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Abstract: This paper presents the modelling of a magnetic
biosensor included on a hand held microsystem based on
a fully integrated magnetoresistive biochip for biomolec-
ular recognition (DNA hybridisation, antibody antigen
interaction, etc.) [1]. The biochip uses magnetic field
arraying of magnetically tagged biomolecules and high
sensitivity sensors which can be used to detect single or few
biomolecules. The biosensor has an matrix-array structure
and each biosensor site consists of a thin film diode in series
with a magnetic tunnel junction. Schottky and pin diodes are
used as temperature sensors and switching devices, although
this paper specially emphasises pin diodes characterisation.
A complete theoretical model characterising biosensor
electrical, temperature and magnetic behaviour is derived and
experimental results are provided.

Keywords: biosensor modelling, biochip, magnetoresis-
tive sensor, biomolecular recognition.

1. INTRODUCTION

Recently, magnetoresistive biochips have been introduced for
fully integrated biomolecular recognition assays, using tar-
get biomolecules marked with magnetic particles. Among the
various types of magnetic sensors, magnetic tunnel junctions
(MTJ) assume greater importance because of their greater
flexibility in resistance design and because they benefit from
recent research and technological advances aiming the de-
sign of future ultra high density magnetic memory chips and
higher magnetic sensitivity, when compared with other types
of magnetic sensors, which enables the detection of smaller
magnetic labels [2, 3].

A compact (credit card dimensions) and portable hand-held
microsystem for biomolecular recognition applications based
on a magnetoresistive biochip was developed. The microsys-
tem integrates the magnetic biochip and all the electronic cir-
cuitry necessary for addressing, reading out, sensing, temper-
ature controlling and fluid sample handling. Readout signals
are processed through advanced signal processing techniques
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Figure 1: Magnetoresistive biochip simplified electrical scheme.

implemented in a digital signal processor (DSP). The DSP
processes the recovered signals, reduces noise and offset ef-
fects, controls the biochip temperature and controls the ana-
logue circuitry. High level system control and data analysis
are remotely performed through a personal digital assistant
via a wireless channel or a universal serial bus. A prototype
has already been developed and experimental results show it
may be used for magnetic label based bioassays [1].

The biochip (fabricated at INESC-MN using standard mi-
crofabrication techniques) has 256 biosensor detection sites
(16 × 16). Each magnetoresistive sensor consists of a thin-
film diode (TFD), Di,j , connected in series with a MTJ,
Si,j , (fig. 1). Two different TFDs, Schottky (a-Si:H) and pin
diodes, have been considered [4, 5]. Each TFD acts both as
a switching device, enabling column, Ci, to row, Rj , con-
nection, and as a temperature sensor of each biosensor site,
Bi,j , [6, 1]. MTJs are very close to the TFDs and operate as
a sensor of the planar magnetic field transversal to its length.

In the following a complete theoretical model describing
biosensor electrical, temperature and magnetic behaviour is
derived. Sensor modelling and characterisation is fundamen-
tal to sense local temperature, perform temperature control
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Figure 2: Biosensor element large signal model.

and achieve system calibration. In this paper pin diodes are
specially considered as the switching and temperature sens-
ing elements. Schottky diode modelling and characterisation
specific aspects may be found in [5].

2. BIOSENSOR MODELLING

Considering the biosensor usage for DNA hybridisation de-
tection, the site over each MTJ transducer is formerly func-
tionalised with a DNA probe. The target DNA, tagged with
paramagnetic nanoparticles, is transported in fluid and fo-
cused at sensing sites using alternating magnetic field gra-
dients. Subsequently, DNA target hybridises with available
complementary probe and finally, magnetic labels remain
bound to the surface of the sensors after chip washing with
a buffer solution.

An external magnetic field induces a magnetic moment on
the nanospheres and each MTJ sensor will detect this change
proportionally to the number of labels bound to its surface.
The reading of each biosensor matrix element, Bi,j , is per-
formed by a strategy of AC and DC current drive techniques
in order to measure site temperature, T , and the local change,
∆H , of the external magnetic field, H , originated by the
hybridisation of magnetically labelled DNA targets to the
probes.

Each matrix element is driven with a measuring current
source, iM , and the small changes of the MTJs resistance are
read as small voltage changes at the input driving port. Each
biosensor element (TFD plus MTJ) may then be characterised
by a large signal model (fig. 2) which takes into account the
biosensor measured voltage, vM , nonlinear relationship with
the measuring current, iM , absolute temperature, T , and ex-
ternal magnetic field, H , through the TFD and MTJ voltages
(vD and vS , respectively):

vM = vD(iM , T ) + vS(iM , T, H) (1)

Since the current source usually has a very high internal re-
sistance, the measuring current flows almost entirely through
the biosensor, leading to iM ≈ iD.

