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Abstract

We have fabricated submicron giant magnetoresistive (GMR) structures and evaluated their sensitivity for biomagnetic applications. GMR
devices were fabricated using electron beam lithography, with minimum dimensions below 100 nm. We developed a new characterization
technique for these sensors, using a scanned nanoscale magnetic probe and monitoring the resulting response of the sensors. The magnetic
field from the scanned probe is similar to that generated by the magnetic particles used to tag bioanalytes. The devices demonstrated extremely
high magnetic field resolution. Noise measurements, combined with a local field sensitivity from the scanned probe measurements, predict a
s e 100 nm
c se of unity.
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ensitivity of 2× 10−16 emu/Hz1/2 for a magnetic particle 100 nm above the sensor surface. This corresponds to detection of singl
ommercially available magnetic labels, which are the lowest size scale of labels now used in biological studies, with a signal-to-noi
dditionally, we predict detection of single 200 nm magnetic labels with a position sensitivity of 93 nm/Hz1/2, allowing proximity detectio

or particles not directly bound to the sensor surface, with a corresponding signal-to-noise of 10.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Since the discovery of the giant magnetoresistive (GMR)
ffect in magnetic multilayer systems[1], sensors employ-

ng this effect have been utilized in many areas of science
nd technology. The potential application of these devices to

he fields of biology and biophysics, however, is only just
eginning to be realized. It has been proposed that the high
ensitivity of GMR sensors to small magnetic fields could be
mployed for detection of biomolecules that have been tagged
ith magnetic labels[2,3]. GMR sensors are favored over
ompeting optical detection schemes due to their higher sen-
itivity, lower background, compact size, and easy integrabil-
ty with existing semiconductor electronics[3–5]. Such tech-
ology has implications in many areas of biological and med-

cal research, including disease detection, treatment, and pre-
ention[6–9]. Various schemes for implementing biosensors
ased on GMR technology have been explored[2,10,5]. The
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sensitivity of a GMR sensor increases with decreasing
sor volume, while the number of biomolecules bound to
sensor surface, and thus the available signal, increase
increasing surface area. Thus a large array of small, ti
spaced sensors optimizes these two quantities for max
sensitivity[2]. While devices on the size scale investiga
here have been used in magnetic storage as well as in
netic random access memory (MRAM) applications, dev
investigated for biosensing, to date, have only been fabric
at the 1�m scale and above. In this study, we investigate
response of submicron-scale GMR devices to magnetic
in the range of those required for biological sensing. S
small-scale devices will increase the sensitivity to mag
cally tagged analytes, and allow for more tightly packed
sors, increasing the overall responsivity. In addition, her
describe a unique technique for characterizing the respo
GMR sensors, using a scanned magnetic probe that gen
a highly local magnetic field with a spatial distribution a
field strength similar to that expected in biomagnetic app
tions. We also describe a model that quantitatively reprod
the main features of the observed response.
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2. Methods

