
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 20 (2012) 208501

������BBB������õõõ111fff���AAAAAA555ïïïÄÄÄ*

±� Ü0�† .7 ë� �¯ ¤è x� �è Ç�í

( H®�Æ��>fÆïÄ¤, H® 210093 )

( 2012 c 2 � 11 FÂ�; 2012 c 4 � 16 FÂ�?Uv )

ïÄ
��ü1f&ÿìì���B���õ1f�AA5. 3§Ý 3.5 K ¢�ÿþ
B��ì��6A5Ú
1f�AVÇéõ1fóÀ&Ò��AA5. ¢�L², ì���=C>6�1ËìrÝ�O\~�; 3õ1f
óÀ&Òe, ì��A�1fê� �>6~�O\. Ó�Äuþf1ÆÚì� Hotspot nØ�½þ©Û
Tõ
1f�A�Å�.

'�c: ü1f, ��, B��, õ1f
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1 Ú ó

��ü1f&ÿì (superconductor single pho-
ton detector, SSPD) �Ø%���B��, Ïdq~
�¡���B��ü1f&ÿì (superconducting
nanowire single photon detector, SNSPD)[1−3]. SSPD
äk�¦?��m©EÇ!GHz ?�&ÿ�Ý!
VOê$±9�°�AÅã�A: [4−6], ´8c4
äA^cµ�ü1fuÿEâ [7−11]. SSPD U
�
A�Å�1Å´dÙ����á����A5û
½.

�â Bardeen-Cooper-Schrieffer nØ, ��á�
�UY���

2∆(0) = 3.52kBTC, (1)

Ù¥ kB �À�[ù~þ, TC ���N��.§
Ý. éu{á�(�����z� (NbN) ��,
Ù TC = 17 K, d (1) ª 2∆(0) = 5.15 meV, éA�
Å�� 240 µm, =éuü�1f NbN ����A
�4�Å�� 240 µm. �du�������½
ß��Ñ, XÚuÿ�Ç (1550 nm) ��=3z©
�A [12,13]. ,	, Gé�ð(� SSPD Øä�1f

ê©E (photon number-resolved, PNR) Uå [14], æ
^¿é(�� SSPD U
?1�½§Ý�1fê
©E, �Ùéõ1fê�©EUå�k�, Ï~�
u 6 �1f [15−18]. �dÓ�, SSPD ÿØU«O\
�1f�Uþ/Å� [19−21]. Ïd, ïÄÚuÐì�
�Ç!uÐäk1fê©EÚUþ©E�ü1f
&ÿì´8c SSPD +��ïÄ9:.

3�©¥, ·�ïÄ
ì�B��éõ1f�
�AA5, ±�«DÚ SSPD éuõ1f��AA
�, �?�ÚïÄä�1fê©EUå�ì��Ä
:. ©¥Äk0�
ì����Ú¢���, ¿Ä
uù
¢�, ÿþ
ì��§ÝA5!�6A5Ú
1f�A. ,�, Ú\ Hotspot �A£ã SSPD, ��
©Û
&ÿÅn, &?
 SSPD � �>6 Ib ��
�ü �mOêÇ CR �'X, ¿(Ü Hotspot �
A©Û
¢�(J, `²
3ØÓ �>6 Ib e,
SSPD �1f�AéA
ØÓ1fê.

2 ¢ �

2.1 ���¬¬¬������

3�¢�¥, ¢�ÿþæ^X©z [22, 23] ¤
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ã��� SSPD ì�. ��ì�¤I� NbN ��Ï
L¿§�6^�í�¼�, �.�ü¬ MgO, ��
þÝ�� 4 nm. SSPD ��ð�(�´ÏL>få
1� (EBL) Ú�A5lf�¡ (RIE) ó²¼��,
�^°Ý� 100 nm, k�¡È� 10 µm×10 µm, Ó
�'� 50%. ¢�ÿþ�, ò SSPD µC3�k1
n FC/PC ë�ìÚ SMA Ó¶�ªë�ì�7á�

¬Ý¥, ¿ò1n�é SSPD k�¡È�¥
. Ï
Lù«µC, �±�B/ò SSPD �	Ü1&ÒÚ
>&Òë�.

2.2 ÿÿÿþþþXXXÚÚÚ

�
©Û��B���1f�AA5, �ï�
¢�C�Xã 1 ¤«.

