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We investigate the self-heating of magnetoresistive sensors used for measurements on magnetic beads
in magnetic biosensors. The signal from magnetic beads magnetized by the field due to the sensor bias
current is proportional to the bias current squared. Therefore, we aim to maximize the bias current while
limiting the sensor self-heating. We systematically characterize and model the Joule heating of
magnetoresistive sensors with different sensor geometries and stack compositions. The sensor heating
is determined using the increase of the sensor resistance as function of the bias current. The measured
temperature increase is in good agreement with a finite element model and a simple analytical thermal
model. The heat conductance of our system is limited by the 1 pm thick electrically insulating silicon
dioxide layer between the sensor stack and the underlying silicon wafer, thus the heat conductance is
proportional to the sensor area and inversely proportional to the oxide thickness. This simple heat
conductance determines the relationship between bias current and sensor temperature, and we show
that 25 pm wide sensor on a 1 pm oxide can sustain a bias current of 30 mA for an allowed temperature
increase of 5 °C. The method and models used are generally applicable for thin film sensor systems.
Further, the consequences for biosensor applications of the present sensor designs and the impact on

future sensor designs are discussed.

© 2014 Published by Elsevier B.V.

1. Introduction

In recent years magnetic beads have become a viable alter-
native to fluorescent labels for both diagnostics and research
purposes [1]. Magnetic beads are most often used in a sandwich
assay, replacing fluorescent tags, such that the presence of the
biological analyte can be detected indirectly via the magnetic field
from the magnetic beads attached to the sensor surface. This
magnetic field can be detected by magnetoresistive (MR) sensors
[2-5]. We have previously demonstrated the use of planar Hall
effect bridge (PHEB) sensors in a magnetic bead-based readout for
on-chip DNA detection using both volume- and surface-based
detection schemes [6-8]. In these studies, the magnetic beads
were magnetized by the field arising from the sensor bias current.
This eliminates the need for external electromagnets and ensures
that the signal from a magnetic bead is positive for all bead
positions with respect to the sensor [9].

For both surface- and volume-based detection the signal is
proportional to the current squared. Therefore, a higher current
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means a higher signal and thereby a higher sensitivity assuming
that the signal-to-noise ratio is limited by the noise of the readout
electronics. However, high currents can cause a breakdown of the
sensors due to failure of the sensor coating and will lead to
increased Joule heating. Thus, it is of general interest to known
the maximum current that can be used without affecting the
experiment.

In this paper, we present a systematic study of the self-heating
of PHEB magnetoresistive sensors in order to maximize the signal
from magnetic beads. We first characterize the temperature
dependence of the sensor bridge resistance. This knowledge is
used to determine the sensor temperature increase due to Joule
heating as function of the sensor bias current. The relation
between sensor temperature and bias current is compared to
two simplified analytical models as well as a finite element model
of the heat transport through the underlying silicon wafer. The
simple models are found to be in good agreement with the data
and consequences for applications and future designs are dis-
cussed. As the models are generally applicable, they can be used to
give an estimate of the expected heating from any current and any
sensor geometry. These results are relevant for the application of
magnetoresistive sensors for characterization of magnetic beads as
well as for biodetection applications.
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2. Theory
2.1. Planar Hall effect bridge sensors

The sensors are based on the anisotropic magnetoresistance of
permalloy (NigoFey) and are designed in a Wheatstone bridge
geometry with four sensor stripes, each having a width w and
length [ as illustrated in Fig. 1. The sensor stack, also given in Fig. 1,
is exchange-pinned along the x-direction using Mngglr, to define
a unique magnetization orientation in zero applied magnetic field.
The sensor bridge is biased using a current I, applied along the x-
direction. The bridge resistance R is obtained from the voltage
drop V, measured along the x-direction as R = V,/I,. When used for
sensing of magnetic fields, the planar Hall effect signal V, can be
written as [10]

Vy = SolxHy, (1)

where Sy is the low-field sensitivity and H,, is the average magnetic
field experienced by the sensor in the y-direction. In the presence
of magnetic beads that show a linear magnetic field response and
in zero externally applied magnetic field, this field can be written
as Hy = yly, where y depends on the sensor stack and geometry, the
amount and distribution of magnetic beads near the sensor sur-
face and the magnetic bead properties [6,9]. Thus, the sensor
signal due to magnetic beads can be written as

Vy = SoyIZ, 2)

where it is noted that this signal is proportional to 2.