Our devices were fabricated from a GMR multilayer struc-
ture provided by a commercial vendor[11]. The active struc-
ture of the GMR material studied here, from the bottom-
up is as follows (all thicknesses in̊A): 3×(NiFeCo 40/CoFe
15/CuAgAu 16/CoFe 15)/NiFeCo 40. The bulk material had
a sheet resistance of 75�/� and a GMR response of 13%
at the saturation field of 300 Oe (seeFig. 1). Our devices
comprised single straight wires etched from the bulk GMR
material. The devices were patterned using standard electron-
beam lithography, using a bilayer lift-off resist structure, to
define a dielectric dry-etch mask. Unwanted GMR material,
unprotected by the etch mask, was then removed by chemi-
cally assisted ion beam etching using a 3 cm Kaufmann Ar+
ion mill [12]. The etch was performed with a 10 mA Ar+
beam at 400 V, while flowing 4 sccm of Cl2 across the sam-
ple surface. We measured a large number of devices, all with
similar response characteristics. The four devices reported
here were all 2�m in length, with widths of 100, 150, 250,
and 400 nm (seeFig. 1). Electrical contact was made via Au
wire bonds to optically defined Cr/Au bond pads, 5/100 nm in
thickness, deposited by lift-off. It should be noted that similar
device dimensions could be achieved using optical lithogra-
phy, allowing this approach to be easily scaled to large sensor
a
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maps, representing magnetic response as a function of tip
position, could be generated in this way. We used a Digital
Instruments multi-mode scanning probe microscope (SPM)
equipped with a magnetic tip[13]. The magnetic material on
the SPM tip was a∼50 nm CoCr film. Similar SPM tips have
been shown by McVitie to have a near field response well
approximated by a single dipole, aligned along the tip axis
with a magnetic moment of 5× 10−12 emu and a dipole-to-
sample distance of 300 nm[14]. We note that in the far field
region, magnetic SPM tips do not behave as magnetic dipoles
because of extended magnetic material. On the size scale of
the sensors reported here, however, the peak responses are
only recorded for near field region, where the dipole fit is
nearly exact. The fields from a dipole of this size are compa-
rable to those from 2�m biomagnetic beads (Micromer-M)
[15], which are commonly used in biomagnetic applications.
The distance of the dipole to the surface is similar to the pas-
sivation layer thicknesses used in recent experimental bio-
magnetic demonstrations[5].

Measurements were made with the SPM[13] operating
in both contact and tapping modes. Similar response patterns
were seen in both modes; here we report only measurements
made in tapping mode. We note that the distance of the dipole
center from the end of the SPM tip is significantly larger than
the tapping mode amplitude, so the similarity in response to
b were
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We characterized the devices using both 4-wire r

ance and 2-wire Wheatstone bridge measurements. T
istances of the 100, 150, 250, and 400 nm wires in th
iparallel magnetic states were 14.4 k�, 1.62 k�, 501�, and
17�, respectively. The resistance of the smallest devi
igher than indicated by the sheet resistance and linew
robably because the film thickness was reduced durin
tch. All devices showed a strong GMR response.

To simulate the presence of a magnetically tag
iomolecular analyte in the vicinity of the GMR devi
e developed a technique in which a magnetized scan
robe microscope (SPM) tip was scanned over the su
f the patterned device while monitoring the device’s e

rical response. Scanned line images and two-dimens

ig. 1. Left: electron micrograph of four devices. The active region c
he maximum|�R|/Rwas 13%, which corresponds to an overall decre
es the narrow wires in the center. Right: response of the bulk materi00 K.
resistance at higher fields, and the saturation field was 300 Oe.

oth modes is not surprising. Resistance measurements
ade using a balanced Wheatstone bridge. The bridg
alanced using a variable resistor with a resolution of�,
nd was excited with a 1 V, 1.227 kHz signal, generati
B = 20 �A current through the GMR sample. The brid
rror signal was read out using a lock-in amplifier, and

mages as well as linescans were formed from the signal
he SPM software (seeFig. 2).

. Results and discussion

All devices displayed a response to the scanned mag
robe. Line scans, showing resistance as a function of
etic probe position, are shown inFig. 3. The line scans show
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Fig. 2. Bridge circuit integrated with SPM hardware to allow measurement
of GMR response as a function of tip position.

here were taken with the tip scanning perpendicular to the
sensor long axis, near the device center line; scan rates were
0.5 Hz per pass. The peak fractional resistance changes for
the 400, 250, and 150 nm devices were 0.25, 0.31, and 0.15%,
respectively. The spatial resolution is seen to be a small frac-
tion of the linewidth, with a 10–90% change in|�R|/R oc-
curring for a 250 nm displacement forFig. 3(c), thus showing
the highly local nature of the magnetic response. The 100 nm
device showed a peak fractional change of only 2.5 × 10−5,
two orders of magnitude less than the other devices. The scans
display the strong response of the devices to the tip field as the
tip moved over the device. In addition, a hysteretic response
is visible as a shift of the curve maximum as a function of tip
position between the scan trace and retrace. The significantly
smaller response observed for the 100 nm wide line is likely
due to significant etch-induced thinning of the GMR struc-
ture, visible in the topographic image of devices made with
that linewidth (not shown).

