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Bl 1 SQUID 3 it & E
Fig. 1. Schematic diagram of SQUID magnetometer.
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Fig. 2. (a) Design of SQUID magnetometer and (b) the schematic diagram.
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Table 1. Design parameters of SQUID~magneto-
meter.
28 B
2 E R FR4E Josephson junction
R A, 4 x4 pm?
I 53 R L T, 8 pA
EaLikates 0.56  pF
JFERFHBER 10 Q
SQUID
HENDKa 100 pm
258w, 300 pm
SR L, 350 pH
LN ]
L mEN 15 —
?i'f‘ﬁwin 3 pm
2l s, 3 pm
R Pl
AR A, 15 x 15 mm?

LI w, 100 pm

JE 191 ARSCRA 2.6 kPa 44 HE AL 12h SEBL 50 A/
cm? I A L. AT LI T LR, BT

[

JZ Nb #EI2R A 100 nm.

(b) I HLAR T S . A4 Al =X 20 2 T2
XF R LR A TIIUE X, Bt A RIE XTT0UZ Nb wifsi
T2 SRJGAEA RGBT, PR B A %)
Pho A R T E 2 bl et R TR 2
Nb J#iE.

(c) 7E LSRR LM : PR 6%, 2
TR X EIE. M7 RIE T 2.0, T2 UK
JZ Nb R gl iy 2l ph. Horr, b — 2B B g 3 42
JERAE R FEAR ) 220 Pl BEL L 22, DT S B0 5 285 IXC 1
IS, AP 3(c) FiR.

(d) 451166 Fi B A S e A, B R FH 6 v A v L
SR, 3 I A M SR . b R BE N AT LA
1 RES (lift-off) B RIE Z|{i S Py,

(e) & AbfiE Si0, 4a%%)2: FIH] PECVD (%5
TR AL 2 SARDURR) BOR AT Si0, A4 21
UL [RIRERI ] RIE #E472000, SEBRES X HU RTH
BH AR 3R AL

(£) ToU LB R P e S THURELAR Nb HERSER FH I
AR ARG TEIZAD IR S 9 T i A0

Substrate

K3 T2 mERE
Fig. 3. Process flow chart of SQUID magnetometer.

F 2  Nb/AL-AlOx/Nb =24 K S8

Table 2. Deposition parameters of Nb/Al-AlO,/Nb trilayer.
TR HRAS Arfiit ArSUE iEE:ER LRISTES JRIE
JKZNb 2.3 x 10° Pa 10 sccm 0.573 Pa 1.5 A 1.2 nm/s 100 nm
Al 3 x 10° Pa 10 sccm 0.573 Pa 0.3 A 0.25 nm/s 10 nm
AlOz FARUE: 2.6 kPa; AL 12 h ~2 nm
Ti)ZNb 2.3 x 107 Pa 10 scem 0.573 Pa 1.5 A 1.2 nm/s 100 nm
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B2 A GG 81 E R (flux-locked loop,
FLL) 8 AR SZE SQUID 2 Ak isk i 21, B H 1A
PGSR A R | AEZe MY SQUID il {55
AL R BEINAH LA ARG R R B

Kl A(a) R T SQUID k311 Hiy - iy PR
PRI Hh 2, = A% il 2 3 ) %) R S Il nd,
(n+1/2)®, Fl (2n+1)P,/4. SQUID It e, 37 K
32 pA, FEUCI TR G, > 1, Hhlad T3
MR ZE AT, SIS 2R TAE T RBLE AL T,
BT 18 B9 K BHLJE SQUIDE!, LA #5818 - L
HARFE 0V /od) , HINEA T B .

& 4(b) R T AS IR B FL T B4 Ha - 30 9
il Hh R, e KR IR R B 47 pV, i TAES W ik
[ OV /0D = 146 pV /Dy FIH F HlE MR H i
6, Pz R T T MR I, RS 2 5
Jin. AT LA B, FE MRS B, 25 R I 7 3k F
8udy/ N/ Hz. Fll 2 M8 2% 26 IR I 51 hR e Wi A,
XPZRESR AT T A S AR R . 38 e iy T4
BRI, W SQUID % il , FRiE i LRkl A1
B 1/ A =0.36 nT/®y. FRITV Sp = V' Sp/ Acsr,
PAFRERIT ARG A A 2.88 £T /N/Hz. A
GG SAEE 3 .