ã 1 ÿþXÚ(�«¿ã

Xã 1 ¤«, òµCÐ� SSPD �u Gifford-
McMahon (GM) � e Å ¥, ¦ Ù ó � u 3.5 K
� § Ý e. SSPD � > & Ò à Ï L T /   �
ì (10 MHz— 4.2 GHz) ©Oë�Gék 100 kΩ
 �>{� keithley 2400 LÚ 20 dB OÃ�°�
�ª��ì (10 MHz—4 GHz). Keithley 2400 ��
�>Ø, ÏL 100 kΩ  �>{� SSPD Jø �
>6 Ib. SR400 Oêìé����>óÀ&Ò?1
Oê. >óÀ&Ò�\ SR400 Oêì�c, ��k
òÙ�\ Tektronix 70604 «Åì (6 GHz) *	>ó
ÀÌÝ, (½ SR400 OêìuÿK�. ·�¦^�
-1� HAMAMATSU PLP-10 ps óÀ-1ì, Å
�� 1550 nm, EªÇ�� 10 MHz, óÀ°Ý;
.� 70 ps. 50/50 °�ÍÜìò-1óÀ©�õÇ
���üå, Ù¥�åÏL�½P~ì�\ SSPD
1&Òà, ,�åK�\1õÇO (PMSII-B). ¦
^ 50/50 °�ÍÜì�±;�ÿþL§¥é1´Ø
7���U, �yØÓ1õÇe¢�^����5.

¢�¥, ¦^
Äu Labview 2009 �ï��
¹ keithley 2400, SR 400 �gÄÿþXÚ, �B¢�
ÿþÚ¢�êâ�P¹.

3 ¢�(J�©Û

3.1 ���666AAA555

ò�¬�u GM �eÅ¥, � 100 kΩ  �>
{ R, keithley 2400 LGé3>´¥, Ù¥ keith-
ley 2400 ó�3>ØG�. ÏL Labview 2009
�ï�ÿþXÚ, ëYN! keithley 2400 ÑÑ>
Ø U , ¿ÿþ£´¥�>6 I , K SSPD üà�>
Ø U ′ = U − I · R. 3§Ý 3.5 K!Ã1Ëìì�
�¹e, ÿ��¬ I-V � (ã 2(a)), Ic = 24.7 µA,
jc = 6.18× 106 A·cm−2. ì��>6�Ý jc �®�
�L��'ì� [9] �C.

3 1 µA � � 6   � e, ' 4 GM � e Å,
d Labview 2009 �ï�ÿþXÚÓ�ÿþ�e
ÅSÜ§Ý T (Lake Shore Cryotronics 331) Úì�
�>{ R, =���ì�,§L§¥� R-T �.
2mé�eÅ, EþãL§, =���ü§L§
¥� R-T �. òü|êâ²þ, �±��ì�
� R-T � (ã 2(b)). �>{ 1 MΩ ���ä�.
§Ý�K�, TC = 12 K.
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ã 2 ¢�ÿþì�� I-V �Ú R-T � (a) I-V �; (b) R-T �

ã 2(a) �N
 SSPD 3���Ú{��m�
��ì�>{Cz�¹, ©|(�w«
 SSPD �
B��ð�ÅÚC�{�Úo>{ÅìO��L
§; ã 2(b) �N
 SSPD >{ R �§Ý T Cz�
��L§, Ù¥k²w���aC.

�
ïÄì� I-V �\�1rÝ�'X [24],
^z�óÀ²þ1fê µ L�\�1rÝ:

µ =
P · λ

A · f · hc
, (2)

Ù¥ P �-1�õÇ, λ �1ÅÅ� 1550 nm, A

�o�P~�ê, f �-1EªÇ 10 MHz, h

�ÊK�~þ, c �ý�¥1�.
X ã 3, · � ÿ þ 
 § Ý T = 3.5 K, Å

� λ = 1550 nm, EªÇ f = 10 MHz, ØÓõ
Ç1óÀì�eì���.>6 Ic. uy µ (pho-
tons/pulse) é Ic kØ �^: µ ��, �A� Ic �
��, �üöCq¥�êP~ Ic ≈ exp(k ·µ+b). d
u1�´�«>^Å, 1r�r, �A�^| H �

ã 3 ÏLì�� I-V �¼��ØÓ µ �e��.>6

r. d��N TC −Hc − jc �m��p��'X, H

�O�¬Úå jc �~�, lé Ic �)Ø �^.

