Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

RACBRHAR MR R R BELRENE

REE SBIE T4 LFK BERK 25 37

Shot noise measurement for tunnel junctions using a homemade cryogenic amplifier at dilution refrigerator
temperatures

Song Zhi-dun L0 Zhao-Zheng  Dong Quan  FengJun-Ya JiZhong-Qing JinYong LU Li

5] Fi{% B Citation: Acta Physica Sinica, 68, 070702 (2019) DOI: 10.7498/aps.68.20190114
TEZL L View online: https://doi.org/10.7498/aps.68.20190114
MHANZE View table of contents: http://wulixb.iphy.ac.cn

LT RGN HA SO

Articles you may be interested in

Majorana 5 2 i FL G 5 AR 435 HICRE MR
Low-Dbias oscillations of shot noise as signatures of Majorana zero modes

YAz 2018, 67(18): 187302 https:/doi.org/10.7498/aps.67.20172372

BT ORI 5 7 28 S I ) 1 20 B BT O R RGBT S S
The design and realization of continuous—variable quantum key distribution system based on real-time shot noise variance monitoring

WAL 2017, 66(2): 020301  hitps://doi.org/10.7498/aps.66.020301

XL F A A5 H TH Majorana 2 K - [ M R
Shot noise characteristics of Majorana fermions in transport through double quantum dots

PrPeEd. 2015, 64(16): 167302 https:/doi.org/10.7498/aps.64.167302

Wk 2 i L BEL SOV 0 7 2 R (AT P B 0 B S5 T
Measurement and study of low—frequency noise in TMR magnetic field sensor

YIBR2EA. 2016, 65(5): 057501 hitps://doi.org/10.7498/aps.65.057501

BOLH 57 R B 2 5 08057k
Compound denoising method of laser speckle noise in laser inherent field imaging

PB4, 2019, 68(5): 054206  htips://doi.org/10.7498/aps.68.20181578


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20190114
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20172372
https://doi.org/10.7498/aps.66.020301
https://doi.org/10.7498/aps.64.167302
https://doi.org/10.7498/aps.65.057501
https://doi.org/10.7498/aps.68.20181578

) 32 Z 3R Acta Phys. Sin. Vol. 68, No. 7 (2019)

070702

HRARG SR BRI IR 7 T, 2R T B M P T

& EFE 12

NN

1E 8 R DI

1) (PEFEABEEEBT T, JLatBER S IE KR, Jent
2) (PEBABER:, PHREERE, L

B 4E 12

)

4

F49 BER
9 BAW

100190)

100049)

3) (HA BT K%, A T — K%, IhEERRAGYORRE SHEAR TG, BE, I3EER  91120)
(2019 4F 1 A 21 HYH; 2019 4E 2 A 16 HEHEH)

A WA 2 H o R P O Y B RO S BT BIOR IR A o ) e ORI R T LA B AR G Y T ] OF
P 0 L S 00 T o A ) ) B ) Bk v £ 8, DR TR O — i o B8 T BOTE IR IR B T s i P AR B T —
(4 2P A AR PR35 T g M P 2 — 7l JRE AR DR 94 A 3 2 AR 15 5 D0 o, 8 e A R i 2 2 T
B AR A I LR A A 30 R 5 LA i e 00 A {5 MR L Al 5, DR M X R R A8 ) MR P 7 R RE AR A A ) 2
RSB TAERR R v LA HE A ORI R I R AT, LRI IR RGEAS B T AE mK IR X B GE 45 Ok
WP AR A5 2R AT IR 094 R P R R A AT TR A O R R AR T e e g U R
M HLEY 4 KOl X, A R R AR 0.25 0V /\/Hz, IR 0.754 mW. 38 i 0F % 18 45 HE A7 BIOR: e 75 00 &t

FHEI Y Fano N7 MEHS TR Y& .

