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A monolithic field-effect-transistor-amplified magnetic field sensor
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We propose and demonstrate the operation of a monolithic field-effect-transistor-amplified magnetic
field sensor device, in which a tunnel-magnetoresistiMdR) material is incorporated within the

gate of a Si metal—-oxide—semiconductor—field-effect transistor. A fixed voltage is applied across
the TMR layer, which leads charge to build up within the gate. Applying or changing an external
magnetic field causes a change in the charge within the TMR layer and, consequently, a shift in the
transistor threshold voltage, which leads to an exponential change in subthresholdlgigrsgand

a quadratic change in saturation currégd <o The application ba 6 kOe magnetic field at room
temperature leads in our device to an absolute chanbginthree times as large andligg 5,500

times as large as the corresponding change in current through the TMR layer alone. The relative
change inl pg 5upiS @ factor of four larger than that in the current through the TMR layer.1999
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Magnetic field sensors with improved sensitivity at roomwere made to the source and drain regions and to the back of
temperature are highly desirable for a variety of applicationsthe wafer. The magnetoresistive layer, consisting of a 20 nm
perhaps most notably in future magnetic data storage sysianular film of volume composition @@y(SiO,)y5s Was
tems. Approaches for amplification of response based on irthen deposited on the lower gate oxide by cosputtering from
corporation of sensor materials into electronic device strucseparate Cédc sputterefland SiQ (rf sputtered sources at
tures have been developed for a variety of sensofoom temperature and an Ar pressure of 2 mTorr, followed
applications. In the spin-valve transistora giant- by a 20 nm rf sputtered SiOlayer? Finally, 100 nm Al
magnetoresistive thin film is incorporated as the base layer ifontacts to the magnetoresistive film and to the gate, source,
a metal-base transistor. A field-dependent base transport fagnd drain were deposited by thermal evaporation.
tor then leads to amplified collector current response in the ~ The Co/SiQ film consists of Co clusters with an average
transistor. However, the fabrication of these devices requirediameter of about 4 nm, embedded in a Sifatrix"® Stud-
vacuum metal bonding, and lithographic processing is diffiies of Io_cal che}rge injection and transport in similar Co/SiO
cult. Another approach for amplification of a sensor signal ignagnetic multilayer structures have demonstrated that such
the incorporation of the sensor material within the gate struclilms are characterized by non-negligible charge storage and
ture of a field-effect transistaiFET); this concept has been transport times that are highly sensitive to the detailed film

demonstrated in FET-based chemical and gas sensors ﬁgructuree. In the sensor device structure shown in Fig. 1, a
which gas or ion adsorption or absorption in the gate struciXed voltageVyg applied across the Al contacts to the
ture results in a shift in transistor threshold voltage and, Cong:O/SIOZ layer leads to a currerttyr flowing through the

sequently, amplified response in the transistor channel cor;['vIR film; the typical current levels employed and the resis-

ductance or subthreshold currérit tivities of the Co/SiQ granular films suggest that a large
In this letter, we describe the design, fabrication, andfraction of the applied voltage is dropped across the Al

demonstration of a transistor-amplified magnetic field sensor

in which a granular tunnel magnetoresistivefMR) F@

Co,(SiO,) ;1 _y thin film is incorporated within the gate of a @_‘

p-channel Si metal—-oxide—semiconductor—field-effect tran-

sistor (MOSFET) as shown in Fig. 1. The basic concept is, 20?:;‘:::; c@,s.o;—@
however, applicable to any FET, as well as other magnetore- S0z E;’,s,'oz contact
sistive materials in which stored charge associated with elec- «2&'::“ 'Wc;}.'é"&

trical current flow is present. The sensor device was fabri- — Source |[Gate||| Drain
cated employing a nonself-aligned process acceptable _[__E‘E‘ 22;::3.‘22;:" mﬂ

because of the large device dimensions £59X 1000uxm - _-p"/l 50 A\ pr

gate. The source and drain regions were formed by boron oS! subsirate mc.

diffusion into ann-type Si wafer Np~2x 10*°cm™3) with a
patterned oxide mask. The 20 nm lower gate oxide was side view top view
formed by dry thermal oxidation, and Al ohmic contacts

FIG. 1. Schematic diagram of the monolithic transistor-amplified magnetic

field sensor device in which a magnetoresistive layer is incorporated within
3Electronic mail: ety@ece.ucsd.edu the gate structure of a Si MOSFET.
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FIG. 2. (a) Transistor current—voltage characteristics Wr=0 V and for
Vyur=10V. (b) Subthreshold current—voltage characteristics ¥y

=0V andVyg=10V, showing a clear shift in threshold voltage, which is
a result of the presence of stored charge within the gate.