In order to better understand the imaged data from the
devices, we created a simple model for the sensor response
based on scanning an ideal magnetic dipole over a GMR sam-
ple modelled as a resistor network. In the model, we assumed
that each device was composed of a network of smaller GMR
sensors of unit area, shownFig. 4(a). The network consisted
of lines of series-connected GMR resistors, connected in par-

F etrace
( , and
( e to the
g idpoint
o

Fig. 4. GMR sensor model. (a)N × M resistor network, with each resistor
element an independent GMR sensor. (b) Contour plot of field generated
from the tip in the plane of the sensor (contour lines are scaled linearly and
labelled in Oe). The tip fields are overlayed with a 4× 20 resistor network,
representing a 0.4�m × 2�m device. (c) Resistance values in network cal-
culated from field in (b). Each grid cell represents an individual resistor in
the 4× 20 network.

allel at either end of the device. In the calculations, we di-
vided each sensor intoN × M smaller resistors, withN × M

changing for each sensor size, but always being on the order
of 8000. These small resistors had a resistance equal to one
square of the bulk GMR material, and were assumed to re-
spond according to the static field curves for the bulk material,
including the nonlinear responses at large field amplitudes
shown inFig. 1(b), but ignoring the hysteresis. The response
of the patterned GMR sensor was simulated by choosing a
tip location, calculating the tip field at the location of each
resistor element, and then calculating the network resistance
from the circuit model. We note that the variation in resis-
tance due to the GMR effect is small enough that this simple
model is reasonable.

The field from the tip was approximated by the dipole
model developed by McVitie et al.[14], as mentioned above,
with the dipole perpendicular to the plane of the sensor. We
note that this dipole orientation corresponds to the most com-
mon magnetic label orientation used for biosensing. GMR
sensors are far more sensitive to an in-plane field, so that an
external field oriented perpendicular to the sensor plane, used
to magnetize the magnetic labels, does not significantly affect
the sensor response.

Because of the sensors’ high sensitivity to an in-plane
field, we have included only the in-plane components of the
ig. 3. Resistance change for magnetic SPM tip trace (solid line) and r
dashed line). Data are shown for (a) 400 nm, (b) 250 nm, (c) 150 nm
d) 100 nm devices; note scale change for the last. The peaks are clos
eometric center of the etched lines. Line scans were taken near the m
f the sensor long axis.
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tip’s dipole field in our analysis, given by

H(x, y) = 3mzh
((x − d)2 + y2)1/2

((x − d)2 + y2 + h2)5/2
(1)

in cgs units, wheremz andhare the dipole moment and height
above the sensor plane, respectively, and (x, y) the in-plane
coordinates, with origin at the sensor midpoint andy ori-
ented along the sensor axis;z = 0 is the sensor plane. The
dipole is located a distanced from the sensor axis, and varies
along the line scan.Fig. 4(b) shows a contour plot of the in-
plane components of the field, for amz = 1 × 10−12 emu
dipole, positionedh = 300 nm above the sensor surface, a
distance 0.2�m from the device center line. The field con-
tours are overlayed on a 4× 20 resistor network, represent-
ing a 400 nm device. InFig. 4(c) we display the calculated
response of each square of the resistor to this field.

In order to match the model to our measurements, we
adjusted the dipole momentmz and dipole heighth for bet-
ter quantitative agreement with the data. We performed a
least squares analysis for the 400 nm device, minimizing the
sum-squared-error between the model resistance and the ob-
served data over the scan. This fit resulted in a magnetic
momentmz = 1.4 ± 0.2 × 10−12 emu and a dipole height,
h = 430± 3 nm, in reasonable agreement with McVitie et
al. [14]. Fig. 5 shows a comparison of the calculation and
the data, for both the 250 nm and the 400 nm device. The
width, height and shape of the peaks are quantitatively sim-
ilar for both experiment and the model. The peak response
measured for the 400 nm device is within 11% of the cal-
culated response, and that for the 250 nm device agrees to
within 35%.