3.2 111fff���AAA

æ^Xã 1 �¢�C�éØÓ �>6 Ib

e CR �1õÇ�Cz'X?1
ÿþ. ò�¬�
u 3.5 K �eÅ¥, (½�½P~ì�ê, �½-
1Å� λ = 1550 nm, EªÇ f = 10 MHz, ,
�N!-1ÑÑõÇÚ�CP~ì�P~�, ¦
õÇOþ�w«���¤�ê�. ù�, d (2) ª
O��� µ � (5¿, d?� P ��õÇO�Ö
ê, A ���½P~ì�P~�ê). ÏL Labview
2009 �ï� CR ÿþXÚ, �gN! keithley 2400
L �>Ø U , Ó�ÿþ �>6 Ib, d SR400
ÿþ�mã t ¥ SSPD �)>óÀê N , ��Oê
Ç CR = N/t, uÿVÇ Pd = CR/f . ù�Ò��

,� µ �eì�� CR-Ib �. ²Lõgÿþ,
�±���� µ-CR-Ib �'X, Xã 4.

ã 4 ØÓ �>6 Ib e, uÿVÇ Pd � µ �Cz'X
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du¤^-1��¦óÀ-1, Ù-1ó
À°Ý�u SSPD �A�m, =éu��1óÀ,
SSPD �õ�U�A��>óÀ&Ò. Ïd3 f é
��, Pd �N
ì��uÿVÇ, =é1óÀêu
ÿUå���. Pd �þf�Ç QE �Vg´��Ø
Ó�, Pd ´éì��Aü �mS1óÀê��
«£ã, QE K´éì��Aü �mS1fê�
�«£ã.

�±uyã 4 ¥��3Véê�IeCq
LyÑ�5'X, éÙ¥�?1�5[Ü, uy
[Ü�Ç� �>6 Ib ¥K�' (ã 5), = �>
6 Ib ��C�.>6 Ic, éA��Ç��.

ã 5 [Ü�Ç� �>6 Ib �m�'X

3.3 111fffêêê©©©EEE

dc¡�¢��±w�, �X\�²þ1f
ê µ O�, ì���.>6 Ic ~�. Ó�, ØÓ�
 �>6 Ib e, Pd O\�ÇØÓ.  �>6 Ib �
�, K Pd � µ Cz�¯. ùp�±(Üþf1Æ�
½þ©ÛþãL§.

�âþf1ÆnØ, éu�Z1, z�óÀ
¥�¹1fê n Cq�±^ Poisson ©Ù�VÇ�
.5£ã [6,7]. e¡�©Ûþïá3ù�b��þ.

-z�óÀ�²þ1fê� µ (µ > 0), n �,
�óÀ¥¤¹¢S1fê, P (n) KL«Ù�AÑ
y�VÇ. dþ¡b���

P (n) = e−µµn/n!, (3)

é Hotspot �� Shotspot �Xeb�:

Shotspot ∝ E = nhν, (4)

Ù¥ h �ÊK�~þ, ν �1ÅªÇ, n �1fê.
b� SSPD �áÂÇ� 100%�n��¹, =�

�k1f�� SSPD L¡þ�áÂ. éu,� �

>6 Ib, SSPD ����¤IUþ�3��� E0,
=1fUþ�u�uT�þU¦ SSPD d���
C�>{�, n0 = dE0/hνe (L«�u�u E0/hν

����ê), Äuc¡ Poisson ©Ùb�, ��¤
U�)���>óÀê

CRmax = P (n > n0) · f

=
∞∑

k=n0

e−µµk

k!
· f, (5)

K

Pd max = CRmax/f =
∞∑

k=n0

e−µµk

k!

= P (n0) + P (n0 + 1) + · · · . (6)

� 0 < µ ¿ 1 �, e−µ ≈ 1, (6) ª�Cq¤

Pd max = P (n0) + o(P (n0))

≈ P (n0) ≈ µn0/n0!. (7)

é (7) ªü>�éê��:

lg Pd max ≈ lg P (n0)

≈ n0 lg µ − lg n0!. (8)

ù�e± lg µ � X ¶, lg P (n0) � Y ¶��,
K n0 Ò�L
���Ç. lþ¡�©Û, �±w
Ñã 4 ¥��Ç�Ôn¿Â: �Ç����N

 SSPD �A�1fê. e¡ÏL{ü�êÆ©Û
5)ºã 3 Úã 5.

