�ˑRʸÙÀ:Ƣ-��ʸÙÀ<ɣż;̼�ȄÀʓǖRǜ)N;6�

ʸÙÀ;Âʿ;LG:<̼ț̼ı;ɂĽ�Əˁ6�M�K25ɄɅǔ;Zy�`�

ȕ˥H LEDĘǲ:Ń��[73]�	

� ʸÙÀÃɆ:KNt��ru<%O0#6<Ȫ��ʸÙÀ<ʂć:ˊ�=Zy�

`� ǋŀƸǤǈ6�N�̼�Zy�`�;ÙŎRĝďD�á̐6;Zy�`�ʜ

ģ;ƈ:¿Zy�`�;ÙŎRŁ̐:ɍ)N�PaMʸÙÀ;ÃɆ<Ċɀɐ:̎#

LO9�Zy�`�;ƻŇR¼��ȏ̘:K25ŀnN��ʸÙÀ;ŀƸĀȽ<

30~45%ɯż6[73]�LED7ʸÙÀRʑEėn+5Ã�%76ĀȽ<Ćé· : �

25Da��aLʄǢȹ;ʸÙÀRg�d�Ǵʧ:Ș,5ļŲ)N��Ǵʧ;ŀʰ

�Ċī7925ɏʰ LEDʌŎ;ŞĢRɠ!DLM�ļŲƂȹ;ɋǋƔ:K25ɍÙ

ʰ;ˈżÆŐƔ�ɄELM)N�aLʸÙÀ;ÃɆ:K25Ǥǈ7ŭɯ�ľ�N;

6��\r]�;òè�ɐ:ʢ�5HǽɊaMIʿĤ;Ë̵Ɣ:y^sV�9ƃ̱

R¢�ƊN%7<ŗǑ:ƗÓ6�N�	

� H1PpʸÙÀRÃnG:ɍÙʰ;ɋ9N LEDRˀǅŕʽ)N%76ɏʰRÂN

%7<6�N�D�D%;ĺė:H· :˶ANK�9Ħ̶ȩ�ŐĲ)N�Į 1.2

6)6:˘ǐDLK�:�ē˄ĵ;ɠȏÐɆ;Ǥǈ7D5<ɴĂȵĆŢÀ(InGaNʇ)

��̘ȏÐɆ;Ǥǈ7D5<ȲĂȵĆŢÀ	(AlGaInPʇ)�ÃɆ&O5�N�ʼ 1.4:

a7GLO5�NK�:�%OL;ĆŢÀǤǈ<ǫŎŔǅRĜGɋ9NȵƔÎRƬ

25�5[76]�ȰŀĂ:ŝ)NƐɽ�ɋ9N<G6�N�Į 1.6<űˢ¦; LED;

țżŀĂ:ŝ)NɍÙƀż;ŀĂRɧDLb��6�N��ŕ̥Ǥǈ:K25ŃŶ

:ɋ9N%7�é�N[64,	77]�ÙȟRÃɆ)Nǔ:<�á̐;ɍȰIɂĽ;țżŀ

Ă:¼25gis�;țż�ŀĂ)N;6�ʰ;|��i�ūO5Da��K25

ˀǅ; LEDRŕʽ)Nĺė<�ʇ;țżŀĂaL<ɍÙʰ;ŀĂRk�g�bD5

Ėqr�:ŝ)N̫ȒÎRʾǼ)NĪˬʇRü�NƏˁ��N�H1Pp-OL<

ʿĤ;diuIŞĢ�-D5Ë̵Ɣ:ƕƃ̱RČC)�aL�˶; CRI�PaMʰ

;âȾƔ;ʯ&�Lʢ�5H�LED+ʸÙÀ�:ȆAŃé¡î6�N�	
	

ʼ 1.4		III-VǍĂėȵĆŢÀ;ȵƔŔǅʼ	(Ǉȼ[52]KM)	

	
	
� ȾĲ; LEDÙȟ;Ħ̶ȩ7D5ǚƈ:ƭƾDL�;<�nJN�b���`�r

�Ħ̶�(530nm~560nmŴĵ:��5ĂėȵĆŢÀɍÙʌŎ;ĀȽ�Ɠȥ:ʳ1N

Ⱦˠ)��N�ĂėȵĆŢÀ��i; LED;ȏ̘ïƋ<Ɇ�NǤǈ	(§:ɔƳ̌ɭĴ)

;|�v`�r�RïƋ)N%76Ɵ&ON�%;|�v`�r�Z�hxU��	
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Į 1.6	§9ĂėȵĆŢÀ LED;ɍÙĀȽ;țżÆŐƔ	(Ǉȼ[64]KM)�	

(a)< AlGaInPʇ�(b)< InGaNʇ�	

	
b<¬P;ĆŢÀǤǈ X7 YRȘ,5ȘǖĆŢÀRÂN̥;|�v`�r�;Șǖ

ȆÆŐƔ<Ǹ;K�:˾ʗɐ:ŀĂ)N7ˊ�ʒ̻ó:KN[78]�	

 ) (1.1) 

%%6}���o�C<ȝǘīŎ	(bowing	parameter)7ġ=ON�%;Ž	(1.1)	7ʼ

1.4Ra7G5ʢ�N7 AlxGa1-xAsʇ;ĺė�Ŗț:��5 1.42eV	(=873nm)�L

2.15eV	(=577nm)a6ïƋ6�-�:˃�N��x=45%6̛Ƴ̌ɭĴ:ŀn25Da

�LG 624~873nm ;ʀĭ6D�ïƋ6�9�[79]�Ęǲ: InxGa1-xP ʇ;ĺė:H�

x=63%6a�i\�|�)N;6�1.34eV	(=925nm)�L 2.17eV	(=571	nm)a6D�

ïƋ6�9�[80]�(AlxGa1-x)0.5In0.5PʇH x=53%6a�i\�|�)N;6 1.91eV	

(=649nm)�L 2.23eV	(=555nm)a6;ïƋ�̟ɉ6�N	(Į 1.7)[81]�	

	
Į 1.7	AlGaInPʇ;ɔƳ̌ɭ-̛Ƴ̌ɭ	

a�i\�|�	(Ǉȼ[81]KM)	

ɴĂȵĆŢÀ<ŤDɋ9N̟ɉRƬ25

�N�ʼ 1.4�Lìǉ)N7�AlN�

GaN�InNÜ5ɔƳ̌ɭĴ6�N;6�

-OL;ȘǖHɔƳ̌ɭĴ6�M�˧Ł

�LʎŁ:ȚN̮ŵ:Ź�ʀĭ:��5

ïƋ�6�-�:˃�N�D�D In;

ʑƟȆRŀ�5�ɍÙȏ̘R̘ȏ̘ĂD

K�7)N7ɍÙĀȽ�̷ʵ:¿ )N

%7�ɟLO5�N[82]�%;Ⱦˠ;Ċ

ī7D5<�InʑƟ;ľŃ:¼� InGaN

ũ9�; Inɕę́	(Inv�r��ru)

��N[83]�-D5ȾĲűˢ¦; GaNʇ

t|Wi<Ü5{0001}	c̯�:Ɵ̘&O

N��Ýǋǖʇ6�N InGaN/GaN;ĺ

ė c˰�:ŝɬƔ�Ƿ#5�5�c˰ǋ

Ě:ž2ſMǾE�ɍɄDǑ!�%;Ǿ

E:˨ī)N�Zn̫ɉ:K25̫Ŏ�

Ǽŏ;ŐĲɤȽéŲ;̒9M�șŤ)N	

;6�InʑƟ;ľü7Þ:ɍÙĀȽ<¿!9N[84]�%OL;Ħ̶ȩRˉȋ)NL

G:ȪǯƔ̯6�N{!1100 }�{!1120 }̯IĆǯƔ̯6�N{!1122}�{!1101 }�{!2021}

!!Eg X1−xYx( ) = 1− x( )Eg X( )+ xEg Y( )− x 1− x( )C
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̯�;Ɵ̘�ː&O5�N[85,86]�D�Da0ɢɲ���6�M�a0ɴĂȵʇĆ

ŢÀRɆ�Lĺė�ʙ·�;̘ȏ̘Ŵĵ:�#NɍÙĀȽ<¿��	

	
� ²a6˃5�LK�:�ĂėȵĆŢÀR��i:DL LED<ʌŎćÀ7D5<�	

ĀȽ�̼!5��	ŞĢH̘!�-D5�	ɂĽ:ÖD�7ˊ�ȷƍRƬP��ŕ̥;

U��c�g��Rʢ�L̥:<%OL;��ru�ƏG�ɘ�7<ˊ�9��ʓ

ǖƟ̘Ʀʻ;Ɵȯ�g�j7925�ʌŎ;ɂĽʤƔ	 (ʿĤ;Ë̵Ɣ�ŞĢ);Ě��

ʰ;ʋż;Ě�	�-D5ĀȽ;Ě��̀$LOL�D�Dƀ�ćʰƔ�ǃ:�ŕ̥

;U��c�g��:��5<̼ĀȽ7̘ŞĢ7ˊ���ru�ʷaO�ɂĽˡʱ

�Ɠľ)Nɝɖɐ9ʓǨ�HLL&OL�H1Pp�:Ʈ$LĦ̶ȩ;ł!<ćʰ

ƔRƀ!ȉGNU��c�g��;ĺė:<˒ƁD9���˯;ğMR˃ȚD5Ǻ

D��ǚHŹ!ÃnO5�NɍÙÀ;ƐɆƂƛ<Á6�N;��ǚH̫úRÃ��

ǚHɄȑ:řƳ:̜ÉD5�NÙȟ<8;K�9H;�<%%6ˊČ)Na6HȪ

��aL%;K�9Ħ̶ȩ;´:�ȾĲ;ʓǖƟ̘Ʀʻ;E6<ɔƳ̌ɭĴĆŢÀ

;|�v`�r�Z�hxU��b:̟ɉ�ŐĲ)N%7HƭƾDL�	

� H1Pp%OLRÜ5ʢƜD5HĂėȵĆŢÀ LED�ƉǦ;Ùȟ	(ʸÙȨ�ɏȰ

̫ȿ);ÖOL¶ǙĤ6�M�Ƭʗēʦ9£ɉRǱʁD5ʺ!LG:̒ˁ9ƄøRǨ

L)Ǹ£¶;Ùȟ6�N%7<ěG9�«ŕ6�N�ł!;ɢɲʣ;þú7ɍ˃:

Ȟ1L 60Ÿ:Č?ɍŧ;ȀĕRˤ)PHM<Ü!9�D�ŕŐ)NÙȟ;¦6<ǚ

ħ;̍ƨ6�N%7:HĘƙ)N�L0ɲǯ;Ʀʻ<Ȫ!�Ȥ˿ɐ9ɍŧ�ŭő;

ķǣɐ9ŨƔ07ˊ�ʢ�ǋ�L�&L9NɍŧRÙȟ:ŝD5ǞF;6�O=�

-;Ǹ;£¶;Ùȟ<8;K�9ȵ6�NA��Rʢ�NLG:ƪɻ6�M9�L

²; LED;Ħ̶ȩRʩé9M:a7G5˃L�	

	
	

1.2	ǯƌ;̳ĵ;Ù 	–	v�iuÙŎŭő;Ĕ̴ 	

� 19£ʈ;ȇÀéŎ̃ā˜7�aiXY�̫ɥȇő;œƟ:K25°̸;ʩȬȾˠ

:ŝ)Nɀˉ<�P;̲:̆DL�%;ǔȩ:��5̀ÀǂŠ:�#N¡ƒ˞R̠

�5<�)6:œƟ&O5�Nɀ˜Àʇ6Ü5R˘ǐ6�-�:˃�L�D�D 20

£ʈ:Û25)"ǎŐ;ɀ˜Àʇ6<˘ǐ6�9�ł!;Ⱦˠ:°̸<̋̂DL�

%OL;ȾˠR˘ǐ)NLG:<g��tV�^�;ȏāúő�{Wl���a;

ʺêúő6¶ʼ&ONǊD�ɀ˜Àʇ�Əˁ792L�PaM̔Ŏúő;˕Ʉ6�

N�%;̔Ŏúő<Ǐŵ;ƚ˅7<�aM:H�#̨OLH;6�2L�ǚHǜę

9;<· ;¡ɤŔƔĊɀ6�P�[87]�	

 ) (1.2) 

� %;¡ɤŔƔĊɀ;§ſD5�Nƣ<ŕ:¡ƒ˞6�N�ǯƌ;̳ĵ:��5<

ʅŎ;̃ā̔�¡ɤŔ:9M�ǯɠ;ư̌ic��:��5<ʅŎ;Zy�`��

¡ɤŔ:9N�Ǐŵic��:��5<œÜ:ɤŔD5�5�ÊŐ&ONȵɀ̔6

!! 

Δx ⋅Δp≥ !2
ΔE ⋅Δt ≥ !2
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�Ñā̔7Zy�`��ǯƌ;ic��:��5<Ń�!ƺON;6�N�ŗǑ

:ʊƊ6�Nˑ6<9���̔Ŏúő;�̢6ȈʌĊŎ;ʚi�au�;Ħ̶�L

ȾĲ;ĆŢÀt|Wi:ʪNa6ǲ�9é̓:ƐɆ&OȾ¶ɨºRǁ�Nķɦɀ˜

:925�N�	

� %%6�P;ɌĦRƷɧ)N�%;ʇ;ư̌ɐ�ɳ̛ɐŜȎ�ţ&!9O=9N

B8ʇ�©̧:�PaM¡ɤŔƔ�ȾON7ˊ�ɀ˜<ǎŐ;Ùt|Wi:ǼD!

Ďǒ&O5�N;�͊ʩé;ɽ�<�Ćé<ǼD!�Ćé<ǼD!Ȫ��6�N�

%;%7RƲNLG:Ù;̔Ŏ˜;ȀĕRƯM˵25˃N�	

� �aiXY�;̫ɥȇő;Ɵɶ:K25�Ù<ȏā6�N�7ˊ�§ſ�úRƊ

L�D�D 1905Ÿ;UW�g�oW�;˜Ǉ<£;¦:Ń�9W�}auR¢�L

[88]�PaM�Ù̔Ŏ˜�;˕Ʉ;ɛ̛6�2L�D�D-;ƈ;̔Ŏúő;ɍŧ

<§:ĊŎ;¦;̫Ŏ:-;ȫȩ�Ɓ5LOL�̫ɥĺRǼD!̔ŎĂ)N%76

ƊLONǼD�Ù̔Ŏ;ǰƑ�PaM�ÙŎ	(Photon)�7̫Ŏ;ɕ­ÂɆ:̜)N

ɀ˜< DiracRƆL9#O=9L9�2L�Dirac< 1927Ÿ�ƅ;ˌƑ)A�˜Ǉ

�The	Quantum	Theory	of	the	Emission	and	Absorption	of	Radiation	[89]�:��5ɕ

­ÂɆ)N̫Ŏ7Ù;ĺ:̔ŎúőR̊Ɇ)NǋȎR¢�L;6�N�ƅ<Ēàɐ

9ʇ:̊Ɇ&O5�Lƽā˜R̫Ŏ7ÙŎ�ɕ­ÂɆ)Nʇ:ƐɆ)N%76�̫

Ŏ7Ù;ɕ­ÂɆRÙŎ;ǅ;ľș6ˌ˶)N˃«9ɀ˜RÂM�$L;6�N�

̫Ŏ;Zy�`�̌ɭɤȽR¢�N�Fermi;̾̕Ƈ�H	(Fermi;ęõRäD5�

N�)%; Dirac;˜Ǉ:��5ëG5ɎĺD5�N[89,90]�	

� %; 1927Ÿ; Dirac;˜ǇRƬ25�̔Ŏúő<�ȃʳ&OLK�:˃�N�̫

Ŏ;ɀ˜<ȏāúő�ʺêúőRɆ�5Ü5˘ǐēʦ6�M[87]�˚ģƯāŎR̔

ŎĂ)NƤȎ< 1925~26Ÿ Born-Jordan:ƷǬ&O[91]�̔Ŏúőɐ9Ù	(̫Ŏĺ)

;ƶÓHƊLOL�-D5 Dirac;ɀ˜:KM̫Ŏ�ÙŎ;ɕ­ÂɆHˌ˶6�N

K�:92L�1-1ɿ6˶ALÜ5;Ǥǈʇ;ÙőƐɽ	(ɔƳ̌ɭ�̛Ƴ̌ɭ�ÿ˨

ŎɍÙ�D-AɍÙ�¡ʋȵ�̜¢)NɍÙɼÜ5)H%; 1927Ÿ:œƟ&OLɀ˜

Àʇ6Ü5˘ǐ6�N�·̞̀$LOLĆŢÀɍÙʌŎ;Ȁĕ<ǤǈƦʻ�ȷ:Ɵ

̘Ʀʻ;̰Ǌ;Ȁĕ6�M�ķɦ79Nȵɀɀ˜<�˶;ǩʑERȋD5˩�9��	

� D�D̔Ŏ˜;ɍŧ<%%6ǻaL9�2L�Ưā;̔Ŏ˜:��5Ø̺ɐ9Ǯ

ʝRȂD5�L Jordan<�Klein7;Þʵ˜Ǉ6̫ŎHÙŎ7Ęǲ:ÁL�;Ưā

)Nĺ6ʼȾ6�N7ˊ�UWtVURçDL[92]�Dirac[89]a6;ɀ˜07��

(19£ʈa6;Ēà˜RĜG5)ĺ7ʅŎ;¬×˜ɐ9ɶĺRȵɀő<Đ25�L�

D�D̔Ŏúő<%;Ü!ɋ9N̓P;ŕĲ��Ü!ĘEƂŽ6ȏā7ʅŎ;¬̒

ƔRɧ)%7R§ſDL�PaMƁǔ;ȵɀőʣ;�̐<̫ŎHĺ;Ưā:̏×&

+N%76��ĺ�%-Ü5;ȵɀȾˠ;Ǫȟ6�M�ĺR̔Ŏ˜ɐ:ƥ�ɀ˜R

ÂM�$N%76ʅŎ7ĺR�×˜ɐ:ʔė6�N7ƒ2L:̇�9��H1Pp

%%6ˊ�̫Ŏ;ĺ7<ɤȽřżRʼ)ȏā̜ǅ7<Ü!;íȵ6�N�̫Ŏ7<

ĺ;Ưā�ʅŎ;K�:ƯNʭ�H;6�M�ȏā̜ǅ7<%;ʅŎ;ƶÓRˌ˶

)NH;6�N�ĺ%-ŕĲ6�25�ʅŎ	 (aL<-;ȏā̜ǅ)<÷Ʌȵ6�N�

̫ŎRĺ;̔Ŏ˜6ƥ�ɀ˜;ŔŽĂ< Pauli7 Heisenberg:ÞĘɢɲ:K259

&OL[93]�ǚë;̔Ŏĺɀ˜�̔Ŏ̫ȇúő�;˕Ʉ;Ÿ6�2L�	
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� %;̔Ŏĺ;ɀ˜<ĎʅŎ;ŐĲRªȜDL�ŕ< Dirac< 1927Ÿ·̞�ȷȁɕ

ŝ˜;ˁ˛RȞL)K�9̔Ŏ˜Rʁ%�7D5�L[94]�D�Dƅ;ɀ˜:<ˡ

;Zy�`�RƬP̫Ŏ;ŐĲRªȜ)N�%;ˡ;Zy�`�RƬP̫Ŏ;ŐĲ

:̜)Nˉ̑� DiracȒ7 Pauli�HeisenbergȒ6Ü!ɋ9N�tV�ra<�̫Ŏ

;Ȕ�7ˊ�UWtVURçDL��Pauli�Heisenberg<Ǽ;Zy�`�RƬP

�Ď̫Ŏ�;ȹƛRʼ)7ˉ̑DL�ʓǨɐ: Pauli;ˉ̑�ǼD�2L[95]�Pa

M�̫Ŏ;ĺ�0#6<9!��Ď̫Ŏ;ĺ�HŐĲ)N�&L:̔Ŏĺ;ɀ˜6

<�̫Ŏ7Ď̫Ŏ;ĺ�ƯāD5�9�ǔ	(PaMʅŎ�ŐĲD9�ǔ�D�DœɁ

:Zy�`�l�6<9�)�ÙŎ�̹p6Ǧ5̫Ŏ7Ď̫Ŏ;ĺ:Zy�`�R¢

�N7̓P;ĺ�Ęǔ:Ưāȹƛ:̌ɭ)NʓǨRŢ![95]�ĺ;Ưā<ʅŎ;Ʉ

ƟRƙĠ)N;6�ÙŎ�ȕȢD�̫Ŏ�Ď̫Ŏŝ�ŝɄƟ&OLK�:˃�N�

˹:̫Ŏ�Ď̫Ŏ;ŝȕȢ:K25ÙŎ�ɄƟ&ON̄ɯHŐĲ)N�D�D�˶

;ŝȕȢ�ŝɄƟ<Ǐŵic��:��5<˨%L9��ŝȕȢ�ŝɄƟ:<�̫

Ŏ;˦̔R m�Ù˼R c7DLǔ�2mc2	(=0.5MeV�Ǐŵɐ:ʒ̻)Nē˄Ù<
1.6~3.2eV)7ˊ�ʲŃ9Zy�`�;IMĐM�Əˁ6�N�	

	
Į 1.8	¸ƗÙŎ;ɄƟȕȢ	

� ȹȍR&L:ˀ̧:)N;<�̔Ŏĺ;ɀ˜

:��5<̫Ŏ�ʩé;ÂN̫ɥ�s�g��

RƚEN�-D5Ž	(1.2);¡ɤŔƔĊɀ�Ɵ

MɶP%76�N�Ēà˜6HȩʅŎ�ʩé;

ÂN̫ɥ�s�g��RƚEN%7�6�O

=�̫ɥ�s�g��< :ȆÄ)N;6Î

�ɍǄD5Da�7ˊ�Ħ̶��2L�Ēà˜

6<̫ɥȇú<Ù˼6»Ƽ)N��ʅŎ-;H

;<Ù˼KMG27́��K25�ȩʅŎ�R

ʢ�N̟MȪ̟Ń;Ĭ̩RĪ̎)N%7�6�

N�D�D̔Ŏĺ;ɀ˜6<-�<ʺ�9��	

PaMĮ 1.8;K�:͂Ì;ÙŎ�͂Ì;̫Ŏ	(aL<Ď̫Ŏ)�Lǂç&Oâ>ĝ

ď&ON̄ɯ�ŐĲ)N�%;ÙŎ<ɔƳˇȜ&OG�ĎƐ;¦̛̄ɯá:̟Ŕɐ

:ŐĲ)N;6�¸Ɨ�ÙŎ7ġ=ON�&L:ʢ�Nư̌ic��Rɠ!)N7	

(10-21Sec· )¡ɤŔƔĊɀ:K25�̫Ŏ�LɄƟ&ON¸ƗÙŎ<̫Ŏ�Ď̫Ŏ

ŝRŝɄƟ6�N0#;Zy�`�RƬ1ƊN�PaM̫Ŏ�L¸ƗÙŎ�ǂç&

O�-;¸ƗÙŎ;ȕȢ:KM¸Ɨ̫Ŏ�¸ƗĎ̫Ŏ�ŝɄƟ�-;ƈŝȕȢDâ

>¸ƗÙŎ�ɄƟ&O�%;¸ƗÙŎ�̫Ŏ:ĝď&ON7ˊ�̄ɯHŐĲDƊN�

H1PpĮ 1.8;pWw�rai·�:ˀ̧9¸Ɨ̄ɯHȪ̟:ŐĲDƊN�	

� �˶;K�:̔Ŏĺ;ɀ˜�ƶ!ƌ˄ɐ£ɉÓ<̭ɐ9H;6<9!5�ʕ�G

ƺā)NpWw�ra9£ɉ6�N�%;̔Ŏĺɀ˜:KN£ɉÓ< 1927Ÿa6;

̔Ŏúő	(ȏāúő�ʺêúő);ƶ!£ɉKM̉�:ˀ̧6đ#ÛO̩��D�D

̔Ŏĺ;ɀ˜<̔ŎúőKMȵɀȾˠRKMǼɤ:ˌ˶)N�-;�P;Ä���

g�u	(Lamb	Shift)6�N[96]�%O<̔Ŏúő;ˋɾ	(ǼD!<ȷȁɕŝ˜RʢƜ

DLtV�raǋɯŽ)6<ů�9�<G;ȈʌĊŎ;̫ŎZy�`�Ƞ¾̛:

1057MHz;ƯāŎ;Zy�`�:�LNů�ŐĲ)N7ˊ��%;%7<�ˌ;¸

Ɨ̄ɯ�PaM̼Ǹ;ƽāRɀ˜:ĐMÛON%76˘ǐ6�L[97]�%;´:̫

!!1/r
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Ŏ;ɋŵɥȇʦȽ;ˋɾR�$N%7�6�N�ʯ!ɟLO5�NK�:̫Ŏ<ǚ

ţ;ɥɡ6H�25�-;ƀ&< Dirac:K25ˋɾ&O5�L�D�D�˶;ʩ

Űɕ­ÂɆRʢƜD5�9�2L;6�ŕȜÎ7Ò�9GO�ŐĲDL�%;GO

H̔Ŏĺ;ɀ˜;ƤȎR̊Ɇ)N%76 Schwinger� 1948ŸǼD!ˋɾDL[98]�

Schwinger<ƽā˜;̓Ǹ;ʾǼa6RÃ2L��2007Ÿ:<Ǐǣ;ɢɲb���

KM͉Ǹa6;ʾǼRĜFˋɾ�9&O[99]�ɀ˜Î7ŕȜÎ<͂Ôé;͂;˗ů

ʀĭá6�ʫD5�N�%O<ȵɀő;Ȁĕ�ǚHǼɤ9ɀ˜7ŕ̻7�ʫ7ˊn

O5�N�ʕ�GɄƟ�ȕȢRʟM˵)ƺā)Nƌ˄£ɉRʢ�N%76ɀ˜<K

MǼɤ:9N%7R̔Ŏĺ;ɀ˜<§ſD5�N�	

� ȾĲ;Ùt|WiR˘ǐ)N̥:ÃnONɀ˜:%;̔Ŏĺ;ɀ˜�ƶ!pWw

�rai<Ďǒ&O5�N0P���ɽ�<H1Pp�No�6�N�)6:˘ǐD

LK�: 1927Ÿȴ;̔Ŏúő6Ü5˘ǐ&O5�N�̔Ŏĺ;ɀ˜��¾;ɀ˜6

�25�̔Ŏúő<̔Ŏĺ;ɀ˜�LŢ�ONʅŎɐƶÓRƥ�˴½ɀ˜6�N��

a0̔Ŏĺ;ɀ˜�Ùt|Wi;ɀ˜:ɱǯɐ:ŢÛ&O5�9�;�Ⱦȹ6�N�

%O�ǣɿ;ã̴:��5��̔Ŏɀ˜<ǎŐ;Ùt|Wi:ǼD!Ďǒ&O5�

N;�͊�7ˊ�Ħ�:�Ćé<ǼD!�Ćé<ǼD!Ȫ��7ɽ�Lɀɇ6�N�	

� -O6<˦ĦRǸ;K�:ŀ�NA�6�P��	
	
� �	Áǃ̔Ŏĺ;ɀ˜ȪD6�Ƥ!ʺ!;�͊	

� �	̔Ŏúő6�Ƥ!˘ǐ6�N;6�O=�ǨLD5̔Ŏĺ;ɀ˜R̊Ɇ)NƏ	

� � ˁ��N;�͊	
	

	
Į 1.9	ƌ˄̳ĵ;pWw�rai<��ra

�raiƥ�&O�˴Ƴĺ:�#Nƺā<Ɖ

Ǧ;ɀ˜6< Average	out&ON�	

aG�:P�5ɽ�N�ɸɐ:ˊ�=�

ȾĲɀ˜6ƥ25�Nic���̔Ŏĺ

;ɀ˜6ˊ�ƺā;ȾONic��KM

G27Ń���L6�N�ĆŢÀʓǖ;

ĺė�ʓǖRǱƟ)NĊŎ<ţ&�#O

8�ɀ˜;ŧ̚:��5§9ƄøRǨL

);<ʓǖ;ŝɬƔ6�N�PaM̫Ŏ

ʇRʢ�N̥:�ĊŎ-;H;6<9!

