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ABSTRACT The importance and physical conception to achieve quantum dot solar cells are expounded,
and the photovoltaic performances of two configuration quantum dot solar cells are described, such as p–
i–n quantum dot solar cells and quantum dot–sensitized solar cells. The multiple exciton generation in
various quantum dots based on impact ionization and their studied progress are reviewed. Finally, some
technology strategy to design and fabricate quantum dot solar cells was proposed. It can be predicated that
the achievement of the quantum dot solar cells with ultrahigh energy conversion efficiency, low fabricated
cost and high stability shall create revolutionary influence for futural photovoltaic technology and industry.
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#��!"�#, ��#�����"������

���. ��#��Æ$����: ���$#�

�� p–n %$%�!�&%���&&���#�,

���'�$#(&$!��$"#!��%��
"#����#�. �' GaAs ��#��'� Si �

�#�� Si $� ��#��#'��, ( �!

* ( !""" )�#)!# E2008000626.

2009 $ 3 * 20 #$!"); 2009 $ 5 * 26 #$!"*).

�#%$%: &+#, *&

���#��+,%��#��#'+� [1−4]. '

����#�,-$-�.'-�, ('+���#

��%#��.��/$. &�, �'(���#�,

�����!"&),0-#(*'1'2. 3/

�), 4��#��"#��!"%�$, ('(�

)$"�**.+/,. 00��,+���12*

��#��!"&),�,�34+, &,��*(

�5�(�. 5���6(&�)1.!-, *��

#��-2��!"&)3�(*'1'2, .��

�%*�"7�#.��-���*��.�.

�4�, ��,461� ,+8(7,.. *

'��8/, +�5(-9�!.:&;�$/"/
/0��! (QDs)  �(�016�: ��!
 ��#�,�Æ*(��!"&)7,0811�
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(�, (!.2�Æ2� ∼66% $<. 00��,0

(: /6�0�!"&)�-����#�, &�

���*'62�-2��,-=-, �! ��#
�9:43�����!"$-3/;�����

<. 3445= 41,.�! ��#��%*9
6, 5>?6��Æ7%�%9��! ��#�,

5!�74�8� �! %9$�8@!$7&
; 9� 89, &>(/���! ��#��:
:A;!-.

1 '()*+,-./01234
�%��#��!.&) (B Shockley–Queisser

&)) >� 32%, &���-����#����!

"&)C0(2�6�A;86. (? @�(�

;: ��!#��5(/37:�"7��, A(�

#�7:�"!��8:9;<, (<#�7:�"

!����;<, B�C.-"!���=>:+�
4�����#�$, �;"!A�@�$7�;#
! – 2=!, B�!$<5�<# 1, ��;$��

��="!���.

(��)1�4+�%��#��"7/0, (

�(��!"&). ��12�>3"7��!��

"/���;<>?, 4?+�8%?<.87:%

9. !#8%?<%9, (��"=@�DA��#

�B, @��37:#�9;<��"!, @��E

7:#�9;<-�"!. C�#�%D�F8, (

!"&)3';(�:!#87:��#�, ?@4

5����7:$GE��;$D7, @���;<

�-�"!(��9E7#!;<(HF�$D7,

5>GI;<��;-�"!=$D7HF��7
Æ-A8"!;<, =(*��#��!"&),Æ

(� [5].

��B)1'�="!�#!/D�'F �
ÆGH!!��!"%��>.EI, BC%,*(

;$��"7�%�!��&0JÆ(���#�
�!"&). =D/, /�HJ�"7�%�!?K
C.���=A, *"7#��!"&),Æ(�.