2.2. Sensor self-heating

For a moderate temperature change, the bridge resistance
depends linearly on the temperature T:
R(T) =Ro(1 + a(T - To)) (3)

where Rg is the resistance at T=Ty and « is the temperature
coefficient.

The Joule heating in the PHEB sensor due to the applied sensor
current is

Pheating = R(Ix)lf (4)

where we have explicitly written the bias current dependence of
the bridge resistance.

;

®

The heat transportation through a material due to a tempera-
ture difference AT = T — Tp with respect to the surroundings is

Pdissipation = Gegr AT (5)
where G is the effective thermal conductance. In equilibrium, the

dissipated power must equal the Joule heating and thus the
resistance and temperature difference are given by

R
R(k) = 702
1 — aRolz/Gesr (6)
1
AT= ———.
Gett
Rol? (7)

For the sensor stack in Fig. 1, we expect that heat dissipation
through the silicon dioxide beneath the sensor stack will be the
dominating pathway for heat dissipation as the oxide is thin and
silicon is a good thermal conductor. Because the thickness of the
SiO, layer is much smaller than the sensor width, we expect the
heat-flow to be approximately vertical through the SiO, under the
sensor. In this case the heat conductance is given by

Gsioz = Ksioz(4Wl)]tsioy. (8)

where «ksio, is the thermal conductivity (bulk value
Kksiop = 1.4 W/(m °C)) and tsjo, is the thickness of the silicon dioxide.
We further expand the model to also include the silicon wafer
in the heat network. The width of the resistor elements is small
compared to the wafer thickness, and we can therefore approx-
imate them in a thermal calculation on the wafer cross-section as a
point source. Moreover, we assume heat to flow radially away
from the sensor resistor into the wafer. This radial heat flow can be
approximated as heat conductance through a cylinder shell run-
ning along the resistor with inner radius finner = W/2 and outer
radius Touter = twafer, See Fig. 3 for an illustration. Including this
approximation, the combined heat conductance is

tsioy In(2twafer/W)
Ksioz (4wl)

-1 _
Gsi+ siop =

’

Kksimdl (9)

where «s;i is the thermal conductivity of silicon (bulk value
ksi = 149 W/(m °C))

Protective coating
5nm Tantalum
10 nm
tFM NiFe
w
10 nm Tantalum

Fig. 1. Illustration of the sensor geometry and the sensor stack with definitions of geometrical and electrical parameters. The right panel shows a cross-section of a sensor
arm (shown by the dashed line in the left panel). In the present study, we have used tgy =10, 20 or 30 nm.
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3. Methods
3.1. Experimental Setup

Three wafers were fabricated of the stack seen in Fig. 1 with
permalloy thicknesses of tpy = 10, 20 and 30 nm. The magnetic
stacks were deposited in a Kurt ]J. Lesker CMS-18 magnetron
sputter system on a silicon wafer of thickness tyafer = 500 pm with
a thermal oxide of thickness tsio, = 1 pm, and defined by lift-off as
described previously [6,10]. A contact layer of Ti (10 nm)/Pt
(100 nm)/Au (100 nm)/Ti (10 nm) was deposited by e-beam eva-
poration and defined by lift-off. To ensure sensor operation in
liquids, the sensor was protected by a coating of Ormocomp (Micro
Resist Technology GmbH, Germany) with a thickness tcoating = 1 pm
defined by spin-coating and patterned by UV lithography. A chip
with five different PHEB sensors was used for each measurement.
The sensors had a fixed length of | = 250 pm and different widths
of w=5,10, 15, 20 and 25 pm. The chip was integrated in a lab-on-
a-chip system and placed in an aluminum well with heat sink
grease (Circuit Works® CT40-5), see Fig. 2. This well is connected
via a Cu stub to a Peltier element, controlled by a Wavelength
Electronics LFI-3751 temperature controller. The Pt1000 thermo-
resistive control thermometer is placed just below the aluminum

