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Since 2006, fully scalable matrix-based magnetoresistive biochips have been proposed. This integration was initially achieved with
thin film switching devices and moved to complementary metal-oxide—semiconductor (CMOS) switching devices and electronics. In this
paper, a new microfabrication process is proposed to integrate magnetoresistive sensors on a small CMOS chip (4 mm?). This chip in-
cludes a current generator, multiplexers, and a diode in series with a spin valve as matrix element. In this configuration, it is shown that
the fabricated spin-valves have similar magnetic characteristics when compared to standalone spin valves. This validates the successful-
ness of the developed microfabrication process. The noise of each matrix element is further characterized and compared to the noise of
a standalone spin valve and a portable electronic platform designed to perform biological assays. Although the noise is still higher, the
spin valve integrated on the CMOS chip enables an increase in density and compactness of the measuring electronics.

Index Terms—Biochip, complementary metal-oxide—semiconductor (CMOS), magnetoresistive sensor, spin valve.

I. INTRODUCTION

INIATURIZED instruments coupled to high sensitivity

magnetoresistive sensors, powerful signal and control
processors and associated to high level software intelligent
systems, are likely to envisage handheld microsystems for
biological, clinical, or chemical analysis. The most interesting
developments in magnetoresistive biochips were achieved at
Naval Research Laboratory [1], INESC-MN [2], Bielefeld
University [3], Stanford University [4], Philips Research Lab-
oratories [5], and the University of Minnesota [6]. In order to
increase the number of sensors in a single biochip, magnetore-
sistive biochips in matrix configuration that include thin film
diodes as a switching device were first proposed in [7]. The area
required for these chips was found to be large due to the size
of the commutation device. Furthermore, although presenting
good commutation characteristics, thin film diodes also showed
large noise values when compared to the noise of the sensor [8].
To overcome some of these limitations, a biochip fabricated
in complementary metal-oxide—semiconductor (CMOS) with
spin valve (SV) sensors deposited on top was proposed [9].
This implementation integrated a new multiplexing strategy
combining frequency (FDM) and time division multiplexing
(TDM).

In this work, a new microfabrication technique was devel-
oped for processing magnetoresistive sensors onto small CMOS
substrates (4 mm?). The CMOS integration was pushed forward
by including a current generator and TDM for addressing the
rows and columns of a matrix of SVs in the same chip. Further-
more, due to the characteristics of the biasing and reading of this
matrix, a multiplexer linearization technique [10] was applied in
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the TDM. Each matrix element includes a diode (switching el-
ement) connected in series with a SV sensor.

A detailed description of the microfabrication technique used
for the patterning of SVs on a small CMOS chip is first pre-
sented. Then, the characterization of a SV inside the matrix and
biased by the integrated current generator is performed. Finally,
the noise of the integrated sensor is characterized and conclu-
sions are drawn.

II. EXPERIMENTAL METHODS

The CMOS chip was designed by INESC-ID and fabricated
by Austriamicrosystems (AMS) using AMS 0.35 ym 3.3 V
technology. The SVs were further deposited and microfabri-
cated at INESC-MN clean room [Fig. 1(a)]. Previously to the
microfabrication process of the sensors, 1 x 1 in* chip holders
were fabricated on a silicon substrate where a cavity with
the CMOS chip dimensions (2.22 x 1.9 mm?) and thickness
(5004:m) was etched by deep reactive ion etching (DRIE) using
Bosch process (at INL). The etch is performed at 20 °C by a
plasma of SFg + Og during 7 s followed by the deposition of a
etch stopper (C,Fg) for 4 s. To attain a cavity with the desired
500 yum, this process is repeated 170 times.