(6L�Æ���12-A: ���F�"7#E

(B�6#E), ���'�(�"7#� (B�6#

�). �M K"7�%�!@7/�GB=��#
�$L/, Æ(�"7#E:(>M' K�%�!
�C%86#9@�$7�;.68�#! – 2=

!, B8@!$7%� (MEG)[6]. B%���%�

!CFD,�:%�, (%*EN��C1�#! –

2=4D,B98O���AFG��;%�!, *

(=-��9@��6����$M, (�B�;#

! – 2=!D,Æ$7�;5(6����#! –

2=!. �,-A�M,  K"7%�!�$9��
&%�BG;#�%�!�@7�), (>M' K

86#9%�;�#�%�!�@7�)�(N�
��?K%�. 2002 �, <��I��-2O Nozik

�C��HI=JHP�� Green �;<%���
KB8/: 58����! 49�7#"/>=
�?".��8LMJKB, �QI/�;Æ@�#

! [7,8]. 2004 �, <�I@NJPARDÆBR�I

-2O� Klimov K4E�-2=1,@9*' [9].

O 1 3/,�8@!$7&;�(8@!$7&;
���%9��!$<3QO. BO 1a�ÆL�,!

#�8@!$7�"7��, C;EA"!A�$7
�;#! – 2=!, (&��!$< (QY) � 100%;

(!#(8@!$7�"7��, �;EA"!�Æ
$7�;.�;Æ@�#! –2=!,(�!$<�
Æ�2 300% Æ@, ?O 1b �3.

$#@9MD,��S����! %9�5(
��!.:&;��N$//0, 9(;�#���

�"#!"��;,*PR, B�F$7,�! �
�#��96. ��, �#6�ES���,%#*

',Q�GHIT/$, O0(-�����#��

U. 00?�, G�TJ�V4E29���L��.

2 9:;3<=0)*+,-./
2.1 p–i–n ;3)*+,-./

p–i–n %9��#�&U;�#M' Si ��#

�, (? ����� p–n %7P#K! i <"7

%�!�$7�FV �(�<Q&). ��Æ7�

p–i–n �! ��#��%9RW��7O?O 2a

� 2b�3, G�? %9/ �4 n+ � p+ 0/D

� i <$1W,�;8<�! , ÆF�"$7#�.

48<L"�! %9$M4��>,&;, "7%

�!�ÆC%NXXN%�9B"@�$7�#!
�2=�E�'G� n+ � p+ 0$M, =(*(�

!&),Æ1-(�. 4@ i <R���! �OP�
H��<DK%9>D, F�ÆISOY";</

���>?�"7%�!�<Q&). Aroutiounian

K [10] 16,�; InAs/GaAs p–i–n �! ��
#�, *'628/: ( InAs �! �OP�
∼10 nm�H�� ∼1010/cm2�GaAs 2DYJ<R

�� 5–10 nm � i <R�� 3 μm B, (�6#�

Jsc=45.17 mA/cm2, �6#E Voc=0.746 V, ��#

��!"&) η ≈25%. (40(�! <B, Jsc=

35.1 mA/cm2, Voc=0.753 V, η ≈19.5%.

Wei K [11] �,KPB#�! $M4�"7
%�!D,(�Z�#QR7&;, ! InAs/GaAs

p–i–n �! ��#�%9L , �H4 , B
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? 1 VVT�S[U\VT�S[UTUWVW]UM�SX\^X
Fig.1 Quantum yields in the semiconductor structures with (a) and without (b) multiple exciton

generation

? 2 p–i–n M�TST�RUVWY] (a) �NVX

(b)

Fig.2 Schematic structure (a) and energy–band dia-

gram (b) of p–i–n quantum dot solar cells

4C< InAs �! �@�L7W,�<?O7
AlxGa1−xAs YJ, ÆR.�;8<^1_%9. 6

�%�5(Æ@/ : X�! /D�NXXN/0
�ÆC%4@ AlxGa1−xAsYJ<�%$D�<RÆ
G GaAs W_<�R�(OY; Y AlxGa1−xAs ?O

YJ* InAs�! `�.��;"7%�!�$7
�<Q$Z, (��%�!�D,0S; ZB�$7

JD%�!�Z�Y[[�#��Æ9(&�H<.

*'$\8/, 4 AM1.5 ��"D�@, !#5(

10–20 < InAs �! ���#�, (��!"&)

��2 ∼45%.