Gasket

Fluidic
channeI:J
Spring

Iodﬁedphm

Fig. 2. (a) Picture of a chip in the temperature controlled aluminum well on top of
the Cu stub and Peltier element. (b) Picture of the PMMA top and printed circuit
board for electrical connections (seen through the top). The part observed faces the
sensor chip and provides electrical contact via spring-loaded pins and defines the
fluid channel over the sensor chip using a PDMS gasket. (¢) Schematic cross-section
of the assembled fluidic system (not to scale).

n, n-VI'=0 Q=25 10"“W/m’
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Fig. 3. 2D COMSOL model of a cross-section of a sensor arm. The sensor arm cross-
section, shown approximately to scale at the top, is modeled as a uniform heat
source. Heat conductance through the chip mount is neglected. (For interpretation
of the references to color in this figure caption, the reader is referred to the web
version of this article.)

well. This assured excellent thermal contact between the sensor,
Cu stub and thermometer, and the chip resistance reaches its
steady-state in less than a second after the control thermometer.
Further, the thermal conductance of the Cu stub is high enough to
make any temperature gradient over the stub negligible. More-
over, the large thermal mass of the Cu stub ensures that a local on-
chip heating of a sensor has a negligible influence on the
temperature of the Cu stub. Electrical contact to the chip was
made through spring-loaded pins placed in a machined polymer
top that also defined the fluidic channel over the sensors [11]. The
sensor current was provided by a Keithley 2400 SourceMeter that
also measured the sensor bridge resistance.

3.2. Finite element thermal modeling

A 2D COMSOL simulation was made to facilitate comparison of
the full geometry and corresponding heat currents to the simple
heat networks of Egs. (8) and (9). The model (Fig. 3) consists of a
nickel domain (pink domain in Fig. 3; wx 55 nm) on a silicon-
dioxide domain (green domain; 2000 pm x 1 pm) on top of a
silicon domain (gray domain; 2000 pm x 500 pm). This emulates
a sensor with tpy = 30 nm and corresponds to the cross-section
shown by a dashed line in the left panel of Fig. 1. The bottom
boundary of the silicon domain was set to 25 °C (red boundary in
Fig. 3) while all other boundaries were set to insulating (blue
boundary), n-VT = 0, with n being the normal vector. As there is
air directly above the sensor surface and the polymer mount for
the electrical contacts is well separated from the sensor arm, the
assumption of thermal insulation is well justified. The nickel
domain was changed to a uniform heat source, Q. All material
parameters were taken from the COMSOL material library. The
width of the nickel domain was varied from 5 pm to 25 pm and the
steady-state mean nickel temperature was recorded for each
configuration, which was used to calculate the heat conductance
of the system.

4. Results
4.1. Bridge resistance vs. temperature

We used the sensor resistance R(T) = V,/I, as a thermometer for
the chip. However, to do this we first measured the temperature
coefficient, «, for each chip. Using the external temperature
control, the sensor bridge resistance was measured at five differ-
ent temperatures between 20 and 50 °C. The dependence of the
bridge resistance on temperature can be seen in Fig. 4 for
tem = 30 nm. The resistance showed a linear temperature

jmmm.2014.09.056

Please cite this article as: A.D. Henriksen, et al., Journal of Magnetism and Magnetic Materials (2014), http://dx.doi.org/10.1016/].