¥˿ŝɬƔRʢƜD-;¦6ƟMɶPŔ

Ĳȏ;��vR˞˜)N�Ù�PaM̫

ɥȏ;̔ŎĂ;̥:H¸Ɨ;ɔǋÀȹ;

ÞƯĨ¦;�au��s�g��Rķǣ

:D5ʢ�N	(· ;Ž(1.2))�	
	

	

 ) (1.2) 

� ȷ:ē˄ÙRʢ�N̥:�-;¸Ɨ;ÞƯĨ<ĊŎ98:ȆA5ĄéŃ�!9#

O=9L9�%7<)":é�N�-H-H¸ƗÞƯĨR¸Ŕ)Nɀɇ<�ǜ̟À

ɱ6˞˜R˿G5�LÞƯĨ;eWjRȪ̟Ń:D5ʩɇɳ̛Rˌ˶)NLG6�

25�ǯƌ;̳ĵ;ɀ˜Rƥ�LG6<9��aL Fermi;̾̕Ƈ:ķ4�5̫Ŏ

!!!A x ,t( ) = êakei k⋅x−ωt( )
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7ÙŎ;ɕ­ÂɆR˞˜)N̥:H�ˌ;�au��s�g��RɆ�N����

u�R��i:D5ÙȵƔR˞˜)Nǔ:<ȵ˦;˖̫̜ǅs�m��_��U;

˦̔98�¢�LON��ŕ<-OL;ȵɀŔǅ;¦:̔Ŏĺ;ɀ˜6ç5ǦNƽ

ā�)6:ʟM˳aO5�N�PaMʓǖ¦;̫ŎʇHÙŎH�-D5-OL;ɕ

­ÂɆHĄéŮ˄ɐ9ic��:��5˞˜&O5�5�ƌ˄̳ĵ:�#Nƺā<

��p�7&O�Ü5 average	out&O5�N;0�	

� -O6<�:ɭP��̔Ŏĺɀ˜;ʅŎɐ˴½ɀ˜6�N̔Ŏúő;ǩʑE6Ù

t|WiR�Ƥ!˘ǐ)N%7�6�N;6�O=���5̔Ŏĺɀ˜RʢƜ)N

Əˁ��N;�͊ŕ<Ʀʻ;ɍŧ�̔Ŏĺ;ɀ˜;ȵƔ˜@;̊ɆRü˼ĂD5�

N�1.1ɿ6ˑDLʓǖƟ̘ƦʻIüŭƦʻ;˿ŧ<ǡɟ;Ǥǈ;Ɵ̘Rēʦ:DL

0#6<9��̔Ŏvru6¶ʼ&ON�PaMƉǦ<¡ēʦ07&O5�Lwz

ŜȎ;Ǳ˽;Âʿ�ēʦ:92L;6�N�̔Ŏvru;ĺė:H̫Ŏ:ŝD5<

ŔĲȏR˞˜6�N[100]�D�DwzŜȎ;ɳ̛:��5<�ˌ;K�9¸Ɨ;Þ

ƯĨR¸Ŕ)N%7�6�9��PaMǎŐ;Ù;̔Ŏ˜R-;aåɆ)N%7

<6�9��H1PpǎŐɀ˜;ǩʑEá6̫Ŏʇ;ERʢƜD�Zy�`�ÊŐ

ó;LG:ĝď�ǂç&ONÙŎRʢ�N%76̔Ŏvru��fɼ;ɀ˜Rŧ̚

D�ǜƙĠ9ʓǨRŢ!%7<ēʦ6�N[100]�D�D%;ĺė�ƌ˄̳ĵ:�#

Nˀ̧9pWw�rai<��ra�raiɐ:ƥ25�N(Į 1.9)�Ď̯�ƌ˄̳

ĵ;̫Ŏʇ6<9!��ƌ˄̳ĵ;Ù�:ɚɓ)N%76ƉǦ;ÙƦʻ:̔ɐ�˦

ɐŀ̰RHLL)%7�6�N7§ſ)Nɢɲé̓�ȾOL�v�iuÙŎ	(DP:	

Dressed	Photon)ŭő;Ĕ̴6�N[101,102]�	

� v�iuÙŎŭő6<¸Ɨɐ9ÞƯĨ;ŐĲRÃnG�̫ʱRƬPƌʅŎ�Ȫǅ

;ğȏǅ�ÏÙȹƛ;¸ƗÙŎ7ʩŰɕ­ÂɆ)Nƌʏʇ;{��uxU�Rɀ˜

;çɍȩ7)N[102]�PaMʢ�Nʇ;ŜȎRţ&!D�̔Ŏĺ;ɀ˜6ƥ�¸Ɨ

ÙŎ;ŐĲRɀ˜:ĐMÛON�%;ʢś�Lȵ˦�-D5ȺɶDLÙŎ7ˊ�¬

×˜ɐ9ƶÓ6<9!�ȵ˦ÿ˨;Zy�`�Ra72L¸ƗÙŎ	(v�iuÙŎ)

7ˊ�̫Ŏ�Ǽŏŝ7ÙŎ7�ʓėDLǊD�ĺ;ŐĲ�Ţ�ON	(2.1ɿċȮ)�%

; DP;ĺ<ȵ˦;ʼ̯:ťĲD5�5�˴˫̨	(ƌʅŎ;ŜȎɯż):D�ƃ̱RČ

C&9��D�Dv�iuÙŎR³DL˴Ƴĺɕ­ÂɆ6<ƉǦ;Ù;ɀ˜6<B

C¡ēʦ7&O5�Ľɭ�ēʦ79N�-;�P<�DP;ĺ;Ź�M<ȵ˦;Ŝ

Ȏɯż6�25�ƉǦ;ÙƦʻ6<ŵŉƤȃ6�2L�̘ȏ̘˴½��ƟMɶL9

��K25˴Ƴĺɕ­ÂɆēʦ9˫̨:ʠ�O5�N̔Ŏvruŝ;ɕ­ÂɆ;ĺ

ė�ƉǦ;ɀ˜:��5<̫ȇčǯŎɩï̌ɭ79NZy�`�Ƞ¾@;̌ɭHē

ʦ79M�%;ȷƔRǜĀîɆDL̔Ŏvru��i;�hrat|Wi	 (AND[103,	

104]�NOT[105]�Zy�`�»˸ˬ[106,107]ɼ)�)6:ŕȾ&O5�N�¬Pɓ

;ȷƍ< DP;ĺ��[z�;ĺ7ʓė)N%76�N�&L:ǜ̟ʇRʢƜ)N7�

DP7ʓėDL�[z�<d~���uȹƛ:9NēʦƔ�ŕ̻ɐ:Hɀ˜ɐ:Hª

Ȝ&ON	(2.2ɿċȮ)�ʓǨɐ:d~���u�[z�7;ʓė:K25ɳ̛ɐ	(̃

ā̔):Hư̌ɐ	(Zy�`�):HŃ�!ŀ˚&ON�%;ȷƍRɆ�LZrq�b

Ȏ	(DPPZrq�b�ŷĳĂȎ)[108,109]�˴Ƴĺ�mb��V�[110]�̛Ƴ̌ɭĴ

ĆŢÀRɆ�LɍÙʌŎ[111,112]ɼ�ŕȾ&O5�N�	
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� -O6<â>��̔Ŏúő6�Ƥ!˘ǐ6�N;6�O=�ǨLD5̔Ŏĺ;ɀ

˜R̊Ɇ)NƏˁ��N�͊�Rʢ�5˃K��ɪ;ɽ�<H1Pp�Yes�6�N�

%;ɿ;ǚƈ;̐é:��5ʢ�LK�:�KM�¾;ɀ˜ɐǩʑE6ʢ�N%7

6�KM˟�9ȾˠRŢ!%7�6�N�PaMɀ˜ɐ9ǩʑERƫſ)N%76�

ƉǦ;ÙƦʻ:˦ɐ�̔ɐŀ̰RHLL)%7�ēʦ:9N�	

	
	

1.3	ǣɢɲ;ɓǳ7ǣ˜Ǉ;ǱƟ 	

� ǣɷ; 1.1ɿ:��5�ĂėȵĆŢÀɍÙʌŎ;Ȁĕ:P�5ƯM˵25EL�

D�D 1.2ɿ;áŗ7ȮLDėn+5ʢ�5EN7�ʓǖ¦;̫Ŏʇ7ʓǖ;Ɵ̘

Ʀʻ:ȫȩ�ʠ�O5�N;�é�N�PaM 1950Ÿ¶ƈĆ�L;ĆŢÀÙt|W

i;Ȁĕ:<�Ù�-;H;:̜)Nʢś<¨D!�ʓǖƟ̘7üŭƦʻ;̰Ǌ;

Ȁĕ7ˊ25H̄ˊ6<9��ǯɸɐ:ˊ�=�Ùt|Wi�6�N:H̜nLG�

�Ù�<ýȣɐ9¾ʠD�ĈG5�9!�Ǥǈá̐;̫Ŏ�ōȹƛ
!
i �Lʐȹƛ

!
f

@̌ɭ)N̥:Zy�`�ÊŐóRȞL)LG:ĝďaL<ǂç&ONZy�`�

;Ļɯż;W��h6�N�	

	

	
Į 1.10	ȾĲ;ɍÙʌŎ;̟ɉ	

	
� ŕ<%;%7� 1.1ɿ;ƈĆ6˶ALĂėȵĆŢÀ��i;ɍÙʌŎ�ȾĲƬ2

5�NĦ̶ȩ;Ǫǣɐ9Ċī:925�N	(Į 1.10)�̫Ŏȹƛ;̌ɭ;ERʢƜ)

N;6�ÃɆ6�NǤǈʇ�̟Ŕ&O5Da�	(ɔƳ̌ɭĴĆŢÀ)�-OL;Ǥǈ

ʇ;Ɵ̘;LG:<ĉ̣9^i7ʲŃ9Zy�`�RƧÛ)NƏˁ��N�ɔƳ̌

ɭ:KNɍÙ6�M�pW�au`�r�:KNɍÙâʓė;ĀȽRǯ̟a6̼!

)N;�Ń�9ɓǳ6�N;6�ĀȽ7ʰ;ʋżÞ:̮ŵ:̼��D�D%;ćʰ

Ɣ�±79M�U��c�g��:��5<ʸÙÀ98;ÃɆ�Əˁ6�N�%;

ĺė�ĀȽ�ŞĢ<ŃŶ:ȸȶ:&O�&L:ˆɂĽƔ7ˊ���ru:<ɌĦɹ

�µ!�	
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� H1Pp 1.1ɿ;ǚƈ:˶ALK�:%OLRÜ̐˭a�5HʸÙȨ7ɏȰ̫ȿ

:¶nNǸ£¶Ùȟ6�N%7:<̛̇�9���&L:Ǹ;£¶;ÙȟRʢ�N

ĺė8;K�9ȷƍRȉGNA��͊²a6;ʢś:ķ4�5ʢ�N7�ȅƔ;¿

�%7�ć�Ǥǈ6Ź�ʀĭ;i�au�R]|�6�N%7���ki:��N

diu�¿�%7�&L:ˁȉ&ON;6�P��%OL;̀$NLG:<�Į

1.10�Lé�NK�:ȾĲ;ɀ˜ǩR˩�9#O=9L9��PaMÙRć:̅ß

7D5ʢ�G�Ù-;H;:̜)Nɢɲ�Əˁ6�N;0�1.2ɿ6˞˜DLv�i

uÙŎŭő<a&:-;LG;Íʾ:ƟMƊN�ŕ̥Ǉȼ[111]	�[112]<̛Ƴ̌ɭ

Ĵ6�N Si�SiCRɆ�5ɍÙʌŎRŕȾ&+LĹĞ6�N��v�iuÙŎŭő�

ɍÙʌŎé̓:ǊD�U���qRƷÅ6�N%7RŕˎD5�N�	

� D�Dv�iuÙŎRķɦ:DLɍÙʌŎ;ɢɲ;Ȁĕ<ɠ!�a0ǡˉǐ;̐

é�ł��K25ǣɢɲ6<Ńɓǳ7D5�v�iuÙŎ�[z�  (DPP)RɆ�
L̛Ƴ̌ɭĴĆŢÀ LED:̜)Nķɦɢɲ�Rʺ�%7:DL� 
� aGǤǈ7D5< GaPR�-D5üŭƤȎ7D5<Ǉȼ[111]	�[112]7ĘEK�
:v�iuÙŎ�[z�ƹɆUx��R̍p0�aG GaP<Ŗț:��5 2.26eV;

|�v`�r�RƬP�%O<ē˄Ŵĵ;¦ņ:ƁLNȏ̘ 546nm7ĘÎ6�N;

6�ē˄ɍÙʌŎɆ;Ǥǈ7D5<̽úɐ9Ǥǈ7ˊ�N�̛Ƴ̌ɭĴĆŢÀ6�

N�%O< DPPƹɆUx��:K25Úǝ6�N�aL GaP<ʹȖƟ̘Ȏ	(LECȎ)

:K25|�aʓǖ;Ɵ̘�ēʦ6�N�Si7 SiC<�ˌ;��ru;ȳǋD�Ƭ

L9��PaMšǦɐ:Į 1.10:ɧ&OLĦ̶ȩRʘėɐ:Úǝ6�NǤǈ< GaP

6�N7ˊ�N�aL²a6< IVǍ;̛Ƴ̌ɭĴĆŢÀRɆ�Lɢɲ�§:˿GL

O5ǦL;6�III-VǍ; GaPRɆ�N%76 DPPƹɆUx��;ȊɆƔ;ɤ˔:H

ʞ�N�	

� Ǹ:ǣ˜Ǉ;ɓǳR˓ʏ:ˌ˶)N� 
 
� ��� ƹɆUx��:KNɍÙʌŎÂʿ��ki;ȊɆƔR˚ANLG: �	� RɆ
�5ɍÙʌŎRÂʿ)N�ɺ̓ɷ6˘ǐ)NĊɀ:KN7���� ƹɆUx��:K

25Âʿ&OLɍÙʌŎ; �� i�au�<Ǥǈ;|�v`�r�;E6ȋaLG�

��� ƹɆUx��ǔ;��fÙ;ƃ̱Rđ#N�%;%7Rɤ˔)NLG: �	� ;

|�v`�r�KM̼�Zy�`�RƬP��fÙRÃɆD�|�v`�r�KM

̼�Zy�`�;ɍÙRɓƭ)��

�

��v�iuÙŎ�[z�ƹɆUx��:̜D5<ǡɟ;̐é�a0ł��K25̓

Pɓ;ɓǳ7D5<�DPPƹɆUx��7ˊ�üŭȎRKMȗ!ɀˉ)NLG:�

ǣüŭȎ6Âʿ&OLʌŎ; ELi�au�;üŭǥ¹ÆŐƔR˚AN�ǚʐɐ:<

DPPƹɆUx��;ǚ̊ǥ¹RƲʍ)N�	
	
�	Ǉȼ[111]7[112]:�#N DPPƹɆUx��;�]xj�;˘ǐ:<¡Ąé9̐

é�ł��DPPƹɆUx��RǼD!ˌ˶6�Nɀ˜�t�RƷǬ)N� 
 
%;̈́P;ɓǳR̆Ɵ)N%76��6˶ALŃɓǳ:Ř¢6�N<G7Ì°ɐ:

<ʢ�5�N�	
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Į 1.11	ǣ˜Ǉ;ǱƟ	

	
� -D5ǣɷ;ǚƈ7D5�ǣ˜Ǉ;ǱƟRĮ 1.11:ɧ)�	

� ǣɷ6<ĂėȵĆŢÀɍÙʌŎ7̔Ŏ˜;ȀĕRǰˇD5ǦL�ʓǨɐ:²;ɍ

ÙʌŎ;ɀ˜:��5<̫Ŏ�˞˜;§Ƅ6�M�ÙŎ<�!a6̅ß7D5Ãn

O5ǦL%7RʊƊ6�L7ƒ��Ęǔ:ȾĲ;ɍÙʌŎ;Ƭ25�NĦ̶ȩ;ł

!�ŕ<%;K�9«Ɩ:ķ4!H;6�N%7H˘ǐDL�-D5ǚƈ;̐é6

<ȾĲ;ɀ˜ǩR˩�Nɀ˜7D5v�iuÙŎŭő;Ĕ̴R˘ǐD�ǣɢɲ;ƙ

ʡ7ɓǳ:P�5˘ǐDL��

� ɺ̓ɷ6<ķǣ79NĊɀRa7GN�aGwzŜȎ̳ĵ:��5�̫Ŏ�Ǽŏ

ŝ7ÙŎ<­�:Ⱥɶ:ƥ�9�%7R˘ǐ)N�-D5ÙŎÐ�L¤ʣ;ɕ­Â

ɆRˌ˶)NLG;ȠʅŎǰƑ�PaMv�iuÙŎ���	;ǰƑRŢ!�aL%;

��<ǫŎƯā7ƀ!ɕ­ÂɆ)N��%;%7�Lv�iuÙŎ�[z�����	7ˊ

�ǊD�ȠʅŎǰƑ�Ţ�ON�%;���R³)N%76Ǥǈ;|�v`�r�Zy

�`�ǏɭoW�7<Ȫ̜É:ɍÙ�ēʦ79N%7R˘ǐD5ʺ!�ʗ�5ŕ

̥;̈́Ǹ×ʓǖá̐:��5���Ƞ¾R³DLɍÙ�ɄENLG;ǥ¹R˞˜D�ǚ

ƈ:<���ƹɆUx��:̜D5˘ǐ)N��

� ɺ̈́ɷ6<aG�	�-;H;;ȵƔ7��ru�-D5v�iuÙŎŭő;Ð̯�

L˃Lǔ;��ru:̜D5˘ǐ)N�-;ƈ<W\�ȐÛȎ:KN�	��(
��Ƴ

ė;ƂƟ7ʌŎĂ��ki:P�5ßÀɐ:˘ǐ)N�ʗ�5�	��(
��ƳėpW

\�v:���ƹɆUx��RǌDLʓǨ:P�5˘ǐ)N�-%6<���ƹɆUx�
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�Rǌ)%7:K25|�v`�r�Zy�`�KM̼�Zy�`�RƬPÙŎR

ǂç)NK�:92L%7R˘ǐ)N�&L:ǣɍÙȾˠ<W\�ȐÛǔ:Ƙ˨&

ONʼ̯U���TiĂ:KNH;6<9�%7�-D5���ƹɆUx��ǔ;��

fÙȮŠ;ǜȪ:KNʓǨRȆ˱)N%76���ƹɆUx��;ŌƁƔR˞˜)N��

� ɺͅɷ6<���ƹɆUx��ǔ;ǚ̊ǥ¹RƲʍ)N�aG���ƹɆUx��ǔ;

ȐÛ̫ȒÎ7ȮŠ��fÙ}��:K25Âʿ&OLt|Wi;��i�au��ŀ

Ă)N%7R˘ǐD�ǚ̊ǥ¹RƲʍD5ʺ!�ʓǨɐ:ȐÛ̫ȒÎ7ȮŠ��f

Ù}��R-O.O̫Ŏǅ7ÙŎǅ:ƸɾDLǔ�¤ʣ;Ȇ�͂:˴�ǔ:ǚ̊Ă

6�N%7R˘ǐ�ǣʓǨ;ƙʡ:P�5˶AN��

� ɺ͆ɷ6<̓Ƞ¾̓ȹƛ�t�RƷǬD���ƹɆUx��R˘ǐ)N�aG���ƹ

ɆUx��ǔ:<̫Ŏ�ÿ˨Ƞ¾:ȐÛ&O�&L:̫Ŏȹƛ:ƃ̱RČC)Łĺ

�ɔȒ̫ĺ7��fÙ	�ŐĲ)N%7:ɚɓ)N%76�Ŗț:˴�țż:��5

H¡ʋȵéŲ�ŀĂDƊN%7R˘ǐ)N�aLǤǈ¦;̫Ŏ�ÿ˨Ƞ¾:�N�

ķŻȠ¾:�N�:K25¡ʋȵƫǄ;LG;�s�g��̦Ŀ̼&�ŀnN%7

:ɚɓD���ƹɆUx��;�]xj�R˘ǐ)N�aL̓Ƞ¾̓ȹƛ�t�RɆ�

N%76ɺ̈́ɷ7ɺͅɷ;Ü5;ŕ̻ʓǨ�˘ǐ6�N%7R˃+N%76ǣ�t

�;ŌƁƔRɶˎ)N��

� ɺ͇ɷ6<ǣ˜Ǉ;Ķɻ¦:ƊLOLɟ˃Ra7G�²ƈ;ŧǞ:P�5ˌDL� 

� ɺ͈ɷ<ǣ˜Ǉ;a7G6�N� 
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ǐɐǎ 	
ÙƮ 	

	
	
	
	
2.1 i�^h¼ċ5ĜÅ  

2.1.1	ȜŕÿJȁȝ#Fn|�hkL�5ĜÅ� 	

� ȿǃÿJȮċÓ!/ŋ�ŲAýŶƹ3ŧƒ6 �5İ(2.1)5C�4�ȿǃÿ5v
Vh�zf�\��JýŶ1#Fn|�hkL��DÅƸ!/¼ċ5ưň�ƖƞƟ

ǓċJĜ�ŧƒ0�F� 

!!! 

A x ,t( ) = êakei k⋅x−ωt( ) ⇒

âk =
1
2!ωk

ωkqk + ipk( )

âk
† = 1

2!ωk

ωkqk − ipk( )
 � (2.1) 

� !�!��5¼ċ5Ŗ¹6ĽΓɅü4��F¼1Ǘċ5Ƽ�ªƱJȁȝ#F46

ÔÆ03��3&3DĻŹ5ƮȊ06ǌȲ�J¤Ŝ#F¼Jńđ!�ǬƲǌȲ�5

¡ń5¿œï5�0ňEǍ-đøƓ1!/5vVh�zf�\��JýŶƹ3ÅƸ

ơ1!/�F�D0�F[1]��5ȮċÓu�_^5ÿå�1.2ǔ0ȈŪ!)Ǘċ5Ȝ
¸4��FǬĥƼ�ªƱ�Ƈ�/�F50�ĽΓɅü4��/�5Ŗ¹�Ɖ!�ž

ŏ6Ƣ�� D4ƪǍ!)jmĘƒ5ǌȲJǪė5ęȌ4!)ŭ�'A'AáΓ¼

�ňEǍ-C�3¡ńƹ3¿œïJȂđ#F�160�3��1.2ǔ0AȈŪ!)C
�4��ȁ5C�3Ŋƒ6Ț5ȯ L5ɑƈº¡ń¿œïÁ0ňEǍ-đøƓJȋ
Ȋ!�	L→∞4#F�10ǬƲǌȲJęȌ4!)ȋȊJĠȱ#F)@5ĨĈŊƋ0
�,/�ĽĝɅü4��F¼5ƧŃJȊ$F)@5A5063��C,/jmĘƒ

Ʌü4��F¼ċ1ȿċ5Ƽ�ªƱJŋ�ƮȊ6Ê5ĴJßF:�0�F� 
 
� Ŷǔ5 �5ȋȊ4��/6Ťƫ[2]5 2.1ǔJĆĩ4ÛǪ!3�Dªň#F� 
�  �4ȝ:FȀǓ6ǷȻ06�F��ǙJȁȝ#Fn|�hkL�JƏ@�'�

�DȜŕÿƼ�ªƱJȁȝ#Fi�^h¼ċ ( � DP)5ưň�ƖƞƟǓċJƏ@/
ǲ��ýŶƹ3Ǫ�ŧ6 �5İ(2.2)5C�3ȉíœÒċ5n|�hkL��Dư
ň�ƖƞƟǓċJĜ�51æ�0�F� 
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õ 2.1 ǪŇ#FjmĘƒɅü5Ǚ�jmƧȍ�¡ń¼ċJ�Ⱦ�J=1,/�F� 

 

 � (2.2) 

 
� =$ÅƸơ1!/��-5jmƧȍ�¼5ƓȯCE6$,1ǀ���ȿċ5h�

l�ÑŻ4CFPl�U�ǈÒ60�3�ǉį5ȑȼ4Ǩ�G/�FÿåJńđ!

C��'!/ 1.2 ǔ0ȈŪ!)ÿ5śD�4Ȏò#F¡ń¼ċ5ĎøJǪŇ!C��
�5ÿåjmƧȍ6¡ń¼ċ5Ⱦ4ô=G� D4'5ÞªƱ1!/¼5ÿAjm

Ƨȍ5Pl�U�5ĵɂJà�F (õ 2.1)�C,/�5C�3ĽΓƹ3Ǚ06jmƧ
ȍ1¼J��4ƪǍ4ŋ�3��=)¡ńƹ3¿œïJȂđ0�3�50�ƢŢ5

êƓŢ�µ¼Ʃņ5¼5¡ńȨǉJǪ�FĿǸ��E�'G4¥,/ȿċ�ƉČę

4ȳ!/AƢŢ5Pl�U�ƩņJǪ�3�G73D3���=05ǪėJý4�

�5ǙJǴ#n|�hkL�Jƈ5İ(2.3)5C�4ű�ƭI#�1�0�F� 

!!! 
Ĥ = !ωkâkλ

† âkλ
kλ
∑ + Eα −Eβ( )b̂αβ† b̂αβ

α>F
β<F

∑ + Ĥint  � (2.3) 

� âȚ5ǐɏɃ6ƢŢ5êƓŢ!ωk�µ¼Ʃņ λ 5¼ċJǴ#�ǐɐɃ6ǐɏɃ4¥

�ȿċ�ƉČę5ƢŢ5ÐȎƩņ0�E�F6sO�|Ɲ¦J�!Eα1!
Eβ6'G(G

Pl�U�Ɲ¦���4��FPl�U�JŅë#F� D4!!b̂αβ = Sêα ĥβ0�E�P
l�U�Ɲ¦� 4��Fȿċ5Ɩƞ1Pl�U�Ɲ¦�4��FƉČ5ƖƞJŅë

#F�S (!S∗6'5Ƿǜ¿Ķ)6ŭȲÞȕęǇŃJ±-)@5ǷǜŢ0�F�=)

!!b̂αβ
† = S∗êα

† ĥβ
†6ȿċ�ƉČ5ưňJŅë#F�Ųĺ4ǐɑɃ6¼ċ1ȿċ�ƉČę5

Ƽ�ªƱJǴ#���4ƭGFưň�ƖƞƟǓċ6 �5�Řȳ°Jƛ)#� 

!!!

âkλ ,âkλ†⎡⎣ ⎤⎦ =δk ′k δλ ′λ

b̂αβ ,b̂ ′α ′β
†⎡⎣ ⎤⎦ =δα ′α δβ ′β

 � (2.4) 

� =$İ(2.3)�5Ƽ�ªƱJǴ#Ƀ�-=E!!Ĥint4-�/Ǫ�C���5Ƀ6� 

!! 

H = 1
2mp̂

2 + 12mω
2x̂2⇒

â= mω
2! x̂ + i

mω
p̂

⎛
⎝⎜

⎞
⎠⎟

â† = mω
2! x̂ − i

mω
p̂

⎛
⎝⎜

⎞
⎠⎟
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!!!Ĥint = − ψ̂ †(r)p(r)ψ̂ (r)⋅D̂⊥(r)dv∫  � (2.5) 

5C�4Ǵ%F���0!p6ȿƎÝƁċ��~�h�!ψ̂ 1!ψ̂
†6ȿċ�ƉČę5ÿ5

Ɩƞ�ưňJǴ#�-=E�ȿċ1ƉČ5ƩņȳŢ!!!ϕeα (r)1!!!ϕhβ(r)JƱ�/ 

!!!
ψ̂ (r)= ϕeα (r)êα

α>F
∑ + ϕhβ(r)ĥβ

β<F
∑  � (2.6) 

5C�4ű�F�'!/!!D̂
⊥(r)6½Ě¼ċ5ȿƎă¦vVh�5ƟǓċ5ƓŢvVh

�!k4úƻ3ňÆ0�E� 

!!!
D̂⊥(r)= i Nkekλ(k) âkλ(k)eik⋅r − âkλ† (k)e− ik⋅r{ }

λ=1

2

∑
i
∑  � (2.7) 

5C�4Ǵ%F���0!!Nk6ƍ¬°Ţ�!!ekλ(k)6µ¼ŧç4Ƒ,)Ö¦vVh�0
�F��ȁ5(2.6)1(2.7)J(2.5)4�½!�Ƽ�ªƱn|�hkL�Jű��#1� 

!!!

Ĥint = −i Nk ϕhβ
∗ ϕeαe

ik⋅r p⋅ekλ(k)( )b̂αβâkλ dv∫ + ϕeα
∗ ϕhβe

ik⋅r p⋅ekλ(k)( )b̂αβ† âkλ dv∫{
α>F
β<F

∑
kλ
∑

− ϕhβ
∗ ϕeαe

− ik⋅r p⋅ekλ(k)( )b̂αβâkλ†∫ dv − ϕeα
∗ ϕhβe

− ik⋅r p⋅ekλ(k)( )b̂αβ† âkλ† dv∫ }
 � (2.8) 

13F���0ȿƎÝƁċ��~�h5ǌȲÆĦ5s��PăŘJ 

!!!

ρβαλ(k)= ϕhβ
∗ (r)ϕeα (r) p(r)⋅ekλ(k)( )eik⋅rdv∫

ρβαλ
∗ (k)= ϕeα

∗ (r)ϕhβ(r) p(r)⋅ekλ(k)( )e− ik⋅rdv∫
ραβλ(k)= ϕeα

∗ (r)ϕhβ(r) p(r)⋅ekλ(k)( )eik⋅rdv∫
ραβλ

∗ (k)= ϕhβ
∗ (r)ϕeα (r) p(r)⋅ekλ(k)( )e− ik⋅rdv∫

⎧

⎨

⎪
⎪
⎪

⎩

⎪
⎪
⎪

 � (2.9) 

JƱ�/=1@� D4 

!!!

γ̂ αβλ(k)= ραβλ
∗ (k)b̂αβ + ρβαλ

∗ (k)b̂αβ†

γ̂ αβλ
† (k)= ραβλ(k)b̂αβ† + ρβαλ(k)b̂αβ

⎧
⎨
⎪

⎩⎪
 � (2.10) 

JƱ�/İJţƮ#F1�İ(2.5)6 

!!!
Ĥint = −i Nk γ̂ αβλ

† (k)âkλ −γ̂ αβλ(k)âkλ†( )
α>F
β<F

∑
kλ
∑  

� (2.11) 

0Ǵ G�¾n|�hkL�6 �5C�43F� 

!!! 
Ĥ = !ωkâkλ

† âkλ
kλ
∑ + Eα −Eβ( )b̂αβ† b̂αβ

α>F
β<F

∑ − i Nk γ̂ αβλ
† (k)âkλ −γ̂ αβλ(k)âkλ†( )

α>F
β<F

∑
kλ
∑  

� (2.12) 

 
2.1.2	n|�hkL�5ęǽÓ1i�^h¼ċ5ĜÅ 	

� İ(2.12)5==*1ǷȻ0�E�'5Ņë#Fŉ5Ǫė�óȽ0�F�C,/İ
(2.12)J D4ǹū�Ģć#FĿǸ��F�'5)@4Ʊ�F56ęǽÓ5Ŋƒ0�
F�õ 2.24Ǆ#C�4�-5œÒċJǪ�C����0	6œÒċ5ǽœÒŢ�
'!/ !ω 6œÒċæĂ5Ƽ�ªƱJǴ#�õ 2.2(b)1İ(2.13)0Ǆ#C�4���4
Ƽ�ªƱ#FœÒċ5ÿåAęǽÓ!/Ǫ�F�10��-5��i5Ȳ4Pl�

U�5Ĥ�ư"�ƪǍ!)�-5œÒċ1!/ŋ��1�0�F� 
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õ 2.2 �-5œÒċ A1 B�(a)��4ƪǍ3ÿå: !Ω0Pl�U��āƗ#F�(b) !ω 0Ƽ
�ªƱ#Fÿå: 	 !(Ω±ω )0Pl�U�5āƗ#FƪǍ3�-5œÒċ1!/ŋ�F� 

 

!! 