Marti K [12] -2��, InAs �! $D7
��#��#� – #E/0, �A InAs �! �
<D!("7/0(� �a]. 5( 10 < InAs

�! ���#�, 7,,X���6#�. ((

InAs �! <DF�� 20 <B, (�6#�Y(

H<, ��JD%�!`P�M4#Y�<$��
^F�(H<. �,Q\6��@, Laghumavarapu

K [13] 4C< InAs �! $GE GaP ;@\

]<, *��#��"7/0,�1-4+. (G

E 4 < GaP ;@\]<B, ( Jsc=9.8 mA/cm2,
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Voc=0.72 V �_;�! FF=73.5%; (�GE GaP

;@\]<B, ( Voc=0.42 V, Jsc=8.3 mA/cm2 �

FF=62.5%. 6 �H, Gress K [14] ��,5( 5 <

InAs/GaAs p–i–n �! ��#�� α R!ZD/
0. -2�A, +� α R!ZD�Z�4+ InAs �

! <�"Z�"/0, O�(&H[�! ��#
��0�`�.

�,4+�! ��#��\L"/];/0,

Laghumavarapu K [15] L�^,B$!aLa7W
� GaSb/GaAs II 7 p–i–n �! ��#�. 6�

II 7�! %9�2=%�!([,�; 450 meV

�\_Y, �4+"7%�!�#Q`L/0. �L,

B# GaSb �! +�,Y�>SbT7WUW, *

GaSb �! �]]<D��]V;@��.:, �

(&4+("/;</0. (�! bT��#��
�6#���6#E$a� 1.29 mA/cm2 � 0.37 V,

��! bT��#���6#���6#E$a
� 1.17 mA/cm2 � 0.6 V. �6#��F�^�#�

! bT�C.�!WbW"!���;<, (�6

#E�H<'��3c0S$E7:�! �GE.

5(�! ��#��"/];>?�$�HF(
F��, 1.3 μm bW, (��! ��#��"/
];>?A2�, 1.1 μm bW.

2.2 )*+AB,-./
 �!���#����-.3��&)�"

#����#�, �cBWX%9� TiO2 "#!�

_d!#!� �!�^�#_d%.. 46���

#�$, TiO2 WX%9�B �$!b"!� �
�. e, �$!/L, �&����! 3�Æ 
�Æ TiO2 WX� �"#!�!�^(: ��#
� [16]. -b���%*���8/, C%O`�!
 �"14@(7:3�, �Æ&�.�.-A!�
�"��;<. �L, �! 7c�5(�X�Y!
!`�9�Z#Q�;�$9���@�cD, =(

 �HH<f#�. e(����74�! Z�
#!'F86, �! !���#�5(�;"!$
78;#!��[, !(���#��"70�3�

M1(&�. O 3a� 3b$a��! !���#�
�%9RW.a @*3QO.

Lin K [17] ��B CdS �! !�� TiO2

"#!: ��#�, -A, Jsc=3.44 mA/cm2,

Voc=0.66 V � η=1.35% �"7/0. Chang K [18]

+���ddg]124?\ TiO2  <$@d,

., CdS �! , 5: ,�! !����, (

"7>D$a� Jsc=4.30 mA/cm2, Voc=0.68 V �

η=1.84%. Shen K [19] �7%f CdS �! !�?
\ TiO2 � "#!, *��#��"#�!"&)

? 3 M�T]aST�RUVWY] (a) ��Cg�
(b) \^X

Fig.3 Configuration (a) and operated principle (b)

of quantum dot–semsitized solar cells

(IPCE) 2�, 20%.

e, CdS �! /L, CdSe �!  �"!
�^34�! !���#�$,�,;�. Diguna

K [20] +� CdSe �! !� TiO2 Yh*e"#!

(: ,��#�,,�, η=2.7%���!"&).