A small variation on each biosensor element voltage,
d vM = vm, resulting from small changes or perturbations
in the main variables, d iM = im, d T or d H , may be char-
acterised through a small signal model (fig. 3), valid near a
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Figure 3: Biosensor element small signal model.

quiescent point (IM , T, H):
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The different factors affecting all terms of dvM are identi-
fied in the next sections through the pin diode and MTJ elec-
trical, temperature and magnetic characterisation and mod-
elling. It is shown that the diode has the ability to sense local
temperature and the MTJ to act as the magnetic sensor.

3. PIN DIODE MODELLING

3.1. Diode Characterisation

Two different pin diodes (A and B) were experimentally char-
acterised for a temperature range from room temperature until
85oC and a voltage range between −3 V and 3 V . Tempera-
ture was set through a specially designed and built controller
which allowed to stabilise the biochip temperature to a de-
sired temperature target. Figures 4 and 5 show the diodes I-V
characteristics. Because for low voltages diode characteristics
present a negative current value, |i| instead of i is depicted.
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Figure 4: pin diode A — I-V characteristics: a) experimental data
(marks); b) theoretically modelled characteristics (solid lines).

From the depicted data, three different regions may be con-
sidered: low, medium and high current values, each corre-
sponding to a term contributing to the TFD vD voltage (see
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Figure 5: pin diode B — I-V characteristics: a) experimental data
(marks); b) theoretically modelled characteristics (solid lines).

fig. 2 and eq. 1):

vD = vJ1 + vJ2 + vα (3)

In the following subsections a compound model is derived
corresponding to these three different regions.

3.2. Diode at Low Currents

The low current region (LCR) is assumed to cover the−0.5 V
to 0.5 V voltage range. I-V characteristics for positive volt-
ages show that a straight line approximation is possible but
the characteristics do not pass through the origin. An offset
is then considered, leading to a current I0, the dark current,
that may be modelled as a current source in parallel with the
diode. The diode junction behaviour is then characterised by
the Schockley equation [4] with I0 included:

vJ1 = n1VT ln
(

1 +
i + I0

IS1

)
(4)

where IS1 is the diode saturation current, n1 is the emission
coefficient, VT = KBT/q is the thermal voltage and I0 is the
dark current value.

From experimental data and this theoretical model, semi
empirical laws were derived for parameters dependence on
temperature:

log [IS1(T )] = k11 − k21

T
(5)

n1(T ) = n11 + n21T (6)

I0(T ) = β + (γT )δ (7)

For pin diode A equation parameters are: k11 = 1.383E1
and k21 = 5.314E3 for IS1 expressed in nA and T in K;
n11 = 9.477E-1 and n21 = 4.186E-3; and β = 7.207E-2,
γ = 2.678E-3 and δ = 1.758E1 for I0 also expressed in nA.

Marks in figure 6 show IS1(T ), I0(T ) and n1(T ) estimated
from the experimental data in the LCR. Yellow solid lines
represent parameters modelling through the proposed laws.
Figure 7 shows experimentally measured data (marks) for the
LCR at several different temperatures and the modelled re-
sults with the LCR model. Although for the envisaged ap-
plication only direct operation is of concern, it can be seen

that both direct and reverse operation regions are very well
characterised by the proposed LCR model. As expected, for
voltage values above 0.5 V the LCR model is inadequate and
a medium current model must be derived.
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Figure 6: IS1(T ), I0(T ) and n1(T ) characterisation and mod-
elling: a) obtained from experimental data (marks); b) proposed
model (solid lines).
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Figure 7: TFD I-V characteristic for the LCR: a) experimental data
(marks); b) theoretically modelled (solid lines).

3.3. Diode at Medium Currents

For the medium current region (MCR), corresponding to TFD
voltage values between 0.5 V and 2 V , the Schockley equa-
tion is used to model the pin diode behaviour because its I-V
characteristic suggests a typical diode response. The MCR
model is:

vJ2 = n2VT ln
(

1 +
i

IS2

)
(8)

As for the LCR, model parameters dependence on tempera-
ture was derived and estimated values are shown in figure 8
as marks. Abnormally high values for the emission coeffi-
cient were obtained suggesting that, although the pin diode
response in the MCR is being modelled as a single diode, its
behaviour may correspond to the presence of more than one
diode connected in series.