KR AL, RIS, ORI | BRI 4SS

PACS: 07.20.Mc, 72.70.4+m, 73.23.-b, 85.25.-j

=

1&gt 1, WEFS B IA A 2 5 M B - S ) T4 R
2. 20 A wITF IR, AT H A 2R 1) M 7
7T HFIRER, RIHE IR RS ] 50 2 F:
Bt 1/ f W | PR A (G-R noise) | BEAL
HRAE 51 (RTS noise) , BURIME A (shot noise)
F#AE TS (thermal noise) 55, 5 HABFP S i Mg =
ANIA], HORIME RS R T RERS S B i 30 - FE s 1 72
AR S ST RE R AR T 2R,
IBM #2257 Rolf Landauer!!! H EHE H 7 «“lip 7S
BRSO

ORI 75 e 2 1918 4F Schottkyl? 7ERFIT E

DOI: 10.7498/aps.68.20190114

ZS LA B LAY . Schottky 48 H Bk, M 7 2/
AN SN g TR T AR HL AT R AR IR DGR
MY, A 3 () EORL R P B F8 9% BE i R IA K S =
2el T FETARN AT 1L B eI s A R Sk Ok I s 7Y
AMEIE . S, AATZEXT H IR R ORI 75 1Y
o h &, - FAHEAER (FESHHE
YERL, SRR 45 B, SBORN S 20 LT FE il is 1
TP AR CIRM: ) TR LG SIE R B O MR 7 T 0 25
WS (RAAMEL, BLRBORIME S Kl S; = 2elF, H
t F 24 Fano A, J&M i SCPRfE SIA M E R L
{H, AR T W FAHEAEH B0 O M 2
THPME M FREE. AU, ZEA WA B S e, AH A%
GV GE T H S T, RO R )
FEL P B A B Ay A 1), o gl A5 PR M 7 0

* EFTE SRS R R (S 2016 YFA0300600) FIEZR A ARFLFIE 4 (HbHES: 11574379, 11174357) B ERAL.

t BIEYE#H. E-mail: zjiQiphy.ac.cn
©2019 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

070702-1


http://doi.org/10.7498/aps.68.20190114
mailto:zji@iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 68, No. 7 (2019) 070702

TEEE SR AW PRV TN S I A58 h L — AT
73 3.

PTEEAESR, WFSEE AT W AR 2R () TBORE R
AT T — R B, £ BRI J7 1, 2000 4,
Blanter 1 Biittiker [ X A [F] 4 28 (%) Ok M 7
WHAT T RGN A, A4 s e i i 714 R i g
P 22 S PR AR RS B R I R A R S A Y
Mg 7 ) K H, 5 DG I A 2R A MR P -7 Bt S
ARG, SC5 )7 TS TR Z BUR, o fid%
fith 2 58 A HIORE R P B IR R ) LR S5 R Y
3 B8 IR AU 3 8 F A ) e (10120 5 T
AR, B IR R B G, AT
T8 Y BB SR B i AR 1810 B T
VEEA 8 S BB TR B kb el 48 L AR
E IR CE I NDYSE R ST p A P R
PG A A2 TP A HORE R 75 14T M EAT T B o
A 17261 B A T ORI 75 I 6 T B9 ik
BT P G Y R

SR, FRORLIE 75 I 2 — b onS AP BT 40
RRBY SR S &L O 1IN R A A R
I WA R L2z SE g oY — R TE AT N 2R 4T
AR ARG et iz I k5 T AR B V2 LK 15 S 0], 1
DU it 38 82 T mK i DX A B AT PR 58 v, M s
I 5 N BRI B AR P (5 A T TSR B