B��#�4%9161�5(Æ@/ : X+�

TiO2 Yh*eiÆ8\WX TiO2 � ,���M�

5(�(eF^\:�Æ�Z!�^bb. 9f

f_;�#!�;��&. YB#95(c� ��
F− 9!_;� TiO2/CdSe � CdSe/ZnS �;Y�

R., TiO2/F/CdSe/F/ZnS %9, Y�/0,�,

1-4+, �("@�#!�Æ(&.!V� TiO2

��7, *,�6#E,ÆF�. Shen K [21] ��,

CdSe �! ! TiO2 WX%9�"!�/0. %@

8/, TiO2 WX'R�OP�K, (!�&@3��

h. ( TiO2 WX'ROP� 27 nm B, �Æ7,&
�� IPCE 2 (∼25%). g5���! !���#
����!"&)Z( 2%–3%, &G5(0�g3

�a `PW�/ . 6�� ��, ?@� �H

O`�! �Y�0J, 4+�! .�! Y�/
D�#!�&%�, *'16(��!"&)�Æ�

5�(�. ��c, Leschkies K [22] Æd�#_J 



5 � L[QS:M�TST�RUUZ 4535 � L[QS:M�TST�RUUZ 4535 � L[QS:M�TST�RUUZ 453

�2=�&_?, : , CdSe �! !� ZnO W

XM��#�,-A, Jsc=1–2 mA/cm2 � Voc=0.5–

0.6 V �"7>D. 4 AM1.5 ��"D�@, (Z�

!&)�2 50–60%. e(�&�, LoefK [23] -2�

�, CdSe �! /TiO2 %9��#��"7/0.

%@=-, M4# CdSe �! $�Æ�?!��#
��!"&)("3�a], ��68�^��M4

4<OP�! $GbCFD,, =(*�! !�
��#��!"&)d-.

2.3 DE)*+F0GH*IJKL
5(`�QN@��! ��#�, (�$#�

! $�86#9(�Z�8@!$7&;16�
: ���#�, 6��*&5M[, KB3!dh

i0���. &5M[����j�-A6���#
�,(;��<���L��. (&dhi0'�, �

:6���#�O���+8i _e���.�.

6�`��89�74���! %9$�8@!
$7&;, 5,Q��B&;16�! ��#��
�90.

2.3.1 ��N�OP�Q�R	
ST 4

��'��$, BC;"!@�$78;#! – 2

=!�%*%��Æ��86#9&; 9_Q.4

6�%�$,5(`��#���7:�#!.2=
�Æ$7�;.68�#! – 2=!.  �%�!
`��$71W, �ÆC%L�#K-A, 3�ÆC

%;<�;���#��7:�"!($7. 41

e����$, %�!�HF�fUh���`�
hf3'. �L, %�!�86#9�)OBG.B
#! – H!iA.:���?K�)'Fgj. -

,=-, A(4#!`�k��7:���::l
B, 8(���76�gj%�, g'(�!$<9
�b-�.

�! %9���5(^b�!.:&;�-
b�c, G�� δ hDV�H��#! – 2=/�

$//c, *#!C%#! – H! ��?K�)
�Æ(&�H<. KB, 4�! $#! – 2=`a

'F ��F�, �Æ*8@!$7�:CF%��
�F�. 6 �H, !�! (D'�`��I��
;b�!D, ��4:CF%�$ji�m`�hf

3'. 6�B86#9:>�:CF%��b9�
%*EN�: (�! ;<�;���#.K# 2Eg

�"!B, �$7����@!C%��!V%�(
?K�7n, (%@��Z�;;<�"!R.�;
.�;Æ@�@!, 6h/*��"/$��"!�
�!@."#!"�i ���, (�:�Z��=

A, 6�8@!$7�&3J�A [24,25]. O 4 3/

�;Æ7�! �86#98@!$7%�.