For the MCR model IS2(T ) and n2(T ) parameters depen-
dence on temperature may be described by:

log [IS2(T )] = k12 − k22

T
(9)
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Figure 8: IS2(T ) and n2(T ) characterisation and modelling: a)
obtained from experimental data (marks); b) proposed model (solid
lines).

n2(T ) = n12 +
n22

T
(10)

Based on experimental data the following values were ob-
tained for the parameter coefficients: k12 = 7.921, k22 =
1.774E3 for IS2 expressed in nA and T in K; and for the
variation of the emission coefficient, n12 = 3.179E-1 and
n22 = 1.595E3. Yellow solid lines in figure 8 show param-
eters temperature dependence modelling with the proposed
laws.

Solid lines in figure 9 show TFD A response modelled
with the LCR and MCR proposed models. An almost perfect
match between the proposed model and experimental data un-
til 2.25 V is observed. From the point of view of the devel-
oped microsystem there is no need for an high current mod-
elling because the maximum current allowed is limited by the
magnetic junction. However, for the sake of completeness, a
high current region model is now derived.
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Figure 9: TFD I-V characteristic for the MCR: a) experimental data
(marks); b) theoretically modelled (solid lines).

3.4. Diode at High Currents

The high current region (HCR), is defined for TFD voltage
values from 2 V to 3 V and is modelled as a nonlinear resistive
factor [5]:

vα = (Ri)α
. (11)

where both parameters have a temperature dependence that is
modelled by:

log [R(T )] = −r1 +
r2

T
, (12)

α(T ) = α1 − α2T, (13)

For pin diode A extracted coefficient parameters are: r1 =
4.538 and r2 = 2.180E3 with R in Ω and T in K; and
α1 = 1.602 and α2 = 2.39736213E-3. R(T ) and α(T )
obtained from experimental data are depicted in figure 10 as
marks and its modelling through the proposed laws is shown
as solid yellow lines.
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Figure 10: R(T ) and α(T ) characterisation and modelling: a) ob-
tained from experimental data (marks); b) proposed model (solid
lines).

Figures 4 and 5, besides depicting the I-V experimental
characterisation of the two, different, pin diodes A and B,
also show the modelled characteristics (solid lines) obtained
through the proposed models for the three current regions.
It can be seen that the two diodes are very similar and the
proposed compound model characterise both diodes over the
entire voltage range.

3.5. Diode Dynamic Resistance

For the complete compound model the measured voltage sen-
sitivity to the measuring current (eq. 2) is modelled by:

rd =
n1VT

i + I0 + IS1
+

n2VT

i + IS2
+ αRαiα−1 (14)

Figure 11 shows diode A rd(T ) values calculated through
eq. 14, both for room temperature and the maximum mea-
sured temperature. The corresponding experimental values,
directly derived from experimental data are also shown as
marks.

3.6. Diode Temperature Sensitivity

For the compound model the TFD voltage sensitivity to tem-
perature (eq. 2) is:

SvD

T = SvJ1
T + SvJ2

T + Svα

T (15)
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with:

SvJ1
T =

KB

q

[
n1δ (γT )δ

i + I0
− k21 ln(10)

n1

T
−

− (n11 + 2n21T ) ln
IS1

i + I0

]
(16)

SvJ2
T = −KB

q

[
n12 ln

IS2

i
+ k22 ln(10)

n2

T

]
(17)

Svα

T = − (Ri)α
[
r2 ln(10)

α

T 2
+ α2 ln (Ri)

]
(18)

Figure 12 shows, for several driving current values, the calcu-
lated sensitivities for pin diode A with the derived parameters.
The complete compound model was considered and, for com-
parison purposes, results for the intermediate model for LCR
and MCR are also depicted . The sensitivity variation with
temperature does not show a perfect linear relation between
the sensed voltage and the actual temperature value. In order
to obtain accurate measures a calibration table, implemented
on the onboard DSP, may be used to correct this nonlinear
behaviour. Nonlinearity is more pronounced for very high
current values, where the TFD is not expected to act as a tem-
perature sensor.
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Figure 12: TFD voltage sensitivity to temperature: a) compound
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3.7. PIN Diode versus Schottky Diode

In a previous work a set of Schottky barrier diodes, with dif-
ferent characteristics, were considered [5]. Pin diodes reveal
some advantages over Schottky diodes. First, their on/off
ratio is higher, as shown in table 1, for applied voltages of
+2.5 V and −2.5 V . The on/off ratio is important because
it limits biochip size. Both TFDs have the same dimensions,
about 200 µm × 200 µm. This means that the pin diode cur-
rent density is higher which allows to make smaller diodes for
the same current value.