The 100 and 150 nm devices had significantly weaker re-
sponses, so that the model gives good qualitative agreement
but poorer quantitative agreement. To improve the quantita-
tive fit, we measured the response of these particular devices
to a uniform field, rather than using the bulk response to a
uniform field in the model.Fig. 6(a) shows the response of
the 150 nm device to a uniform field. Using the device ge-
ometry, we extracted the unit square response, and used this

Fig. 5. Model calculation results for (a) 400 nm device and (b) 250 nm de-
vice, withN × M equal to 40× 200 and 30× 240, respectively. Solid curve
is the measurement, dashed curve is model.

Fig. 6. Model calculations for 150 nm device. (a) Response of 150 nm device
to uniform field oriented in-plane along long axis of sensor. (b) Results of
model calculation for 150 nm device using data from (a) instead of bulk
response data. Model calculations were made using a resistor network with
N × M equal to 20× 260. Solid curve is the measurement, dashed curve is
the model.

in the model calculations, with results shown inFig. 6(b).
These results display good quantitative as well as qualitative
agreement between the model and the data. The fit for the
100 nm data did not improve significantly, we believe in part
because the etch-induced damage made this sensor respond
anomalously.

We measured the noise in the 150 nm linewidth device,
shown inFig. 7. Power spectra were measured with the bridge
biased with a 1 V excitation, as well as unbiased. The latter
contains only voltage noise power from the amplifier and re-
sistor, while the former also includes resistance noise, which,
due to the excitation current, modulates the detected volt-
age. The difference of the two power spectra, inFig. 7(b),
includes only the resistance noise, which is seen to be 1/f
to the upper limit of 1 kHz. In fact, the 1/f part of the to-
tal spectral noise powerFig. 7(a) is dominated by the resis-
tance noise. The white noise corresponds to a resistance noise
of 2.5 × 10−3 �/

√
Hz. The 1/f resistance fluctuations corre-

spond to 0.015�/
√

Hz, measured at 1 Hz, with a slope 1/fα

F noise
p
2 ased.
( to 1/
n

ig. 7. Measured noise for 150 nm device, plotted in units of resistance
owerSR = (1/IB)2SV, whereSV is the measured voltage noise andIB =
0�A the bias current. (a) Noise power with bridge biased and unbi
b) Difference of biased and unbiased noise powers. Dashed line is fitf
oise power, dashed-dotted line fit to white noise.
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whereα = 0.88. The 1/f noise can be avoided in a sensor
application by modulating an external magnetic field above
the 1/f knee frequency at about 50 Hz. With a field sensitivity
of 21 m�/Oe, the white noise level corresponds to a uniform
field sensitivity of 120 mG/

√
Hz. This is approximately an

order of magnitude larger than the uniform field sensitivity
of the submicron Hall sensors reported in Ref.[16], and two
orders of magnitude larger than that reported in Ref.[17] for
micron-scale Hall sensors.

However, the small size scale of our submicron sensors
yields ahigher sensitivity to a local field, so that for bio-
magnetic tag sensing our devices actually aremoresensitive.
Studies involving micron-scale Hall sensors report detection
of single micron-scale magnetic labels[17], and Ref.[5] pre-
dicts possible detection of single 250 nm labels with compa-
rable micron-scale GMR sensors. Using our numerical model
along with the noise measurements, we can make estimates
for the sensitivity of the submicron GMR devices in biologi-
cal applications. From the white noise level inFig. 7(a), the re-
sponse inFig. 3(c), and the fit model for the dipole field from
the SPM tip, we calculate a noise level for a dipole 100 nm
above the GMR sensor of 2× 10−16 emu/

√
Hz. If we assume

a 50 nm thick passivation layer on the sensor surface, then a
commercially available 100 nm diameter biomagnetic label,
with a dipole moment of 2× 10−16 emu[15], 1 would be sit-
u at the
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At this sensitivity the sensor is capable of detecting a single
200 nm magnetic analyte label, offering the possibility for
single analyte counting in solution. Furthermore, we believe
we could further increase the sensitivity of these sensors
using standard technological schemes. These devices offer
very sensitive biological particle detection, opening up new
avenues for research.
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