? 4 M�T]UVT�S[i�
Fig.4 Multiple exciton generation process in quan-

tum dots

2.3.2 PbSe�PbS W PbTe ��X�ROP�
Q� PbSe�PbS � PbTe �^�o – pY�,%
�����, ('�%9C�c�d7, ����7

:$a� 0.29, 0.42 � 0.3 eV.  �Æ7�WX��
���, WX PbSe 'R (nc–PbSe) �WX PbS 'R

(nc–PbS) �:q12�%9rc.�"/0,j�

�����.

e�/L, nc–PbSe � nc–PbS ,5(bb�8

@!$7�[. Klimov K [9] 4E-2=-,�7

4'ROP� 4–6 nm � nc–PbSe $�8@!$7
%�. h�^, (sj"!��� nc–PbSe 7:��

� 3 lB, F�Æ$7�;.�;Æ@�@!, )1

6�@�&)�b��, (k5(ef�N�;�@

�%�.N�O*'62,+� nc–PbSe�N��#

����!"&)C7:���@��c. O 5a �

486#9Z2��� nc–PbSe 7:��� 3 l�

5(�K86#9&) ηii �B#@, �#��!"

&) η C nc–PbSe 7:���@�eg. C� ηii =

25%F�� 100%,( η 2= 43.9%F�� 48.3%. �

�O8/, ��#����!"&)�ÆC%H<8

6#9���Z2,Æ-A. O 5b 3/,(86#
9&) ηii=100%�5(�K�86#9Z2���
B#@, �#��!"&) η C nc–PbSe 7:��

�kM�c. BO�l, (86#9Z2��= 5Eg

H<� 2Eg B, ( η 2F�, 37%, B2�, 60.3%.

2006�,B��<%L�^,6�kk�Z�-2%
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? 5 nc–PbSe tiST�RNM[jlhUklVl
Fig.5 Calculated energy conversion efficiencies of nc–PbSe single stage solar cells

? 6 PbSe U PbS M�TVWUM�SX
Fig.6 Quantum yields of PbSe and PbS quantum dot

structures

@. N��A(���8LMJK PbSe � PbS �

! B, C;;<"!�Æ$7 7 ;@!, 6'(#

Z( ∼10% �"!��9=Am. (!#C;;<

"!A$7�;@!�mR, �+/m�"!��'
�2 ∼90%, O 6 3/,(�!$<."!�� Eg

�ki�c. �ÆL/, !#6���! (D, 8

@!$7���Z2� 3Eg. ((�� hυ=7.8Eg �

"!��DA PbSe WX�! B, (�!$<2�
�2 ∼700% Æ@, 6�4�����! %9$�
�n'��&��!$< [26].

.�KB, Nozik K���mo3��,l�

PbSe�PbS� PbTe�! $8@!$7�-2��.

%@�A, (EA�"!�����! �:� 4 l

B,9B�;"!$7 3;@!, '(#7,, 300%

��!$< [27,28]. ;B�Q�, B#�! �"1

�K, (7:��3��h, �Æ4Kh"DB#@

�8@!$7&;3�0'K. 4?, ( PbSe �!
 �"1$a� 3.9�4.7� 5.4 nmB,(7:��$

a� 0.91�0.82 � 0.72 eV. ( hν/Eg=3 B, PbSe �

! �nuA/8@!$7&;; ( hν/Eg=4B,9

/A1-�8@!$7&;, �!$<9m�F�,

(2��2 ∼300%Æ@. e�/L, B<%O��,
PbTe l�WX'R,.12�%9rc.8@!$
7%�, 37,,j�pno���%@ [29]. !#

5( 0.91 eV �7:�� ('ROP d=2.6 nm) �

PbTeWX'R, ( hν/Eg=3B3�n/A8@!$
7&;. C� hν/Eg �F�, �!$<3��F�;

( hν/Eg=3.5 B(2��2 ∼250% Æ@, 6@Æ)
1B�;;<"!��Æ@�$7/�;Æ@@!
�.