I T o5 SR PR il R R 5 T3 R M e £
515 AT HORE e RS R0 B 23t RO g
AR, — 5 T AT DARRAR S R s B ) SR s
AT R A AR A AS SR A K5 55— 7 T, | T
TR A A LU 2 IR B A ST i, T AR ARGk
R A AT 2 258 114 27 A= 2 DL el B A9 . —
J 18 R FH 8 A5 AR AR R O R AL AL T AR AE GHz, 1R
MEFH TR T BIORIME P e, DRt 250 e 20 R
WA BRI BOR A 09 7 =X 1R N TERR AR AR R v
PLAR G mK i DX e RS I 52 07 T8 58580 LU R
il 12330 S T RRANX 5 T AR A sk, AR T
R A I, 3 R GE R L8 | R LA S SE 5
X —RINTAE. HATRER - IR 2H 0T & A
REFHEAR B IFEI R T 1 mW, I HARHE
Mg P AO H5 , TTTFRATT R PRI Tl ) v Pl 110 %
BRI (high electron mobility transistor, HEMT)
HIVE T —3KHFE N 0.754 mW, Hd HEMT 2
FEN 120 pW , ASJECHLHEBE Al 0.25 nV/VHz, 7
Y 1 MHz (0] TAEF 4 K B X MR BOR A

FAL PR A B HOR AR A T BRI FE DR 23
AUt P TR ARG L i 11 L K IR 114 v 5 P B8 A
2l , SX AR SL B AN R, FAT A B
R AR BT, RIS B A Jeas (B8 — I
i 4 5 AR N, SR AR (A 2R S AR RV LN
AT AL (Al A SIFE N T R e 22 T3
IR AV BT T AEA. 3% 1 XFLE T 3RATIRVE L A
BIF ) SR FH 2 1A 2R A oy 1 AR R R e ) G A R
I AL R AR SRR A 3 e (S S A A%
aelF B AR I, A DA T i 4R
IR TR L T A TR BRI 3 ), AR T
VIF H, FRATH IR A AR 7R F AR A B2 1y
ifl b, AR HAT BARIIAE AR A AR 5 HL 7

R 1 ORFEBREH T R RIS DI RE A
JEEHL R R 1

Table 1. Comparison of power consumption and
background noises of different cryogenic amplifiers

made by different groups and companies.
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Table 2. Comparison of our home-made cryogenic amplifiers.

N ) HEMTZH  Big5/f%  DiFE/mW
JLPEA + VEAREREE  ATF33143 15.8 3.568
AR S 10 0.754
VI + VAR R FE " 25 3

S L/ MERE M ARG A R /mV-Hy 12
10 Hz—20 MHz 300 kHz 0.45
10 Hz—1 MHz 3 kHz 0.25
500 Hz—20 MHz 30 kHz 0.17

E: "R ik E EZRRA B KRS SRR 04 IR AR LI HEM T

DIRAER AR, EHIA VLN LRSS, T2y
TR AR 00 A AIHE, (i HBRARRRGT. [R Ry IS i
1) HEMT 7E BT i TAE S ThFE b=, or
DLIRHR A3 PR A 4 i, B4R 53 AN [R5 O iR A T 22 2%
Eb4n DiCarlo B4 P71, 2 HEMT Sl & TR
vy, s B FELBHL T 5 W, LA DS/ MR I s 1) T AE
R AR I () THFEAR SR 1.8 mW. 4R, H¥43Fa
B B ER 2%, IF B T AWM, i
KASHYHF 022 BRE. & 1(a) S FRATTHFH A9 —Ff
RIR A 1) LB P (PN P Ry i ] R R e 2
KBRESHAR DAL HEMT F %), RIS
VR X, Br A a5 B e an &l 1(b) fr
TN BRI AR O SR AE TR LN ) e
P, TR B R U IR, KA E 5
B H S A e S SMLA. 4 44 3 Ik A [ il
2 I, TOEIMELL.

(a) Ve =058V (b)

Cin i
IN o— 'm—

Ry =1MQ

1 ARG A5 AR 19 LR B (a) IS (b)
Fig. 1. Circuit diagram (a) and picture (b) of a cryogenic

low noise amplifier.

