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In situ detection of single micron-sized magnetic beads using magnetic
tunnel junction sensors

Weifeng Shen,? Xiaoyong Liu,” Dipanjan Mazumdar, and Gang Xiao®
Physics Department, Brown University, Providence, Rhode Island 02912

(Received 1 December 2004; accepted 16 May 2005; published online 16 June 2005

We have demonstrated the use of highly sensitive magnetic tunnel juribtibd) sensors for the
detection of individual micron-sized magnetic labels. By integrating the MTJ sensor into a
microfluidic channel, we were able to detect the presence of moving superparamagnetic beads
(Dynabeads® M-280in real time by direct measurement of the magnetic dipole fields associated
with single beads. The dipolar fields of a single bead were sufficient to obtain a signalwdf 80

with signal to noise ratio of 24 dB in an applied field of 15 Oe. Our data show conclusively that
MTJ sensors are very promising candidates for future applications involving the accurate detection
and identification of biomolecules with magnetic labels.2@05 American Institute of Physics
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In the past decade, significant effort has been put tosensor fabrication processes are described in a previous
wards the detection of magnetic micro- and nano-particlesvork **** We have used elliptical junctions with lateral di-
using spintronic sensors. This work has led to the developmensions of 2 6 um throughout this work. Figure 1 shows
ment of the new spintronic immunoassaySIA) a typical transfer curve of one such MTJ sensor with a MR
technology*™ In these magnetic sensor-based biological ap+atio of 15.3% and a device resistance of 1420ver the
plications, the detection of the presence or absence of magjeld range of 0—15 Oe, a magnetic sensitivity of 0.4% /G is
netic labels is one of the key issues. On-chip giant magnetypical for these sensors.
toresistive(GMR) sensors have been extensively studied as We have used a microfluidic channel to funnel magnetic
biosensors for biomolecular detection and recognition. beads in solution toward the active area of the MTJ device.
However, to the best of our knowledge, no one has yet atSU-8, a negative photoresist, was used to define microchan-
tempted to apply magnetic tunnel junctio®dTJs) to this nels as masters on a silicon wafer. Polydimethysiloxane
emerging SIA application. In this letter, we report our results(PDMS) was then poured onto the master and cured for 1 h
on detecting superparamagnetic beads in solution using MTat 75 °C. The microchannel was replicated into PDMS and
sensors combined with microfluidic channels. mounted directly over the sensor active area. In order to

MTJ devices have been developed for commercial applibond the sensor with the PDMS channel, both were treated in
cations in magnetoresistive random access mefnand  oxygen plasma for 1 min and then pressed togethErFig-
magnetic field sensingCompared with GMR sensors, MTJs ure 2a) is an optical image of the finished sensor die after
offer higher magnetoresistand®IR) ratios and therefore integration with the microfluidic channel. The channel used
higher sensitivity at low fields. As a result, MTJs are betterin our experiment had a height of 5dm and a width of
suited for the accurate detection of the snfalll Oe fields, 600 um.
which are typically encountered in biological applications. In ~ Superparamagnetic Dynabead$8I-280) are polymer
addition, very large magnetoresistandeser 200% have beads with an even dispersion of iron oxideFe,03) nano-
recently been observed in MTJ devices using MgO tunneparticles, and are commonly used as magnetic labels for
barriersi®! These values are an order of magnitude superior
to those reported for contemporary GMR sensors. In addi-

152 —_— 08
tion, MTJ sensors can be integrated into high-density mag- 180 Lo traRSHOF CLITYS
netic sensor arrays due to their current-perpendicular-to- s sensitivity curve {05
plane geometrﬂ?.2 These arrays should be capable of on-chip sl
multianalyte detection. In this letter, we demonstrate that a 1aa [ 1% -
single MTJ sensor has the ability to detect single magnetic & 1,,[ =500 os
beads, with an average signal level of 80 and a signal- 8 0l Ret4360 <
to-noise ratio(SNR) of 24 dB. 3 e[ MRS15.3% {oz 3

The MTJ sensors used in our study had the following & 5[ ; 1 g
layer structure: P1300 A)/Py (30 A)/FeMn (130 A)/Py sl qo1 @
(60 A)/AIL,O5 (7 A)/Py (120 A)/Pt (200 A). Py stands for L o
permalloy. The sensors were patterned using standard optical = 130 [ ~—== 1
lithography followed by Ar ion-beam etching; detailed MTJ Y A S A R R R P SR I R
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DAlso at: Micro Magnetics, Inc., 421 Currant Road, Fall River, Massachu-FIG. 1. A typical MTJ transfer curve showing the device resistance of a

setts 02720. MTJ sensor in an external applied field. The most sensitive region occurs
®Electronic mail: xiao@physics.brown.edu over the range 0—15 Oe.
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FIG. 2. Optical images ofa) a single 2x6 um MTJ sensor sealed inside a 120 J
600 um wide microchannel, an¢b) an identical sensor with two single -
M-280 beads in close proximity. The orientation of the two external fields 140 T P ]
He andHy, is also shown ir(b). 160 . L A . . .
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b'_omOIe(?UIeS' They have a hlghly umform _s_pherlcal sh7ape FIG. 3. Real-time voltage data demonstrating single-bead detection. When a
with a diameter of 2.§um and a susceptibility of-0.04. single bead passes by the sensor, a sharp signal drop is obépoits A,
Magnetic microbead$M-280) were dispersed in deionized C, D, H, and ). When a bead becomes stuck on the sensor area for an
(D|) water u|trasonica||y, and then pumped into the micro-extended Iengt?g{of time, a %Ia;_eau signaldis obtaileaints Bhand G