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
11
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132


http://dx.doi.org/10.1016/j.jmmm.2014.09.056
http://dx.doi.org/10.1016/j.jmmm.2014.09.056
http://dx.doi.org/10.1016/j.jmmm.2014.09.056
http://dx.doi.org/10.1016/j.jmmm.2014.09.056

O oo U D WN =

4 A.D. Henriksen et al. / Journal of Magnetism and Magnetic Materials § (AEEN) REE-EER

35
— 2.5 -
|
30 o 5 o )
- :::__;__ -
25t 15
o
a‘zo .:. 10-—'—"__"'——‘—_
= S os
/g .| S TDecreaSingw
< w [pm]
10
5 3
o . . . .
20 25 30 35 40 45 50

T [C]

Fig. 4. Measured change in sensor bridge resistance vs. temperature for the wafer
with tpy=30nm and w=5, 10, 15, 20 and 25 pum. Fits of Eq. (3) to the data are
shown as solid lines. The inset shows the temperature coefficients, «, extracted
from fits for all wafers and sensor widths; blue circles, green squares and red
diamonds correspond to tgy =30, 20 and 10 nm, respectively. (For interpretation of
the references to color in this figure caption, the reader is referred to the web
version of this article.)

dependence according to Eq. (3) for all chips and the fitted
temperature coefficients for all investigated sensors can be seen
in the inset of Fig. 4. For the sensors from a given wafer, the
variation of the measured temperature coefficients is small and no
dependence on the sensor width is observed. This confirms that
the bridge resistance is dominated by the sensor resistance (i.e.,
that the series resistance of the contacts and the connectors is
negligible). The temperature coefficient, however, does depend on
the stack composition and a higher temperature coefficient is
observed for higher permalloy thickness.

4.2. Bridge self-heating vs. bias current

Next, we measured the bridge resistance while increasing the
bias current I,. The bias current gives rise to Joule heating and thus
increased resistance for high bias currents. The relationship
between the resistance and current was fitted to Eq. (6) with Rq
and Geg as free fitting parameters. The resistance increase was
converted to a temperature increase using the temperature coeffi-
cients determined in Fig. 4. Fig. 5 shows the temperature increase,
obtained for the wafer with tgy=30nm, vs. I, for the indicated
values of w. The black lines are plots of Eq. (7) with the values of Rq
and Geg obtained from fits of Eq. (6) to R(I) vs. I, data. Excellent
agreement between the linear theory and data is observed for all
stacks and sensors.

From Fig. 5 one can also find a maximum sensor current if a
known limit for the acceptable sensor self-heating is defined, for
example by the bioassay requirements. The horizontal dashed line
in Fig. 5 indicates a maximum allowed temperature increase
chosen arbitrarily to 5°C. Fig. 6 shows the maximum allowed
currents I,y giving rise to sensor temperature increases of
AT =1°C and AT =5°C, as function of the sensor width w for
the indicated permalloy thicknesses. The values of I 1 are observed
to increase approximately linearly with the sensor width with a
slope that increases with the permalloy thickness. For example,
for tpy=30nm and w = 25pum, which are the values used in
our recent studies [6,8], we find that Iar—1.c ~ 16 mA and
IaT=5 .c = 36 MA.

The maximum applicable power is limited by the effective heat
conductance of the setup, Pnax (AT) = Ggsr AT. We obtained values

AT [C]

I, [mA]

Fig. 5. The sensor temperature increase vs. the sensor current for the wafer with
trpm=30 nm. The black lines are plots of Eq. (7) with the values of Ry and Gegr
obtained from fits of Eq. (6) to R(Ix) vs. I, data. The PID controller was set to
T=25 °C. The horizontal line indicates a maximum allowed temperature increase of
5°C.
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Fig. 6. Values of the maximum allowed current Ix7 that keeps the sensor self-
heating below AT = 1°C and AT =5 °C as function of the sensor width w for the
indicated permalloy thicknesses. All sensors had a length of [ = 250 um. The dashed
lines are guides to the eye.
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Fig. 7. The effective heat conductance G obtained for all sensors as well as the
theoretical predictions of Egs. (8) and (9) and the COMSOL model for tgy=30 nm.
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of Gegr from fits of Eq. (6) to all measurements of R(Iy) vs. I,. Fig. 7
shows the obtained values as function of the sensor area 4lw for all
sensor stacks as well as the predictions of the two simple
analytical models (Egs. (8) and (9)) and the COMSOL model (cf.
Section 3.2). The value of G is found to be only little sensitive to
the value of tgy. This is in agreement with expectations as the
lateral heat transport through the magnetic stack is small com-
pared to the vertical heat flow due to the comparably small cross-
section of the stack.