The 4 mm? CMOS chip was then permanently glued on
the cavity, using ultra-low viscosity glue (Ablebond 2025D).
In this way, an easy-to-handle chip was engineered, enabling
the processing of the SV using standard microfabrication tech-
niques without debonding (spin coating, developer solvents,
vacuum handling for material deposition, etc.). The process
started with the deposition (by ion beam deposition, on Nordiko
3600 system) and definition by liftoff of a large region where
the sensors will be patterned. The deposited structure was: Ta
20 A/NigoFego 20 A/COgoFelg 20 A/Cll 21 A/COgoFelo
20 A/Mnyglrgs 60 A/Ta 20 A/Ti;qWee(N) 150 A. The
deposition of the magnetic layers (parallel anisotropies) were
achieved under a 40 Oe field. Then, 2.5 x 80 pm? U-shaped
SV elements were patterned by ion-milling and connected to
CMOS electronics with a 1-um-thick Algg 5Si1Cug 5 layer
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Fig. 1. a) Electronic circuitry fabricated in AMS 0.35 ym 3.3 V technology
with integrated SVs processed at INESC-MN facilities. b) Schematic of the elec-
tronic circuitry inside the CMOS chip. The resistance R...¢ is the only external
element.

deposited by sputtering and defined by liftoff. Finally, the chip
was wirebonded to a chip carrier so that an electrical charac-
terization could be performed. Fig. 1(a) shows the CMOS chip
before and after the microfabrication of the SVs. In this case,
14 SVs elements were microfabricated and included, together
with two internal resistors (used for electrical tests), onto a 16
elements matrix. As the electronics is fully and easily scalable,
in future runs a matrix with much higher number of elements
will be implemented.

Fig. 1(b) shows the electrical schematic of the chip. The
current generated by the current source is defined by an external
voltage (V.er) and an external reference resistance (Vef). This
reference resistance was chosen to be external since higher
precision resistors can be found in discrete components when
compared to resistors fabricated in CMOS. For the characteri-
zation, V. was set to 3 V (using two 1.5 V batteries) and Vet
was set between 0 and 1 V. In this work, a resistance R,.¢ of
1.5 k2 was chosen. Furthermore, the current passing through a
matrix element was measured in function of V,¢¢. The voltage
V.t wWas generated by a low noise voltage reference integrated
circuit (LTC6655) followed by a voltage divider composed by a
resistance and a potentiometer. As observed in Fig. 2, the current
scales linearly with V. between 112 A (V,f = 195mV) and
540 pA (Vier = 930 mV) and the slope is 579.7 1A /V. For the
experiments performed in this work the current was set to 5002 A
(Vier = 850 mV). The output voltage (Vo) of the addressed
sensor is measured between points V1 and V2 [Fig. 1(b)].
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Fig. 2. Current source calibration. Current scales linearly with V,.¢ being the
slope 579.7 pA/V.

To magnetically characterize the SV included in the CMOS
chip, two experiments were performed. First, the sensor transfer
curve was measured. To achieve this, Vo was measured by a
voltmeter (Keithley 182) for different magnetic fields (ranging
from — 140 to 140 Oe) applied by an Helmoltz coils. Second, in
order to evaluate the sensitivity of the sensors, an increasing ex-
ternal ac field (ranging from 1.2 and 72 Oe,,,,s) was applied. The
resultant voltage Vo was measured by a lockin amplifier (Signal
Recovery 7265). The ac external field (211 Hz) was generated
by a horse-shoe electromagnet connected to a voltage generator
(Agilent 33220A) and a custom-made power amplifier. To en-
able comparison, these measurements were also performed on
a stand-alone SV sensor with a parallel state resistance (Rin)
of 900 €2, a magnetoresistance (MR) of 7% and a sensitivity of
0.08%/Oe. In this case, the current was applied by a (Keithley
220) current source.

