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Äu GaAs/InAs-GaAs/ZnSe � P-i-N þf:��>³(�, �â1Æ�nÚ*ÑnØïá
1)>6�Ý��
�þÝ�'�êÆ�., ½þ©Û
þf:�þÝ�ëêé��>³5U�K�, ±Ï��Jpþf:��>³=
��Ç�8�. nØ�[L²: 3 i �þÝ� 3000 nm �, `z� P(GaAs) .!N(ZnSe) .�����Z�þ� 1541

nm, 78 nm, ¿3ü�Å�e��>³=��Ç� 20.1%¶Ó�þf:NÈÚ§Ýéuþf:��>³ I-V A5�
¬�)K�, �þf:NÈÚ§ÝÅìO��, m´>Ø¥y~�ª³, ¦�=��Çü$.

'�c: þf:, `z, Uþ=��Ç, I-V A5

PACS: 88.40.jp, 78.67.Hc, 75.40.Mg

1 Ú ó

du ZnSe[1], InAs/GaAs[2], CdS[3], CdSe[4] �
þf:á�äkáÂXê�, U
?1�m�[,
/¤f�, �äkõ-f�A�`:, þf:á�
®�w�uÐ1n���>³�Ì�ïÄ��, é
uJp1f=��Çäké�då [5,6].

ZnSe áu���Y�[���Ná�, ¿
§�Y� 2.7 eV(460 nm), äk���>fåP
U, Ï ~ k î ­ � g Ö � � A, � U ¥ y N ..
ZnSe þf:²þâ»� 2—4 nm[7], ké��'
L¡U, N´u)ìàæÈ, Ø|u©Ñ. ZnSe �
��« II-VI x��Ná�, äk`É�1Æ5
U [8], Ù¬�~ê� 5.686 × 10−10 m, 
 InAs �
¬�~ê� 6.058 × 10−10 m[9], GaAs �¬�~ê
� 5.681 × 10−10 m, ���u 0.5 × 10−10 m, Ïd
U
/¤ûÐ�É�ü¬EÜ(� [10].

��>³�Ç�Jp�±ÏLá��ÀJÚ
ì�(��`z5¢y. ,	, lnØþ©Û1Ï

�AÅnÚL§!��>³�$1A5, &?K�
1>=��Ç�Ì�Ï�, ��¼�p=��Ç�
��>³Jø
­�å» [11,12].

Parent æ^ GaAs/ZnSe (����>³�Ç
� 4.2%[13], 
 Aroutiounian |^ InAs/GaAs þf:
� P-i-N (�3�Å����Ç��� 25%[14], Ï
d·�3 GaAs(P)/ZnSe(N) �m\\ InAs/GaAs þ
f:�/¤
Äu GaAs/InAs-GaAs /ZnSe � P-i-N
þf:��>³(�.

3nØþéì�þÝ�`z�O´¼�p5
U��>³���­�å» [15,16]. �©¥, ·��
é GaAs/InAs-GaAs/ZnSe � P-i-N þf:��>³
(�, l>³L¡���1Ïþ�1Ì©ÙÑu,
O�Ñ��¥-f�)Ç��þ�©Ù, ¿�â-
f3.¡�ëY*Ñ�§±9>.^���-f
ßÝ'u��þÝ�¼ê'X, ?
©O¦Ñü�
���)�1)>6�Ý�éu��þÝ�©Ù
­�, �±w��3���Z��þ¦�1)>6
�Ý����. l
ÏLz����þÝ��`O
�, éTþf:��>³=��Ç?1nØþ��
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ý©Û, ù�¿©Ýºþf:��>³�ó�A5,
Jpá��1ÆáÂ�Ç!>Ö�Â8�Ç!>
³�1>=��Ç!¼�p�Çþf:��>³
Jø
nØÄ:.

2 n Ø

3 1.5 AM ���1ì�^�e, 3>³L¡
ü ¡È���1Ïþ�1Ì©Ù� [14]:

F (λ) =3.5 × 1021 × λ−4

×
[
exp

( hc

kTsλ

)
− 1

]−1 photon
cm2 · s · µm

, (1)

h �ÊK�~ê, c �1�, k �Å�[ù~ê, Ts

���L¡§Ý� 5670 K[14], Å�3 470—900 nm
���S1Ïþ�±�� 3.5 × 108 N/(cm2·s·nm)
±þ. Ïd·�À�3ù�Å���S�ü�Å�
e, é��>³1)>6�Ý?1nØþ�©Û,
�é GaAs/InAs-GaAs/ZnSe � P-i-N þf:���
�>³(�?1z����þÝ��`O�, ¿é
��>³=��Ç?1
nØþ��ýO�.