Ĥ = !Ω â†â+ b̂†b̂( )− !ω â†b̂+ b̂†â( )⇒ ˆ ′H = ! Ω−ω( ) Â†Â+ ! Ω+ω( )B̂†B̂

Ω −ω
−ω Ω

⎛

⎝⎜
⎞

⎠⎟
diagonalizationi⎯ →⎯⎯⎯⎯ Ω−ω 0

0 Ω+ω
⎛

⎝⎜
⎞

⎠⎟

Â= 1
2
â+ b̂( ) , B̂ = 1

2
â− b̂( )

 
� (2.13) 

 
� �5C�3ŝªJjmĘƒɅü4��Fn|�hkL�9Őı#F�-=Eİ

(2.12)JęǽÓ %F�10�õ 2.15C�3Ǚ5Ƽ�ªƱJĊ�#FƝǗċƂŁJ
Ĝ��İ(2.12)JęǽÓ %F)@4 �5�ka�ăŘƟǓċJǪ�C�� 

!!Û = eŜ  � (2.14) 

)*!���0!!Ŝ6ÞP�|�hƟǓċ (!!Ŝ = −Ŝ† ) 

!!!
Ŝ = −i Nk γ̂ αβλ

† (k)âkλ + γ̂ αβλ(k)âkλ†( )
α>F
β<F

∑
kλ
∑  

� (2.15) 

0�F��ka�ƟǓċ(2.14)Jİ(2.12)4ªƱ %)ǠŻļDGFŦ!�n|�h

kL�J! !H1ű�1� 

!!! 

!H = Û −1ĤÛ = " ′ωk
!akλ
† !akλ + ′Eα − ′Eβ( ) !bαβ† !bαβ⎡

⎣
⎤
⎦

α>F
β<F

∑
kλ
∑  

� (2.16) 

5C�4ǖÖÓ GF�Ŧ!�ưň�ƖƞƟǓċ!! 
!akλ , !!! !akλ

† , !! 
!bkλ , !!! 

!bkλ
† 5ȈŪ6Ğ!ĺñ

!4!/��5İ(2.16)5ŅëJǖÖ4ȈŪ#F�A1A1! !ωk5Pl�U�Jő,

)¼ċ1
!
Eα −Eβ( )5Pl�U�ő,)ȿċ�ƉČę�'!/'GD5Ƽ�ªƱJǪ

�n|�hkL�Jȁȝ!) (İ(2.3)1İ(2.12))�'!/�5n|�hkL�Jęǽ
Ó %/ļDG)5�İ(2.16)0�F�-=Eõ 2.21İ(2.13)0ȈŪ!)C�4��
��Ƽ�ªƱ!å�Ǚ5n|�hkL�JęǽÓ %F�10�ăȉ G)Ŧ!�

ýƝœÒJő+���4ƪǍ3Ǚ4ăŘ0�F50�F��-5œÒċ�Ǡå#F

�10ļDGFŦ!�ýƝœÒ6'G(G(2.16)İ�5! ′ωk1! 
′Eα − ′Eβ( )
! 0�,/�!!! !akλ

† 1
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!! 
!akλ6Ŧ!�ýƝœÒ! ′ωkJő-Ȯċ (ȿċ�ƉČę5Pl�U�4CEăȉ G)¼

ċ)5ưň�ƖƞƟǓċ�!!! 
!bkλ
† 1!! 

!bkλ6Ŧ!�ýƝœÒ! 
′Eα − ′Eβ( )
! Jő-Ȯċ (¼ċ5Pl�

U�4CEăȉ G)ȿċ�ƉČę)5ưň�ƖƞƟǓċ0�F�ƟǓċ4ȳ!/ǵ
Ω#F1�ȿċ�ƉČę5ĵɂJà�)¼ċ0�F�1JŅë#F)@�^�J�~�
4ă�)*�0�Ťč6'5==!aJ«Ʊ!)�A+HKȿċ�ƉČę4ȳ!/A
æƄ5�1�ǿ�F� 

� ƈ4Ŧ!�ļDG)ɒ-5ƟǓċ!! 
!akλ , !!! !akλ

† , !! 
!bkλ , !!! 

!bkλ
† JÀ¨ƹ4ű��#�=$ưň

ƖƞƟǓċ!!! !akλ
† 1!! 

!akλ6 

!!! 

!akλ = Û
−1âkλÛ = âkλ + âkλ ,Ŝ⎡⎣ ⎤⎦+

1
2! âkλ ,Ŝ⎡⎣ ⎤⎦ ,Ŝ⎡
⎣

⎤
⎦+"

!akλ
† = Û −1âkλ

† Û = âkλ
† + âkλ

† ,Ŝ⎡⎣ ⎤⎦+
1
2! âkλ

† ,Ŝ⎡⎣ ⎤⎦ ,Ŝ⎡
⎣

⎤
⎦+"

⎧

⎨
⎪⎪

⎩
⎪
⎪

 � (2.17) 

CEƏ@F�1�0�F�İ(2.4)5�Řȳ°JƱ�/İJĠȱ!�!!Ŝ5Ų§ƈ5Ƀ
5>Ɗ#1� 

!akλ = âkλ − iNk ραβλ
∗ (k)b̂αβ + ρβαλ

∗ (k)b̂αβ†( )
α>F
β<F

∑

!akλ
† = âkλ

† + iNk ραβλ(k)b̂αβ† + ρβαλ(k)b̂αβ( )
α>F
β<F

∑

⎧

⎨

⎪
⎪

⎩

⎪
⎪

 � (2.18) 

1Ə=F�!! 
!bkλ1!!! 

!bkλ
† 4ȳ!/AæƄ5ȀǓJǲ��10� 

!!! 

!bαβ = Û
−1b̂αβÛ = b̂αβ − i ραβλ(k)âkλ + ρβαλ

∗ (k)âkλ†( )
kλ
∑

!bαβ
† = Û −1b̂αβ

† Û = b̂αβ
† − i ρβαλ(k)âkλ + ραβλ

∗ (k)âkλ†( )
kλ
∑

⎧

⎨
⎪⎪

⎩
⎪
⎪

 � (2.19) 

5C�4Ə@F�1�0�F�!�!ŲÉ5¡đ4��/�ɐ-5jmƧȍ6¼5

ƓȯCE6$,1ǀ���h�l�ÑŻ�Ȏ�D3�ǉį5ȑȼ4ȼG/�F1!

)50 (õ 2.1)��Ǫ�/�FjmǗċȲ5Ƽ�ªƱ6İ(2.19)Jȵ��İ(2.18)5ư
ň�ƖƞƟǓċJƱ�/ȋȊ GF:�0�F�'!/�¾/5!k1 λ4ȳ!/İ
(2.18)�5ƟǓċ5íJß,) 

!akλ
†

kλ
∑ = âkλ

† + iNk ραβλ(k)b̂αβ† + ρβαλ(k)b̂αβ( )
α>F
β<F

∑
⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥kλ

∑

!akλ = âkλ − iNk ραβλ
∗ (k)b̂αβ + ρβαλ

∗ (k)b̂αβ†( )
α>F
β<F

∑
⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥kλ

∑
kλ
∑

 � (2.20) 

5Ĵ5ưň�ƖƞƟǓċ0Ǵ GFƝǗċ�i�^h¼ċ ( � DP)0�F��5ư

ň�ƖƞƟǓċ5ÁȬJǹF1�¼ċ5ưň�ƖƞƟǓċ (!!!âkλ
† 1!!!âkλ )4ȿċ�ƉČ

ę5ưň�ƖƞƟǓċ (!!!b̂kλ
† 1!!!b̂kλ )4ƍ¬#FɃ��ȷ!/�FĴJß,/�F�-

=E�5 DP5ƟǓċ0Ǵ GFÿ6�ƪǍ3¼ċ063��ȿċ�ƉČę5Pl
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�U�J=1,)¼ċ0�F1Ǫ�F�1�0�F��5 DP5ƟǓċJƱ�F�
10�=$ǐɏ5jmǗċ4Ďø!) DP�Ɩƞ!�ǐɐ5jmǗċ4 DP�ưň 
GF1ǿ�Pl�U�ǈÒ0ȜŕÿƼ�ªƱJȁȝ#F�1�0�F�=) DP5

ÿ5Ĭ�E6!!ραβλ(k)1!!ρβαλ(k)4è=GF!!!ϕeα
∗ (r)ϕhβ(r)�!!!ϕhβ

∗ (r)ϕeα (r)4CE��DG
F���GD6ȿċ�ƉČ5ƩņȳŢ0�F50�ƧȍĄ95Ž>Å!6ǀ��C

,/ DP5ÿ4CFƼ�ªƱ6Ȝȑȼ4!�ĵɂJÜ< 3�� 
� Ēȸ46 DP5ÿ4CFƼ�ªƱ�-=EȜŕÿ¼Ƽ�ªƱ5zf�\��6ƚ
ġȳŢ0��DGF[2]� 

Yukawa Potential�
!
Veff =

e
−r
a

r
 � (2.21) 

 
��0 a6Ƽ�ªƱȯ0jmǗċ5Ęƒǉį0�E�r6jmǗċȲ5ȑȼ0�F�
�5�1�D DP5ÿ5ǌȲƹĬ�E�-=E DPJ�!)Ƽ�ªƱ5Ǖô6jmǗ
ċ5Ęƒǉį0�F�1�Æ�F� 
 
 

2.2	DP5ÿ1sQm�ÿ5Ƽ�ªƱ 	

� Îǔ06jmɅü4��F¼ċ1jmǗċ (ÚĖ46jmǗċ�5ȿċ�ƉČę)
5Ƽ�ªƱJǪ�F�10�ƧȍǴɁ4ğø#F¼�-=E DP1ǿ�ƝǗċ5Ƃ
Ł1 DP5ưň�ƖƞƟǓċJĜ�)� D4 DPJ�!)Ƽ�ªƱ5Ǖô6jmǗ
ċ5Ęƒǉį0�F�1AȈŪ!)� 
� !�!Îǔ06�-5jmǗċ5>JǪŇ!)�Ēȸ5Ǚ4ƍ:F1�=E4A

ÖǛÓ!Ȩ�)�g�0�F�¬�7ÕĜ¨ǠŮ5ÿå*1 1cm3�)Eɏ023²ǉ

į5Ùċ0ƃň G� D4Ùċ6�-5ÿŉ4öđ G/�D$�Ǣ�$œÒ#

F�C,/Ēȸ5ǙJǪ�Fȸ46sQm�15Ƽ�ªƱJAǪŇ#FĿǸ��F�

'!/sQm�15Ƽ�ªƱ5ǠŻ�Ȝŕÿƨų5ȮċÑŻ�ư"F�1JŶǔ4

��/ȈŪ!/ǲ�� 
� ò>4ŶǔJű�4ĳ),/6�Ťƫ[2-4]JĆĩ4ÛǪ!)� 
 
2.2.1	DP-sQm�Ƽ�ªƱ5đİÓ 	–	i�^h¼ċsQm�5ĜÅ 	

� =$ DP5ÿ1sQm�5ÿ5Ƽ�ªƱJđİÓ!C��ɋƈº5Ǚ5ÿå6Ȁ
Ǔ�ǷȻ43F50�õ 2.35C�3ɏƈº5ųȴǙJǪ��'��DļDG)ƿ
ǹJƱ�F�14#F�ÅƸơ1!/6 2.1ǔ1æ"C�4�õ 2.35ǙJȁȝ#F
n|�hkL�Jȫ8� 

			 
Ĥ = !ω "ai

† "ai
i=1

N

∑ +
p̂i
2

2mi

+ k
2 x̂ i+1 − x̂ i( )2

i=1

N−1

∑
i=1

N

∑ + k
2 x̂ i

2

i=1,N
∑

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
+ !χ "ai

† "aix̂ i
i=1

N

∑ + !J "ai
† "ai+1 + "ai+1

† "ai( )
i=1

N−1

∑  

�    (2.22) 
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��0!! !a†6õ 2.35ZMh i4¶ƴ#F DP5ưňƟǓċ 
!!! 
!akλ
†

kλ
∑ JŅë!�! !a6ZM

h i4��FƖƞƟǓċ0�F�!!!x̂ i1!!!p̂i6ſċơ5ă¦1ȧÒȮƟǓċ0�E�!mi

6ſċơ5ȍȮ�!k6ſċơJǠ8ol5olđŢ0�F� D4ǐɑɃ4ƭGF 

 
õ 2.3 ɏƈº5ol
{^�g� (Ţč6ZMhƵã) 

 

 !χ6 DP1sQm�5Ƽ�ªƱJŅë#FɃ0�E�ǐɒɃ5! !J6 DP4CF£Ņ
5ZMh�Dȹ5ZMh95Pl�U�ǈÒJŅë#F ( χ : ǠåđŢ�!J : ȒȔđ
Ţ)�)*!��6 J5ZMh®ĎŃ� χ 5ZMh1��i®ĎŃ6ƢΓ#F ( D
4ǘį5ɋ�ȋȊ5)@46�5C�3đŢ5®ĎŃ32�ěŹȋȊ GF:�0

�H�)� 
� �G4sQm�ÿ5ȮċÓJȩƱ!���iƵã p�öųǽêƓŢ

!
Ωp�'!/�

�iƵã p5sQm�5ưň�ƖƞƟǓċ!!ĉp
†�!!ĉpJ«�Ǵ%7� 

!! 
Ĥ = !ω "ai

† "a
i=1

N

∑ + !Ωpĉp
†ĉp

p=1

N

∑ + !χ ip
"ai
† "ai ĉp

† + ĉp( )
p=1

N

∑
i=1

N

∑ + !J "ai
† "ai+1 + "ai+1

† "ai( )
i=1

N−1

∑  � (2.23) 

13F��5İ5ǐɑɃ6ZMh i5 DP1��iƵã p5sQm�5Ƽ�ªƱJǴ

!�
!
χ ip6'5ǠåđŢ0�F���4ƭGFưň�ƖƞƟǓċ6 �5�Řȳ°J

ƛ)#� 

!! 

!ai , !aj†⎡⎣ ⎤⎦ =δ ij
!ai ,ĉp⎡⎣ ⎤⎦ = !ai ,ĉp

†⎡⎣ ⎤⎦ = !ai
† ,ĉp⎡⎣ ⎤⎦ = !ai

† ,ĉp†⎡⎣ ⎤⎦ =0
!ai , !aj⎡⎣ ⎤⎦ = !ai

† , !aj†⎡⎣ ⎤⎦ = ĉp ,ĉq⎡⎣ ⎤⎦ = ĉp
† ,ĉq†⎡⎣ ⎤⎦ =0

 � (2.24) 

İ(2.23)46sQm�1 DP5Ƽ�ªƱ�è=G/�FǐɑɃ4ɑƈ5Ƀ�è=G/
�/��5==06'5Ņë#FŉJŌř#F56Ĕū063��C,/ 2.1ǔ1
æƄ4ęǽÓJȅ>F����06ȬÆƹ4ęǽÓ %F�'5)@4ƈ5C�3

ÞP�|�hƟǓċ!!ŜJĜ½!�ęǽÓ5)@5�ka�ƟǓċ!!ÛJđǩ#F� 

!! 

Ŝ =
χ ip

Ωp

!ai
† !ai ĉp

† − ĉp( )
p=1

N

∑
i=1

N

∑

Û = eŜ
 � (2.25) 

ũĎ5 DP1sQm�5ưň�ƖƞƟǓċ4İ(2.25)5�ka�ƟǓċ!!ÛJªƱ %
F�10�DP1sQm�5Ƽ�ªƱJÞŬ!)Ŧ!�ÿJđǩ#Fưň�ƖƞƟǓ
ċJƈ5İ(2.26)1(2.27)5C�4Ĝ��1�0�F� 
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� 2.1ǔ1æ"��ęǽÓ5ǠŻ1!/ƭGFİ(2.26)6sQm�5Pl�U�J=
1,) DP�İ(2.27)6 DP5Pl�U�J=1,)sQm�JŅë#F� 

!! 

α̂ i
† = Û† !ai

†Û = !ai
† exp −

χ ip

Ωp

ĉp
† − ĉp( )

p=1

N

∑
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

α̂ i = Û
† !aiÛ = !ai

† exp
χ ip

Ωp

ĉp
† − ĉp( )

p=1

N

∑
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

 � (2.26) 

 

!! 

β̂p
† = Û†ĉp

†Û = ĉp
† +

χ ip

Ωp

!ai
† !ai

i=1

N

∑

β̂p = Û
†ĉpÛ = ĉp +

χ ip

Ωp

!ai
† !ai

i=1

N

∑

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

 � (2.27) 

�GD5ƟǓċ5ŅëJ D4À¨ƹ4ŔF)@4Ŧ!�đǩ G)ưňƟǓċJ

ƽǌƩņ!0 4ªƱ %/ǹF� 

!! 
α̂ i
† 0 = !ai

† exp −
χ ip

Ωp

ĉp
† − ĉp( )

p=1

N

∑
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
0 = !ai

† exp −12
χ ip

Ωp

⎛

⎝
⎜

⎞

⎠
⎟

2⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
exp −

χ ip

Ωp

ĉp
†⎛

⎝
⎜

⎞

⎠
⎟

p=1

N

∏ 0  � (2.28) 

 

!!β̂p
† 0 = ĉp

† 0  � (2.29) 

=$İ(2.28)�DÆ�FC�4!!α̂ i
† 0 5Ǵ#Ʃņ6�{�c��i0Yq���h3

sQm�J=1,) DP�ZMh i4ưň G)ƩņJŅë#F�ÞɁ�DP5Pl

�U�J=1,)sQm�5ưňJǴ#!!β̂p
†5ÿå�İ(2.29)�DÆ�FC�4ăŘĺ

4AsQm�5ưňJǴ#� 
� İ(2.26)�(2.27)5Ŧ!�ƟǓċJ«�7İ(2.23)5n|�hkL�6� 

!!
Ĵi = Jexp

χ ip − χ i+1p( )
Ωp

β̂p
† − β̂p( )

p=1

N

∑
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
 � (2.30) 

JƱ�/� 

!! 
Ĥ = !ωα̂ i

†α̂ i
i=1

N

∑ + !Ωpβ̂p
†β̂p

p=1

N

∑ −
!χ ipχ jp

Ωp

α̂ i
†α̂ iα̂ j

†α̂ j
p=1

N

∑
j=1

N

∑
i=1

N

∑ + ! Ĵiα̂ i
†α̂ i+1 + Ĵi

†α̂ i+1
† α̂ i( )

i=1

N−1

∑  

�     (2.31) 
5C�4ű�ƻ GF�İ(2.31)5n|�hkL�0ǐɑɃ5ƟǓċ6ŢƟǓċJƱ

�F�10�!!N̂iN̂ j = α̂ i
†α̂ iα̂ j

†α̂ j1Ǵƭ0�F�C,/ǹ���6ɋƈ5ɃJèK0�

FC�4ǹ�F��ƝǗċ5ưň�ƖƞJè?Ƽ�ªƱJǴ!/�FȄ063��

!�!ǐɒɃ6ŪD�4ęǽÓ G/�3��*���5Ƀ4��FƼ�ªƱ6Z

Mh®ĎŃJő-ȒȔƟǓċ!! ĴiJȡ"/Ȳŕƹ4Ȏ�F�C,/�5ɃJƢΓ#G
7n|�hkL�6ęǽÓ G/�E�!!α̂ i

†1!!α̂ i0ưňƖƞ#Fÿ1�!!β̂p
†1!!β̂p0ư

ňƖƞ#Fÿ15Ȳ46ƻŕƹ3Ƽ�ªƱ�3�ƪǍ0�F1ǿ�F�=)�5ÿ
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å�ÁȬ5 DP4-�/ƮȊJĠȱ#Fȸ46�{�c��iYq���hsQm

�5Pl�U�J=1,) DP (İ(2.28)ÛƤ)5ưňƖƞƟǓċ!!α̂ i
†1!!α̂ i45>Ɣƺ#

G7ǰ�5�Æ�F��5!!α̂ i
†1!!α̂ i0ưň�Ɩƞ GFƝǗċJ�i�^h¼ċsQ

m� (Dressed Photon Phonon)�( ��DPP)1ì8� 
 
2.2.2	DP5¶ƴ 	

� DP�sQm�1Ƽ�ªƱ!3�ÿå46 DP6ɈǱ3ZMh®ĎŃJǄ 3��
!�!sQm�15Ƽ�ªƱ�Ďø#F)@�DP5ǌȲƹœFǮ�6sQm�5ǌ
ȲƹœFǮ�4Ĳ�ĵɂ GF��5�16ęȌ5Ǚ5ÁȬ4�ǛƧ�è=G/�

Fÿå4 D4ɈǱ43F��5�1JǪė!/ǲ�)@4�ƌ¨ÙċCEȗ��

ǛƧJÁȬ4è?ɏƈºǙ5œÒJńđ!C��À¨ƹ3ȀǓ6Ţ´ȀǓ`sh0

ǲ,)�	

	
õ 2.4	ÁȬ4�ǛƧJè?ɏƈº5ol
{^�g�	

	
� =$ÁȬ4ȗ��ǛƧJè>�N²5ſċơ0ƃň G/�Fɏƈº�g�JǪ
�F	(õ 2.4)�ol{^Ǚ5œÒ6 �5İ	(2.32)5C�3ȣǍŧǉİ0Ǵ GF�	
	

			
mi

d2

dt2
xi = −ki+1 xi − xi+1( )−ki xi − xi−1( ) ⇒ M d2

dt2
x = −Γx  

 

)*!

		 

M =

m1 0 ! 0
0 m2 " #

# " " 0
0 ! 0 mN

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

�

		 

Γ =

k1 +k2 −k2 0
−k2 k2 +k3 !

! ! −kN
0 −kN kN +kN+1

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

 

� (2.32) 

	
� �5İJƱ�/ýƝœÒ��iJȀǓ#F46ƈ5İ	(2.33)5C�4ăĴ#G7
ǰ��	

			
M d2

dt2
x = −Γx ⇒ ω 2Mx = Γx ⇒ ω 2x =M−1Γx  � (2.33) 

-=EǲÈ		M−1Γ5öų´îɇJǾ�7�ýƝœÒ5Pl�U�	(ǽêƓŢ�)1ǌȲ
ÆĦ	(öųvVh�)�Ə=F�	
� ��0ſċơŢ N=300��ǛƧ6 5�9�18�25�26�27Ƶƺ5ZMhJ×@
/�/ȍȮ6ƌ¨Ùċ5 0.5³*1¡đ#F�=)¾/5olđŢ ki	(i=1,�,31)�	
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õ 2.5	sQm���i1ǌȲÆĦ�(a)�ǛƧ��Fÿå1Ƣ�ÿå5öųêƓŢ	ω i 	(i=1,

�,30)	(ſċơŢ:	30��ǛƧ5¦Ǩ:	5�9�18�25�26�27ƵZMh)�(b)�ǛƧ��Fÿ

å5	ω1 ,		ω2 ,		ω34ęŀ#FsQm���i5ǌȲÆĦ1�ǛƧ�Ƣ�ÿå5ŲɋƈsQm�

��i4ęŀ#FǌȲÆĦ�	
	
đ*1!C���ǯƹ4¾/5ſċơ5ȍȮ�Ǒ!�G7�'G(G5öų��i

4ęŀ#FſċœÒ5ƓĴ6Ǚ¾¨4Ĭ�,)ĴJßF	(õ 2.5(b)5ɍơǥ)�!�
!êECEȗ��ǛƧJè?ÿå�õ 2.5(b)4Ǆ#ȀǓǠŻ5C�4ğø��i1
ì7GFœÒ��i�Ďø#F	[5,6]� D4�5ğø��i6ȗ��ǛƧ�ȹŕ!
/�F1 D4ɈǱ43F�1�ǹ/Æ�F�ğø��i�ő-ƨľ6�G*�0

63��õ 2.55(a)4Ǆ#ȀǓǠŻ�DŪD�3C�4��ǛƧ5Ƣ�ÿå1ƍ:

/Pl�U�5ɋ�œÒ��i�Ďø#F�õ 2.5� (a)6	ω i 	(i=1,�,30)JĆ� 5

Ʉ4�:)A50�F	(ƆȖ4Ņë6Ƣ�)�Ţďƹ4ǿ�7��5��Dɑ-5ɋ
Pl�U�	(öų´)4ęŀ#FöųƩņ�õ 2.5(b)4Ǆ#ğøœÒ��i0�F�
ţƮ#F1�ųȴǙ5ÁȬ4êECEȗ��ǛƧ�Ďø#Fÿå46Pl�U�5

ɋ�œÒ��i�ƭG� D4'5öųƩņJƏ@/ǹF1�ǛƧêE4ğø#F

œÒ�ļDGF�	
�  D4Ťƫ[4]4CF1��ȁ5C�3ųȴǙ4¼�½Ě GF1 DP1sQm�
5Ƽ�ªƱ4CEsQm��ÐȎ GF����i p5sQm���FŭÌ t4�
�/ÐȎ GFǂƬ!!P(t)6ƈ5İ(2.34)0��DGF	()*!�!!t =04��/sQm
�ÿ6ƽǌ0�F1¡đ)�	
	

 � (2.34) 

	
#04õ 2.55ǠŻ0ȈŪ!)C�4�ğø��i4ęŀ#FœÒ5Pl�U��
ɀğø��i5Pl�U�CEɋ��-=E�5Ǚ4¼�½Ě G)ÿå�=$ğ

ø��i5sQm��ÐȎ G�'5ĺ4ɀğø��i5sQm��ȦG/ÐȎ 

GF�A!ƥ4CFÐȎ5ÿå*1�sQm�5Pl�U�ÆĦ6y�e{�ÆĦ

!!
P(t)=1−exp 2

χ ip

Ωp

⎛

⎝
⎜

⎞

⎠
⎟

2

cos Ωpt( )−1⎡
⎣

⎤
⎦

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
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4Ļ�6$0�F50�ğø��i5sQm�6Pl�U��ɋ�)@;1K2Ð

Ȏ G3�6$0�F�!�!ſċơêE5 DPJǪ�� D4 DP1sQm�5Ƽ
�ªƱJǪŇ#FƮȊż4��/6ğø��isQm�5ÐȎ�áǫ13F�	
� �=05ȋȊ0�ÁȬ4ȗ��ǛƧJè?ɏƈºǙ5ÿå��ǌȲƹ4ğø!)

œÒ��i�Ďø#F��ğø��i5Pl�U�6ɀğø��i5Pl�U�C

Eɋ��
DP 15Ƽ�ªƱ4C,/œÒ�Ðœ GFŭ4ğø��i�»4ƭGF�
1ǿ�ɑ-5ƨľJő-�1Jǹ/�)�'�0ğø��i1 DP15Ƽ�ªƱJǪ
�F��G6ɀğø��i5œÒ5ÿå�ſċ¾¨4Ĭ�,/�F50�ǌȲƹ4

ğø!/�F DP15Ƽ�ªƱ6B6Eğø��i5ŧ�Ȏ�B#��1JÞŬ#F
)@0�F�=)ŭȲ^X��0Ǫ�)ŭ4�İ(2.34)�DAÆ�FC�4�DP1
ğø��isQm�15Ƽ�ªƱJǪ�F�16sQm��Ðœ G)ƻĺ5ÉŴ

5ŭȲɅü4��FǙJǪ�F�14Ƽĳ#F��=05ȋȊJ �5�ǂđŃÙ

Ʈ	(İ(2.35))1åI%/Ǫ�F�10 DP4C,/ÐȎ G�DPPJĴň#FsQm
��Yq���h3{�c��isQm�0�F�1�đŃƹ4ƮǾ0�F�	

 � 
(2.35a) 

 
(2.35b) 

l ǌȲƹ4ğø G)œÒ			ƓŢ5�ǂđŃ�ā�F			{�c��iŃ 	
l Yq���hƩņ16ƝǗċ�ÄȺ!)Ʃņ0�F��n|�hkL�5öų

´063�50�Pl�U�6Ĩ4śD�	
ŭȲƹ4Ɓ@/ÉŴɅü			Pl�U�5�ǂđŃ�ā�F			Yq���hŃ
JĲ�ůǄ	

	
� Ťƫ[4]46�ȁ5C�3 DP 1ğø��i5sQm�5Ƽ�ªƱJǪ�F�10�
õ 2.4 5äZMh4��/ DP JǼƙ#FǂƬ5ȀǓǠŻ�Ǆ G/�F�À¨ƹ4�
ķD6İ(2.31)5n|�hkL�5ǐɒɃ�5ȒȔđŢ J1ǠåđŢ χ 5ƍ5ăÓ4

C,/¶ƴ5Ƅċ�25C�4ăÓ#F5�JȀǓ!)	[4]�=$õ 2.6	5(a)6Ǡå
đŢ χ J 0�ȒȔđŢ JJ!! !J =1eV4!)ŭ5ǠŻ0�F�'!/õ 2.6	(b)6Ǡåđ

Ţ1ȒȔđŢ5Ȳ4	

!! 
J~!
k
⋅ χ
N

⎛
⎝⎜

⎞
⎠⎟

2

 � (2.36) 

	
õ 2.6	äZMh4��Fi�^h¼ċ5ǼƙǂƬ5ŭȲăÓ�(a)DP 1sQm��Ǡå!3
�ÿå�(b)DP1sQm��Ǡå#Fÿå	(Ťƫ[4]CE)	

!! 