2.3.3 CdSe ��X�ROP�Q� CdSe �

��v – pY"37:�,%���, Oo@�n7

3�� 1.74 eV. B# CdSe ��5(kb�"#/

0,4�&)�"�#$5(� �;�. �# CdSe

�! $�8@!$7%�, Califano K [30] *'�

�,�74 CdSe �! $�B#:CF%�(�
Z�"3%�!lF&;. N����-2�p\
Y1262,%�!�lF�).EA"!���
ki�c, 8/!#�;lC"1� 2.93 nm �l�

CdSe �! , (%�!lF�)0�#(1e��
��,4OoB#@�ÆB�;;<"!@�$7�
;#! – 2=!. Klimov K [31] �<%��, CdSe

�! $�8@!$7%�, !#"1� 3.2 nm �

CdSe�! , ( hν/Eg=1.5B,(8@!$7��!
$<� 100%; (( hν/Eg=2.5 B, 8@!$7��
!$<�nF�; ( hν/Eg=3 B, �!$<� 160%.
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2.3.4 Si ��X�ROP�Q� Si ��

�D37:���, � 10 O�� Si $WX�"��

���nb, *(4"#!�#$5(V4�;�E
2. LB# Si ������ �"7��, �� Si

WX%9$�8@!$7&;5(� QN. Beard

K [32] 4E+�0;�q�;</-2��,l�

Si WX'R$�8@$7%�, ( Si WX'ROP

� 9.5 nm('(# Eg=1.20 eV) B, �Z8@!
$7�"!��Z2� ∼2.4 eV. (;<"!�
� hν/Eg=3.4 B, 7,�8@!$7��!$<�
260%. -(mo, Si WX'R(�0�#� Si ��

!$<. Timmerman K [33] -2��,( Si WX'

R 3.1 nm �'G Si 'RDp� ∼3 nm B� Si W

X'R/D�r"!$7%�, �A(EA"!��
hν > 2Eg ≈3 eV B, �;5(����"!454
'�; Si WX'R$$7�;#! – 2=!, 5>

8O���C%CF%�@�'G Si WX'R, &
>$7@!�". B-2%@��� Si �! KW
X%916�: �&)�-.3��#�, ([,

*'kh.

3 ]^)*+,-./0_`ab
��qpr1, �;�! ��#�����w

����. �,�q-A`�QN@��! ��
#�, �'4*'@O�4A;@,(���a i
 IT�,..

3.1 )*+cd0ef
PRsn��! ���16�! ��#�

��;&$3 K, (? %*kh��! ���
"/];>?;.��"/'mS, (6L.�P�

"7��7c�n73� Eg "3'�, ��G"3

.:��R.�! �7:��. �! %*��
�8/, �!OP&;*(5(7:3�/0, (k

C��! "1�H<(7:��mrF� [34]. 4

?, Oo@��' Si �n73�� 1.12 eV, ( Si W

X'R�"1� 3 nm � 2 nm B, (7:��$a

>� 2.0 eV � 2.5 eV. ��"/���>?4 0.5–

3.5 eV/D, &? ��AQ$4 1.8 eV(700 nm)�

�\L0r�. ��, ?s(&��6�bs���

�e�� �.

kh@9$\, �,-A$#8@!$7&;�
�! ��#�, ;P����n73�'!XE�

IV–VI Y���, ? PbSe�PbS � PbTe K. ��

 4�3"D�@$78;#! – 2=!, i (

EA"!��oJ��! 7:��� 2–3 l, B

hν/Eg=2–3. �Æ46���$kXtmG�8@

!$7%�,Qq�+�6���168@!$7�

! ��#���9� [27]; �# II–VI Y� CdS

� CdSe ��, ��G�5('!X��n73�

(2.53 eV � 1.74 eV), �c�sn �8@!$7�
! ��#��ÆPM. 00��,-,Q,�7

4 CdSe �! $8@!$7���0, &(�!$
<'!kX-. (B CdSe �! 5(X3��Or
�;<"/,X��@�cDÆG;��#!!V�
[,���Æ ��! "!�^(4�! !��
�#�$7,;� [35]; (�# III–V Y� InAs �!
 � IV–IV Y� Si WX'R, ��� InAs/GaAs 8

<�! �(e� Si WX'R�  � i <(�0

9. p–i–n �! ��#�, ���! .WX'R
/D��>,&;�NXXN/0F�"7%�!
�<Q&), =((���#��!"&).