5. Discussion
5.1. Thermal modeling

In this section, we discuss the validity of the thermal modeling
and the limitations of the simple thermal models, Eqs. (8) and (9),
where the heat resistance is dominated by the silicon dioxide or
the silicon dioxide combined with the underlying silicon wafer.
Fig. 7 indicates that the simple model that assumes heat transport
through only the silicon dioxide overestimates the heat conduc-
tance compared to the experimental results. This overestimation
increases with the sensor width and assumes a value of about 30%
for w=25pum, and in such cases the thermal resistance of the
silicon wafer cannot be ignored.

For the smallest sensor width of 5 um, the one-layer analytical
model (Eq. (8)) is valid, but for larger sensor widths, the two-layer
model (Eq. (9)) provides a significantly better accuracy and it can
be applied for all the investigated sensors with an accuracy better
than 10%. The COMSOL results generally lie slightly below Eq. (9). If
the sensor width becomes comparable to the oxide thickness, the
full COMSOL model will be needed, as heat transportation in the
oxide at the edge of the stack becomes increasingly important.

5.2. Effect of liquid

All shown measurements were done in a dry lab-on-a-chip
system. For applications, a liquid will be present in the fluidic
channel and this could potentially change the result. An illustra-
tion of the setup with water can be seen in Fig. 2c. Fig. 8 shows the
heat networks for the dry system, where heat transportation
through the chip top is neglected, and the wet system with water
in the fluid system, where heat can flow through the protective
sensor coating via the water and chip top to the surroundings. We
assume that the thermal conductivity of the teating = 1 pm thick
Ormocomp coating equals that of SiO, and thus we can write
Reoating = teoating/ (4IWksio, ). However, due to heat dissipation also in
the lateral direction, Ryp is harder to estimate and it is better to
determine it experimentally. Comparing the cases with and with-
out water, it is seen that the difference in thermal conductivity is
AGeff = (Reoating + Riop)™! and hence that the difference 6T in
temperature between the sensor and the top surface of its

Without water

Rsi H Rsioz l—_|=_ @

With water

Rsi H Rsioz l—_|=_
Rcoating h—‘ Rrop l—_|=_

AT-8T

Fig. 8. Heat network considering only heat transport through the underlying
silicon wafer (left panel) and including heat transport through the protective
sensor coating and the chip top (right panel). AT is the temperature increase
compared the surroundings in the two cases. 6T is the temperature drop from the
sensor to the top of the sensor protective coating.

protective coating is

oT Rcoating
O = O Recating AGefr.
AT Rcoating + Rtop coating ¢ (10)

We have carried out and analysed measurements of AT vs. I, for
a sensor both without and with water in the fluidic system. When
the channel was filled with water, we observed an increase of the
thermal conductance of AGesr = 6 x 10~4 °C/W, which is an order
of magnitude smaller than the thermal conductance of the
smallest sensor with w = 5 pm. This shows that the assumption
of thermal insulation at the top boundary made in the modeling is
well justified. Moreover, from Eq. (10), we find that 6T/AT ~ 9%.
This implies that the temperature at the surface of the protective
coating in our experimental configuration is close to that of the
sensor itself and hence that the sensor self-heating may impact
the biology and chemistry taking place on the surface of the sensor
coating.