Δx ⋅Δp≥ !2
ΔE ⋅Δt ≥ !2
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3Fȳ°�ňEǍ-ŭ5ǠŻ0�F�#3I+ DP �sQm�1Ƽ�ªƱ!3�ŭ	
(õ 2.6(a))46 DP 6Ǚ¾¨J¤Ŝ!/ǲ��!�!sQm�1 DP 1�Ǡå#G7�
DP 6£Ņ5ZMh4ȒȔ#F�1�ǅ"DG�ğø��i5œÒJő-ZMh4Ȓ
Ȕ!� D4�-5ZMh4¶ƴ#FŭȲ�ȯ�3F�-=EȒȔđŢ J 1Ǡåđ
Ţ χ 5Ćĝȳ°� DP 5ǌȲƹœFǮ�JŞȭ#F��5�16Ţďƹ4ǿ�Ř�

F1�İ(2.23)5n|�hkL�Jİ(2.31)5C�4ȬÆƹęǽÓ#Fȸ4ƭGFę
ǽǸǜ	(ǠåđŢ)1ɀęǽǸǜ	(ȒȔđŢ)Ȳ5Ǐå4C,/ DP�¶ƴ#F�ȒȔ#
F��Ɛ=F�143F�	
	
� �=05ȋȊ4��/6ȒȔđŢ5ZMh®ĎŃǑJǪŇ!/�3�,)50�

Đ¾3ƮȊ16ǿ�Ƚ�1łIGF�!�!�ǛƧZMhêE4ư"Fğø��i

5sQm�4C,/ DP 6Ĳ�ĵɂJà��ǠŻƹ4 DP 5ǌȲÆĦB¶ƴ�ȒȔ6
sQm���i5ǌȲÆĦ4C,/Şȭ GF1ǿ�ǠȊJđŃƹ4Ʊ�F�16

áǫ0�F�	
� Ŷǔ06 DP1sQm�5Ƽ�ªƱJǪŇ#F�10�=${�c��i0Yq�
��h3sQm�5Pl�U�J=1,) DP 5Ŗ¹�-=E DPP 1ǿ�Ŧ!�Ɲ
ǗċƂŁJĜ�)� D4sQm���i5ǌȲÆĦ� DP4��Fĵɂ4ȳ#Fȋ
ȊCE�DPP 5ȒȔB¶ƴ46Ĳ�ZMh®ĎŃ�Ďø!��4 DPP 6ğø��i
Jő-ZMh5êE4ğø#F1ǿ�ǠȊJĜ�)�ƨ4�ǛƧ��-�FCE6�

ǷŢ5�ǛƧ�ȹŕ!/�Fÿå�'�46Ĳ�ğø��i�Ďø! DPP �ğø!
ū�� D4õ 2.5(b)1õ 2.6	 (b)CEǪ�F1�DPP 5ǌȲƹĬ�E6ğø��i
5sQm�ǉį�-=EÙċŢ²ǉį0�F�1AÆ�F��5Ĭ�EɅüÁ4

DPP 5ȒȔ�¶ƴ0�FZMh�Ďø#G7Pl�U�6 DPP 1!/αȞ GF�
'!/�5ŭ4�ȷ#F{�c��iYq���hsQm�4C,/¤Ŝ¼06ǅ

Ë0�,)ȪǈǑ��5ĺ4ȈŪ#FC�4áǫ43F�	
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2.3	ÕĜ¨ǠŮ�4��F DPPJ�!)Pl�U�Ȫǈ 	

2.3.1	ɑƈºÕĜ¨ǠŮ�5�ǛƧȭǨ 	

� 2.2 ǔ06ɏƈºǙJńđ!/ȋȊJĠȱ!)�!�!Ŷǁǋ5ęȌ13FǙ6ɑ
ƈº5o�VÕĜ¨ǠŮ	(GaPÖǠŮ)0�F�Ŷǔ4��/6 2.2ǔ0ļDG)ǠȊ
J'5==ɑƈºǠŮ91ŐıĠȱ#F�!�!'5ȸ4ǠŮ5ſċƃȢ4CFę

ǇŃ46ÔÆƎJ��3�G73D3��	

	
õ 2.7	GaP5o�ibM�W�}	

GaP	 (Gallium	 Phosphide�ƦÓS�N})
6 Zincblend ƃȢJő-ÕĜ¨ǠŮ0�
E�õ 2.7 5C�4ȟſċǌȲ4��F
¤Ĝ¨5Į6 Xơ4¦Ǩ#F[7]�C,/
¯ȿċħ5ƉČ1¤Ĝ¨5ÐȎȿċ�Â

Ǡå#F)@46�-X ŧç5ƓŢ�ĿǸ
0�F��¼ċ5ő-ƓŢ6ƢΓÅŹF

ǉĝ �50�¼ďȪǈ5>06ÂǠå

0�$sQm�5�ø�ĿǸ13F[8]�
�5ƓŢ±ĎÍ	 (ȧÒȮ±ĎÍ)4CFË
ȴ��GaP 5C�3ȲŕȪǈûÕĜ¨�
Ƹ¼ǜċ5ŷť1!/ȩÇ063�1ǿ

IGFŉ 0�F�	
� !�!ȲŕȪǈûÕĜ¨ÁȬ4 DPP 5¶ƴ!ū�ZMh�ąŢĎø#G7��ȁ
5ȧÒȮ±ĎÍ4CFËȴ6Ǧí GF�©Š3D DP6¼ċ1ȿċ�ƉČę5Ƽ�
ªƱ4C,/'5öųPl�U��ƢŢ5·ƓħJő+� D4 DP1sQm�5Ƽ
�ªƱ�DĜÅ GF DPP 6Pl�U�5>063�ȧÒȮAsQm�4C,/Ƣ
Ţ5ăȉ5·ƓħJő-�D0�F�-=E DPPJ�#FȪǈ5ƨľ1!/�	
	
� �	ȪǈȨǉ4��/ƓŢ±ĎÍ5Ëȴ�Ǧí GF	({�c��isQm��ȷ)	
� �	 Pl�U�öųƩņ5·Ɠħ46½Ě¼5ȿċPl�U��=)6ƪǍ3ȿ
ċ�ƉČę5Pl�U�CEPl�U�5Ć��öųƩņ�Ďø#F�-=EşĚ

 GF¼ċ5Pl�U�46�ȷ#FsQm�5Pl�U��ÞŬ GF�	
	
5ɐơJ��F�1�0�F�ƨ4�6�DPP J�!)ÕĜ¨�D5Ƹ¼5ÿå�
Ƹ¼5Pl�U�6o�iU�du5Ć� 0Ëȴ G3��1JŅë#F�A+

HKƻŕȪǈûÕĜ¨JƱ�)Ƹ¼ǜċ5ÿå4A�Đ¾3ǠŮ063�50�Ǜ

ƧBƇȶƝ¦Jő+�Ƹ¼^wVh�6Ĭ�F�!�! DPP Ɲ¦J�!)Ƹ¼4�
�F^wVh�5Ĭ�E6'GD16žŶƹ4ƶ3F�14ƔŅ G)��	
� 'G06 DPP �¶ƴ#F)@46�-=E DP 1sQm�5Ƽ�ªƱ�Ĳ�Ȏ�
F)@4625C�3Ÿ¢�ĿǸ0�F��2.2 ǔ0ļDG)ƿǹJA14ɑƈº9
5ŐıJǲ�1�æ"�ǷŢ5ȗ��ǛƧ���4ȹŕ!/�FĿǸ��F1�ń

 GF��ǛƧ�¾���b}4ÆĦ#Fÿå�ȹŕ#F�ǛƧȲ5ȑȼÆĦ6 

�5WeibullÆĦ4Ļ�[9]�	
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p(d)= 3

β
⋅ d
β

⎛
⎝⎜

⎞
⎠⎟

3

⋅exp − d
β

⎛
⎝⎜

⎞
⎠⎟

3⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 � (2.37) 

��0 d 6�ǛƧęȲ5ȑȼ�	β = 3 4πδ3 0�6i�r�WƠįJŅë#F��5

İ(2.37)4ý.�/Ǫ�F1��ǯƹ3i�r�WƠįJǪ�)ȸ�ɑ- �5�Ǜ
Ƨ�ȹŕ#FǂƬ6ƢΓ0�F�C,/ �06ɐ-5�ǛƧ�ȹŕ#FX�^5

>JǪ�F�	
� !�!ɑƈºǠŮ5ÿå6ÖǛ4ɐ-5�ǛƧ�ȹŕ!/�F*�06�ÔÆ0

�F�3&3DŶǔ5ÃɆ0AȈŪ!)C�4ǠŮ5ęǇŃJǪ�3�G73D3

��D0�F�#04õ 2.7 0ȈŪ!)C�4�ȿċ�ƉČę5Ƹ¼ÂǠå5)@
46�-X ŧç5ƓŢ�ĿǸ0�F�-=E DP 1Ǡå#FğøsQm�6�-X ŧç�
ĒǌȲ4��/<100>ŧç5ƓŢJő-ĿǸ��F�õ 2.8 JƱ�/ȈŪ#F1��
ǛƧ A 1 C 5Ȳ4AğøsQm��Ƹư#F���5sQm�1 DP �Ǡå!)ÿ
å46�-X ŧç5ƓŢJ¼ċ
ȿċ�ƉČę5Ƽ�ªƱ4��F�1�0�$�Ļ,
/Ƹ¼ÂǠå0�3��ÞɁ��ǛƧ A 1 B 5Ȳ4ğø#FsQm�6�-X ŧç5
ƓŢJ­ǡ#F�1�0�F50�A-B Ȳ5sQm�1 DP �Ƽ�ªƱ#Fÿå46
Ƹ¼ÂǠå�áǫ13F�	
	
	

	
õ 2.8	�ǛƧ(ZnÙċ)ę5ŧ¦ȳ°1 DPPƝ¦J�!)Ƹ¼	

	
�ǛƧę5ȭǨ4-�/A�ɏơǪ�F:��1��F�'G6�-X ŧç4�K*
�ǛƧęȲ5ȑȼ0�F�õ 2.9 JA14ȈŪ#F�+3>4�5õ06 P ZMh
�ǹ�3�C�4ǠŮɁJÇ,/�F	 (õ 2.9!⊥ [001] )�C,/õ 2.946 GaZMh

1 GaZMhJ×@F�ǛƧ ZnGa5>ǴǄ G/�F�GaPǠŮ5ſċđŢJ a*1
!)ŭ�Ƹ¼ÂǠå5)@4ĿǸ13FƓŢ5Ć� 6!!1/a0�F�A!�ǛƧę
Ȳ5ȑȼ�ſċđŢ5ɐ³0�G7�'5Ȳ4ğø#FsQm�5Ų§ƈ��i5

ƓŢ6!!1/2a13E�Ƹ¼ÂǠå5)@46Ğ3�/Aɐ-5sQm�5ĕ��ĿǸ
13F��ǛƧęȲ5ȑȼ�ſċđŢ5ɑ³5ÿå46A+HKŲ§ɑ-5sQm

�5ĕ��ĿǸ13F�-=E DPP J�!)Ƹ¼ƭȌ46sQm�ZMio�i�
ƭGF�1��ń GF�	
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õ 2.9�ǛƧ(ZnÙċ)ę5ȭǨ1 DPPƝ¦J�!)Ƹ¼��5õCE DPPƝ¦J�!)Ƹ¼

ƭȌ46sQm�ZMio�i�ƭGF�1��ń GF�	
	

	
õ 2.10	 (a)pnx�ŕåû Si	 LED5 pnŕåȬ4��FɑƈºLh}u��t5ǠŻ�Ēǥ6
y���¾���b}4ÆĦ GFÿå4Ļ�WeibullÆĦ0�ɍðǽ6Ēƙ´0�F	(Ťƫ
[9]CE)�(b)Si5ǠŮƃȢ	
	
	� �ȁ5C�3Ǫė6 DPP JƱ�F Si	 LED 4��/#04ǂȆ G/�F[9]�õ
2.10(a)6 DPP Ɲ¦J�!)Ƹ¼J#F pn x�ŕåû Si	 LED 5 pn ŕåȬ4��F
ɑƈºLh}u��t5ǠŻ0�p û�ǛƧ	 (B�y��)5ÆĦ5ƄƼJǴ!/�F�
Si 6õ 2.10(b)5C�3bM���iƃȢJő+�GaP 5 Zincblend 1;<Ȝ�ǠŮ
ęǇŃJő-�=) Si A¤Ĝ¨5Į� X ơ�Ȝ4�E�Ƹ¼ÂǠå5)@46 GaP
æƄ4�-X ŧç5ƓŢ�ĿǸ0�F�ɑƈºLh}u��t5ǠŻ5ƆȖ6�Fy
���DŲȹŕ5y��=05ȑȼJǴ!�ǧȖ6y��5ŢJǴ#�ŶŹ3D Si
ǠŮ�5�ǛƧy��6��b}4ÆĦ!/�/�İ(2.37)5 Weibull ÆĦ4Ļ�6
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$0�F�õ 2.10(a)5Ēǥ� Weibull ÆĦ4Ļ�ƮȊŰǥ0�E�ɍ�ðǽ�ɑƈ
ºLh}u��t05Ēƙ´0�F[9]�õ�DŪD�3C�4 Weibull ÆĦ5Űǥ
1ƙđǠŻ6Ć¨�ǭ!/�F�ſċđŢ5ţŢ³5ŉ	 (3~6 ³�õ�5�ŧçƾ
Ø)06y��5Ţ�ƮȊ´JĆ���ñF�Si 5bM���iûſċƃȢ 	 (õ
2.10(b))JǪ�/ǹF1�Si ZMhJ×@Fy��ę�ſċđŢ5ţŢ³4�856
[100]�[010]�[001]5ŧ¦!�3��=)�5ŧ¦4y��ę��8ÿå�'�4
ğø#FsQm�5ŧ¦6ȟſċǌȲ4��/�-X ŧç0�F�=)ɑƈºLh}
u��t5ǠŻ1õ 2.9 5ÁĔJ=1@/Ǫ�F1�3~6 ²5sQm��Ƹ¼4ĕ
�#F�1��ƙ GF�Ťƫ[10]06�DPP J�!) Si	 LED 5^wVh�5ƓĴ
�D�ȿċ�ƉČę1sQm�5Ǡå5Ĳ JǴ# Huang-Rhys òċ[11]JȀǓ!/
�F�ǠŻ6 Huang-Rhysòċ!!S = 4.08±0.020[10]�ɑƈºLh}u��tǠŻ1ɀ
Ĩ4ǰ��ǭJǹ%/�F�	
� �5C�4ɑƈºǠŮ5ęǇŃ5>JȩÇ4ǪŇ!3�D 2.2 ǔ0ļDG)ǠŻ
J�ɏƈº	ɑƈº�1ŐıĠȱ!)�ɏƈº0ļDG)ǠŻJ'5==ȩƱ!)

50�ǘĖ063�ȋȊ5C�4ł�F�AƿG3��!�!Ųĺ5ɑƈºLh}

u��t5ǠŻ1 EL ^wVh��DƏ@DG) Huang-Rhys òċ5Ǆ#ÁĔ6��
05Ǫė1ǹ�3�ǭJǹ%F��=05ȋȊ6đŃƹ3ƮȊ1!/'5ųƱŃ6

ÔÆ0�F1ǿ�F�	
	
2.3.2	DPPJ�!)Ƹ¼Ȩǉ 	

� Ŷǔ5ÎÕȬ06 2.2ǔ05ȋȊJɑƈºÕĜ¨ǠŮ5ÿå4Őı!�GaPǠŮ5
ÿå46��4ȹŕ! D4�-X ŧç	 (ĒǌȲ4��/6<100>ŧç)4�K*�Ǜ
Ƨę��G7�'5C�3ĽĝɅü06ȿċ�ƉČę5Ƹ¼ÂǠå�áǫ0�F�

1JȈŪ!)���06ÕĜ¨5 pnƳɁ�#04 DPPƸư4ȩ!)ÁȬƃȢ	 (��
4ȹŕ!/�/��-X ŧç4�K*�ǛƧę�-=E Zn Ùċę�ÔÆ3Ơį0 pn
ƳɁ4Ďø)Jß,/�F1¡đ!)�0�ȿċ1sQm�5ƩņȳŢJ«�Ƹ¼Ȫ
ǈ5ȨǉJ D4À¨ƹ4ȁȝ#F�	
	

	
õ 2.11	DPPƝ¦J�!)Ƹ¼Ȩǉ	(DPPŚƱȨǉ)	
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� =$İ(2.26)5 DPP 5ưň�ƖƞƟǓċ5�0�! !ai1!! !ai
†6Ȝŕÿ4��FƼ�ª

Ʊ5ǠŻ�ƧȍÁȬ5ȿċ5Ȫǈ4ȳ°!/�F�'!/ŒŢȳŢȬ6sQm�5

ƥĪǳƩņ1ÐȎƩņȲ5Ȫǈ4ȳ�#F�C,/ DPP 5ÿ4C,/Ƽ�ªƱ#F
ǙJŋ�ŭ46ȿċ1sQm�5ƩņJƪǍ4ŋ��1�ÅŹ3�50�'GD5

ƻǊ⊗J«,/Ǵ#:�0�F�#04ȈŪ!)C�4 DPP 16sQm�J=1,
)Ʃņ0�F50�ȧÒȮ1Pl�U��ŧ4��/Ć��ăȉ GF�ȿċ1s

Qm�Ʃņ5ƻǊ0 DPP JǴ#�16= 4�5ơJÞŬ!/�F50�F�õ
2.11J«,/ȋȊJĠȱ!/ǲ��	
� =$T��L5Ɣ½4C,/ĉƩņ�Ĵň GF�ĉƩņ06ȿċ6¤Ĝ¨4�

sQm�6ƥĪǳƩņ4�F50!! Eex ;el ⊗ Ethermal :phonon 1Ǵƭ GF�pn ŕåƳ
Ɂ06�-X ŧç4�K0�F�ǛƧę�Ė4Ďø#F1¡đ!)50�pn ŕåȬ0
6ĄȬ�DƔ½ G)Pl�U�	 (T��LƔ½)4CE DPP 5ÿ�Ðœ GF�ȿ
ċ5Ʃņ6ăID3���sQm�6 DP5Pl�U�0Ɛ=FÐȎƩņ9ÐȎ G

F50�!! Eex ;el ⊗ Eex ' :phonon 0Ǵ GF�ȲƩņ91Ȫǈ#F�'!/¼ċJşÅ

!�ƈ5�ȲƩņ0�F!! Eg ;el ⊗ Eex :phonon 91Ȫǈ#F�DPP J�!)Ȫǈ5ÿ
å�{�c��i5Yq���hsQm���ȷ#F50�ȧÒȮ1Pl�U�5

Æšȳ°6Ć��ăȉ G�õ 2.11 5Ǥǥ5C�4ƆȖ4Īǲ3ǷŢ5ƻǥ0Ǵ 
GF	 (ƆȖŧç5ǈÒ6ȧÒȮ5ăȉJ�ǧȖŧç95ȼšƹ3ǈÒ6Pl�U�5

ăȉJŅë#F)� !! Eex ;el ⊗ Ethermal :phonon �D !! Eex ;el ⊗ Eex ' :phonon 95Ȫǈ5ȸ

4ȧÒȮ�Ć��ăȉ G�!! Eex ;el ⊗ Eex ' :phonon �D!! Eg ;el ⊗ Eex :phonon 95Ȫ
ǈ6ȿƎÝƁċȃĔȪǈ13E�Ē¼ċJĄȬ4şÅ0�F�=)�5Ȩǉ4��

/��ȷ#FsQm�5Pl�U�*�Pl�U�Aăȉ GF50�DPP J�!
)Ƹ¼5Pl�U�6ŷť5o�iU�du5>06Ǻđ G3�1ǿ�ƨľAő

,/�F�Ųĺ4sQm�6ƥĪǳƩņ!! Eg ;el ⊗ Ethermal :phonon 4Ǧí!�ǟ�#F�	

� �ǯƹ4ȲŕȪǈûÕĜ¨*1ȿċ5ÐȎƩņ!! Eex ;el �DýĮƩņ!! Eg ;el 95Ȫ
ǈ6ȿƎÝƁċǅËȪǈ0�F���ȁ5C�4 DPP Ɲ¦J�#F�10¼ċJş
Å#F¼ďȪǈ�áǫ13F�	
	
	

2.4	i�^h¼ċsQm�ŚƱLk�� 	

� �=0Ȝŕÿ4��F¼ċ1ȿċ�ƉČę5Ƽ�ªƱ�D DP 5Ŗ¹JĜ�	 (2.1
ǔ)�sQm�1 DP 5Ƽ�ªƱJǪ�F�10 DPP 5Ŗ¹JĜ�Å!)	 (2.2 ǔ)�
 D4ÕĜ¨ǠŮ�5�ǛƧ1 DPP 5Ƽ�ªƱJǪ�F�10�DPP Ɲ¦J�#F
�10ȲŕȪǈûÕĜ¨5ÁȬ4��/AƸ¼ÂǠå�áǫ0�F�1JŪD�4

!/Ź)	 (2.3 ǔ)�Ǹơ6�ȲŕȪǈûÕĜ¨ÁȬ4��/ DPP Ɲ¦J�!)Ƹ¼
ÂǠå�Ȏ�F)@46��ǛƧȲ5¦Ǩȳ°JǪŇ#:�*1ǿ��10�,)�

ĻŹ5ÕĜ¨goM^5ÿå�'G�ȊƮgoM^0�G¼goM^0�G��Ǜ
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Ƨ5ģΓƹƠį!�ǪŇ!/Ź3�,)�-=E�ǛƧ5ƠįJă�/T��L5

ƠįJăÓ %)E�o�iÁ4ưň GF�ǛƧƨų5Ɲ¦JƱ�F*�0�,

)[12]�!�! DPP J�!)Ƹ¼ƭȌ16�=0Ɣƺ!/Ź3�,)�ǛƧȲ5Ľ
ΓƃȢJǪŇ!)ŭ4É@/ŪD�43FŦǺƭȌ0�F�ǌȲ5�ȤęǇŃ�D

ȧÒȮ±ĎÍ�Ĝ�GF�ŭȲ5�ȤęǇŃ�DPl�U�±ĎÍ�Ĝ�GF�g

oM^5ƃȢ�Dǿ�7�ȏſċ1ǿ�Ŧ!�ƃȢJĜ½#F�10T��L5ω

"δ@ÑŻ�ƭGF[13]�-=EŦ!�ƃȢ�ǆĭ�ęǇŃJǙ4ő)%F�10�
ŦǺƭȌ�ƭGF�16�łȋ3�106Ƣ��	
� !�!MR�Ɣ½ƒ[14]BƥŐšƒ[15]�PraT\��ňȯŭ5i�r�WǑ�
ĻŹ5i�r�WŊƒ6¾/��b}4�ǛƧJÆĦ %F��GD6ɋƘɋ÷5

ƯĀ0ƢƮƾƮ�ǛƧJŎ!½GFC�3u�_^350�ƥÏďƹ4Ǫ�/A�

�b}3�ǛƧÆĦJß,/!=�1ǿ��16#�4ƮǾ0�F�C,/ĻŹ5

Ŋƒ5>06 2.3 ǔ0ȋȊ!)C�3���4ȹŕ!/�/�-X ŧç4�K*�Ǜ
ƧęJĖ4Ĵň %F�16Ƚ!���5C�4�ǛƧÆĦ4�FǆĭJő)%F

�16P�h�r�J��F�143F50�ĻŹ5u�_^06Ƚ!��16ƥ

Ïďƹ4Ǫ�/ǚļ0�F�	
� �5C�3óȽJǾƐ#F)@4�i�^h¼ċsQm�ŚƱLk���( ��
DPPŚƱLk��)5ŊƒJĜ½#F[16-19]�DPPŚƱLk��06�=$�ǛƧ5
��b}4ÆĦ#F pn ŕåJĴň!/�D�pn ŕåȬ4��[¼JƤĚ!3�D
ȿƕJƔ½#F�10�pnŕåȬ5�ǛƧÆĦJ DPPƸư4ȩ!)ĽǝƃȢ4ǬĹ
ƹ4ăÓ %FŊƒ0�F�©Š DPP ŚƱLk��JƱ�F�10ȹŕ#F�ǛƧ
ę��-X ŧç4�8C�43E�DPP Ɲ¦J�!)Ƹ¼�áǫ43F5�J�G�
DȈŪ!/ǲ��Ŷǔ5ƊE5ȬÆ0Ġȱ GFƮȊ6»ǲǁǋ0�FŤƫ

[2,9,10,16-19]4ŗƀ G/�FƮȊ�g�J=1@)A50�F�!�!�©Šē
Ƙ4Ȝ�Ƙį4��/�ǛƧÆĦ�ăÓ!ļF5�ɕ�Jè@�ī-�5Ʒî4ǒ

�F�150�3�ŵĐ5ƮȊ�g�0A�F�Ē6�5�g�5îɇơJǵĐ!�

DPP ŚƱLk��JȈŪ#FƧƮ�g�Jŗƀ#F�1�ŶȊŤ5�-5Ć�3ƺ
ƅ0�F�DPP ŚƱLk��JȈŪ#F)@5Đň G)ƮȊ�g���ɐƝ¦ɐ
Ʃņ�g��6ĒɊ�Ē1=1@/ŶȊŤ5ǐɓǎ4/Ǟ�#F�	
	
� =$ n ûÕĜ¨ýź4ɋPl�U�0 p ûi�p�hJMR�Ɣ½#F�ǠŻƹ
4�ù�3 pnƳɁJő- pnx�ŕåûbMR�i�ªǶ0�F�pnƳɁ5ĴƩ6
��b}0�F50�ȬÆƹ46 DPP Ɲ¦J�!)Ƹ¼4ȩ!)ƃȢJő-ĽǝɅ
ü6Ďø#F�!�!;1K26 DPP Ƹư4ȩ!/�3�6$0�F� �06
DPP 5Ƹư4ȩ!/�3�jmɅü1ȩ!/�FjmɅü4Æ�/ȈŪ!/ǲ��
=)õ 2.126�5ȈŪJõǄ!)A50�F�	
	
(1) DPPƸư4ȩ!/�3�Ʌü	(�ǛƧę�0)D@4ÆĦ)	
ɔȿƕƔ½4C,/¤Ĝħ4Ɣ½ G)ȿċ6š�4C,/]���ƥJƸư

#F�=)ĄȬ¼	 (��[)4C,/ pn ŕåȬ4ƤĚ G)¼ċ4ę!/6�

o�iU�du Eg 1¼ċPl�U�! !ω laser5Ćĝȳ°4C,/ɐ-5áǫŃ

�Ďø#F���06ƤĚ#F¼ċPl�U�! !ω laser�ŷť5o�iU�du
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Eg CEĆ��ÿåJǪ�C��'5ÿå�¼ċ6¯ȿċħ4�FȿċJ¤Ĝ
ħ4ÐȎ %F�ÐȎ G)ȿċ6Ƹ¼ÂǠå#F�1�0�3�50�ą�

5sQm�1Ƽ�ªƱ!3�DɀβĚǦí!/ǲ����05sQm�6M�

Yq���hsQm�JŒ#50��5Ȩǉ0Ağŉƹ3ƥ�Ƹư#F��5

ğŉƹ3Ƹƥ�ŐšɉÒÏ13E��ǛƧÆĦJăÓ %F�	
	

	
õ 2.12	DPPŚƱLk��ƒ�(a)DPPŚƱLk��Î�(b)DPPŚƱLk��ĺ	
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(2) DPPƸư4ȩ!)Ʌü	(�ǛƧę��-Xŧç4�K*jmɅü)	
ɔ��b}3 pnƳɁ46ğŉƹ4 DPP5Ƹư4ȩ!)jmƃȢJßFɅü5
ĎøJ�ǂƬ6§���Ŵĸ0�F�'5C�3i~M�5êE06 2.3 ǔ0
ȈŪ!)C�4�DPP Ɲ¦J�!)Ƹ¼ÂǠå�áǫ13F� D4ĄȬ�
DƤĚ GF¼ċ5Pl�U���DP 1sQm�5Ƽ�ªƱ4C,/ư"F
Pl�U�·Ɠħ1¿Ɍ#Fÿå�ÐȎƝ¦4Ɣ½ G)ȿċ6ȇĜşÅ4C

,/¼ċJĄȬ4şÅ#F�-=E�5ÿå46ĄȬ�DƔ½ G)Pl�U

�6ƥ063��¼5Ĵ0ĄȬ4šȥ GF�C,/�5C�3ĽǝɅü06

Ƹƥ�ōË G�ǠŻƹ4ŐšɉÒÏ�3�3F��5�16�ǛƧ5ÆĦ�

±ő GF�1JŅë#F�	
� 	
� �ȁ5C�5�jmɅü5�ǛƧÆĦ5Ƅċ4C,/Ƹƥ�ư")E�ōË G

)E#F�(1)5Ʌü5ÿå���b}4�ǛƧÆĦ�ăÓ#F��Ƞ�Ʌü(2)5C
�3�ǛƧÆĦJßG7��ȁ5ȈŪ5C�4ȇĜşÅ�ư"ÆĦ6±ő GFC

�43F�-=E DPPŚƱLk��JȯŭȲǲ��10�pnţåƳɁ¾ü4��/
DPP Ƹư4Ųȩ3ĽǝƃȢJßF�1�Ŵĸ GF��G6ĄȬ�DƤĚ G)¼
4C,/ȇĜşÅ5Ȏ�ū�ƃȢ4ǬĹƹ4ăÓ!/ǲ��1JŅë#F� D4