Finally, the noise of the stand-alone SV and of the SV inte-
grated in the CMOS chip was measured using a low-noise am-
plifier Stanford Research System (SRS) SIM910 and a real-time
spectrum analyzer (Tektronix RSA 3308A) to respectively am-
plify and measure the noise spectrum. Bandwidths of 2 and
200 Hz were used for the measurement in 5 Hz—1 kHz and
1-100 kHz ranges, respectively. These measurements were fur-
ther compared to an electronic portable platform that was devel-
oped by INESC-ID for biological measurements using magne-
toresistive biochips [11]. The measuring circuit topology in this
platform (current source, multiplexers, etc.) is very similar to
the one of the CMOS chip [Fig. 1(b)] but is made with discrete
components.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Each matrix elements fabricated on the CMOS chip were
characterized in terms of transfer curve and response to an ex-
ternal ac field. Fig. 3(a) shows a typical voltage response of a
matrix element to an applied dc field. As expected, since the
electronic circuitry should not vary with respect to an external
magnetic field, this response is very similar to the one of a stand-
alone SV. The linearity and the almost inexistent shift of the
curve with respect to 0 Oe field demonstrates the compatibility
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Fig. 3. a) Transfer curve of a matrix element formed by a SV in series with a
diode. b) Response of a matrix element and a stand-alone SV to an increasing
external AC field (211 Hz).

of the CMOS surface roughness with the magnetoresistive sen-
sors processing. However, since the only accessible measuring
points on the chip are V1 and V2, it is not possible to measure
directly the resistance of the SV and therefore its MR.

Nevertheless, for sensing application (i.e., biochips applica-
tion) an important parameter is the sensitivity of the sensor. In
order to evaluate the sensitivity, an increasing external ac field
was applied and the resulting voltage Vo was measured by a
lockin amplifier. For low fields, the output voltage obtained is
proportional to the sensor’s sensitivity. On the other hand, for
large fields, Vo is proportional to the MR of the sensor. As ob-
served in Fig. 3(b), Vo scales linearly with the applied ac field
until reaching the saturation at 25 Oe, ;.

At the saturation (72 Oe,y;), the integrated and standalone
SV shows a signal of 10.49 mV,,,, and 11.37 mV ,,, respec-
tively. Assuming that the SV have approximately the same re-
sistance, since they have the same geometry and structure, and
as the bias current is the same, the MR of the integrated SV is
found to be approximately 6.5%.

Regarding the sensitivity, the slope of the linear region (<25
Oe,ms) of Fig. 3(b) corresponds to the sensitivity of each SV.
In this case, the sensitivities of the integrated and the standalone
SV are 0.343 mV,;,./Oe s and 0.355 mV ,./Oep s, respec-
tively. This is the same to say that the slopes are 0.343 mV/Oe
and 0.355 mV/Oe, respectively. Assuming that the SVs have
approximately the same resistance and dividing these slopes by
the sensor’s dc voltage in the parallel state (V. = 900 € x
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Fig. 4. Noise of a SV in the CMOS chip, a SV in the portable platform and a
standalone SV in the range of 5 Hz—100 kHz. The noise of the SV and of the
CMOS circuit was modeled in Cadence 6.1 using the libraries provided by AMS
for the components used in the circuit.

0.5 mA), sensitivities of 0.076%/Oe and 0.079%/Oe¢ were ob-
tained for the integrated and stand alone SVs, respectively. It
can be concluded that both SV show very comparable character-
istics, meaning that the sensitivity of the integrated SV was not
degraded by being processed on the surface of a complex CMOS
chip. This also confirms the correct functioning of the circuitry
used to linearize the multiplexers response to the voltage varia-
tions depicted in [10].

The noise of the standalone SV and integrated SV were fur-
ther compared. In Fig. 4, it can be observed that the noise of the
integrated SV is much higher than the noise of the standalone
SV. This was expected since there is a complex electronic cir-
cuitry (current generator, transistors, multiplexers, and diode)
associated to each SV.