5.3. Consequences for applications

The presented work can be used to determine safe sensor
operation limits with limited self-heating. For example, in Section
4.2, we found Iat=1 .c ~ 16 mA and Iy7-5 .c ~ 36 mA for the sensor
geometry used in our previous work [6,8]. In both of these
previous studies an rms current of 18 mA was used. From Fig. 5
we observe that the sensor self-heating at this bias current is
about 1.2 °C and hence that a possible sensor self-heating of this
amount should be taken into consideration.

In Fig. 6 it is observed that Iar—s5.c increases with the sensor
width. This is expected as a higher value of w increases the
effective area of the heat flux through the silicon dioxide for a
wx w sensor square. If, for simplicity, only the SiO, layer is
considered, Eqgs. (4) and (5) can be rearranged to find the
maximum current

IAT ~ GEffAT ~ W ,KSiOZAT

R tSiOst (1 1 )
where R; is the sheet resistance of the sensor. Thus, in agreement
with expectations and experimental observations in Fig. 6, sensors
with a lower sheet resistance (larger permalloy thickness) can
support a larger current for the same allowed self-heating.

When the sensors are used for measurements of magnetic
beads magnetized by field due to the sensor current, the sensor
signal is proportional to L? (Eq. (2)). Combining Eqs. (11) and (2)
gives the self-field signal

ksiog AT S
tsio, R’ (12)

Vy = ywl

For a fixed value of tgpy and assuming ideal sensor behavior, the
value of So/R is constant [10]. The sensor signal is observed to be
proportional to [, which is in agreement with expectations as the
length of each sensor arm does not influence the local sensor
heating. However, the maximum sensor bias voltage that can be
applied is limited by the integrity of the sensor coating, which thus
limits I. The influence of the width w of a sensor arm is more
complicated as a change in w also affects y in a non-trivial manner
that depends on the thickness of the protective sensor coating and
on how the beads are distributed over the sensor (e.g., if they are
on the surface or in a volume over the sensor) [9]. However,
generally the value of y is found to decrease for increasing values
of w. The resulting balance between the decrease of y and the
increase of w in the product yw in Eq. (12) has to be evaluated on a
case-to-case basis. Decreasing the value of w may also result in
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significant shape anisotropy of the sensor stripe, which may
modify the sensor behavior.

Finally, the thickness of the insulating silicon dioxide can be
reduced to increase the thermal conductance. This parameter is
often disregarded in the design phase. If, for example, the thick-
ness of the silicon dioxide of the present sensors is reduced from
the present value of tsio, = 1 pm to 0.1 um, the above approximate
considerations, that only considers heat conduction through the
silicon dioxide, predict that the signal can be increased by up to a
factor of 10 for the same allowed sensor self-heating. However, the
single-layer approximation is poorly justified in this limit. The
more accurate two-layer model predicts more moderate signal
increases by factors of 3.5 for w = 25 pm and 6.2 for w = 5 pm. For
applications of this sensing approach, it may be beneficial to make
comparatively short and wide sensors with only a thin insulating
oxide underneath. The further study and experimental validation
of this will be a topic for future work.

6. Conclusion

We have performed a temperature calibration of the bridge
resistance for 15 different sensors and used this calibration to
determine the sensor self-heating as function of the sensor bias
current. We have presented a general model for the effective heat
conductance of a resistive sensor system. The maximum sensor
bias current that can be applied within a predefined limit of sensor
self-heating has been determined both experimentally and theo-
retically. For our stacks and sensor geometries we have found that
the electrically insulating 1pm thick silicon dioxide layer domi-
nates the thermal resistance. A simple 1D model of heat transfer
through SiO, was sufficient to precisely predict sensor heating for
sensors with a small area, while a model also including the
underlying silicon wafer provided a good description of all
measurements. We have found the sensor temperature to be
proportional to the Joule heating, and have determined the
maximum currents for a 5°C sensor heating. Such maximum
currents are important as the sensor signal scales with the current
squared for beads magnetized by the sensor self-field. Conse-
quences for future sensor designs have been discussed.
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