ȇĜşÅ5ǂƬ1ǬƣşÅ5ǂƬ6��4ƍ¬#F50[20]��5 DPP ŚƱLk�
�Jǲ��10ǬƣşÅ5ǂƬAæƄ4ɋ�3F�-=EȲŕȪǈûÕĜ¨4 DPP
ŚƱLk��JŨ#�10�DPP ŚƱLk��ŭ4ƤĚ!)ĄȬ¼1æ"Ɠȯ5¼
JƸ#F LED �ªǶ0�F	 (CEÚĖ46sQm�ZMio�i4ŀ")Ƹ¼ňÆ
JAè?)�	
	
� �5ǔ5ÁĔJȓ=�F1�DPP ŚƱLk��4C,/ªǶ G)Ƹ¼ǜċ5Ƹ
¼^wVh�6Ʊ�Fŷť5o�iU�duPl�U�5>06Ɛ=D3��1�

�ń GF�-=E DPP ŚƱLk��ŭ4«Ʊ!)ĄȬ¼Ɯ	 (�4��[¼)5Ɠȯ
JYr�!C�1#F�ǣ�ǐɑǎ06ŷť1!/ GaP JƱ��DPP ŚƱLk��
ŭ5¼Ɯ1!/ GaP 5o�iU�duPl�U�	 (2.26eV)CEɋ��Ɠȯ 532nm	
(2.33eV)J«Ʊ!)ŭ5ǠŻ4-�/þé#F�	
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ǗɤǕ	
DPPŕƸLl��2BE	
pnw}Őâ GaP	LED3©Ȁ	

	
	
	
	

3.1 GaP3ưļ  

� Zincblend3ǢūƂȮIō+ GaP4ăƃ1|�fiIō+ III-VŤÑâƯÓę¦Ŵ
ş.�E�	<"%3ŭĄ3ưĸ/�-Ŏ�CFE34
ī(3.1).Ȍȩ�FEo�j

W~fuQm�W�Eg.�E[1]�	

!!
Eg =2.34−6.2×10−4 T 2

T +460eV, 0<T<1200  � (3.1) 

�ī2Ĵ*-ȋǙ!F5
ĐƢ	(300K)2��E GaP3 Eg4 2.26eV.�D
�F4

Ɨȿ 546nm2Į'E��Ɂ3ȄŀĪ3r�X4 555nm.�E3.[2]
�3 Eg3²
4ɒĥ2ɟÌƿ.�E/Ȋ�E�ďɈ GaPIƾ¹hoN_2ĻƸ�B�/�'Çű

3ǈǒIȃ-ȃE/
A4D�3 Eg3²�ŭĄ3Ðƈ.�*'[3,4]�ò 3.14ƃ�

1Óę¦Ŵş3żĈĎŜ/ Eg3ɂ¯I</?'Y�s.�E�
�3ò�C@Å�
EB�2 550nm Ȩ2ĖĻ!E EgIō+Ŵş4ě1�[5]�II-VIŤ3ýâ24��
+�3ÑâƯÓę¦� 2.2~2.3eV Ȩ3²Iō+�
CdIå>Ŵş3ýâ4ƶþA

Ʒ¦2��Eǽđ�Ą��[6]�III-VŤ3ƠūÓę¦3ǡłƑIȗŝ!E�/.o�

jW~fuQ�^lL��YIǺ�ýâ2@
1.1ǚ3ĳÓ2ȕŦ�'B�1ðɍ�

�E3. 550nm Ȩ3ƾ¹4ɍ��
<(ÏƳƿ.4ƫ��+<D GaP4�Ɂ3Ȅ

ŀĪ3r�X/:;ǘ��Ɨȿ3¹ĈIŘÄ.�EŜě1�Óę¦Ŵş3�+.�

E�	

� ��� GaP4ò 3.22Ǌ!B�2£ęĤ3ĩ� Xƪ2ċõ!EɁŐȷǎøÓę¦

.�E[7]�B*-ÎȠɏĈ�ƌĉ/ƾ¹¿Ǣâ!E'?24sRn�3�õ�ĺȂ

.�D
�ǳƿ2ƾ¹3ÏƳ4ɒĥ2¥������3ðɍIºů!EŢƖ4Ũ�

CB�ǇCF-�E�ĢȜ�3 GaP	LED4ǘɏĈ�ǝƯ/�- NÙĈ[8]
<'4

Zn-OvL[9]Ij�u!E�/.ďƴ�F-�E��FC3ǘɏĈ�ǝƯ4Ə¦Ǣū

IƂł!EÙĈBDɏĈȅêĪ�Ą��3.
ɏĈ4ǘɏĈ�ǝƯ3èD2i�f

u�FE��3ýâ
ɏĈ4ǓɁƿ2Ĝõ!E�/21E3.
�ǉĎļÙƵ	
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ò 3.1	ƃ�1Óę¦Ŵş3o�j�N�Lfu	(ŞƲ[2]BD)	

	

	
ò 3.2	Ŗxg�]~�Ɩ2B*-Ɣ?CF' GaP3o�jdN�Y�{	(ŞƲ[7]BD)	

	

 � (3.2) 

2Ĵ�
i�fu�F'ɏĈ3ƗÐɂŜ!!ψ iso(k)
2
4ƗŜǓɁ2��-Ĩ�D
	ƪ2

��-@ċõǉƳIō+B�21E	(ò 3.3)�+<DǘɏĈ�ǝƯIę»!E�/.

sRn�3�õIĺȂ/�1�ƥǁŐȷǎø/1D
ƾ¹¿Ǣâ3ǉƳ�ɞ�1E

3.�E����ò 3.3�CÅ�EB�2
ǘɏĈ�ǝƯ2BEƾ¹4ǌÉĤ�3	

!! 
Δx ⋅Δp≥ !2



� � � � � � � � 			ǗɤǕɡDPPŕƸLl��2BE pnw}Őâ GaP	LED3©Ȁ	
	

	 42	

	
ò 3.3	GaPǢū3o�jƂȮ/ NÙĈ2ŵǧ�F'ɏĈƗÐɂŜ3ċõǉƳ3ƁƼ	

	

Qm�W�ƥ¤IƸ�E3.
ȹ�CF1�Qm�W��_�ċõ�
ĐƢ2��

- 2.26eV/Ȋ� Eg3²IŮÏ2ÈƸ.�-�E/4Ȋ�1��	
� %�. 2.4ǚ.ȕŦ�' DPPŕƸLl��I GaP2ţ�
2.3ǚ.ȕŦ�'B�

2 GaP¾Ⱥ3j�p�iĖ�	-XŢä2�9-ƾ¹�#EŢƖIǬ�E��3ýâ

24£ęĤ3ĩ2¤ǩ!EɏĈIƸ�E3.
ǘɏĈ�ǝƯIƸ�Eýâ3B�1

¾Ⱥ.3�_41�
Eg3²IŮÏ2ÈƸ.�E��C2ǂ�©Ƹ2 Ɇ!Ey�
e}�jZq���isRn�2BDȱÐȽ�āȗ�FE3.
ɁŐȷǎø.�E

/Ȋ�h|�fi@ǱƬ2ºů.�E�	

� GaP4łȿƖ2��-@|�fiIō+�+<D LECƖ.3o�XǢūłȿ�à

ǯ.�E[5]�QrcV]~�łȿ2Ƒ9-Ɲȝ�FEQm�W�
Z_i3¥�u

�a_.�E3.
�3ƪ@ GaP3ō+ǖ�Ì/Ȋ�E�	

� ŭĳ2sRn�}�j3ǓɁÅģIǬ�'Ɉ2ŦC�21EČΓƿ1|�fi@

ċõ!E�2.2ǚ.ȕŦ�'B�2
�ǝƯĖ<HD2sRn��Ĝõ!E'?24

Ə¦ǢūBDȥ��ǝƯ.�EĺȂ��E�GaP�3 Ga[NiIǩœ!E�/. p

øɏęļIǊ!LXauc4 Be
Mg
Znǘ��D[10]
Ga/3ÙĈȽ3Ƒ4%F

&F 0.13
0.35
0.94.�E�B*- 2.2/ 2.3ǚ.3șȘI@/2Ǭ�E/
ã 

ƨĪ.j�r�Y�- DPPŕƸLl��IǺ*-@ƾ¹3ƃĈ4ƽ1Eàǯļ��

E�§ř1C�ǝƯ/Ə¦ǢūÙĈ3ȞȽġ2BDĜõ}�j3Qm�W�/ǓɁ

Åģ�āÑ�
%3B�1āÑ4 DP3³ƻ102İɔIÜ;!�C.�E�Mg


Zn3ƥ¤4®ɏĈĤ3ɕ�BD%F&F 31meV
64meV�2įł�FE�Ǣźƿ

2j�p�icNuIā�- DPPŕƸLl��IǺ*'Ɉ2_vXi�2Ą�1ā

Ñ�ȃCFF5%F4�ǝƯƥ¤3ġ.41�
DP/sRn�3ǂ�©Ƹ2ƹŷ!

E@3.�E4".�E�<' 2.3ǚ.3șȘ4Ďļƿ1@3.�*'3.
�Ȍ

3B�1ďɝ4 DPPƥ¤I�!Eƾ¹ƴδ2ɂ!EƵȘ2ăĄ1ǇȃI��E4"

.�E��3ƪ2+�-4ǗɥǕ.Ȓȩ!E�	
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� �<.ȃ-ŷ'B�2 GaP4ă�3|�fiIŮ!EŴş.�E��<. DPPŕ

ƸLl��Iţ!�/. LED�ďƴ�F' Si
SiC/Ƒ9- GaP3ō+|�fi4

¡�3B�2</?E�/�.�E�	

	

�	ǹƞłȿƖ	(LECƖ)2B*-o�XǢū3łȿ�àǯ.�E��F4Ǣūłȿ3

ɍ�� SiC/Ƒ9'Ū2əǶ1|�fi.�E�	

�	ĐƢ2��- 2.26	eV3 EgIō*-�E3.
àȄƾ¹ǞĈI©Ȁ!E�/�.
�E��F4 Si/Ƒ9'Ū2əǶ1|�fi.�E�	

	

� <'ųȘŞ3ǗɥǕ.Ȓȩ!E�/21E�
Ə¦ǢūÙĈBDȥ��ǝƯ3ǐ

ɚ�ȚĔ.�E3.
DPPƥ¤I��'ƾ¹3ÙƵIƟ�ŏE'?3Ŵş2@łD

ĵE/Ȋ�ČΓ�3|�fi@âH#ō+Ŵş.�E/Ȋ�E�	

	
	

3.2	GaP	pnw}ŐâødNS�j3©Ȁ 	

3.2.1	NS�Ƙ»2BE pnw}Őâ3įł� 	

� ųǈǒ2��-4łȿƖ2��E GaP3|�fiIǤō�#E'?
LECƖ.ł

ȿ�F' nøúŸ	(jk�:	S)2
LXauc/�- ZnINS�Ƙ»� pnŐâI©

Ȁ!EńƖIß*'�Ǽ 3.12�î3ǈǒ.ªƸ�F'úŸ3Ưļ²I</?-�

�'�	

	
Ǽ 3.1	nø GaPo�XúŸ	(LECƖ.łȿ)3Ưļ²	

	

� NS�Ƙ»Ɩ2B*- pnŐâIįł�'Ɉ
j�p�i3Ɵ�Ţä3ƨĪÅģ4

SIMS	(Secondary	Ion	Mass	Spectrometry)Ɩ.ďƣ!E�
<'4hoN_]z���

c.ȋǙ!EŢƖ��E�@)GJďɈ2ƣĎ!EŢ�ƌǉ.4�E�
Ȩħ3]

z���]��ŅΓ3ƾȳ2BD
NS�Ƙ»ĳ3ƨĪÅģ2Ė!E]z���]

��Ǣź4ɒĥ2Ǵ��ǲIȃ#-�E�ďɈ
Ǻǈǒ2��- 700keV/ 100keV

3Ƙ»Ŷ¢2��-
]z���]��/ďƣ²/4�ǲ!EǢźIǊ�-�'3

.[11]
ųǈǒ.4]z���]��2ú,�-ǈǒIȰ?E�/2�'�	

� Ɗ4j�r�YƨĪ2ɂ�-ȕŦ!E�ǗɣǕ3ÙƵ2��-ȕŦ�'B�2


DPPƥ¤I��'ƾ¹�Ƞ�E'?24Ɗ3ɣ+3Ŷ¢�ĺȂ.�E�	

	

� �	ɣ+3�ǝƯ�ÒÅ2Ȩ,�-�E	(ɤ+¡�.@Ǵ��
ǉƳ4¥�)	

� �	ɣ+3�ǝƯ�	-XŢä2�J.�E	

	

j�r�YƨĪIƕ?E�/4�Ȍ3Ŷ¢�/ēŐ2ɂȯ�-�E�2.3ǚ.ȕŦ�

'B�2
j�r�YƨĪ2BE�E�ǝƯ�CŭɊŐ3�ǝƯ<.3ȢɌÅģ4

¡�3WeibullÅģ2Ĵ��	

j�p�i	 ŊňƳ	 Ø�	 ȣ¤ēĪ	 ɓŢ¤	

S 0.01Ωcm 300µm ~2×105cm-2 (111) 
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!!
p(d)= 3

β
⋅ d
β

⎛
⎝⎜

⎞
⎠⎟

3

⋅exp − d
β

⎛
⎝⎜

⎞
⎠⎟

3⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

 � (3.3) 

��. d4�ǝƯĖɁ3ȢɌ
	β = 3 4πδ3 .�4j�r�YƨĪIĿé!E�ò 3.4

4�Ȍ3Åģī2ú,�- GaP�3 Zn3Åģ3ƃĈIȋǙ�'@3.�E�ò�

3ƪǦ4 GaP3żĈĎŜɁɇ.�9CF-�E�ò�CŦC�1B�2
1020/cm3

3Ū24 GaP3żĈĎŜ3 1~3±
1019/cm3	3Ū24żĈĎŜ 3~8±ȢɌ2ǩ�

FE�ǝƯ(Zn)Ė�ăŜIÕ?E�/�Å�E���� 1018/cm33Ū24żĈĎŜ

3 10±¡�3Ɂɇ.�J( ZnĖ�ă�1E3.
DPPƥ¤I��'ƾ¹24�È

.�E�/��ľ�FE�GaPǢū�3 Zn3°ƧĪ	(solubility)3�Ƀ4 4.3�

1020/cm3.�E3.[12]
1020� /cm3ǏĪ3j�r�YƨĪ�Ű<���
u�a_

�3�Ƀ��*'3. 1019/cm32ƕĎ�'�	

	

	
ò 3.4	j�r�YƨĪ2BE�ǝƯĖɁȢɌ3űĲ²	(WeibullÅģ)	

	

� Ɗ4j�r�YŶ¢2+�-ȕŦ!E�NS�Ƙ»Ɩ.4jk�<'4LXau

c/�-¶��ǝƯIǃǓ�2��-NS�Ñ�
ɞɏôIƸ�-Íȭ�#
ƯƵ

ƿ2Ǣū�2Ƙ»!E�%3Ɉ2Íȭɏô
j�`Ƚ%�-»ėȇIȗŝ!E�/

.Ɵ�Ţäu�sKN�IÉĶ.�E�ò 3.54[Ƙ»Qm�W�
j�`Ƚ
»ė

ȇ]/�'Ū
%F&F	[300keV,	1.70�1014atoms/cm2,	7°]	
[500keV,	2.60�1014	

atoms/cm2,	7°]2Ė!E]z���]��3Ǣź.�E�Ƙ»Ŷ¢4ƨĪ3r�X�
1019/cm321EB�2ƕ?'�DPPƥ¤I�!Eƾ¹3ÙƵ�Cj�r�YŶ¢2

Ė�-Ǭĕ!E/
pnƺɓ4.�EɃD�ö�1Ţ�Ǵ��BD��d{1�ǝƯ

Åģ3'?24A4DNS�Ƙ»3Ɉ3Qm�W�I.�EɃDɞ��'Ţ�Ǵ�

�
úŸ3jk�ƨĪ/âH#-Ǭ�E/ 500keV3ýâ24Ɵ� 100nm/ 500nm

3Ń2 pnŐâ�įł�FE�+<D npnŐâ21*-�E3.
ďɝ3ǀƿ�C	
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ò 3.5	NS�Ƙ»Ŷ¢2BEƟ�Ţä3ƨĪu�sKN�	

	

�3Ŷ¢4ª�1��300keV 3ýâ2@ǼɓȨ�2 pn ğ�Ʒ Eàǯļ��E�


ďɈ3j�r�Y2��-4Ǽɓ24j�p�i�Ʀ<Dŧ�
]z���]��

/3"F�Ʒ E[11]�B*- 300keV.NS�Ƙ»IǺ��/2�'�ďɈ2Ǽɓ

Ȩ�24 pnŐâ�Ʒ -1��/	(<'4%3ÏźIƫȄ.�E�/)4�3ĳ3d

NS�j3ɏƒưļ	(I-VT�t
ò 3.11)2B*-ǉȓ.�E�	

	

3.2.2	ǞĈÑu�a_ 	

� �ȩ3NS�Ƙ»u�a_. pnŐâIįł�'úŸ2ɏƀ �IǺ*-�C
L

Nb��]��u�a_IǺ��/. GaP	pnw}ŐâdNS�jI©Ȁ�'�%3

ǞĈÑu�a_	(ò 3.6)2+�-½¦ƿ2ȕŦ!E�	

� <"ɏƀ �IǺ�<.2úŸ3ƙƜIǺ*'�GaPúŸ4Ąƒ�3ȼǞ/ÝĻ

�
%3Ǽɓ2ȼÑU�O{	(Ga2O3)Iįł!E3.
ǴȞ1ɏƀ-Óę¦ƺɓIď

ƴ!E'?24%FIɄÚ!EĺȂ��E�ȼÑU�O{ɄÚ3'?2Œž�F-

�Eu�a_24
<"j�NQfe�Y/�-ǔǞɎñƒ3�.ƮLl��IǺ

�ŢƖ[13]
%�-OPfiQfe�Y/�- HClƓƧƞIƸ�EŢƖ[14]
HFƓ

ƧƞIƸ�EŢƖ[15]
NH4OHƓƧƞIƸ�EŢƖ[16]10�Œž�F-�E�ų

ǈǒ.4%FC3�.ȼļƧƞIƸ�E�/2�'�§ř1CȼļƧƞIªƸ!E	
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ò 3.6	ǞĈÑu�a_	

	
ýâNS�Ƙ»ĳ
úŸǼɓ2ȲĪ2ċõ!E ZnI@ɄÚ.�E�C.�E[17]�

���ďɈ2 50%HFƓƧƞ/ 36%HClƓƧƞ.ƙƜIǺ*'Ɉ2
HF3ýâ24

ò 3.73B�2 GaP���d{2Qfe�Y�FǼɓ�ÂÃ21*-�'�¸Ǻǈ

ǒ2��-
HF/ HNO3I 1:1.Ơ$'ƓƧƞ4 GaP3!(111)ɓ/!(111)ɓIȸŉƿ
2Qfe�Y!E/��ŞƲ��*'3.[18]
�î3ƴδ@�F/ã Ïź.�

*'/�ƣ�FE�B*- HClƓƧƞIƸ�-ǼɓƙƜIǺ��/2�'�	

	

	
ò 3.7	HF.ƙƜ�' GaPúŸ3Ǽɓ SEM·	
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� Ɗ4ɏƀ©Ȁ2+�-ȕŦ!E�ɏƀ �4hoN_3©Ȁ2��-ɒĥ2Ą×

1u�a_.�E�Óę¦-ȾĞƺɓ2��EQm�W�ɉĀ�ɞ�
]�fiV�

Őâ21*-�E/
ɏƛƘ»3'?2¨Å1Qm�W��ĺȂ/1E��F4h

oN_3ÏƳI��E�1Ȃï/1E��ǳƿ2ɉĀɞ�!qφB4ȾĞ3�×ɂŜ!φM
/Óę¦3ɏĈȅêĪ!χSIƸ�-
	

!qφB = qφM +qχS � � (nøÓę¦) 

�
!
= Eg − qφM +qφS( )  (pøÓę¦) 

� (3.4) 

/1E�
III-VŤ3ýâ4ȾĞ2BC"sP�zƥ¤�rl�Y�FEµä�ĭ�

[5]��F2ɂ�-4�	ȾĞ�3ɏĈ3ƗÐɂŜ�Óę¦´8Ż=Ä!��3Ż=Ä

�2İɔ�FE[19]
�	Ɵ�ƉɅƥ¤2B*-sP�zƥ¤�ƕĎ�FE[20]
		

ǢūÙĈ3�F2BE[21]

	Ǽɓ2LlS��ŹÄ�F%F2İɔ�FE[22]1

0�Ùï/�-Ŏ�CF-�E��FC3�.0F�ųĮ3Ùï.�E2#B
Si

3B�2ȵÆ1ȾĞIȸ7(�.4S�zfXŐâ4ɍ���%�.<"4 GaAsA

InP103 III-VÓę¦3ɏƀ/�-Ĩ�ªHF-�E AuGeNi	(nøÓę¦2Ė�)ǰ

/ AuZnNi	(pøÓę¦2Ė�)ǰIȵƸ!E�/2�'[23-27]�«�5
AuGeNi3

ýâ4_pfcƖAǷǅƖ2B*-Óę¦Ǽɓ2ǸǰIįł�-�CƮÁƵIǺ�

�/.
nøÓę¦�2 Ge�Ōś!EB�21D
Ǽɓ2įł�FEɞƨĪ nğ2

B*-Ǔ�ğ�ǨĚ�FɏĈ3i�m�ǉƳ��ť!EB�21E	(ò 3.8)[25]�	

	

	
ò 3.8	AuGeNi3Őâ|Tl`{	

	

� ɏƀįł3'?2 n-GaP	(Ǿɓ)2 AuGeNiI 300nm
p-GaP	(Ǽɓ)2 AuZnNiI

150nm_pfcƖ.ûǑ�#'�)1=2 p´3ɏƀI©Ȁ!EŪ24�siSs

ƖIƸ�-|f]�Ʊ2�'	(ò 3.9(b))��F4 DPPŕƸLl��Ū2ǞĈ3Ǽɓ

2��\¹Iƭė!E�
%3��\¹� pnƺɓ<.Ēŧ2ĝ�B�2!E'?.

�*'�<' DPPŕƸLl��Ǡ�ĳ
hoN_I LED/�-ɜÐ�#EŪ2¹�

Ēŧ2Ä-ŷEB�2!E'?.@�E�%3ĳ
dN]�Y2B*- 550µm�
550 µm3efuƱ2ÆDÄ!�/.
LNb��]��IǺ*'�ò 3.9(a)4čł
�F'hoN_3N|�^.�E� 
� %�-ƮÁƵ2BEÓę¦-ȾĞŐâ3āÑIȃE'?2ɏƒƩ2��-ÍƮÁƵ
IǺ*'�¸Ǻǈǒ.4 350�¡�.ŮĿǫ1Ǣź�ĵCF'3.[26]
ɏƒƩ3Ƣ 
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ò 3.9 čł�F'ǞĈ3N
|�^�(a)ǞĈ3¼¦·�
(b)Ǽɓ3|f]�Ʊɏƀ3
SEM· 

 

 
ò 3.10 ƮÁƵ2BEZ�cXiļ3ŗì� 

(a)ɏƛ 1µAŪ3ÖÍɏô�(b)ƮÁƵËĳ3 I-Vưļ 
 
ĪI 360�2óĎ�
ƮÁƵŪɁ2B*- 1µA3'?2ĺȂ1ɏô²3āÑIƣĎ
�' (ò 3.10)�360�2��- 480ǍƮÁƵ!E�/.
ƮÁƵI�1�ýâBDǴ
ą1Óę¦-ȾĞƺɓ�ĵCF'�/�Å�E����ŞƲ[26].4ŐȉŊň�ɣŽ
:0��*'/Ȋ�üç��*'�¸ǺǈǒǢź2Ƒ9E/
ò 3.103Ǣź4ÒÅ
/4Ȋ�ɍ�
<(]�fiV�Őâ3<<.�E/�ľ�FE����ųǈǒ2

��E�1ǀƄ4
DPP ƥ¤I��'ƾ¹ƴδ� GaP 2��-@ȃCFE�3ǉȓ

%�- DPPŕƸLl��Ŷ¢3ŭȵÑ/ƵȘ}h�3Œž.�E3.
�F¡�2
Ɵ»D4�1�*'����Ęŷ DPPŕƸLl��2BD©Ȁ�FE GaP LED3
ÏƳI��E'?24
ĺ"X�L�!9�Ȗɘ.�E�ŭĳ2�Ȍ3u�a_. 
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ò 3.11 čł�F' GaP pnw}ŐâdNS�j3 I-Vưļ 

 
©Ȁ�F'dNS�j3 I-VưļIò 3.112</?-��'�Óę¦-ȾĞŐâ3ë
ɘ4ƍ*-�E�
ɒĥ2Ǵą1ŝƛưļIǊ! GaPdNS�j�©Ȁ�F-�E
�/�Å�E� 
	
	

3.3	DPPŕƸLl��Ɩ2BE GaP	LED3©Ȁ 	

� ųǚ.4
3.2ǚ.ȩ9'u�a_.©Ȁ�F' GaP	pnw}ŐâdNS�j2Ė

�
2.4ǚ.ȕŦ�' DPPŕƸLl��Iţ� GaP	LED3©ȀIǺ*'Ǣź2+�

-üç!E�	

� <"ªƸ�'¹Ƥ2+�-ȕŦ!E�DPPƥ¤I��'ƾ¹3ýâ
sRn�2

B*-Qm�W�@āȗ�FE3.
o�jW~fu EgBDɞ�Qm�W�3¹Ĉ
3ŘÄ@àǯ.�E�/IǗɣǕ.ȑ�'��FIſȎ!E'?2ųǈǒ2��-

4 DPPŕƸLl��Ū2Ƹ�E��\¹/�-Ɨȿ 532nm	(=2.33eV)3@3IªƸ

�'�2.33eV4 GaP3 Eg
2.26eVBDĄ��
Ĵŷ3ƵȘAhoN_2��-4
GaP�C�3B�1²3¹Ĉ3ŘÄ4űĲ.�1��	

� �+ƘĿ!9��/4
EgBDɞ�Qm�W�Iō+¹Ĉ3ýâĮƬǢū2æÞ
�FE���� GaPǢū2Ė!EæÞ3ĦöǱƹǺǏ4
2.3eV3Qm�W�Iō

+¹Ĉ3ýâ 28µm.[28]
�3ȢɌ4ǞĈ3Ǽɓ�C pnŐâȺ<.3ȢɌ	(ǜ

250nm)BD"*/ȿ��B*- 2.33eV3��\¹IªƸ�- DPPŕƸLl��I

Ǻ*-@ GaP dNS�j3 pn ŐâȺ<.:/J03¹Ĉ�ĝ��/IűĲ.�E�

<' pnŐâȺ.Ʒł�FEQm�W�2.33eV3¹Ĉ3:/J0@ǞĈĂȺ2ŘÄ

�FE/űĲ.�E�	

� Ɗ2¼¦3ďɝǛIò 3.122Ǌ!�DPPŕƸLl��Ū2@
DPPŕƸLl��

Ǡ�ĳ3 ELɜÐŪ2@ã ďɝǛIªƸ�'�DPPŕƸLl��/ ELɜÐŪ3ȴ

�4Ǽ 3.22</?'B�2��\¹/ CCD3 on/off3=.�E�+<D ELɜÐ

Ū24ÍĠƸ3��\¹IȶŠ�
CCD. EL_vXi�IƣĎ!E�ďɝǛ3Ȓǟ

IȕŦ!E/
DPPŕƸLl��Ū/ ELɜÐŪ2ɏƛI¬ǣ!E'?3ĎɏƛƤ/	
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ò 3.12	ďɝǛ3ƅīò	

	
Ǽ 3.2	ďɝŪ3afgM�Y	

	
	

�- Keithleyǋ3 K-2400IªƸ�'	(ĳ3Ǘ 5Ǖ2��-4�Ⱥ3ďɝ�ųɏƤ3

Ďɏô}�jIƸ�-ǺHF'�%3ďɝ¡Ă4¼-Ďɏƛ}�j.ǺHF')�h

oN_3 ELƾ¹_vXi�IƣĎ!E'?2Å¹í/À× Si-CCD	(Roper-Scientific	

Inc.)IƸ�
-100�<. CCDIÀ×�-ƣĎIǺ*'�<'ųǚ3ƍD3ȺÅ.ȕ

Ŧ!EďɝǢź4
GaPdNS�j2Ė�ɖŢäɏƛ 30mA	(9.9A/cm2)IƘ»�1

�C
Ɨȿ 532nm3��\¹IǞĈǼɓ2Ė�÷ǁŢä2Į-- DPPŕƸLl�

�IǺ*'@3.�E���\¹3p��4 0.4W
ǞĈǼɓ�2��Eɋ¹ǁı4

0.6mm.�*'�<' DPPŕƸLl��Ū/ɜÐŪ	(EL_vXi�ƣĎŪ)24Ǜ

3ƢĪāÑ2BEnN`IŭĚÑ!E'?2
[�}�}^���	(v�gMQǞ

Ĉ)IƸ�- GaPdNS�j3ƢĪÉĶIǺ*'�	

� DPPŕƸLl��Iɀć�-�CɢŪɁƐ2��\¹IȶŠ�-	(Ǽ 3.23 EL�

ɜÐŪ3Ŷ¢)
EL_vXi�ƣĎIǺ*'�EL_vXi�ƣĎŪ24 CCD3ɐÄ

ŪɁ4 0.25Ǎ.�*'�Ëî3ƣĎ�C3_vXi�ĭĪāÑ� 1%¡�/1*'