MRS won, SRR RS G 48l SQUID
R B T P2 i F R A S LB R
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AT DA — 2R A i A 2 P I 250 B )8 8 R 2 P 4%
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(=}
1
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(=}
1

(<A
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1

N
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1

Current/pA

—® =ndy
—b = (2n+1)Py/4
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T T T T T T
0 50 100 150 200 250
Voltage/pV

100

90 (b) I, =30 llA

I, =32 pA
804 | I

70 I, =34 pA

60 I, = 36 pA

504 I, = 38 pA
404

20 T T T
—10 -5 0 5 10
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Voltage/nV

4 (a) WU -HL R 2R 5 (b) A [) i B FL U T A
FE-£2 I8 R U (W3 ) I ) i £, FErb i il 38 4.3 pA /@,
Fig. 4. (a) Current-voltage curves; (b) voltage-coil current
(flux) curves under different bias currents with a period of
4.3 pA /Py

3

10 — I, = 36 pA

80
T ' T
T 102 o
g g
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> 2
R Q
g <]
=]
§ 10! 6
= [e3)
_1011
100 T T T T
100 10t 102 103 104

Frequency/Hz

5 SQUID mEs W i 2 h 2k b b BRRY A i 2 202
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Fig. 5. Noise figure of SQUID magnetometer, in which the
lines between 10-200 Hz were mainly caused by vibrations
in the laboratory. The inset shows the modulation curve

with the best working point.
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Table 3.  Measured results of SQUID magnetometer.
ZH Hife Hf
Il 5 L L 32 pA
IEHAIR, 5 Q
SRR IR A 2B ) M, 4.3 pA /D,
TR V,, 47 Y
T M/ Sp (1) 8 n®y/\V/Hz
WAR BB Acke 0.36 nT/®,
WG S (1) 288  fT/\VHz
5 % i

AR T —FhEET Nb/AI-AlO,/Nb £ 5k
R4GHY SQUID fasit. MM A T T AL 4 955F
FERTIR B 58 B T R | i R SQUID g it
(&, SCERAHFRE A R U K% 0.36 nT /D, #
14 1 3 M 75 VR RE AE 1R 75 BEA 1) 2.88 T/V/Ha.
% SQUID #5118 Fl FAs d 2 i 40 R 4, 15
AR 1 i 5 A W R D T A 3 L (A —
PEAY R, B SQUID BERIT i R m, XF
i B S T T 2R PR R AT SRR T T S R
e BRI RO S i R JET, AT T
4 Y PRERIR Bl R LR R 50% L L, AR
LR Z A AR, XA R SQUID T 277
O T A P L T

S 3Lk
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Abstract

Superconducting quantum interference device (SQUID) is the most sensitive magnetic flux sensor known,
which is widely used in biomagnetism, low-field nuclear magnetic resonance, geophysics, etc. In this paper, we
introduce a high-sensitivity SQUID magnetometer, which consists of an SQUID and a flux transformer. The
SQUID is first-order gradiometer configuration, which is insensitive to interference noise. The flux transformer
includes a multi-turn spiral input coil and a large-sized pickup coil. And the input coil is inductively coupled to
the SQUID through mutual inductance. We present an SQUID magnetometer fabricated with Nb/Al-AlO,/Nb
Josephson junction technology on a 4-inch silicon wafer at our superconducting electronics facilities. We develop
a fabrication process based on selective niobium etching process consisting of five mask levels. In the first two
mask levels, the trilayer is patterned by a dry etch to define base electrode, contact pads, and interconnects.
The shunt resistor and a dielectric insulating layer are then deposited and patterned by using lift-off and dry
etchant, respectively. Finally, the niobium wiring layer is deposited and patterned by using reactive ion etching
to define input, pickup and feedback coils. The measurement of the SQUID magnetometer is performed inside a
magnetically shielded room. The operating temperature is realized by immersing the SQUID into the liquid
helium (4.2 K). Moreover, a superconducting niobium tube is employed to protect the SQUID from being
disturbed by external environments. A homemade readout electronics instrument with low input voltage noise is
used to characterize the SQUID magnetometer. The results of low-temperature measurements indicate that the
magnetometer has a magnetic field sensitivity of 0.36 nT/®; and a white flux noise of 8 u®,/\/Hz,corresponding
to a white field noise of 2.88 fT/\/Hz. This kind of SQUID magnetometer is suitable for multi-channel systems,
e.g., magnetocardiography, magnetoencephalography, etc. Although the SQUID process development benefits
from the rapid advance of semiconductor process technology, the uniformity of the SQUID on one wafer is
fluctuated due to the film deposition. Now, we have realized a best SQUID yield of 50% on a 4-inch wafer. In
the future, the SQUID chip yield should be improved by well controlling the optimizing process. The device
yield is expected to reach as high as 80%.
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