Forward Reverse Ratio
Schottky 6× 10−5A −0.4× 10−9A 1.3× 105

pin 2× 10−4A −1.2× 10−10A 1.6× 106

Table 1: On/off ratios for pin and Schottky diodes

Pin diodes temperature sensitivity is also higher. For
a driving current of 10 nA Schottky diodes have about
−1.55mV/oC sensitivity and pin diodes have about
−11mV/oC sensitivity, although nonlinearity correction may
be needed. Finally, it can be stated that pin diodes are also
better behaved in the full current range, in the sense that they
fit the proposed theoretical model more accurately, especially
in the HCR. Besides, Schottky diodes do not present a such
regular pattern on the I-V characteristics dependency on tem-
perature as pin diodes do [5]

4. MTJ MODELLING

4.1 MTJ Electrical and Temperature Characterisation

The I-V characteristic of the biochips MTJs may be seen as
having an almost linear characteristic. This is represented in
fig. 13 where the I-V curves for three different temperatures
are shown. The MTJ can be modelled by:

i = i0 + R−1
0 v (19)

Experimental data, as plotted in fig. 14, was used to determine
the current and resistance variation with temperature, R0(T )
and i0(T ). Linear models were derived for their temperature
dependence:

R0 = Rx + βx T, i0 = ix + γx T (20)

A value of βx = −11.9Ω/oC was obtained. Solid lines in
fig. 14 represent the behaviour predicted by these models. The
match between predicted and experimental data show that the
models can be used to characterise the biochip MTJs.

Typical MTJs may break down at applied voltages of over
1.1 V , limiting the maximum secure driving current at room
temperature to approximately 70 µA for a biochip with a
nominal R0 = 15.3 kΩ (fig. 14).

For a drive current of 1 µA, a value of SvS

T =
−17.8 µV/oC was obtained. This is negligible when com-
pared with SvD

T exhibited by the TFD that is in series with it.
It is then possible to use each biochip TFD as a temperature
sensor and neglect the MTJ very low temperature sensitivity.
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4.2 MTJ Magnetic Characterisation

MTJ resistance varies with the transversal component of an
applied magnetic field and its sensitivity is measured by the
tunnelling magnetoresistance ratio, TMR.

TMR =
Rmax −Rmin

Rmin
× 100% (21)

where Rmax and Rmin are the maximum and minimum resis-
tance values obtained with magnetic opposite saturation fields
(typically ±10 Oe, ∆Hmax). The TMR decreases with the
applied voltage, being maximum for zero applied voltage and
almost constant until 30 mV (TMR(0) ∼= 27% was obtained)
and then decreases almost linearly with bias voltage increase
(fig. 15). In the range 300 − 500mV (where TMR drops to
half its initial value) it is possible to model:

TMR(V )
TMR(0)

= 1− V

2V1/2
(22)

showing MTJ TMR dependence on the applied DC bias volt-
age. However, a bias voltage reduction implies a driving
current reduction, reducing the reading voltage, vM (fig. 3).
Driving current optimization is then needed in order to maxi-
mize vM . Its value may be derived taking into account that:

SvS

H = SRS

H × iM , SRS

H = TMR(V )
RS

∆Hmax
(23)

Its value may be estimated as V1/2/RS . Experimental char-
acterisation of one of the biochip MTJs showed a resistance
of 14.4kΩ and ∆Vmax occuring for a drive current of approx-
imately 30 µA.

Increasing MTJ resistance decreases the current required to
maximize signal output but at the expense of increased sensor
noise (mostly 1/f for low frequency applications). Lowering
MTJ resistance pushes the maximum signal peak to higher
currents.
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Figure 15: MTJ dependence on bias voltage.

5. CONCLUSION

A magnetoresistive biosensor for biomolecular recognition
has been characterised and modelled. Biosensor sites consist-
ing of a series of a pin thin-film diode and a magnetic tunnel
junction were analysed from the point of view of their elec-
trical, temperature and magnetic properties. Theoretical pro-
posed models may be used for biochip characterisation and
calibration. Experimental results show that the TFD may be
effectively used as a switching device and a temperature sen-
sor and that the MTJ characteristics allow its usage as the
magnetic sensing element for the envisaged biochip applica-
tion.
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