Ūƪ.ÍĠIǠ��'�ò 3.134 DPPŕƸLl���3hoN_3 EL_vXi�

ƣĎǢź.�E�ò 3.13(a)4 DPPŕƸLl��ŪɁ2Ė!E¼ ELƾ¹ĭĪ	(ò

3.13(b)3ŬǦ/ƆȤ/�ñ>ɓǑ)3­ċļ
ò 3.13(b)4 EL_vXi�3āÑ
ò

3.13(c)4ƾ¹Ū3ǞĈ3N|�^
%�-ò 3.13(d)4Çű²/ɛêĳ3_vXi�

3ÿÍƳ.�E�ÛǬ3'?2ò 3.13(b)/(d)24 DPPŕƸLl��3Ɉ3ƭė¹

3Qm�W�	(2.33eV)/ GaP3o�jW~fuQm�W�	(2.26eV)I%F&Fȟ�

ƪǦ/ɠ�ƪǦ/�-ò�2Ǌ�-�E�	
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� 	

	
ò 3.13	DPPŕƸLl��3Ǣź�(a)	DPPŕƸLl��ŪɁ2Ė!E¼ ELƾ¹ĭĪ3āÑ�

(b)	EL_vXi�3āÑ�(c)ǞĈ3ƾ¹3ƃĈ�(d)DPPŕƸLl��Ëĳ3 EL_vXi�

3ÿÍƳ	

	

� <"ò 3.13(a)IȃE/
ƾ¹ĭĪ4 4ŪɁ.ɛê�
ÇűBDɤ±3ƾ¹ĭĪ3

ÿÍ�ĵCF'�/�ȈE�Ɗ2ò 3.13(b)4 EL_vXi�āÑ3Ȓǟ.
ò 3.13	

(d)4¡�3ī(3.5).Ɣ?'_vXi�3ÿÍƳ R.�E�
�FC3Y�s4 GaP

3 Eg3Qm�W�BD"*/¥�ɗù	(1.7~2.2eV)/
%FBDɞ�ɗù2Å�-Ǭ
�E�/�.�E�	

!!
R =

Psat(E)−Pini(E)
Pini(E)

 � (3.5) 

<" 2.2eVBD¥�Qm�W�ɗù.4 R� 150~250%.�E�
ÙƵ�CǬ�-

�3ɗù2��Eƾ¹3ÿÍ4 DPPŕƸLl��/4ƫɂ¯.
Ǣū¾Ⱥ3�ǝƯ

ƥ¤2BEƾ¹/őƣ�FE�ďɈ Ga[Ni2ǩ�œH*' ZnÙĈ/ P[Ni2

ǩ�œH*'�ǝƯȼǞ�ȨŐ!E�/.įł�FEȁâƥ¤I��'ƾ¹[29]


jk�(SNS�)2i�fu�F'ɏĈ/Ǳƹƌĉ3ƾ¹¿Ǣâ2ƹŷ!Eƾ¹[30]

ǘ�Ùï/�-Ǭ�CFE��C2 Zn-Oƾ¹�Ĺ�C3ƾ¹3ýâ
pğƺɓ3 Zn

� nğ´2Ōś!E�/.ƴFE�/�üç�F-�E[31]�+<D DPPŕƸLl

��3ȰǺ2B*-�3 EgBD¥Qm�W�´3ƾ¹�ĭ�1E�/4
�ǝƯ3
Ōś�Ƞ�-�EȎŋ/Ȋ�E�	

� EgBDɞ�Qm�W�ɗù
ư2ƭė��\¹3Qm�W�2.33eVBDɞ�Qm
�W�ɗù.4ÿÍƳ R� 550%¡�/ɞ�1*-�E����ďɈ3ƣĎ24n

N`�å<F-�'3.
ɞQm�W�´.4ƾ¹�ÿĭ�F'BD4
ċõ�1

�*'¹Ĉ3ŘÄƴδ�ƴF'/Ȋ�3�ƌ���%�-�F4ǗɣǕ3ȕŦ.ű
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Ĳ�'ȬD3ĭĪāÑ.�E�<'ò 3.13(d)3 2.33eVBDɞ�ɗù2��-4è

űƿ1r�X�ȃCFE�	(�Ţä3ǆÖ)
�FC3Ɂɇ4 50meV.�E��3²

4 GaP3 LOsRn�Qm�W�2ǂĮ!E�+<D�3ɞQm�W�ɗù.3ƾ

¹24¸Ǻǈǒ3B�2sRn�[Njo�j�Ýũ�F-�E[32]��3ƴδ4

!.2 2.3ǚ2��-�ƣ�F-�'3.
ò 3.133ƾ¹ƴδ4Zq���isR

n�I��' DPPŕƸȲǏ2BEƴδ.�E�/�ǉȓ�F'�	

� ŭĳ2ò 3.13(c)4ƾ¹3ƃĈ.
�Ȍ3Ǭĕ3B�2 DPPŕƸLl��Iţ!�

/2B*-ǥĤù3¹3ÿĭ�Ƕ��*'�
ŭÇ�Cĭ��ǝƯ�C3ƾ¹�ċ

õ�''?¼¦3ƾ¹ǵ4Ƈǵ2ȃ�E�	

 
	

3.4	Ǣūļ2BEİɔ3ſȎ 	

� Ëǚ2��- DPPŕƸLl��2B*- EgBDɞQm�W�´3ƾ¹�ƴFEB
�21*'�/IȕŦ�'�����3ƾ¹ƴδ�ųĮ2 GaP3 pnŐâ�C3ƾ

¹ƴδ.�E�Iǉȓ!EĺȂ��E�§ř1C
�ǳ2NS�Ƙ»Ɩ2BE�ǝ

Ưj�uȲǏ.4Ǣū2d|�^I��ĵE�C.�E�ư2ɞQm�W�.NS

�Ƙ»IǺ�Ɉ24
j�`Ƚ2B*-ƪƉɅAȣ¤IɞēĪ2Ʒł�#
Ǽɓ�

L}�sK_Ñ!EĽF��E[33]�ųǈǒ2��-4ɞƨĪ2
%�-�ö�1

pnƺɓIįł�#E'?2ɞQm�W��ɞj�`Ƚ.NS�Ƙ»IǺ*'3.Ǣ

ū3Ǽɓ�L}�sK_Ñ�-�Eàǯļ�ɞ�
Ǽɓ2��-4o�XǢū3ý

â/4ƽ1EƯļIǊ!àǯļ�ɞ��+<DɞQm�W�´3ƾ¹ƴδ��3L

}�sK_Ñ2BE@3.41��ſȎ!EĺȂ��E�¸Ǻǈǒ2��-@L}

�sK_Ñ�' GaP3ýâ
o�XǢū/4ƽ1E PL	(Photoluminescence)_vX

i�IǊ�'«��E3.[34]
ųǚ.4Ǣūļ/%3İɔ2+�-ſȎ!E�	

	

	
ò 3.14	ƮÁƵŶ¢2BE GaPúŸǼɓƱŁ3āÑ	
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� %3'?2NS�Ƙ»ĳ
ɏƀ �IǺ�Ë2ƮÁƵIǺ��/.úŸǼɓ3Ǣ

ūļIîķ�#E�/IȐ='�ò 3.144ɤ+3ƢĪŶ¢/ɤ+3ŪɁŶ¢.ƮÁ

Ƶ�F'úŸǼɓ3N|�^.�E�ĳG3�G�3ŞĊ4úŸ3ȫŦĪIǮǄ.ņ

Ŕ!E'?2úŸ3ĳG2ǩ�'@3.�E�<'ƑȦ3'?2NS�Ƙ»IǺ�

Ë3úŸIò 3.143á2Ȼǩ�'��3ò�CŦC�1B�2
1000�3ýâ24

úŸǼɓ�Ƨ�-�<��<' 600�3ýâ24á3NS�ŲƘ»3úŸ/Ƒ9-


Ǽɓ3Ǣūļ3îķ��ÒÅ.�E�/��ƣ�FE�ǮǄ2BEȏ®.4
800�

2��EƮÁƵ��Ȍ3Ŷ¢3�.4ŭ@ȵÆ.�E�	

� %�. 800�. 30ÅɁƮÁƵ�'[�u�2Ė�
%3ǼɓƱŁI�y�ś�Å

¹Ɩ	(»ė¹:	488nm).ȗ9'�ò 3.154NS�Ƙ»Ë3úŸ	(ɑ⚪ ︎)
NS�Ƙ»ǁ
ĳ3úŸ	(ȟ�)
ƮÁƵĳ3úŸ	(ǥ�)3�y�ś�_vXi�IƣĎ�'Ǣź.

�E�NS�Ƙ»Ë3o�XúŸ3Ǣź24
Ǽ 3.3�C�ƣ�FEB�2 LOsR

n�/ TOsRn�2ĖĻ!Er�X�ȃ�E32Ė�-
NS�Ƙ»ǁĳ3úŸ

3ýâ24r�X�ȃ�1��B*-Ǽɓ��ľȬD2L}�sK_Ñ�-�E/

Ǭ�CFE�%�-ƮÁƵIǺ*'úŸ3ýâ4¿6r�X�ƴF-�E3.
�

Ȍ3Ŷ¢2BEƮÁƵ.Ǽɓ3Ǣūļ�îķ�'/ƵȈ.�E�	

	
ò 3.15	�y�ś�Å¹Ɩ3ƣĎǢź	

	
Ǽ 3.3	ZincblendƂȮ	(ƪǪ Td)2��E�y�ś�ȸŉÊ	

Ǣūɓ	 TOsRn�ȸŉÊ	 LOsRn�ȸŉÊ	

	(100) 	 ǌÉ	 ȍĒ	

	(110) 	 ȍĒ	 ǌÉ	

	(111) 	 ȍĒ	 ȍĒ	
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ò 3.16	ƮÁƵơ=úŸIƸ�'ďɝ3Ǣź�(a)	EL_vXi�3āÑ�(b)DPPŕƸLl�

�Ëĳ3 EL_vXi�3ÿÍƳ	(ƑȦ3'?2ò 3.13(d)IȟǦ.Ǌ�-�E)	

	

� ǼɓƱŁ� 3.3ǚ3ƾ¹ƴδ2��EİɔIǉȓ!E'?2
ƮÁƵIǺ*'ú

ŸIǞĈÑ�- 3.3ǚ/ã Ŷ¢. DPPŕƸLl��IǺ*'�%3ǢźIò 3.16

2Ǌ!�ò 3.16(a)4 EL_vXi�3āÑ
ò 3.16(b)4ī(3.5)IƸ�-Ɣ?'ƾ¹

3ÿÍƳ R.�E	(ȟ�ŬǦ4ò 3.133(d).
ƑȦ3'?2ȧ#')��3ò�CȈ

EB�2
ƮÁƵIǺ*'[�u�2��-@ò 3.13/ã _vXi�3āÑ�Ȇ

ƣ�FE�+<D 3.3ǚ2��-ĵCF'Ǣź4Ǽɓ3L}�sK_Ñ/4ƫɂ¯

3@3.�E/�Ĭ.�E�	

� �3ò 3.15/ò 3.162B*-Ǌ�F'Ǣź4Ɗ3B�2ȕŦ.�EɦZnI

300keV/Ȋ�ɞÍȭQm�W�. GaP2Ƙ»!E�/2BD
GaPǢū3Ǽɓ�L

}�sK_Ñ!E���� DPPƥ¤I��-Ƞ�Eƾ¹ƴδ4Ǣū¾Ⱥ3 pnŐâ

ƺɓ2��-ƾƷ!Eƴδ.�D
ǢūǼɓ3L}�sK_Ñ24İɔ�F1��

B*-Ǣūļîķ3'?3ƮÁƵu�a_3Ůƫ2ɂ¯ƫ�ãƃ3Ǣź�ĵCF'�	
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3.5	DPPŕƸLl��Ɩ3ŮÏļ3ſȎ 	

� ųǕ3ŭĳ2 3.3ǚ/ 3.4ǚ3Ǣź�ųĮ2 DPPŕƸLl��2B*-@'C�

F'Ǣź.�E�IſȎ!E�%3'?3ƑȦďɝ/�-
��\Iƭė#"2ɏ

ƛ3=Iƛ�- GaPdNS�j3^���ƮLl��IǺ*'�§ř1C DPPŕƸ

Ll��3ÙƵ�CǬ�-ȃE/
DPPŕƸLl��3'?24ŌśɜÐÌ	(Ʈ)/

ŇƋÌ	(ȔęŘÄ2BEƾƮ3ŇÉ)/�ĺȂ.�E�
��\ƭėƫ�2ɏƛ3=

Iƛ!/ŌśɜÐÌ(��ċõ!E�/21D
DPPŕƸLl��3ÏźIűĲ.

�1��C.�E�	

	

	
ò 3.17ƭė��\¹ƫ�2ɏƛ3=. DPPŕƸLl��IǺ*'Ǣź�(a)	)	EL_vXi�

3āÑ�(b)DPPŕƸLl��Ëĳ3 EL_vXi�3ÿÍƳ	(ƑȦ3'?2ò 3.13(d)IȟǦ

.Ǌ�-�E)	

	

� ��\Iƭė#"2
ɏƛI 30mA Öà�1�CǺ*'ďɝǢźIò 3.17 2Ǌ!�

ò 3.17(a)4 EL_vXi�3āÑ
ò 3.17(b)4ī(3.5)IƸ�-Ɣ?'ƾ¹3ÿÍƳ

R.�E�<"ò 3.173(b)IȃE/
2.2eV¡�3ɗù2��-4�+3ŬǦ�B

��ǲ!E����ɞQm�W�´.4�ǭ4Ą��ƽ1E��3Ǣź4Ɗ3B�
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2ȕŦ.�E�2.2eV¡�3ɗù2��Eƾ¹ÿÍ4 DPPŕƸLl��/4ƫɂ¯

3ƴδ
+<D�ǝƯƥ¤3ƚļÑ2BEƴδ.�E�/��3ǢźBDǉȓ.�

E����ɞQm�W�ɗù2��Eƾ¹_vXi�3āÑ4 DPPŕƸLl��2

BE@3.
��\¹ƭė3Ůƫ2Śŀ2ÝĻ!E�+<D��\¹ƭė3Ůƫ2

B*-j�p�i3Ōś3ȰǺ/ŇÉ2ȴ��Ʒ E3.
ò 3.17(b)3B�1Ǣź

�@'C�F'�	

	

� ųǕ.4 LECƖ2B*-łȿ�F' nø GaPúŸ2 ZnINS�Ƙ»�-©CF

' GaP	pnw}ŐâdNS�j2 DPPŕƸLl��Iţ!�/.o�jW~fu Eg
BDQm�W�3ɞ�¹ĈIŘÄ�#E�/�.�E�/Iȃ-ŷ'��C2ƮÁ

ƵIǺ*'úŸIƸ�'ďɝǢź�CúŸ3L}�sK_Ñ2BEƴδ.4ƫ��

/
%�-��\¹ƭė3Ůƫ2BEǢźƑȦBD DPPŕƸLl��3ĆĮļ�ǉ

ȓ.�'�+<D��CF'ɏƛēĪ2Ė�
ÒÅ1ĭĪ3Ôǵ¹�»ė�FF5

%3Ôǵ¹3Ɨȿ2Ļ - EL_vXi�3āÑ�Ʒ E3.�E�%F.4�Eɏ

ƛēĪ2Ė�
ÒÅ1��\¹3ĭĪ/403B�2ƕ?E9��ɧ��\¹ƭė

3Ůƫ2BEǢź3ȴ��C
ɏƛēĪ/��\¹ĭĪ3Ɂ24§C�3ɂ¯��

E�/4�ƣ�FE�Ɗ3Ǖ�C4�3�/2+�-ȪƔ�-Ǻ��	

	

(ǗɤǕ2+�-3ǿȡ)	
	

	
ò 3.18	GaPǢū�3�ǝƯƾ¹ƥ¤/ƾ¹_vXi�	

	

� ǗɤǕ2��-Ǌ�F':/J03 EL_vXi�24¥�Qm�W�´3ĭ�ƾ

¹�Ȇƣ�F'�%3Ùï/�-4 3.3ǚ.șȘ�F'B�1ƃ�1�ǝƯ�ƉɅ

ƥ¤2BEƾ¹IŎ�E�/�.�E	(ò 3.18)��FC3�ǝƯ�ƉɅ2BEƾ¹

IŇ�E�/�.�F5
GaP2 DPPŕƸLl��Iţ!�/.ǥƾ¹ǞĈI©Ȁ
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!E�/�.�E�+<DY���W~fuëɘ2Ė!Eš��Lu��eIŒ¬

.�Eàǯļ��E�%F(�.41�
DPPƥ¤I��'ƾ¹2Ė!EșȘIƟ

?E'?2@�FC3nN`4Ʉ�FE9�.�E�	

� %3'?3ńƎ/�- MOVPE2BE GaP3łȿIǬ�E�/�.�E�LECƖ

2Ƒ9-ȼǞ�ǝƯ3ƨĪAƉɅ3ēĪI��E�/�.�E3.
ò 3.182Ǌ�

F-�E:/J03¥Qm�W�´3ƾ¹ƥ¤IɄÚ!E�/�.�E�ųȘŞ3

ŭĳ3 Appendix 2��-4 MOVPE Ɩ2BE GaP	 pn Őâ3įł2+�-ȕŦ!E�	
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řƸŗ 	
DPPĊłBZnh-ĜƗ© 	

	
	
	
	
4.1 DPPĊłBZnh-Ġ�) LED-Ň�PbJWh  

� ¢ŗ-Ĝñ,�DPPĊłBZnh-Ëëù@őſ�<!6,inN�ĹØĝķ,
9<PbJWhÇ©-Ɩ
@őſ�!	��(. DPPĊłBZnh).ķƟ�,ø
?=<�E[hInáÀ (2.2eV�q)-Ã¶,.inN�-ĝķ,9<Ɩ
�ŷĳ�
=+�$!��DPPĊłBZnh,9$'ċ��=<9�,+$!ƱE[hIná
À (]lXIfUa Eg�2.26eV�p),��<ĦÍ.��Ņ+$!	%4;Ûāň+
ĺ-ŇŁ)ƀÙċ�,9<ŋ×ň+�®-ƶ%-ŴŞ� DPPĊłBZnh,.öƫ
(�<�)�őſ�=!-(�<	 
� ��(o%ņ¼�Ł�<	inN�-ĝķ)Ź�ĤŘň+ļĮq,�
'.Ɩ


�Ł�<-.őſ�=!	�=(.ĤŘň(.ķ
ļĮ�%4; DPPĊłBZnh
Ę-inN�^kn)ı×ƦĲ�@õÚÇ©��!Ę,PbJWh.*-9�,Ç

©�<-�ƻ 
� ı×ƦĲ-�,9$'Ûāň+Ňĺ (ĄčƯ¨¤)-ĦÍ�Ç©�<.�"���
�'ı×ƦĲ�)inN�-^kn-]glP,9$'ƀÙċ�-ĦÍ7Ç©�<

.�(�<-(�pŻ-Ɔ¼.Ëë(�<	Òƣ GaP-~,7�SiC pnceĆ¶,
DPPĊłBZnh@Ĕ�' LED@�ų�!�Űŏŕ,�
'7 DPPĊłBZnh
Ę-¥ÝĠ�@Ç�<�)(PbJWh,Ɩ
�ŵ:=!�)�Â¹�='
< (½
4.1)[1]	½ 4.1-Òư(.�ı×ƦĲ@oÑ,��ĹØinN�-^kn@Ç©��
!Ę,ó:=!şģ(�<	ı×ƦĲ�@Ç�!Ę,7PbJWh,Ç©�Ł�<

�@őſ�<!6,�řƷŗ)·�Ăį(�ų�=! GaP pnceĆ¶TCGnX@
ł
'Ņ+<ƦĲ�@ł
' DPP ĊłBZnh@Ű$!	�-şģ@½ 4.2 ,Œ�	 
½ 4.2.ç(4.1)@ł
'ĭ6! DPPĊłBZnh¢ñ-Ň�-Å¥ľ R(�< (řƷ
ŗ-ç(3.5))·�)	 

!!
R =

Psat(E)−Pini(E)
Pini(E)

 	 (4.1) 

4�½ 4.2-Ʋ
ěţ.řƷŗ)·�Ġ� (İƝ 532nminN 0.4W�Ƥ�Ŋî
0.6mm�ƦĲ 30mA)( DPPĊłBZnh@Ű$!Mlah-şģ(�Ƈ
Ķ.~-
Ġ�.·o,��ƦĲ�@«� (15mA),�' DPPĊłBZnh@Ű$! 9�-M
lah-şģ(�<	�-şģ(78.; Eg9;�E[hInáÀ (%4; DPPĊ
łBZnh).ķƟ�+ƬÀ)(.¥ÝĠ�,9<Ç©.ŵ:=ķ
��DPPĊłB 
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½ 4.1 DPPĊłBZnh(�ų�=! SiC LED-¥ÝĠ��Ðù (ĐĽ[1]9;) 

 

 
½ 4.2 ¥ÝĠ�,9< ELPbJWh-Å¥ľ R-Ç© 

 
Znh)ÕĆ+Ɵ�@ą%ƬÀ (Eg9;ƱE[hIn9;ƱE[hInƬÀ)(.¥
ÝĠ�,9$'Ň�PbJWh�Ç©�<�)�ŵ:=<	%4;½ 4.1)½ 4.2�
: DPPĊłBZnh,9$'�ų�=! LED.¥ÝĠ�,Čý,±÷�<�)�
őſ�=!-(�<	 
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½ 4.3 ĜƗ¥ÝĠ�,×�<ũÖ 

 
� Ň�PbJWh,.¥ÝĠ��Ðù��<)Ź�pŻ-�Ó@7),ũ�<)�

š
'
�=(.ĜƗ+¥ÝĠ�.Ð¾�<-�ƻ�)Ź�ņ¼@ĉŒ�<-.ƪ

ë(�>�	�-Ķ,%
'½ 4.3@7),ũÖ�'Ű�	4�½ 4.3 case.1-9�
,ƦĲƛ�ƕÈ(�$!Ã¶@ũ�9�	�-Ã¶�DPPĵ�@}�!Ň�-´ū
+õÚƬÀ,�
'ƀÙċ��ƈ�;ó<���£ƦÍ�ī$'�4�	7#>A

�-�£ƦÍ.Ŭĸċ�,9$'�Í@ċ��<Ã¶7�<���-§ľ.Ʊ�.

+
-(�čwƕŔ8ƧƍØŤ»,9$'Ûāň+ĺ@ŇŁ��<	¯Ŀ�:ũ�

'��-9�+�£ƦÍ,9<Ňĺ. DPPĊłBZnh,9<Y\ĥƒìĀ@Ì�
<	ĩ,½ 4.3 case.2-9�,inN�-^kn�ƕÈ+Ã¶@ũ�9�	�-Ã¶
,.�£�Í�Ð¾�<�),+<	ğŏŕ,�
'.]lXIfUa Eg9;Ʊ


E[hIn-�Ĵ@ DPPĊłBZnhĘ,ł
<-(��-9�+�£�Í.Áå
ĵ�,Ð¾�<ƦÍ@¦ƈĵ�,³�p�<��@�<��¦ƈƦÍ.čwƕŔ8

ƧƍØŤ»,9$'Ûāň+ĺ@ŇŁ��<	şģň,�ƀÙċ�,9<ĥƒ-�

ą)Ź��ƨ�:½ 4.3 case.3-9�,ı×ƦĲ�)ĹØinN�^kn-ƞ,.Ĝ
Ɨ+]glP�Ð¾�<�)�xĳ�=<	 
� pŻ,��<ũÖ@½ 4.4,4)6!	4�ŞÍ,ı×�<ƦĲ)ĹØinN�
^kn��4;,7Ú�
Ã¶,.ĝơĘƞ�,Ç©@Ğï�ƥ
	Ƒ,ê��<

Ã¶,.ŞÍ�ŐÆ�=<ú=��<	½ 4.4(a)-ħƊ,Ǝ&�/�½ 4.3- case.1
,×÷�<�),+;�DPPĊłBZnh-§ģ.è4<.�(�<	Ƒ,ťƊ,
Ǝ&�/�½ 4.3- case.2,×÷�<9�,+;��-Ã¶74! DPPĊłBZn
h-§ģ.è�+<	%4;�-ńƨ,½ 4.4(a),Œ�!9�+
ĜƗRnl�-Ð
¾�xû�=<	7#>AĜƗRnl-�Ƙ,�
'7�E[hIn-Ţƛ,9$

'¥ÝĘƞ�ŎŦ�=!;�PbJWh,�<Ç©�Ł�!;�<´ūù.Ð¾�

<��ğŏŕ,�
'.ı×ƦĲ�)inN�^kn-ŋƟƟ�,ıŉ�<	½ 4.4
-(b).|4(-ũÖ@Ʒĩ�,ű�!Kg_(�<	 
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½ 4.4 ĜƗRnl-Ð¾,×�<xĳ	(a)ƶĩ�Kg_	(b)Ʒĩ�Kg_ 

 

4.2	DPPĊłBZnhĠ�,9<PbJWh-Ç©ŷĳ 	

� pŻ-ũÖ�Ó@Òƣ,őſ�<!6,�řƷŗ(Ű$!-)·�ajQP(�

ų�=! GaP pnceĆ¶TCGnX@ł
'Òư@Ű$!	 
� 4�Òư�Ó)şģ@Ƃĕ�<¢,��@ą$' DPPĊłBZnh-şģ@ đ
�<�,%
'Ƃĕ�<	řƶŗ(Ƃĕ�!9�,�DPPĊłBZnh(�ų�=
! LED .ƀÙċ�-őľ)Ŭĸċ�-őľ.{
,Ĭ��<)Ź�¯Ŀ,Á&�[2]	
�-yÒ@ł
'�Ûāň+ĺ@ŇŁ��'rŝĻ@glTd,Ąč��+�:�

�<Y\ƬÀ,Ð¾�<rŝĻ×ƞ,Û¾�=<_F\l�ƦÍmĪÎ×-Ň��

ş¶,öŴ+Ɣ¨ƛ@�Š(�<9�,+$!:�-Y\ƬÀ-Ûāĥƒ.�ą�

=<9�,�<-� DPPĊłBZnh(�$!	%4;ĹØ�,×��Ĝ7ƀÙċ
�-ƈ�;Ė
Y\ĥƒ@Ŭðň,ìĀ��<Ăį(�·Ę,ƀÙċ�-őľ)Ŭ

ĸċ�-őľ).{
,Ĭ��<-( LED -�ų7Ğï(�<ż(�< (7#>A
_F\lMCX]lX-íƩ8rŝĻmĨƢĵ�,9<Ň��Ð¾�<-(�Ŭĸ

ċ�-PbJWh.`jnX,+<)	%4;_F\lMCX]lX8rŝĻmĨƢ
ĵ�,9<Ň�0-Ôs�+�=/ DPPĊłBZnhĘ,ĹØ�=!�)·�İƝ
-�Í�ċ��=<.�(�<	9$'ğŜ�Ơ(. DPPĊłBZnhĘ-ĹØ�
-�ÍE[hIn�%4; 2.33eV,��<Ň�-Å¥ľ R(2.33eV)@ą$' DPPĊ
łBZnh-§ģ@ž��<	 
� 4�.inN�^kn@ 400mW,��ƦĲ�@Ç�+�:Ű$!Òưşģ@½
4.5,Œ�	ĬƋ-!6,inN�ĹØķ�(�ƦĲ-5@ 30mAı×�'Ű$!¥
Ýşģ7·Ę,ƌ�<	½ 4.5-(a).ç(4.1),ò$'ĭ6!Å¥ľ R(�;�½ 4.5�
(b).ĹØ�-�ÍE[hIn,��<Å¥ľ R(2.33eV)@ďĿ�!7-(�<	|4
(ŵ'�!9�,�ĹØ��ķ
Ã¶,Å¥ľ�Ĝ7�� (DPPĊłBZnh-§ģ
�è�)�ĹØ�ĝ;( 30mA-ƦĲ@ı×�!Ã¶,Å¥ľ�Ĝ7Ʊ�$! (DPP
ĊłBZnh-§ģ�Ʈů(�$!)	 
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½ 4.5 ĹØinN�^kn400mWĘ-şģ	(a)DPPĊłBZnhĠ�,9< ELPbJWh
Å¥ľ R	(b) DPPĊłBZnhĠ�,9< 2.33eV,��<Å¥ľ R(2.33eV) 
 

 
½ 4.6 ĹØinN�^kn180mWĘ-şģ	(a)DPPĊłBZnhĠ�,9< ELPbJWh
Å¥ľ R	(b) DPPĊłBZnhĠ�,9< 2.33eV,��<Å¥ľ R(2.33eV) 
 
� ĩ-½ 4.6.ĹØinN�-^kn@ 180mW,Ç�'Ű$! DPPĊłBZnh
-şģ(�<	�-şģ.½ 4.5-şģ).±×-�¸@ŵ�'
<	%4;ı×
ƦĲÕæ-�
LnP,��< DPPĊłBZnh-§ģ�Ʈů(�<�)��-ş
ģ�:��<	 
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½ 4.7  inN�^kn400mW�180mWĘ-şģ)4)6 

 
� �=:-½ 4.5)½ 4.6@½ 4.7-9�,4)6!	½-ħƊ)ťƊ.�= =
DPPĊłBZnhu-ı×ƦĲ�)inN�-^kn(�;�½u-
%���Ď
Ï.µĠ�,��< R(2.33eV)@üº�<	7�½ 4.4@ł
'Ű$!ũÖ�Ī��
=/�½ 4.7-Ƈ�Ä:=!ƬÀ,ĜƗRnl�Ð¾�<)xû�=<	4!Ƈ�
Ä:=!ƬÀ-p.�Íƕ£(�;�q.ƦÍƕ£(�<	�-�)@őſ�<!