; ; . Two-step signaldpoints E and F correspond to a situation wherein two

C.hannel through ’mlcrotupes. A syringe pur(rwlorlﬁ Preci f beads are attached to the junction at the same time. The shadowed band
SIO_ﬂ Instruments’ SP10lLiwas used to Con_tr_o the rate of ipgicates the typical signal range measured for a single bead.

fluid flow through the channel, down to a minimum flow rate
of 0.01 mL/min. Because M-280 beads have a higher den-
sity (~1.3 g/cn?) than DI water, the beads will settle at the bias /0
bottom of the channel at sufficiently slow flow rates. In this ~ Vsig™ R (Reen™ Rsen = PR
case, the beads will roll along the bottom surface of the Vers vers
channel, which is coincident with the top of the MTJ sensorwhereARg,is the sensor resistance drop due to the presence
die, ensuring a minimal separation between the beads and tlwé magnetic beads. The ac voltage used to bias the bridge

MTJ sensor. Figure () s_h(_)ws an optical image of a single ('\“/bias) was chosen to be 1 V, corresponding to a voltage drop
2.8 um diameter bead sitting on the sensor area. of ~60 mV rms across the MTJ sensor itself. The bias volt-

The sensor is operated in an ac bridge configuration andge frequency was set to 8 kHz to minimize the effects of
the signal extracted using a lock-in technique. Two crosseq /¢ poise.

pairs of toroidal electromagnets provide in-plane static mag- Figure 3 plots the real-time voltage output of the MTJ
netic fieldsH_ (in the sensing directigrandH, (perpendicu-  gensor for an interval during which several beads pass over
lar to the sensing directionThese applied fields bias the {he MTJ one at a time. Each sharp signal depgints A, C,
MTJ sensor, allowing it to operate in its most sensitive an(b, H, and ) corresponds to an event where a single bead

linear region(Fig. 1 shows a typical transfer cuivéVhen a 55565 by the sensor quickly. Plateaus are obsépaints B
bead comes near the MTJ sensor, the magnetic dipole field gf,4 G when the beads stick to the sensor area for a longer

the superparamagnetic particle cancels a small fraction of th&iarval. Points E and F correspond to a situation where two
applied field at the MTJ, resulting in a sensor resistance drogeads are attached to the junction simultaneously. Starting
AR, from Ry, 10 Reen The corresponding voltage change grom point E, a single bead sits on the sensor for about
across the bridge is given by 20 seconds, during which a voltage B0 uV is observed.

At point F, another bead approaches the sensor and sticks to
it along with the first one for about 3 s. This results in an
additional contribution to the sensor voltage 660 uV

Vbias

ARsen (2)

_ vbias (R2R3 B RserR4)

sig = (point E).
V2 (Ry+ R)(Rs+ Reen) In Table I, we summarize the parameters used in these
~ 5 measurements. A consistent average signal of.80was
= Vbias (Rsen™ Rsen (1) observed for single beads over many measurements. This
V2R; (1 + Rge,(R3)(1 +ReedRy) figure corresponds to a SNR of 24 dB, which is superior to
_ that reported for GMR sensof¥.It should be noted that for
whereV,,;5s is the ac bias voltage cross the bridég,(vari-  some beadgpoints C, H, and)l the signal level is less than

able, R;, andR, are the resistances of the three arms of theB0O uV. This can be explained by a variation in the bead-to-
bridge, andR., is the sensor resistance. Assuming a bal-sensor separation for different beads, since the motion of the
anced bridgeR,~R%,, R;=R,. WhenR;> Ry, R%,, Eq.(1)  beads in the microfluidic channel is not well controlled. The
can be simplified: observed signal is highest when beads cross over the central

TABLE |. Experimental parameters and average signal-to-noise ratio for single magnetic bead detection, cal-
culated from many measurements.

Sensor size i‘/bias vMTJ Rger{Rleads)/R3 Hb He Vsig/Vnoise ARsen
(umX m) (V, rms) (mV, rms Q) (Oe) (Oe (V) ()
2% 6 ellipse 1 60 14@250)/2000 20 15 80/5 0.1@
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area of the sensor. The amplitude of this signal variation igslensity MTJ sensor arrays to improve the performance of the
denoted by the shadowed region in Fig. 3. The size of thisechnique.

area can be considered the normal signal range for a single
I 9 g "9 The authors thank D. Reich, S. Karsk, and A. Hultgren

bead. for helpful discussions. This work was supported by
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bead in the sensing direction in a 15 Oe external field WaRational Science Foundation Grant Nos. DMR-0306711 and
calculated using finite element simulatioffEMLAB®). The DMR-0080031 '
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