3.2 gh)*+0ij
�,(&4+�! ��#��"7/0, (e

�! G(bT�:qo�� . 'R(e5(�

;-9/c, B'ROPu#�Z�H�$xu#C

p. (e�! �R., !# p–i–n %9�! ��
#�(�#-A�! /D%�!�NXXN, !#

�! !���#�(�#�;!��! . TiO2

"#!/D���!V, (!#���! (�#(
��d�]@�8@!$7�[.

(e�! �R.�ÆB��12-A, ���

$#$!aLa7W�%*7%f�7W, ���'

�$#dd$l�sR���7%kR.. �Ms�

# InAs�GaSb�PbS � Si K�! �:q, >M'

s�# CdSe�CdS�PbSe � Si KWXsR�,..

$!aLa�������/D�>S;@, 5$#

S–KUW�7%f7W12,,jt�#��&��

! �:q. e(4 In(Ga)As/GaAs III–VY�,%
�! �7W$, $!aLaA;,7,,v$.u
�;�.  M�<%q(/,-A'R(e Si $W

X�"���7%f7W: �����&�r�1.

tdW�(e�-A, (���'�C%n:7%f
�7W.t%��(e�-A [36]. l�WXsR�

r�c�+�l���12:q(., �9:,�l

�sR-%og]7,�, ($�dl� �bn%
�yt.u�(&S,%, C%w_7.';�xu

�%.Ewu�%, 5>I-y+Y;R.�3OP

kg3$i#?J$�l�R!�$i�c. �7

,��(e�l�WXsR, O�Æ*�7%kUÆ
 9,. [37,38].

3.3 lm;3<=0no
 �9.�! ��#��%9RW, (?@^

��7:���9(e�^b�! bTGE i0, 
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�(�09. p–i–n %9 [39]. �6��! bT5
(�>,&;ÆGB#s7�R.(s+#!5(
W��&0J, �ÆHo"7%�!�7z�), 5

B�F�"7%�!�<Q&)Æ$7X��"7
#Y. KB, 4�! bT$O�Æ$78@!ÆF
�"7#�, !(���#��"#!"&)�v$

(��:'+��+��! !�%9 [40]. 6��

�B�! iÆ �$! �!�^(: ���
#�, . �!���#�'k, �! !���#
��tY4#("�/0�B�! �OP�Æ,
*O`. �L, B#4�! $�Æ$78@!&;,

*(�!$<�# 1, Qq��! !���#�k
 �!���#�(6��!"&):'^�'�

+�Qi4(&���+,%$��! %9. 6

���9WXsRCp$i�#!�2=�#+,
%$(R.��&�! /(&+,%D,%9, B

#G%,,(&��5(X��";<cD��!
 �bb�"7%�!�&<�t , *��#�5

(X����!"&). e(�?@�! �q$7
8@!&;, ("70�O:,Æ�5�(�.

3.4 )*+pqrs0tu
4���! %9��#�$,M4����

Y�%f, ? InAs/GaAs p–i–n %9�! ��#�
$ InAs �! . GaAs 2Dv9</D�Y�, �

! !���#�$ CdSe �! . TiO2 "�!/

D�Y�, �#8@!$7%���! .�! /
D�Y�, $D7��#�$�Kn73���/D

�Y�, �&�! /(&+,%/D�Y�ÆG�

���#��";<0.u�#!/D�Y�K, ,

!#!.2=%�!��&%�b�M1� � 
�. �,�&�.�.�;Y�/D�%�!�&%
��&�.�.H<%�!4Y�K�^��D,
%�,5('fmS0kb���^��J�Y��

R.,��c��q�5�(���#�!"&)�

� �{. �L, P/.��v'%�!��&.D
,%��;�'�kW3v$B . ?@��0J

�auA;����qL,��v|0 �, �! 
��#����9:HE�;I�<E.
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