6,�ĹØinN�^kn@ 260mW,Ç�' DPPĊłBZnh@Ű$!	�-ş
ģ@½ 4.8 ,Œ�	½ 4.7 �:xĳ�=<9�,�inN�^kn� 260mW -Ã¶� 
 

 
½ 4.8ĹØinN�^kn260mWĘ-şģ	(a)DPPĊłBZnhĠ�,9< ELPbJWh
Å¥ľ R	(b) DPPĊłBZnhĠ�,9< 2.33eV,��<Å¥ľ R(2.33eV) 
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DPPĊłBZnhĘ-ƦĲ� 20mA-Ã¶9;�30mA-Ã¶- R(2.33eV)�Ʊ
�
)�ő�6:=!	 
� ĩ,½ 4.8-şģ@½ 4.7,±ė��'½ 4.9-9�,Ĉ�Ç�!	�-½�:ĕ
:�+9�,[260 mW, 30mA])Ź�Ġ�)[180mW, 20mA])Ź�z%-Ġ�,�

' R(2.33eV)-��Ĝ7É��$!	�=:-Ġ�- 
inN�^kn×ƦĲ��-
Ĭ.�= = 8.7W/A ) 9.0W/A (�$'�Ƨâ,Ǝ
�,+$'
<�)���<	
4!�=:-şģ.½ 4.9-Ƈ
Ŋţ,Ǝ�=/Ǝ
2* R(2.33eV)-��Ʊ�+<
�)@Œ�'
<	�-Ƈ
Ŋţ�½ 4.4(Ƃĕ�!
ĜƗRnl�,�!<)ć
ĳ�<�)�(�<	 
 

 
½ 4.9 �=4(-şģ-4)6 

 
� ����=:-Òưşģ"�(.VnSĎ�Ɖ;ķ
	9$'pŻ-vé-Ī�

�@ŵ�<!6,�q,Ə1<ƶ%-Òư@Ɛ¥(Ű$!	 
 
� ĹØinN�^kn: 180mWoÑ 
�  ı×ƦĲ�: 12mA�16mA�20mA�24mA�30mA 
� ĹØinN�^kn: 0mW�80mW�200mW�210mW�220mW�400mW 
�  ı×ƦĲ�: 25mAoÑ 
 
� pŻ-Òư�)�@Ű
�R(2.33eV)@ĳÑ�!şģ@½ 4.10,Œ�	�=:-½
-q¸�Ō­(Œ�9�, R(2.33eV)-�@ĜÉ,�<ĹØ�^kn)ı×ƦĲ��
Ð¾�<	½ 4.10-(a)(.tŪ-Ĭ� 9.0W/A-Ę R(2.33eV)�ĜÉ�@²<	½
4.10 (b)(. 8.8W/A-Ę(�;��=:z%-�.23Ś�
	%4; DPPĊłB
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Znh,9<Ň�-Åê,.ı×ƦĲ)inN^kn-Ĭ�ƚŴ(�<�)@ű�

'
<	4!�-�)�-Ð¾.ĩ-Ŝ,�
'ũÖ�<9�, DPPĊłBZnh
,9<Ûāĥƒ-ŬðňÇ©,�
'ƀÙċ��vŴ+��@�'
<�)@ê�

üº�<	 
 

 
½ 4.10 (a)inN�^knoÑĘ- DPP ĊłBZnh-ƦĲ�Ðù	(b)ƦĲoÑĘ- DPPĊ
łBZnh-inN�^kn�Ðù 
 
 

4.3	Òưşģ-ũÖ 	

� 4.2Ŝ(őſ�=!ı×ƦĲ)ĹØ�^knƞ-ĜƗĬ,%
'ũÖ�<	�-!
6,.4�ƀÙċ�,%
'ũ�'ŵ<	Ƶ%-�Í,9;Ƶ%-¦ƈƦÍ�ƀÙ

ċ�,9<Ē!+�Í@ċ��<	%4;Ƶ%-�Í,9<Ƶ%-¦ƈƦÍ-ƀÙ

ċ�-őľ@ 100%")�Ñ�<)��-ƀÙċ��Ĝ7Ů�ƈ�<!6,.
ĹØ
�Í-Ďƹ¦ƈƦÍ-ĎƺƵƹƵ�(ķ�=/+:+
�)���<	��(ƦĲ

)inN�^kn,×�<ũ�ē@ĩ-9�,Ç�'ŵ9�	%4;ƛÍ©�=!

�Í)ƦÍ-Ĉ�@ł
'ĹØinN�^kn)ı×ƦĲ@Ÿƙ�Ŋ�-(�<	 
� �¤ 1W-İƝ 532nm (=2.33eV)inN�.Ƶœƞ 2.7�1018�-�Í@ċ��<	

4! 1A-ƦĲ.¦ƈƦÍ 6.3�1018�-Ĳ=,ŋë�<	��(�Í-Ď)ƦÍ-

Ď�ƵƹƵ,+<!6-Ġ�.�ĹØinN�^kn)ı×ƦĲ)-Ĭ� 2.3W/A(
�=/Ů
	���ŞÍ-űƨ,��<±Ø@ũÿ�1�(�<	GaPŞÍ- pnĆ
¶Ƙ,Ü��ƛ@7),�-Ĭ@ŲĪ�<) 7.1W/A,+<	�-�. 4.2Ŝ-Òư
(ĭ6!�) 30%��-Ɓß(oŭ�<	½ 4.11.½ 4.10-şģ@ƵĢ-½,4)
6�ħƊ@�ÍĎ)ƦÍĎ-Ĭ,Ŋ�!7-(�<	�+?#�½ 4.10( R(2.33eV)
-�@ĜÉ)�<�ÍĎ)ƦÍĎ-Ĭ. 1.3ƹƵ(�ƵƹƵ,Ǝ
	 
� ğŇŵ.ƶ%-üŨ@ą%	4�ı×ƦÍĎ)ĹØ�ÍĎ-Ď�Ɯ;¶$'
<

Ę, DPPĊłBZnh-§ģ�É��+<�).�DPPĊłBZnh,9$' GaP
şę�Ƙ- Zn¯Í-Ŗƞ�à�¡ô�=<ƈĴ.ƀÙċ�(�<�)@üº�<	
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7#>A��(Ű?=!Ƅƃ.ŊĆň+Žă(.+
��DPPĊłBZnh,�

'ƀÙċ��vŴ+��@�<�),×�<ƞĆň+Žă,.Ā;ó<	ĩ, DPP
ĊłBZnhĘ,��<ĜƗĠ�,×�<ƅƚ+ōŵ (ƦÍĎƹ�ÍĎƺƵƹ1.3)�
ó:=!�)(�<	 
 

 
½ 4.11 DPPĊłBZnh-ĜƗ©Ġ� 

 
� Ĝñ,ƵƹƵ�:�=<ĿŃ,Ɵ�'ũÖ�'ŧ�	�=4(-Ƅƃ,�
'.

ĚƳň,ƦĲÕæ)inN�-êæ�à�¿o")�Ñ�'Ƅƃ@Ɠ6'ġ!	Ʀ

Ĳ-Ã¶.ƦĤ�ŞÍűƨ��,ä�$'
<-( (řƷŗ-½ 3.9°Ĺ)��-�à
�¿o")Ǝ��'¼ƭķ
	���ĹØinN�-Ã¶.ŞÍűƨ,��<êæ

�à.HDOBl,+<	 
 

 
½ 4.12 ƶĩ�ãƨ,��<�ÍĎ)ƦÍĎ-�à 
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� ò$'¿o+ƦĲÕæ)HDOBlļ-inN�êæ�à@ũÿ�<)�½ 4.12
-9�,+<	%4;ŀļ,ƦÍĎ)�ÍĎ�Ɯ;¶$'
<ƬÀ�Ð¾��ŞÍ

-uÊƘ.�ÍĎƕ£ļþ,���'ŞÍ-ŘƘ.ƦÍĎƕ£ļþ,+<	½ 4.5
�:½ 4.114(-şģ.ŞÍűƨ�ƬÀ,��<ã¿�)Ź��),+<	 
 

 
½ 4.13 (a)�ÑƹÛāň+�ÍĎ/ƦÍĎ-Ɯ;¶
	(b)ÞŶň,ŷĳ�=<şģ (Ʋ�: Òĳ
��Ƈţ: 6Ķ,�
'ĭ6!źś� � Photons/electrons=0.7, 1, 1.3, 1.6, 2, 2.5) 
 
� ��(ƦĲÕæ)inNêæ�à�ª�¿o")ŵ+�<ÛāƬÀ,�
'��

ÍĎ)ƦÍĎ-Ĭ,9< R(2.33eV)�½ 4.13(a)-9�,+$'
<)¬ŝ,�Ñ�9
�	½ 4.12)½ 4.13(a)@4)6'źś�!şģ�½ 4.13(b)-Ƈ
ţ(�<	şģ�
:��<9�,�ÛāƬÀ,�
'ƦÍĎ)�ÍĎ-Ĭ� 1 : 1-Ę,Ň�-Å¥ľ
�ĜÉ,+<Ã¶,7�½ 4.12-9�,inNêæ�à�r¿o(�=/�ŷĳ�
=<şģ.ƵƹƵ�:�='�ğŗ(ĭ6:=!Ƶƹ1.3,+;ó<	Kg_-ìļ
�Òư)oŭ�+
���=.½ 4.13(a),�
'Ƨâ,¬ŝ+�Ñ@�
!!6(
�<	����-9�+inNêæ�à-Ŀûň+�à�:-�=,9$'�Ûā

ƬÀ,�
'.tŪ-Ĭ� 1 : 1-Ę,ĜƗ+Ã¶,7�ŞÍűƨ,��<ã¿�%
4;ŵ��p-ĜƗĠ�.ƵƹƵ�:�=<�)@Ñùň,ĿŸ�<�)�(�<	 
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ƨȒƦ 	
ȏŹ�ȏƃįwa| 	

	

	

	

	

5.1 DPPľƍGe�|µƿ  

� ƨȐƦ0��+ DPPľƍGe�|E GaP pnpwĺ×]IM�c0Ň��-,

ELƓ°1Ěĕ�íÁ�A�--
�?0 DP-ƴ×�ATj�}�blLg�0>
(+Kf|Q�1ðǖ�ǝ�%ƴŘ-�+h�cQx^m Eg>@ó�/Kf|Q�
Eķ)°ø<ŀ¶�BA>�0/A�-Eǋ+Ŗ%��?0ƨȐƦ1ȒƬ-ƨȑƦ

,2 DPPľƍGe�|Ō1ŕ�EðÆ�!/�?ýȉEǇ(%ƴŘ�? DPPľƍG
e�|1ĳŮ (}�V°ſĄ-ǿŲŰ±EØŌ0Ǉ�Áċ)1õěĪ-
DPPľƍG
e�|0>A�ưƁ (ZnÌø)·Ď1ŏǮÆ02ǔąŀ¶�ĥǊ,�A�-EƜǓ,
�%�)9@ƨȎƦ,Ĺ�%ƚƣƕŠ�1 DPPľƍGe�|Ů1ūƍĪ (ǶĺÉą
�0�ǂƔ0Ǯƍ,�AÁċŮ,�A1�)1ƜǓ-
ƨȏƦ,Ǖŉ�% DPPľƍG
e�|1ÌƉ1śǑE½1ȏ)1Ʀ,Ǉ(%1,�A� 
 

 
â 5.1 GaPƴō´ǰ, Zn�Ķł�A%;0�@ǟ�A6�r`�Wx|Ǻî (ńƄ[1] >@) 

 
� ��� DPPľƍGe�|0Ƿ�+29&ó�/ŒǍŬàȅ�ùå�A�#B2

ćĲƔ/Ɠƀ�0Ƿ�Aƒà,�A�Ɯ�0]IM�c0ǿŲEŲ�-ƀ2Ɠƌ

�A����#1ƀ��ưƁ1ĶłE¦�%;0È·,�A�0)�+2ǥÁƔ/

ƿā�ĥǊ,�C��GaPƴō1´ǰ0��+ Zn�Ķł�AšŞ2ó��ȏ)ùå
�
#B$BP^RGJbšŞ (Kickout process)-řøǶĶłšŞ-Ý3BA�#�
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+ ZnÌø�#B$B1šŞ0>(+Ķł�Aǹ02â 5.10Ɲ�B+�A>�0
1.64eV- 0.61eV1r`�Wx|ǺîE�@ǟ�/�B3/?/�[1]�Ŷĕ0Ľƫ
�A- 19000K- 7000k0/@
ȁĐ0ȊŶ,/�B3/?/��-�·�A���
�ýǹ02òŃ1I�Tj�}�blLg�-1Ɨ��ƍ0>(+Ķł�ǝ�A%

;
�ǐ1>�/ȊŶ,/�+<ƜƆƔ0Ìø2ƴō�EƟÄ�ĢA�����ǂ

Ɣ0�ưƁ1ƀĶłm~[Y02ǆż1Ȑ·1ȏ��1Ŷĕ��ǂƔ,�A�)9

@ Si- GaP1ë×02 1000K����ǂƔ,�A�Ř%�+ DPPľƍGe�|m
~[Y2�1>�/ȊƀEƓƌ�ĢA�ȕ 
 

 
â 5.2 DPPľƍGe�|�1 SiƱøǈȂ1Ŷĕ·Ď (ńƄ[2]>@) 

 
� Ŧħ/�?ƪ�2
Ú�,�A�â 5.22¯Ǉƚƣ0��+ Si]IM�c0Ă�
+ DPPľƍGe�|EŇ�/�?ƱøǈȂ1Ŷĕ·ĎEŷü�%ƴŘ,�A[2]�â
�?2ŉ?�/>�0 70�½Ġ1ŶĕEƝ�+�@
Si1ǆż>@ (-��
þ
Ŷ0ǣ�Ŷĕ0/(+�A�-�·�A�GaP1ë×0<
ȐƬ,Ǖŉ�% DPPľ
ƍGe�|Ō1ƱøǈȂŶĕ2 40�Ơĕ,�(%�ġŖ1ã��1Ķł1ƉǗ0>
A-
�1>�/�ŶƋì�,27-F.Ķł2ǝ�/�����ýǹ0 DPPľƍ
Ge�|0>(+ ELYoRb|2ðÆ�A�#�+ ELYoRb|1ðÆ2´ǰ1
�ưƁ·Ď1ðÆ0>AƇǙ,�A�-E�,0Ǖŉ�%��1�-EǕŉ�A%

;02 2.4Ƭ,Ǖŉ�% DPPľƍGe�|1ƉǗ,2/�
>@Ǯ¸/ƉǗ1ǵƓ
�ĥǊ,�A� 
� œƦ1Ŧ@1ǰ·0��+2 DPPľƍGe�|EǕŉ�A%;1Ť��ƉǗwa
|Eƥ++
��1ȑ)1à�0ƪ�+Ǉ��-, DPPľƍGe�|0Ă�AƉǍ
Eų;+Ǉ�� 
 
� �ŁþŶ0ǣ��Ŷ,c�i�b1·Ď�ðÆ�ĢA1�ȕ 
� DPPľƍGe�|EǕŉ�AŤ��ƉǗwa|-2.1>�/<1�ȕ 
� ƀGe�|,2ȇƕ�ȕƀGe�|- DPPľƍGe�|-1ǭ�2�,�A�ȕ 
	 DPPľƍGe�|1ŏǮŕ�1ùå2��0Ǖŉ�BA�ȕ 
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5.2	ȏŹ�ȏƃįwa|1ļŚ 	

� 5.1Ƭ,Ǖŉ�%àȅż
)9@ ZnÌø1Ķł1%;02ȊŶ�ĥǊ,�A�


DPPľƍGe�|�1Ʊø2þŶ0ǣ�ŶĕEƝ�-ǎ�àȅEǍŬ�A%;02

ǿø1ƃį0Ƙƕ�AĥǊ��A�	

� ÌøǶ1ƴ×2ŏñŧǿø0>(+÷��BA�ÎƿńƄ[1]1ǏƫƴŘ2ƨȎÌ

ƉǏƫ0>A<1,
ƶĂȍĕ1Ƌì,²+1ǿø�éĔŹ�0�A-�ü�+Ǐ

ƫ�B%<1,�A��ǂƔ/ƀĶł1ë×<ƀ�ñ0ǿø1ƃį0ĝȃEÏ8�

ñá2Ž����� DPPľƍGe�|�02�1ŏñŧǿø0ĝȃEÏ8�ñë�

ùå�A�9 ǿŲŰ±0>(+ƶ� ǿø�ÂǝŹ�0Ű±�B
#B?2ǿë

0>(+ÁǪ�BA�#�+ſĄ}�V°0>(+éĔŹ�0�Aǿø�Âǝ�B

Am~[Y<ùå�A�)9@ƨȎÌƉǏƫ1Ō=Êư/ƀGe�|1Ō-2Ìø

Ƕƴ×Ěĕ�ðÆ�+�A2 ,�A�	

� �1ë×
Ʈ1ƃį0>(+ ZnÌø1Ķł1%;1r`�Wx|Ǻî�Ƒ/Aâ

5.31>�/wa|Eƿ�AĥǊ��A�â 5.31éĔŹ�2ƨȎÌƉǏƫ=ƀĶł

Ō1>�0ŏñŧǿø0ƖĺƔ0­���Añë�Ž�ë×EĭÜ�
ÂǝŹ�2

Ű±ǿŲ-ſĄ}�V°0>(+ŏñŧǿø�Ě�ĝȃEÒ�Aë×
)9@ DPP

ľƍGe�|ŌEĭÜ�A��1>�0Ʈ1ǿø�òŃÂǝƃį0�Aë×0
ƃ

įǯƟ1%;1ȏ)1r`�Wx|ǺîEƿ�AĥǊ��A-ǎ�GIaHG2ȏ

Ź�Ʈ	(Two-level	system)wa|[3,4]�?ĵª�%�ȏŹ�Ʈwa|2ũƷƔp�|

h�e�S[3]=ŐšO{Y0��AƃįǯƟ[4]EǕŉ�A%;0Ó��? DB%

ƉǗwa|,�A�	

	

	

â 5.3	ǿø1Kf|Q�Ź�0>(+
	

Ȋ�1Ƒ/AƃįǯƟ1%;1r`�Wx|ǺîEķ)wa|	
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� �1ȏŹ�Ʈwa|E DPPľƍGe�|0Ǯƍ�A%;0

ȏŹ�ȏƃįwa

|�5Ķę�%���,1ȏŹ�-2ǿø1ÂǝŹ�-éĔƃįEĸ���9,Ǖ

ŉ�%ǩ@0ǿø�ÂǝŹ�0ƽ�B+�A-
éĔŹ�0ƽ�B%ë×>@Ìø

ƟÄ1%;1r`�Wx|Ǻî���/A�Ţ0ȏ)1ƃį0)�+Ǖŉ�A�ƨ

ȏƦ,Ǖŉ�%>�0
DPPŹ�E��%Ɠ°�ǝ�A%;1P�rI�b2 ZnÌ

øĂǶ1�ƽǷ¥,�A�ƨȏƦ1ǕŉE<-0â 5.41ȏơȆ1ÌøǱƽEƿ�

A���,ȋǄ1ƈ2 GaE
ȀǄ1ƈ2 ZnEĭÜ�A�9 â 5.4(a)1>�0ŏ

ǻĺ ZnÌøĂ�{�]u/ņÙ0ƽ�B+�Aë×Eƿ�>���1>�/dgȄ

è,2 DPPŹ�E��%Ɠ°2Ɠƌ�/�����â 5.4(b)1>�0ŏǻĺ ZnÌ

øØï�<100>ņÙ0�F,�A-
�1>�/UIb,2 DPPŹ�E��%Ɠ°

ǯƟ�Ôǀ-/A�â 5.4(a)1>�/ćĲƔ ZnÌø·ĎEķ)ģĆȄèE
ƃį

A�
â 5.4(b)1>�/	ćĲƔ ZnÌø·ĎEķ)ģĆȄèE
ƃį B�-ƞ�A�

-0�>��â 5.402#B$Bȏ)1¡��Ļ�B+�/��
ýǹ02#B$

BòŃ1ǱƽÔǀĪEķ)����œƦ0��+2ƉǗ1ÊưÆ-ƉĬÆ1%;0


#B?ò�1ÔǀĪE
ņ�Ƿ¥�<100>,�A�Ú�1:0>(+Ç·
)9@

ƃį A- B0ƼǦ�!+ǘǗ�+Ǉ��	

	

	

â 5.4	�ưƁ	(Zn)Ă1Ǳƽ0>Aƃį1Ç»�	

(a)ƃį A1üƾ-¡Ɲ�(b)ƃį B1üƾ-¡Ɲ	

	

� �1>�0ǿø1ƃŭ0>@ȏ)1Ź�
#�+ ZnÌø1Ǳƽ0>Aȏ)1ƃį

E9-;+ƿ�A-â 5.51>�/wa|�Ģ?BA�ġŖ1ȏŹ�Ʈwa|,2

Ǳ�ĖŠ-ǿø1Kf|Q�1:ǘǗ�B%�
œƬ,ļŚ�AȏŹ�ȏƃįwa

|,2Ʈ1ůŃīê9,Û9B+�+
r`�Wx|Ǻî1:,2/�
ZnÌø1

Ǳƽ	(Ǳ�ĖŠ)0>(+ DPPŹ�E��%Ɠ°ǯƟ�Ôǀ�Ú�9,Û9B+�A

1�ƂĤ,�A�	
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â 5.5	ȏŹ�ȏƃįwa|	

	

	

5.3	ȏŹ�ȏƃįwa|1śǑ 	

� 9 ȏ)1ñë	(ƖŲǿë-ſĄ°)�ùå�Aë×
)9@ DPPľƍGe�|Ō

0 ZnÌø�ƟÄ�A%;0�@ǟ�A6�Ǻî1Ȋ�1«Eą¶�A�â 5.51Â

ǝŹ�0��+
ƃį A�?ƃį B51ŤÜ1ǯƟ}�b2	

!!
γ T ∝exp −

Vex
kT

⎛

⎝⎜
⎞

⎠⎟
 	 (5.1) 

,��?BA���,!Vex2ÂǝŹ�0��Ar`�Wx|Ǻî1Ȋ�
k2q|_

s�üŃ
T2Ʈ1Ŷĕ,�A�9%üǿŲŸEƍ�+ýȉEǇ�-
Ō�¼�ǿ
ä«�ðÄ�A�œýȉ1ƕƔ2ñë0>AĝȃEǖ6A�-,�A1,
��,

2ƨȐƦ-ƨȑƦ1ýȉ-2ǭ(+üǿäŸEƍ�+ DPPľƍGe�|EǇ(%�

ýȉ0ƍ�%ƖŲhIGYǿä2 22V
ſĄ}�V°i��2 0.2W	(Ǽ°Ɩğ 0.55	

mm),�(%�DPP	ľƍGe�|Ǩ�0
ELYoRb|Eŷü�Aǹ02�üǿŲ	

(25mA)EŰ±�%�â 5.62 DPPľƍGe�|ŌǶ- ELƓ°Ěĕ1Ƿ¥1ŷüƴ

Ř,�A�#�+Ǜ�-Ȁ�2#B$BU�wwXy�|Eƍ�+Ʊø1ŶĕE

320K
310K0Ƹķ�%Ō1ƴŘ,�A�ƛƺ2�B?1ŷü«>@Ū;%ǣ�Ŏ

ƺ,�A�9 �1â>@ DPPľƍGe�|1ŌǶ-³0 ELƓ°Ěĕ�íÁ�A
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�-
�?0Ʈ1Ŷĕ0>(+íÁƆ�Ƒ/A�-�·�A�íÁƆ2ė(5.1)1!γ T
0Ũ¡�A1,
��1>�0ėEðĜ�!A�-�,�A�	

!!

γ T1
γ T2

= exp Vex
1
T2

− 1
T1

⎛

⎝⎜
⎞

⎠⎟
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
 	 (5.2) 

!!
Vex = k

T1T2
T1 −T2

log γ T1
γ T2

 	 (5.3) 

��,!!T1 =320K
!!T2 =310KE�±�
�?0!!γ T1-!!γ T22â 5.61ǣ�Ɩƺ1ÅǱE

ĭÜ�A1,
ÂǝŹ�0��AǺîȊ�2!!Vex =0.48eV0/A�	
	

	

â 5.6	DPPľƍGe�|1Ŷĕ£ùĪ	

	

� ñë1ùå�/�ë×
¯Ǉƚƣ0>A- Zn� GaPƴō´ǰ,ƟÄ�+Ǉ�%

;0�@ǟ�A6�ǺîȊ�2ŏ� 0.61eV,
�?0P^RGJbšŞ, GaUI

bEƽĽ�A%;02 1.64eV�ĥǊ,�(%[1]��B?1«-Ũǡ�A-
ŏñŧ

ǿø0ĝȃEÏ8�ĢA DPPľƍGe�|�02ǺîȊ�� 0.48eV9,��/(

+�A�-�·�A�0.61eV-Ũǡ�A-Ć��ðÆ1>�0ǋ�A�<ƙB/�

�
ė(5.1)1G}eJYė0ġ(+ƿ�+ǋA- 130¨<ƟÄ1ƜƆ�Ȋ�/(+

�A�#�+ ZnÌø1ƟÄ2řøǶĶłšŞ(0.61eV)-P^RGJbšŞ	(1.64eV)

1Ƴ:×D!,Ŭ9A1,
ýǹ02ƟÄ1ƜƆ1íÁ2�?0ó��«0/(+

�A�-�·�A��B0>@ DPPľƍGe�|0>A ZnÌø1ƤǶ·Ď�þŶ

0ǣ��Ŷ0��+<Ôǀ,�A-ƴǗ��A�-�,�A�	

� Ţ1â 5.72 DPPľƍGe�|1ǿä£ùĪEǖ6%ƴŘ,�A��ǐ1â 5.6

1ýȉ-2ǭ(+
��,2Ʊø1ŶĕE 320K0�
0.2W1}�V°EſĄ�/

�?Ƒ/AËÁǿä, DPPľƍGe�|EǇ(%��1ƴŘ>@ DPPľƍGe�|

0>AƓ°Ěĕ1íÁƆ2ñë	(ƖŲǿë)1Ěĕ0£ù�A�-EƜǓ,�A�	
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â 5.7	DPPľƍGe�|1ǿä£ùĪ	

	

	

â 5.8	Wz^bP�ĺ×0>AÃŘ1ƜǓ�	

(a)	ýȉ1ŝǊ�(b)Wz^bP�ĺ×0>Aŵ

ŲƂĪ	

� �?0ǘǗEų;A%;0Ţ1�-

Eƿ�A�ƨȐƦ1Ʊø1�ǉ0��

+ǿŜ�M�t^Rĺ×0/(+�/

�-ĸĿ�%�)9@ǿä1�/@1

ǰ·�Éą��ǳĉƏȂǰ0��?B

+�A1,
â 5.8(a)1>�0 pnĺ

×EĜı�+�/�éŗ0Ø�ŕ�,

ǿŜE��+
Wz^bP�ĺ×EǞ

�A%;0ĥǊ-�BAǿäEǋƢ<

(%�ƴŘ2â 5.8(b)1>�0/@


3V0Ǹ«��@
10mA��EŲ�

%;02Ư 4V�ĥǊ,�A�-�·

�A��1�-EÐŋ�+
ė(5.4)E

ƍ�+Ƥ�Ċ1đEǏƫ�+ǋ%�	

		
w =

12εVj
qa

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

1
3
	� � � 		(5.4)	

� ��, ε 2ŔŅ1ǔǿƆ

	
Vj2Ƥ�

Ċ�Ƨ0��Aǿä
	q2ǿǅ
	a2

pnƏȂ0��Ac�i�bŻĕ·Ď	

1¬�EĭÜ�A�â 5.71Öŕ�0��AƤ�Ċ1đEâ 5.8(b)-ė(5.4)1<-

,Ǐƫ�+ǈ 5.109-;%�'/:0	a2ƨȐƦ1â 3.5>@Ū;%�	
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ǈ 5.1	Öŕ�0��AƤ�Ċ1đ	

	

	

� Ţ0ƿ�A�-2
â 5.61ƴŘ,Ǖŉ�% 0.48eV1Kf|Q�E.��?ƅĢ

�A�,�A�c�i�bĶł1%;1�1Kf|Q�2ǿø1ł�0>(+řø

0¢Ƶ�BA�Öǿäŕ�0��+ 0.48eVEƅĢ�A%;0
ǿø�Ƥ�ĊE.1

�?�ǜǇ�6��	()9@.1Ơĕ1Ǡǽ0��+ÁǪ�BA6��)EǏƫ�%

1�ǈ 5.11Õ¹,�A�Ƥ�Ċ1�Ƨ0��Aǿä2â 5.8(b)EÐŋ�+
ËÁǿ

ä�? 4VEĘ�%«-�%�â 5.71 20V1Ō02
7-F.ðÆ�ǋ?B/�(

%�Ɠ°Ěĕ1ðÆ}�b2 21V½Ġ,ĩź0�ň�A�)9@ǿø1ǜǇǠǽ

3.3~3.4nm0Y}^Wz|c��A-ĨDBA��1«2œƚƣ,ƍ�%Ʊø´ǰ

1ĒæǁƎǇƠ-Ƿ¥�+�A-ĨDBA�)9@ 23V
22V1ŕ�,ÁċEǇ(

%U�m|2ǿø�ł��BA½0È·/Kf|Q�	 (0.48eV ��)EƅĢ,�A�


20V1ŕ�,ÁċEǇ(%U�m|2#1½0ł��B+�9�
c�i�b1Ķ

ł0ÿ�,�/��	

� œƬ0��+
�DPPľƍGe�|Ō02c�i�bĶł1%;1r`�Wx|

Ǻî���/(+�A�-
#�+�DPPľƍGe�|Ō1Ɠ°ĚĕðÆ1Ǫĕ2

ñë0Āĺ0Ƿ¥�
ñë�Ě�/B3/A7.#1Ǫĕ2Ǫ�ıA-ǎ�ƴǗE

ą��-�¶Ŗ%�>(+ 5.2Ƭ,ȏŹ�ȏƃįwa|EļŚ�AŌ0Ǉ(%�ü

1Ť���ƥǑ,�%�	

	

	