In order to support this assumption, the CMOS circuit and
the SV noise were further modeled in Cadence 6.1 using the
libraries provided by AMS for the simulation of the electronic
components. The SV noise was included in the simulations
using the v/Nc ratio (y/Nc ~ 1.88 x 107% where « is the
Hooge constant and Nc the number of noise carriers) and
thermal noise background (Stl}f2 =~ 3.9 nV//Hz) obtained on
the fitting of the standalone SV noise curve. As observed, the
simulated noise fits well the experimental data for frequencies
above 40 Hz. Below this frequency, there is an increase of noise
which may indicate a dependency with 1/f? of the spectral
power density (v/1/f2 in Fig. 4). This is usually associated to
random telegraph noise. However, as the working frequency
usually used in the biochip applications is 211 Hz [11], this
extra noise appearing at very low frequency do not affect the
measurements.

The noise of the SV integrated in the CMOS chip was further
compared to a SV biased and addressed on a portable electronic
platform currently used for biological detection [11]. As can be
observed in Fig. 4, the noise of the sensor in the CMOS chip
is ~2.5 times higher than the already existing platform. This is
essentially due to the fact that, up to now, the CMOS electronics
was only designed for integrating magnetoresistive sensors on
a matrix configuration and to enable the addressing and driving
of each elements.
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In the past, an alternative to CMOS switching elements was
studied and consisted on thin film diodes which showed a noise
at211 Hz of 160 and 433 nV //Hz for Schottky and PIN diodes,
respectively [8]. This noise corresponded only to the diode and
did not include the magnetoresistive sensor, the multiplexers
and the current generator. At 211 Hz, the CMOS chip here pre-
sented shows a noise of 157 nV /\/Hz. This is already lower
than the noise of a matrix element using thin film diodes and
in addition it already includes the multiplexing and current bi-
asing circuitries. Therefore, for biological applications needing
a large number of sensing sites, the integration of magnetoresis-
tive biochips on a CMOS chip is, at this point, already a better
alternative to the integration of thin film diodes with the sensors.

However, ideally, the optimum signal to noise ratio of the de-
vice is attained when the noise of the sensor is dominant over the
electronic system. As demonstrated in this paper, this is still not
the case. Therefore, in further improvements of this approach,
the electronic noise, namely the noise produced by the current
generator, should be drastically reduced. The main noise con-
tributor in this generator is the amplifier. Its noise can be highly
reduced by applying a flicker noise cancellation technique, con-
sisting on a modulation process, in which the amplifier input is
translated to higher frequencies, where there is no flicker noise.
After amplification, it is modulated back to the baseband, while
the flicker noise is modulated to higher frequencies, and can be
low-pass filtered [12]. Besides the amplifier, the routing para-
sitic resistances also generate noise. Thus, it should also be op-
timized in order to decrease the current source white noise. By
doing this, on a biological assay, better limits of detection can be
attained. Finally, the number of sensing sites will be increased
to 256 on the next generation of this chip.

IV. CONCLUSION

In conclusion, integrated SV sensors were successfully mi-
crofabricated using the technique here presented, which enables
processing small CMOS chips (4 mm?). Furthermore, the inte-
grated current generator was calibrated and used to bias a ma-
trix-element. The magnetic response of the integrated SV was
further analyzed and compared with a standalone SV. It was
found that both sensors had similar sensitivities and MR proving
that the microfabrication of SVs over a complex CMOS chip
didn’t affect the sensor magnetic response.

The noise of a SV sensor on a CMOS chip was also analyzed
and compared with a standalone SV and an electronic platform
with discrete components. Although its noise is still higher, the
CMOS chip has the advantage of being much more compact and
fully scalable. Furthermore, in this approach, the full electronic
system (including biasing and addressing electronic) show less
noise than what have been measured using thin film diodes as
commutation devices.

The results reported in this paper have large impact in more
compact architectures allowing the implementation of biochips
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with 256 or more sensors in few square milimeters. Further-
more, the noise from the electronics, namely from the current
generator, can still be reduced by using noise reduction tech-
niques. This leads to better signal to noise ratios and therefore,
when used in biological applications, better limits of detection
can be attained.
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