3d GaAs /¤� P .�¥, |^>f�Ç�
)ÇÚ>.^�ÏL)­��ê16fëY*Ñ
�§
�Ñ�{>f�ßÝ, ?
��3Å�� λ

Ú1Ïþ� F (λ) ^�e�1)>6�Ý. >f�
Ç�)Ç�:

Gp(x) = αp(1 − Rp) · F · exp(−αpx), (2)

ª¥ αp � P .á��áÂXê, Rp �>³L¡�
��Xê, F K�éAÅ�e�1Ïþ�. Ïd�
{>fßÝ n(x) ÷v��§� [14]:

d2n(x)
dx2

− n(x)
Ln

+
Gp(x)
Dn

= 0, (3)

>.^�� [17]:

n(x1) =0, (4)

Dn
dn(x)

dx

∣∣∣
x=0

=Snn(0), (5)

ª¥ Ln Ú Dn �>f�*Ñ�ÝÚ*Ñ~ê, Sn

� P .�L¡EÜ�Ç. x1 L« P .�� i ��.
¡ �. �â�§ (3)—(5), ·�ò P .��þÝ�
���Ä�Czþ, =^ x L«, u´�±��3
�½Å�1
�ì�e3��.¡?�1)>6
�Ý� [14]:

jn(x) =qF · (1 − Rp)
an

a2
n − 1

βn

{
bn + an

− exp
(
− anx

Ln

)[
(bn + an) cosh

( x

Ln

)
+ (1 + bnan) sinh

( x

Ln

)]}
, (6)

Ù¥ βn = [cosh(x/Ln) + bn sinh(x/Ln)]−1, bn =
SnLn/Dn, an = αpLn.

Ó�, éud ZnSe þf:á�/¤� N .�,
·�æ^Ó���{3ØÓ�>.^�e��±
��3��.¡?1)>6�Ý jp(x) �L�ª.

éud InAs-GaAs þf:|¤� i �, duþ
f:á��áÂ��³^á� GaAs �áÂ�vk
­U, @oéu3 i «dþf:¤�)�1)16
f�)ÇÚd GaAs ¤/¤�³^«��)�1)
16f�)Ç©O�:

GD(x) =F · (1 − Rp)αD × exp[−αD(x − x1)], (7)

GB(x) =F · (1 − Rp)

× exp[−αnx1](1 − nDVD)αn

× exp[−αn(x − x1)(1 − nDVD)], (8)

�� i «�1)>6�Ý� [17,18]:

ji =jD + jB

=q

∫ x2

x1

GD(x)dx + q

∫ x2

x1

GB(x)dx, (9)

?
�±��>6�Ý�êÆL�ª�:

j = jsc − js0[exp(qV /kT ) − 1], (10)

Ù¥ jsc = f ·(jn +jp +ji)[19] �á´>6�Ý, f �
DÑÏf, js0 = js1 + js2 ����Ú>6�Ý, d
3Ñ¦�>���ê16f�)�V>6 js1 Ú i
«��9-f�)� js2 |¤, T �	.�¸�§
Ý. éuV>6Ï~�:

js1 = A exp(−EgB/νkT ), (11)

Ù¥ A = qNCNV

( DP

NDLP
+

Dn

NALn

)
, EgB � GaAs

�B�°Ý, ν �n�Ïf. NC Ú NV � GaAs
��Úd��k���Ý, d ni = (NCNV)1/2 ·
exp(−EgB/2kT ) � O � Ñ NCNV, ni = 1.45 ×
1010 cm−3 � GaAs ���16fßÝ [20]. ND

Ú NA � N .Ú P .¥�ÌÚÉÌ�ßÝ.
d9-f�)�>6 js2 �:

js2 = Aeff exp
(
− Eeff

νkT

)
, (12)

Ù¥ Aeff = q × (4πn2kT/c2h3) × E2
eff

[17], n � i
«�¥�²þò�Ç, Eeff = (1 − nDVD)EgB +
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nDVDEgD, EgD �þf:�B�°Ý, nD, VD ©O
�þf:�N�ÝÚNÈ.

� â ± þ ' X, Ï L é (j × V ) ¥ � V ¦
�, ��� (j × V ) ���éA� V �, ?
�
� (j × V )max. �±O���>³�W¿Ïf�:

FF = (j × V )max/(jsc × Voc). (13)

Ïdéu\�1õÇ� Pin �, ���>³ÑÑ�
�õÇ�¤éA�Uþ=��Ç�:

η =
(j × V )max

Pin
= (jsc × Voc × FF)/Pin. (14)

3 �[�©Û

| ^ ± þ � n Ø ú ª, · � é GaAs/InAs-
GaAs/ZnSe � P-i-N (�þf:����>³?
1
�ýO�, O�¤^êâëêXL 1 ¤« [14].