5.4	DPPľƍGe�|1Ť��ƉǗwa| 	

� œƬ,2 5.2Ƭ- 5.3Ƭ,Ǖŉ�+Ŗ%ȏŹ�ȏƃįwa|En�Y0�+
5.1

Ƭ1ŏĠ0Ĺ�%ȑ)1à�0Ă�+ƪ�+Ǉ��	

	

�  �ŁþŶ0ǣ��Ŷ,c�i�b1·Ď�ðÆ�ĢA1�ȕ 	
� 	

� �1à�0Ƿ�Aƪ�2�,0ȏŹ�ȏƃįwa|EĈǵ�+�A´0ǶĺƔ0

Ǥ6?B%�)9@�1ǚà0Ă�Aƪ�2 DPPľƍGe�|�02ǿø�ÂǝŹ

�0Ű±�Bǿë0>(+ÁǪ�B+�+
�?0 GaP�1ǿøƮ0ĝȃEÏ8�

ĢAůǴ 532nm	(2.33eV	>	Eg)1}�V°EƱø0ſĄ�+�A�?,�A�ÌøǶ

1ƴ×2ŏñŧǿø0>(+÷��BA%;
�1>�/Ƌì�0��+2ÌøǶ

1ƴ×Ěĕ�ðÆ�A�ýǹ0 5.3Ƭ,Ū;%>�0 ZnÌøƟÄ1%;0�@ǟ�

A6�r`�Wx|Ǻî2 0.48eV9,��/(+�%�	
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�  DPPľƍGe�|EǕŉ�AŤ��ƉǗwa|-2.1>�/<1�ȕ  
	

� Ţ0ȏŹ�ȏƃįwa|0é*�+ DPPľƍGe�|0)�+Ǖŉ�+Ǉ��	

� â 5.91ČÉ·2 Zn1ćĲ·Ď�â 5.41ƃį B-�+�A�)9@ ZnĂ�

<100>ņÙ0�F,�+
DPPŹ�E��%Ɠ°�Ôǀ/�ĭ1dgȄè0ǿø�

Ű±�B%Ō1şø,�A��1ë×
ÂǝŹ�51ǿø1Ű±-ØŌ0ñǰ°Ÿ

�?1°ø�ſĄ�B+�A1,
DPPŹ�E��+ǔąŀ¶�ǝ�A��1ǔą

ŀ¶0>(+Âǝǿø2��0éĔŹ�5ǯƟ�A�9%éĔŹ�1ë×
ZnÌø

ƟÄ1%;0�@ǟ�A6�r`�Wx|Ǻî�Ȋ�1,
ƃį B0��+2ćĲ

Ɣ/Şǫ�§ķ�BA¬ÙEǋ!A�	

	

	

â 5.9	DPPľƍGe�|1vNeZu	

	

� ÐȂ
â 5.91ÕÉ·2ƃį A
)9@ ZnÌø�{�]u0·Ď�+�+
DPP

Ź�E��%Ɠ°�ƌ�/�ƃįEƝ�+�A��1ë×02�Ǥ1ƃį B1>�

0ǔąŀ¶�ƌ�/��ǁžŀ¶1ƜƆ<Žǌ�BA1,
Âǝǿø1ăÞ2Ǵ�

/A�>(+ ZnÌø1ƟÄE¦�ȏ)1Ǌá�ùå�A�9 Ȏ)ƕ2
ÂǝŹ�

0Ǵ�Ɛ9A�
�9,Ǖŉ�+Ŗ%>�0ÂǝŹ�0��Ar`�Wx|Ǻî2

éĔŹ�>@��1,ƃįǯƟ�ǝ�Ŋ���?0ȏ)ƕ2
ǿë0>(+ÁǪ�

B%Âǝǿø2ł�0>(+řøż0Kf|Q�E��A�)9@ƀ�Ɠƌ�A1

,�1ćĲƔ/Ɠƀ2�ưƁ1ĶłE¦��	

� â 5.91(a)-(b)EØŌ0ƿ�A-

ƃį A�ƃį B�1ǯƟ}�b-
ƃį B

�ƃį A�1ǯƟ}�b02č�ƌ�A�-0/A�)9@ƃį B2ćĲŞǫE§

ķ�A¬ÙE
ƃį A2ƃį B5ǯƟ�A¬ÙEƝ�2 /1,
ƃį B1Ń2Ê

ǖíÁ�A2 ,�A�9%�1�-2Ɠ°Ěĕ1íÁEĭÜ�A��B0>(+

DPPľƍGe�|0>(+ GaP	pnpwĺ× LED�?1Ɠ°Ěĕ�Ě�/A�-�
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Ǖŉ�B%�ǈ 5.20ġŖ1ƉǗ	(2.4Ƭ)0>@ DPPľƍGe�|1Ǖŉ-œƦ0�

�+Ǖŉ�%ȏŹ�ȏƃįwa|0>AǕŉEŨǡ�+��%�	

� ��,ƿ�+ǋA-
DPPľƍGe�|-2Êư0ƀÀúƔ0ƿ�+ǭ�1/�

ƃį A-ƃį B1Ń0�ǖßE<%?�m~[Y-ǎ�A�)9@ƃį B1ŃEƑ

ĐíÁ�!Am~[Y0/(+�+
�B2K�b~k�1íÁEĭÜ�A��?

0ƿ�+ǋA-
�1K�b~k�1íÁE<%?�ȈÄÀ�# DPPľƍGe�|

Ō0ñǰ�?Ʊø0��AKf|Q�	(ǿŲŰ±-}�V°ſĄ),�A�-�·�

A�)9@ DPPľƍGe�|-2
ǶĺǯƟçÉą�Eƍ�+Ɠ°ƱøE�Am~

[Y,�A&�,2/�
ñǰ�?��%Kf|Q�,Éą�ƴō´ǰ1K�b~

k�EȊ��Am~[Y-<ǎ�A1&�	

	

ǈ 5.2	DPPľƍGe�|1ƉǗwa|	

	 ġŖ1ƉǗ	 ȏŹ�ȏƃįwa|	

DPPƓƌ0

Ǯ�+�/

�Ȅè	

ǿŲŰ±0>(+�ąď0Ű±

�B%ǿø2ł�0>(+Xy

�|ƀEƓƌ�A�9%}�V

°	(! !ω laser2 Eg>@ó��)0>

(+¤ǿøď0�(%ǿø��

ąď0Âǝ�!A�Âǝ�B%

ǿø2Ɠ°µƴ×�A�-�,

�/�1,
ò�1lLg�-

Ɨ��ƍ�/�?ȁǢĄƻß�

+Ǉ���1ǬƠ,<ćĲƔ/

ƀ�Ɠƌ�A��1ćĲƔ/Ɠ

ƀ�ĶłȈÄÀ-/@
�ưƁ

·ĎEðÆ�!A�	

|g"_�¢>	�¥��Zc#�

�����+C/�^L�����

��£�Z?��`�G�¤�~��

�Z?����¤C/^L���

�±®µ¬²³b �f���+?

��=�����g

}g>	�¥�c#�8�]M�¡

��Q:�_�B¦HE��¤��

�A'�¦����Z�¥�c#�

�;�Q:�_�B¦HE�¤�g

��£�ZC/�� sz �#L��

���±®µ¬²³b rx{���~

�¢�)1I�B�HE���¤�

� sz �#�38� ��~��N

a�*�!�� ���g

	

DPPƓƌ0

Ǯ�%Ȅè	

c#<$%�H��Q���U

��¤�¡��"_�¢>	�¥�

�Zc#�´¶«��¡��X(

7
�¤�����>	�¥�¨

°³©¶�B�����#�!5

�¥�P#"_�8\�¥¤�

�~B�HE�2��¥~sz ��

*��4�¥¤�	

c#<$%�H��Q���U�

�¤���£´¶«��¡¤X(7


��9�Z�¤��~pqq 6F§¯

¶³��>	�¥��Zc#��

���+C/�^L�¤����+

C/��b f� ry�f����

¨°³©¶��#�!5�¥"_

�8\�¥¤��~B�HE�2�

�¥¤�.�� sz �#�38���

�~��Na�*�!������	
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�  ƀGe�|,2ȇƕ�ȕƀGe�|- DPPľƍGe�|-1ǭ�2�,�
A�ȕ  
	

	

â 5.10	DPPľƍGe�|�1ǿŲ-}�V°1Ğ¿	

	

� ƀGe�|1ë×2ĸÙĪ1Ž�{�]u/Ķł,�A�)9@ƀGe�|1ë

×
ưƭ/ĶłȈÄÀ1:ùå�A�DPPŹ�E��%Ɠ°ƇǙEŽǌ�+ƿ�A

�-0/A1,
ƃį A-ƃį B1Ƕ02ǯƟ}�b1č�ùå�/��	

� ý2 3.5Ƭ,ǘǗ�%}�V°ŐŽ0>AƴŘ1ǭ�2�1ǚà0Ă�Aǃ�ű

āE��+�BAřô1ƱŔ,�A�â 5.10 Eǋ/�?
�1�-EǕŉ�+Ǉ��

®�ZnÌø2â 5.10(a)1>�0 GaPƴō´ǰ,Ä�Ǿ����� 5.3Ƭ,Ǖŉ�%

>�0
ÂǝŹ�51ǿŲŰ±1%;1ƖŲǿë0>(+Ʈ2â 5.10(b)1>�0r

`�Wx|Ǻî���/A�����1ƃį,2Kf|Q�Ǻî1Ȋ��9&Ăƞ

Ɣ,�@

ƃį A�ƃį B�-
ƃį B�ƃį A�1ǯƟ}�b2Ø�,�A�<

'CF�B2ǔąŀ¶1:Eƿİ�%ë×1ƴǗ,�(+
ýǹ02ƃį B0��

+ DPPŹ�E��%ǁžŀ¶<Ôǀ,�A1,r`�Wx|Ǻî2ûƊ/Ăƞ,2

/�2 ,�A����ǁžŀ¶1ŌüŃ2ǔąŀ¶>@ó��1,
��,2Ê

ưÆ1%;0ŽǌE�
r`�Wx|Ǻî�ĂƞƔ,�A-�%���0ƖŲǿë

1�0
ſĄ}�V°<ùå�A>�0/A-â 5.10(c)1>�0/A�/"/?ƃ

į B1>�/·ĎEÑAdgȄè�1 ZnÌø�Į�Ar`�Wx|ǺîȊ�2
!
Vg

,
ƃį A1>�/·ĎEÑAdgȄè�1 ZnÌø�Į�Ar`�Wx|ǺîȊ�

2!Vex,�A%;,�A�)9@ǿŲŰ±1:&- ZnÌøƟÄ2ƃį A-ƃį BE

Ç·�/��ǔąŀ¶0>AĶł1ĴţÀ�/�
ĶłȈÄÀ1:ùå�A�?,
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�A��B2 3.5Ƭ1â 3.17-×D!+â 5.111>�0ǈƇ�A3>�ƉǍ,�A�

)9@ǿŲ1:Ű±�%Ō
DPPŹ�E��%ƴŘĢ?BAh�cQx^m>@Ȋ

�Kf|Q�1°ø1ŀ¶�ǋ?B/�12
ǔąŀ¶0>AĶłĴţÀ�/��

?,�A�	

	

	

â 5.11.ȏŹ�ȏƃįwa|0>A}�V°Ő/Žýȉ1ƿā�Õ1S{l2â 3.17-Ø�	

	

� ƀĶł0Ă�+<Ø��ƴǗ*�A�-�,�A�ƀĶł1ë×
ĶłȈÄÀ1

:ùå�A��9,ǋ+Ŗ%>�/ĶłĴţÀ0ě%AšŞ�ùå�/�1,
i

\��1Ĝı	(ŏǻĺ ZnÌøĂ�<100>ņÙ0�4)��Ôǀ,�A�)9@Ƕĺǯ

ƟçÉą�0Ƃť/ÁċEŇ�+Ɠ°ƱøE�Aǹ02ƀĶł2Ǯƍ,�/��	

	

	  DPPľƍGe�|1ŏǮŕ�1ùå2��0Ǖŉ�BA�ȕ  

	

� ƨȑƦ0��+
DPPľƍGe�|Ō1ſĄ}�V°i��-Ű±ǿŲE#B$

B°øŃ-ǿøŃ0Ľƫ�%Ō0
#B?1Ũ�Ȏ0ǣ�Ō0	(ÍĀ02 1.3:1)DPP

ľƍGe�|2ŏǮ/ƴŘE<%?��-Eýȉ0>(+ǋ!%���,2ȏŹ�

ȏƃįwa|Eƍ�+ƿāEǇ(+<
ØƩ/ƴǗ�ą�BA�-EǕŉ�A�	

� 9 pnĺ×ƏȂǰ�²+ƃį B
)9@ DPPƓƌ0Ǯ�%ćĲŞǫ	(DPPŹ�E

��%Ɠ°�Ôǀ/ćĲŞǫ)EÑ(+�A-�ü�
ñǰ�?Ű±�B%ǿø-°

ø0>(+ǝ�@ĢAƃįǯƟEƿ�+ǋ>��	

	

htig·� mjkl �YWJ�¸c#�>	�¥¤��O�C/ o ��ZC/��¤���c#

�V@7
���X(7
�¡���#¦7
�~C/ o ��+C/�^L�¤�g

huig·� mjkl �dWJ�¸hti�����;~O��ZC/��¤�����#¦7
���

����~�Zc#�&��,�~C/ n�^L�¤KD���¤�C/ n �C/^L

��-~e['S��¡£C/ n ��+C/�^L�¤�g

hvig·� mjkl �RWJ�¸�+C/�O��#¦����ZC/���¤�hui��;�ª

¶­¦T�¤�~��-C/ n�^L�~e['S��¡£C/ n ��+C/�0¤�g g

hwig����C/ o ��+C/�¢�#¦����ZC/�^L�~��-C/ o ��+

C/�^L�¤
��]M�g
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â 5.12	ȏŹ�ȏƃįwa|Eƍ�% DPPľƍGe�|1ŏǮÆ0Ƿ�Aƿā	

	

� �1�,(a)-(d)2öƃį-Ʋƃį�ƃį B,
ZnÌø1ƤǶ·Ď1ćĲŞǫE

§ķ�A�
(b)-(c)2Ʋƃį�ƃį A0�A1,ćĲŞǫ� DPP	Ź�E��%Ɠ

°02Ǯ�/�>�0ðÆ�%�-EĭÜ�A�ġ(+ DPPŹ�E��%Ɠ°0Ǯ

�%ćĲŞǫEƸķ�!A%;02(b)-(c)1ƜƆE���6�,�A���,Ȏ)

1°ø�Ȏ)1Âǝǿø1ǔąŀ¶E¦��-0Ɛĭ�A-
Ű±ǿø-ØŃ1°

ø�ſĄ�BB3ǔąŀ¶1ƜƆ�ŏó0/A�)9@ǿø1Ń-°ø1Ń1Ũ�

Ȏ1Ō0(a)1ƜƆ�ŏó0/@
ƗĂƔ0(b)-(c)1ƜƆ���/A�<��¾/

Âǝǿø1Ń�í�A-(b)1¿×�í�A2 ,�A�ǧ0ǔąŀ¶0ÿ��/�

�¾°ø�í�A-(c)1¿×�í�A2 ,�A��/D'Ɠ°0Ǯ�%ćĲŞǫ

E§)%;02ǿøŃ-°øŃ1Ũ�Ȏ,/�B3/?/��	

� ��1ǘǗE DPP	ľƍGe�|0Ǯƍ�A�DPPľƍGe�|½02ƃį A-ƃ

į B�Ŵå�+�A	(ºő0��A ZnÌø·Ď�²�{�]u&-ƩǲƆ1�ü>

@ƃį A1Ń�ä©Ɣ0ò�)�9 ƃį A	1ë×02°ø1ŀ¶2Žǌ,�A1,


ÂǝŹ�0�AƮ2ƃį B5ǯƟ�A�
ƃį A1éĔŹ�0ȁǢĄƻß�A�1

ÔǀĪ��/��)9@ ELƓ°Ěĕ2íÁ�A�
ƇƃEƸķ�A��ņ
ƃį B

1ë×2�ǐ1ǘǗEǮƍ,�A�DPPľƍGe�|2ǴŌǶEǊ�AÁċm~[
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Y,�A1,
ƃį A0�AćĲƮEƃį B5ǯƟ�!A�-<ǲǊ,�A�
�

ĕƃį B1ćĲŞǫEÑ(%dgȄèE#199Ƹķ�!A�-��?0ǲǊ,�

A1&�)9@�ǐ1ǘǗ�?ƿ�+
ƃį BEƃį B1990Ƹķ�!A%;0

2ǔąŀ¶1ƜƆEŏó0�+
â 5.121(b)-(c)1>�/ǯƟ1ƜƆE���!

/�B3/?/���B2Ű±ǿøŃ-ſĄ°øŃ1Ũ�Ȏ,/�B3/?/��

--ØƩ,�A�	

� ���ƨȑƦ1ŏĠ0<ǘǗ�%>�0
ýǹ1ýȉ0��+}�V°1Ěĕ·

Ď��æ�,�A-ǎ�àȅ��(%1,ŏǮÆ1%;1ŕ�2
°øŃȓǿøŃ

ȔȎȓȎ��? BA>�0/A�	

	

� œƦ,2 DPPľƍGe�|�1ƴō´ǰ1ǿøƮ1ƃį�
ƨȎÌƉǏƫŌ1�

ü=ƀĶłŌ1ǿøƮ-2Ƒ/A�-EƧƹ-�
ȏŹ�Ʈwa|1ĶęĦƍEǒ

:%�ůŃƤǶ1īê-ŏǻĺ ZnÌøĂ1ņ�Ƿ¥E<9-;+ƿ�A�-,ȏŹ

�ȏƃįwa|�ļŚ�B%�#�+ DPPľƍGe�|0ǷDAē)�1ƒàż


#�+ƨȐƦ-ƨȑƦ,Ģ?B%ýȉƴŘE�ĳ�Ǖŉ,�A�)9@œƦ,ļŚ

�B%ƉǗwa|1õěĪEƥǑ,�%�	
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� ßĊĐ8ħ	$�2¾25�ĉī&k%/o¼&ċĲ8¿Ī"�4:<M;:�

¶�
�����&k!ś�"�5%ğ�°Ý8rh%Ê�4��&	�5/��

�¬âć% DPP8Ă	� GaP�ĬĆ�Ĝ¥&Ř�ÿ�8ĈÉ����ā8�2%õ
�ĐÕ�4×%ķŇ$ĉī8j�4�ª!�6
"Á754�/�69hı&�ª

%�9� ßĊĐ%�	 łÅ!�$
���ª��,3	
Ø �ã&�ĸ&�g8łÅ��iěýdéŋ÷u&ºŔ8Ú®��4	
Ø �ħĊĐ8�ģ%� �Őæ&ĩĥát8�2%²£�?e\KBÌ�8łÅ

�4	(ßĊĐ!'Őæ�F^KN@eÌ�!����.�Őôó��ÿ�ő´
%v
��"ģ�254)	

$#&ÇĨć$�Ŗ8�Ü�$�5($2$	�	
	
OeTcNď%14Ć�GZBN`& � 	
	

	
� 6.1	V>Rc]eO"đŉ�³�å¥Ð' 20�iěý	(:BHXI)' 9�11ĄE<N%Ģ

5 	4�(a)GaP&:BHXI"� Be�Mg�Zn8yĂ����&�ÛË�Ð	ω i 	(i=1,
�,20)�(b)�5�5&:BHXI&ÚŘêV>Rc]eO&đŉ�³	
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� GaP&���ïwĞØ&çÅ�Ĝ&f�!�4 Ga13�¥ň&®�	:BHXI
�¡Ð¦��4�z�(�Be�Mg�ZnĖ��3�Ga"&�¥ň&ð'�5�5
0.13�0.35�0.94!�4�ßĴÑ%�	 ' Zn8y����/�:BHXI8 �
4"#
$4
ŞĔśĒ&śĘ!ĳÕ���ª8/"%ģ�4"�:BHXI&ĸ

ň �'V>Rc]eO&đŉ�³%ºŔ8�+���2% DP&�ă%/ºŔ8�
+��Ğäć%½â&āĴ!:BHXI8 ��×%lÄ�54GZBN`& �

"'��ą$4 ��ī254"lö!�4�	
� � 6.1' 2.2Ę&¸(2.32)"¸(2.33)"��Æò!V>Rc]eO"�&đŉ�³
8İė��Ğä!�4�SQ¨Ð'�E<N%�	 �f�"s¨��:BHXI

&ĸň�� � Śê�SQ	[G]M`8Į	��,��Ŗ&�ě�&�.%ś�

¥ĞØ!�4 GaP8Ś�¥��,3 Ga&-!çÅ�5 	4"s¨8���ë�
� Ga" P�nm%ņĢ� 	4]M`8Ă	 İė8ħ� /�=Q`Ae&Ř	
�§�±"=Q`Ae&v	œŔ�±%�
54��!�� �Ga&E<N8ĢÎ
�4iěý&¦�%1� Ř=Q`Ae&¯�Ë�]eO�Ā54�"%' ��

$	�"'ę�%ċ
.4�"�!�4�	
� �&� 6.1
2Õ2
$1
%�:BHXI�¥�ļ�5(ļ	Ď¯�]eO&
=Q`Ae�Ř�$3��2%đŉ�³%�	 /¯��ŗĦ%$4�"��
4�

�,3:BHXIď& Ù'V>Rc]eO&đŉ�³%ºŔ��DPP÷u8p�
�Ć�%/ºŔ8�+�¾4"Þ»!�4�1� :BHXIď8 �$�2 DPP
ÏĂ:Pe`%1� x254Ć�Ĝ¥&GZBN`8ðĽ�4�"'�DPP÷u
8p��Ć�ĀĶ%«�4ýāć$āĮ8õ.4�"%ġ�4�	
	
OeTcNø·%14Ć�GZBN`& � 	
	

	
� 6.2	V>Rc]eO"đŉ�³�å¥Ð' 20�iěý&ĸň'ïw�¥& 0.5~"�
��(a)iěý�[9,	11ĄE<N]�[8,	12ĄE<N]�[7,	13ĄE<N]%¦��4×&�ÛË�
Ð	ω i 	(i=1,�,20)�(b)	�5�5&��&ÚŘêV>Rc]eO&đŉ�³	
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� DPP÷u8p��Ć�ĀĶ%�	 'ÚŎÌiěý«ŉ&uĢŊ|�ŇĪ!��
��OeUcCXbHG%1� ĞØ�Ņ%¦��4iěý&uĢŊ|'ĔśĒ"

ĔŜĒ!ĳÕ��ŀ3Weibull�³%½		(� 3.4�ü)�iěý&ø·%1� �4
iěý
2ÚŎÌiěý,!&Ļŏ&Þ»�'¢�� ��4�iěý«ŉ&Ļŏ

�ľ�$5($4*#V>Rc&¯�'¹�$3�Ğäć% DP&�ă�Ĺ�Ö	"
lö!�4&!Ć�¹·��g�54"Þ»!�4�	
� � 6.2'iěý«ŉ&Ļŏ�V>Rc&¯�%�+�ºŔ8ċĲ�4�.%ħ�
�Ð�İė&Ğä!�4	(2.2Ę&¸(2.32)�¸(2.33)�ü)�iěý&Ň�'ïwĞ
Ø�¥& 0.5~�"� Śê�SQ	[G]M`8Į	�	(��!/ Ga&-8s¨�
�)�� 6.2(a)&¯�]eO&=Q`Ae%'¢�$Ń	'ī25$
���[9,	11Ą
E<N]&���[8,	12ĄE<N]13 1.3%�[7,	13ĄE<N]13 1.6%Ř	�8č���!�
����
�� 6.2(b)
2�
41
%�©đŉ%��4V>Rc&đŉ�³%'¢�$Ń
	�¦��4�1� :BHXIď& Ù"�è%�OeUcCø·8 �4�"' DP&
đŉ�³%ºŔ8�+�&!�DPP8p��Ć�ĀĶ%ºŔ8j�4"Þ»!�4�	
� �2%iěý«ŉ&Ļŏ� 75(�DPP÷u8p��Ć�%¿Ī"�54V>
Rc&}Ð� ��4�1� ELGZBN`%�	 V>RcE<OScO&è¥
/ ��4"lÄ!�4�	
	
DPPÏĂ:Pe`%13xĩ�5�Ć�Ĝ¥&Ř�ÿ� 	
	
� ßĊĐ%�	 ' DPPÏĂ:Pe`%«�4�ČĊĐ%ûù�Ģ
5 	 �Ć
�Ĝ¥&�ÿ%Ŋ� 'į5 	$	��
�¬â&°Ý0:X_DeF^c8ģ

�4ō%'�Ĝ¥&�ÿ8úĬ� ĵĴ�4�"'!�$	�íÀ$�2,�Ř�

ÿ�&�.%#&1
$Æò��254)�
%Ŋ� ĕĤ'�&ēĠ8È� 	

$	�Ã2�g%Ê��OeTcNď"OeUcCø·%«�4{¦Â�Õ2
%

$4"Ř�ÿ�&�.&ēĠ/Í.4�"�!�4&!'$	
"Þ»� 	4�	
	

	
� 6.3	��ý�­w&Ć��ÿ& ń	(Ñþ[1]13)	
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Appendix.	
5KA8<PR­ćË"+. 	
GaPê¹#­ć 	

	
	
 

� »þµ��~�/��ďêÁkð"
���c�5GR9Wg"
�.��Ûi

�ø,/� (� 3.18wÔ)��/,#[èÕVÆĉÑb"+.Ûi$�ďêÁ"H4
? ��©¢Č1\	.�&��¾Ü" DPP1Ú�� GaPyùÛié�#ĐrØs
1Ă�.�(")�/,#[èÕ Æĉ1Î,�¦÷��.� 
� »_Ć"
��$�#�(#3MTWB ��5KA8<PR­ćË"+. GaP 
pn°z#­ć#ÙÖ"����~�.� 
 

ô A.1 Þ¨ GaP­ć#�(#½a 

 
 
� �ď${��±®�#¼�ßã�# MOVPEõí1Ú��ó���&� õí1
Ú�� InGaP#­ć�ó0/�� ����#�� ¸#DWA1wî"��&�
$Þ¨ GaP1­ć��.�(#½an�1ó����#êÁ1ô A.1"& (.� 
 

 
� A.1 ­ćÏ�"+.�s�(a)650	�(b)800	 
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� 5KA8<PR­ć$Ï�"Ċ�"²¬��� A.1"á�/��.+�"ăÈÏ
�+-cÏ#�z")ĐÏ#�z")ñÿ!òï$¥,/!��cÏ� � A.1(a)
#+�"­ć#�(#Â�to"¡­�/!��ĐÏ� � A.1(b)#+�"Â{�
�ì�,�ôċ#ORL6T=W�©�!.�`Z#� A.2 $ăÈÏ���.ô A.1
#½a"¤��­ć���êÁ��.�5KA8<PR­ć£�ôċç�1ô�¯

Å�5K­ćp+-)c�!�����ñ�!Þ¨ GaPòï�eö�/�� �o
�.�&�ôċ#XĄ1 Si ąsï�N>8U;�5KA8<PR­ć1ó�� ��
ô A.1#½aZ"
�.­ćSWE� 20nm/min��.� 1øn��� 
 

 
� A.2 ô A.1#½a"+.­ćêÁ�ôċ# AFMh ôċç�#�s 

 
� Þ¨ GaP#­ć½a�àä��#���#Ç"û��#$5KA8<PR­ć¸
#FWKU;�����&�­ćÚ#�¿1ĒÀÚ«���/�/ p�s (ZnFW
M)�n�s (SFWM)#½an�1ó���­ć¸#ldÜ!@W>7>#É1ô
A.2"& (���/�/#S4QW#v'$ 300nm��#1S4QW­ć#p"I
CL2W ��Þ¨ GaPï1 200nm�#8S4QW#­ć£"8PCM ��Þ¨
GaPï1 100nm­ć���� 
 

ô A.2 FWKU;½an� 
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� A.3 SIMS#Ð�êÁđ�ZnFWM�¿#Í�¶|MTL24R 

 

 
� A.4 SIMS#Ð�êÁĒ�SFWM�¿#Í�¶|MTL24R� 

O#Í�¶|MTL24R){¸"Ð���� 
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� � A.3 � A.4$ SIMSÐ�"+.FWJUE#Í�¶|#Ò�MTL24R�
�.�ô A.2 Yú#êÁ1& (�î	.� �FWJUE#FWKU;½a1
Ê(.� ��
.�SIMS Ð�êÁ"
�� S Zn#o�+-ÌÝ���#$�
� A.4#ąé#Í�¶|MTL24R��.�� A.4"
�� 2.4µm+-Í�č�
$5KA8<PR­ćÚ#�¿��&- LECË�­ć�/�IR:�¿��.��
�,·,�!+�" LECË�­ć�/��¿"$ 3�1017/cm3#[èÕąé�}&

/��.�xċ�5K×"
��$[èÕąéÒ��ÃnZĈ`Z&�c�!��

�.� �ø�o�.�æēå�ü·��+�"�[èÕąé$u×��&�$ Zn
 êz�.� �c5GR9Wg"ÛiÑb1¡­�.��&-Yú#êÁ$5K

A8<PR­ć#�j#� ¨1]����.� 

 
� A.5 GaPïôċ# AFMh�5KA8<PR
­ć"+. pn°z#eöêÁ� 

� ���Ù��ĎÓ��.�Þ¨ GaP
#öï½a p�s n�s#�(#
FWKU;½a�´����5KA8

<PR­ć"+�� pn°z1eö�
. ôċORL6T=W�Ċ�"©�

!.�� A.5$IR:�¿Y" SÒ�
2�1018/cm3# n×1 400nm�ë��
ZnÒ� 2�1018/cm3# p×1 300nmö
ï��òï#ôċ AFMh��.�ø
�o�.+�"�³#KCE����

��Āb*Æĉ��³}&/��.�

 �^ª�/.� 
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�
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