FRATIRLER 02 ik [ B R 22 B 9ok B

22 5 H AR PO 4 BB SR ARG A TP AR AR

R DI HE | AR 75 HEMTPY. 3% 2 2 F A A 1

HEMT Fl e B AEAA AR A8 = 300 R 2R B S50 L.

FH H & R SO A R AL O 7 HEMT, 4 55 M
2% HEMT $i48 AR 1/ M AR A TIAE.

2.2 KRR R EERY
B 1(b) BHCRAS B TIRA (4.2 K) W, IE

HTAEREN 0.58 'V, F| HIA R A PE 43 {300 H:
25 -PR 2R UEA T R, 25 RN 2(a) B, A
I AT LA R 194 924 10 Hz—1 MHz,
T R CRATECR 10 A5 . BB i i 6 B,
FH 2 IR TR %8 K HP89410A A4S X} L i e i
B PETEATIN A, A5 B %) S50 A L H MR P 28 I A
KA ANE 2(b) B ANE AT LLE H b EAR
TR R ARTE F S (white noise) Bt 23U A HL
JEME P 95 N 0.25 nV/\VHz, JF H I 1/fMe Y
Pifalig HA 3 kHz, i T R A HEMT il
YRR R A 2731 BRI 1/ F W 14 453 1 Ui B i

12 @
a
11
Bt H
10 ,‘H‘WH oy T M—MH&%
o g,
9 F b
s M
i
s 7
£ /
g° J
£ Xf_;,-
4
s/
2
1
100 10! 102 103 10 10° 106

100

=
(=)

-

SN LRI /n V- Hz /2

0.1

100 10t 102 10%  10*  10° 106
R £/ Ha
B2 (a) IRIRACHR M 45 -0 225 (b) AR IR I 223
L NGV

Fig. 2. (a) Gain of the cryogenic amplifier with frequency;
(b) equivalent input voltage noise of the cryogenic amplifier.
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Fig. 3. Shot noise measurement system of Oxford dry dilution refrigerator Triton200(Center frequency of LC resonance circuit is

765 kHz).
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Table 3. Fano factors are obtained by fitting the test data at different temperature.

T/K 4 6 8

10 12 14 16

F 0.94827 0.95085 0.95115

0.98194 0.97113 0.99088 0.96408
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Abstract

Traditionally, electrical noise is considered as an interference source for low level measurements. Shot noise
is the current fluctuation caused by the discreteness of electrons. In a mesoscopic system, shot noise is sensitive
to the interaction of charge carriers. Since the 20" century, it has been found that the shot noise measurement
can provide the information about quantum fluctuations, which cannot be measured with traditional transport
measurement method. It is usually difficult to measure weak noise signal at ultra- low temperature due to
technical difficulties. It is necessary to mount a cryogenic preamplifier close to the sample to improve signal-to-
noise ratio and to increase the bandwidth. Therefore, the ultra-low background noise and the power
consumption of the amplifier should be used. In this report we present a shot noise measurement system at
dilution refrigerator temperatures. We also introduce and analyze the noise model of our shot noise
measurement system. With customized high electron mobility transistors, we make a series of ultra-low noise
cryogenic preamplifiers. All the electronic components of the amplifier are packed into a shielding box, which
makes the installation of the cryogenic amplifier more convenient. The amplifier is mounted on the 4 K stage of
a dry dilution refrigerator and the total power consumption is less than 0.754 mW. The gains and the
background noises of the amplifiers are calibrated with the Johnson-Nyquist noise of the combination of a
superconducting resistor and a normal resistor at various temperatures. The measured input referred noise
voltage can be as low as 0.25 nV/\/Hz. In this report, the performance of the system is demonstrated by the
shot noise measurement of an Al/AlO,/Al tunnel junction at various temperatures. Above the superconducting
transition temperature of aluminum, the measured Fano factor of the system is very close to 1, which is in a

good agreement with the theory prediction.

Keywords: dilution refrigerator, low noise amplifier, shot noise, tunneling junction
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