éu SSPD ó, Ù�.>6 Ic, �.>6
�Ý jc ´ SSPD ��kA5, ��>6þ!©
Ù�k jc = Ic/s0, Ù¥ s0 ��^�¡È. 3,
� �>6 Ib e, 1f\��, SSPD L¡¬/
¤ Hotspot, d (4) ª, Hotspot �¡È s ∝ nhν, d
� j = Ib/(s0 − s). � j = Ib/(s0 − s) > jc �,
SSPD ?u�.G�½{�.

u´  jc = Ic/s0

j = Ib/(s0 − s) > jc
. (9)

d (9) ª·��±í�

nhν ∝ s > Ic − Ib

jc
. (10)

(10) ª½5�Ñ
 SSPD uÿ1f�^�. �
Ä� n �34�� 1, s �A�3éA4�� smin.
� Ib v
�C Ic �, e smin ÷v (10) ª, K SSPD

208501-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 20 (2012) 208501

�±uÿ�1f. d�, n ?u4�� 1, Ø� Ib

�O\?�Ú~�. � Ib ���, smin ØU÷
v (10) ª, K�3 n > 1 ¦� (10) ª¥��ª'X
¤á, ù� Ib Ú n w«ÑK�''X. ã 5 3 Ib ∈
[9 µA, 22 µA] �, Ib ��Çw«ÑCq�5'X;
Ib = 22 Ú 23 µA �, n ?u4�� 1 NC.

ã 3 � ÿ þ � ¸ Ú ã 4 ´ � C �, « O �
3 u 1 õ Ç � � �. � ± u y ¯ ¢ þ ÿ þ ¥
k Ic-suppressed = Ib max, du µ �L�
1óÀ
�Uþ, d (10) ª�±��

Ic-suppressed = Ib max = jc · (s0 − s), (11)

Ù¥ s � µ ��'.

d (11) ª, �±½5)ºã 3 ¥ Ic-suppressed

� µ �m�K�''X. '�ã 3 Úã 5, uyü
|êâ�Czª³ØÓ (ã 3 Cq�ê'X, ã 5
Cq�5'X). �Ä� µ Ú n ´ØÓ�: µ �-
1óÀ�²þ1fê, ã 3 �N
-1uÑ1f
� SSPD éÙ�A (Ic �Ø ) ù���L§¥ µ

� Ic-suppressed �'X;  n � SSPD uÿ��1f
ê, ã 5 =�N
 SSPD áÂ1f�L§¥áÂ�
1fê n � �>6 Ib �'X. ã 3 Úã 5 �m

�«O´�±n)�.
�dÓ�, du Poisson �.?1�©Û¥ n0

��AT��ê, �ã 4 ¥����§Ý´Cq
ëYCz� (ã 5 ¥�±wÑ), ù�:�±l SSPD
�^�þ!5�Ý?1©Û: du\óó²���,
SSPD �ð���^°ÝØ�U´��þ��, Ø
Ó� ��UéAXØÓ� s0. ,� �>6 Ib

e, ØÓ �U
�A�1fê n �¬ØÓ. n �
��ê��¹�±w�´ØÓ ��A1fê\
�²þ�(J.

4 ( Ø

nþ¤ã, �©¢�ÿþ
3§Ý 3.5 K �, Å
� λ = 1550 nm, EªÇ f = 10 MHz, ØÓ\�
1fêé SSPD �.>6 Ic �Ø �^Ú SSPD
ì���B��3ØÓ �>6 Ib eéØÓõ
Ç1óÀ�õ1f�AA5, Ó�Äu Poisson ©
Ùb�Ú Hotspot �A©Û
¢�(J. ¢�`²

Å� λ �½�, ØÓ �>6 Ib e, SSPD ��
A CR éAØÓ�1fê n: Ib ��C Ic, �Aé
A1fê n ��.
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Abstract

In this paper, we study the response properties of multi-photon of NbN superconductor nanowire in superconducting single pho-

ton detector (SSPD). We measure the NbN nanowire device’s DC characteristics and detection probability for single and multi-photon

light pulse signal at a temperature of 3.5 K. The measured results show that the superconducting transition current of superconduc-

tor nanowire decreases as light irradiation intensity increases. The photon number detected by SSPD is derived from the slope of

detection probability versus light intensity. We find that the detected photon number increases as superconducting nanowire bias cur-

rent decreases. Moreover, based on quantum optics and hotspot theory, we analyze the mechanism of the multi-photon response of

superconducting nanowire semi-quantitatively. This result may be of benefit to understanding SSPD and developing the SSPD with the

capability of resolving photon number.

Keywords: single photon, superconductor, nanowire, multi-photon
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