L 1 �'O�ëê

ëê ü  ê�

Sn cm/s 6 × 103

Sp cm/s 6 × 103

Ln µm 2

Lp µm 3

Dn cm2/s 200

Dp cm2/s 10

nD cm−3 1.7 × 1017

VD cm3 1.77 × 10−18

ND cm−3 1.7 × 1017

NA cm−3 1.4 × 1018

EgB eV 1.4

EgD eV 0.95

Rp 0.1

ν 1.2

f 1

αp(GaAs)[21] cm−1 1 × 103

αn(ZnSe)[22] cm−1 3.0 × 103

αD(InAs-GaAs)[2] cm−1 1 × 104

·�Äkd P ��1)>6�Ý��þ�'
Xª (6) �[��
Xã 1 ¤«�(J. dã 1 �
�, 3 P .�¥�)�>6�Ý���� 37.49
mA/cm2 �éA��Z�þ� 1541 nm. ù�'
À� P .�þÝ� 800 nm[14] ?�1)>6�

Ý��.
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2
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ã 1 P .�1>6�Ý��þ�©Ù

3� i ��þÝ� 3000 nm[14] �Ä:þ, ·�
qé N .��þÝ?1
`z, (JXã 2 ¤«.
�±w�3��¥ 4619 nm ?�1)>6�Ý�
�� 1.375 mA/cm2, dd�±�� N .�`z��
�þ� 78 nm.

é²LþÝ`z�� GaAs/InAs-GaAs/ZnSe P-
i-N (��þf:����>³, dúª (10) ��
Ù J-V ­�Xã 3 ¤«. dã��, Ùá´>6�
Ý� 0.057 A/cm2, m´>Ø� 0.5077 V, Ó���
±w��Ú�Ý/¡ÈL«���>³3ó�L
§¥���ÑÑõÇ�Ý� 23.31 mW/cm2, Ïd
��ÙW¿Ïf� 80.55%, 3\�1 (1.5 AM ^�
e) õÇ�Ý� 116 mW/cm2 � [14], nØþ¤U�
���p=��Ç� 20.1%.

1.2

0.8

0.4

0
4500

j
n
/
(m

A
/
c
m

2
)

X: 4619
Y: 0.001375

4700 4900 5100

x/nm

ã 2 N .�1>6�Ý��þ�©Ù

éuþf:á�, duþf:�º���éÙ
�Y¬�)K�, ?
q¬é>³����Ú>6
�)K�. ·�é i �¥� InAs-GaAs þf:�N
Èl 1.5 × 10−18 cm−3 Cz� 1.85 × 10−18 cm−3,
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z� 0.05× 10−18 ���:5*	þf:º��K
�, (JXã 4 ¤«. lã 4 ¥�±wÑ, �Xþf
:NÈ�O�, k��°3Åì~�, ���Ú>
6�Ý3O�.

Ó�·��[
éuØÓNÈ���þf:
é>³ I-V A5�K�, Xã 5 ¤«. �±wÑ, é
m´>Ø�K�Ø� 0.01 V. �´�XNÈ�O�,
m´>Ø¥y~��ª³. ù´duþf:NÈ�
Czé���Ú>6�K�, ��
þf:NÈÌ
�ém´>Ø�)K�, �´duþf:NÈ�C
zé�, ¤±ÃØ´ék�B�!���Ú>6�
Ý�´m´>Ø�K�Ñé�f. ã 5 ¥�Sã´
éù��fCz?1
ÛÜ«� (�Þ¤«) ��
�ã.
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3.30

3.28

3.26

3.24

3.22
1.5

E
e
ff
/
e
V

1.6 1.7 1.8 1.9

1.5 1.6 1.7 1.8 1.9

Vd/Τ10-18cm-3 

Vd/T10-18 cm-3 

j
0
/
(T

1
0
-

1
0
A

/
c
m

2
 )

2.0

1.6

1.2

0.8

ã 4 þf:NÈék�B�9���Ú>6�Ý�K�

du§Ý�Cz¬é��>³� I-V A5�
)K�, �
)§Ýéì�5U�K�§Ý, ·�

qÏL�[§Ý�UC5*	��>³ J-V ­�
�Cz5Æ, (JXã 6 ¤«. �±w�, �X	.
�¸§Ý�Øä,p, é>³á´>6A�vkK
�; �§Ý3 300—310 K �mCz�, m´>Ø�
~�þ�é�, é>³=��Ç¿Ø¬E¤���
K�, 
3 310—320 K �m�, m´>Ø�~�þ
é�, 
�m´>Ø�X§Ý�,poN¥~�ª
³, Ïd�¬¦���>³=��Çü$.
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ã 6 §Ýé J-V ­��K�

4 ( Ø

Ä u é GaAs/InAs-GaAs/ZnSe � P-i-N ( �
� þ f : � � � � > ³ � � ý O �, Ï L é P
.�Ú N .���þÝ�`z, ��
3 P �
� þ � 1541 nm, N � � þ � 78 nm, i � � þ
� 3000 nm �, 3\�1 (1.5 AM ^�e) õÇ�
Ý� 116 mW/cm2 � [14], T GaAs/InAs-GaAs/ZnSe
�þf:����>³nØþ¤U����p
=��Ç� 20.1%, W¿Ïf� 80.55%. ù�'
u Aroutiounian[14] æ^þÝ�²`z GaAs/InAs-
GaAs/GaAs 3 � 1 Ì � � S � P-i-N ( � � �
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> ³, · � æ ^ ² L þ Ý ` z � GaAs/InAs-
GaAs/ZnSe �(�=¦3ü�Å�e, �k�p
�=��Ç.

Ó��ý(J�L²þf:NÈÚ§Ýéu

��>³ I-V A5¬�)K�, =�Xþf:NÈ
�O�!§Ý�,pm´>Ø¬~�, ��=��
Ç�ü$.

[1] Pejova B, Tanusevski A, Grozdanov I 2004 J. Solid State Chem.
177 4785

[2] Hu W G, Inoue T, Kojima O, Kita T 2010 Appl. Phys. Lett. 97
193106

[3] Lin S C, Lee Y L, Chang C H, Shen Y J, Yang Y M 2007 Appl.
Phys. Lett. 90 143517

[4] Brown P, Kamat P V 2008 J. Am. Chem. Soc. 130 8890
[5] Luque A, Marti A, Arthur Nozik J 2007 MRS Bulletin 32 236
[6] Popescu V, Bester G, Hanna C M, Norman A G, Zunger A 2008

Phys. Rev. B 78 205321
[7] Pejova B 2010 Mater. Chem. Phys. 119 367
[8] Murali K R, Austine A, Trivedi D C 2005 Mater. Lett. 59 2621
[9] Liu Y M, Yu C Y, Yang H B, Huang Y Z 2006 Acta Phys. Sin. 55

5023 (in Chinese) [4�¯, |­�, 
ùÅ, �[K 2006 Ôn
Æ� 55 5023]

[10] Hsu C T, Lin Y. J, Su Y K, Yokoyama M 1992 J. Crys. Growth
125 420

[11] O.Sylvester-Hvid K 2006 J. Phys. Chem. B 110 2618
[12] Feng W, Gao Z K 2008 Acta Phys. Sin. 57 2567 (in Chinese) [µ

�, p¥* 2008 ÔnÆ� 57 2567]
[13] Parent D W, Rodriguez A, Ayers J E, Jain F C 2003 Solar Cells

Solid-State Electronic 47 595
[14] Aroutiounian V, Petrosyan S, Khanchatryan A, Touryan K 2001 J.

Appl. Lett. 89 2268
[15] Ren J, Zheng J B, Zhao J L 2007 Acta Phys. Sin. 56 2868 (in

Chinese) [?Ù, xï�, ëï� 2007 ÔnÆ� 56 2868]
[16] Peumans P 2004 Ph. D. Dissertation (Princeton: Princeton Uni-

versity) 135
[17] Henry C H 1980 J. Appl. Phys. 51 4494
[18] Kiess H, Rehwald W 1995 Solar Energy Materials and Solar Cells

38 45
[19] Paxman M, Nelson J, Connolly J, Barnham K W J, Foxon C T,

Roberts J S 1993 J. Appl. Phys. 74 614
[20] Shockley W 1950 pn Junction the Shockley Model (Canada: Web-

Materials Press) 1
[21] Casey H C, Sell D D, Wecht K W 1975 J. Appl. Phys. 46 250
[22] Etchebery A., Etman M, Fotouhi B, Gautron J, Sculfort J L,

Lemasson P 1982 J. Appl. Phys. 53 8867

138801-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 138801
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Abstract

Based on the structures of GaAs/InAs-GaAs/ZnSe P-i-N quantum dot solar cells, according to the optical principle and diffusion

theory, mathematic model describing the relationship between photogenerated electron current density and thickness of layer is pro-

posed, and the effect of the quantum dot layer on the characteristics of solar cell is analyzed quantitatively for improving the power

conversion efficiency of quantum dot solar cells. Simulations show that the optimal thicknesses of P(GaAs) and N(ZnSe) are 1541 nm

and 78 nm respectively when the i layer thickness is 3000 nm, and the power conversion efficiency of solar cell is 20.1% at a single

wavelength; At the same time, the volume of quantum dot and the temperature affect I-V property of quantum dot solar cell, and the

value of open voltage reduces with the increase of the volume of quantum dot and temperature, so that the power conversion efficiency

will be reduced.
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