FIG. 3. (a) Subthreshold current—voltage characteristics\Mgg=—5 V as
a function of externally applied magnetic figtd (b) Magnified view of the
subthreshold region; applicatioh @ 6 kOe fieldshifts the threshold voltage
by 50 mV.

contact/SiQ/Co tunnel junctions, and that within the granu- geriped above. At room temperature, the subthreshold swing
lar film transport is ip the low-field re.gim7e..  S=In10-dVgs/d(Inlps o) =N 10-nkT/g, wheren is the
Charge storage in the TMR layer is believed to occur Vigigeajity factor, is approximately 450 mV/decade of current.
the following mechanism. Electrons tunneling from one Al This corresponds to an ideality factor of=7.5, which is
contact into a Co cluster experience a barrier height  very large compared to the ideal valoe 1.7 expected for
where ¢, is the average barrier height of the Al-SiC0  thjs structure. The large subthreshold swing is believed to be
barrier, and must provide the single-electron Coulomb chargy consequence of the relatively poor quality of the Si/SiO
ing energyEc of the Co cluster, while electrons tunneling gate oxide interface and possibly of damage to the lower
from Co clusters into the other Al contact release the energgio, gate layer caused by the sputtering process. Improve-
Ec and must overcome a barrier height 85— Ec. The  ments in oxide quality should allow substantially better val-
difference in the tunneling processes results in different timeges of subthreshold swing to be attained, with corresponding
dependent tunnel currentg,(t) andlq,(t) into and out of  jmprovements in sensor response.
the Co/SiQ layer, respectively, which leads to stored charge  \When an external magnetic fielt is applied, the
Q(t) in the Co/SiQ layer. This charge in turn yields voltage Co/SiQ, film resistance and thus the current through the
drops V across the contacts given by/(t)=Vur/2  magnetoresistive film change. The charge in the Co/SiO
*Q(t)d/2e, whered is the barrier width between the Al fiim then changes by an amoumQugr(H)=Qur(0)
contact and a Co cluster, ards the dielectric constant of —Q,,,(H) from the zero magnetic-field charg@yr(0),
SiO,. A detailed analysis yields values for the stored chargeshifting the MOSFET threshold voltage bV (H)
of the correct sign and close to the experimentally observee: v (0)—V.(H)=—AQur(H)/C.x, WhereC,, is the ca-
values® pacitance of the upper Sidayer in the gate structureThis
Figures 2a) and 2b) show, respectivelylps as a func-  shift in threshold voltage results in magnetic-field-dependent
tion of the drain—source voltagéps and the gate—source transistor characteristics in both the subthreshold and satura-
voltage Vgs, and the subthreshold current—voltage charaction regime. The subthreshold drain—source curigjts,,
teristics, in both cases fovyg=0V andV\g=10V. The of the MOSFET depends exponentially on the threshold
transistor current—voltage characteristics show that the trarvoltage according 8 1ps <= o suseXle(Vos— V1)/nkT]
sistor threshold voltag®'y is a function of the currentyr ~ X[1—exp(—eVps/kT)], wherel, ¢ is a constantk is the
through the magnetoresistive film. Since the threshold voltBoltzmann constantg is the electron charge, arilis the
age is proportional to the char@®,r within the magnetore- temperature.lps,, therefore depends exponentially on
sistive layer, this indicates that the cha@gg is a function AV (H). The saturation current,g ¢,;0f the MOSFET can
of Iyr. I ps decreases upon application of a nonzero voltagée approximated byps sar= o saf Vas— V)2, Wherel g g4 iS
Vyr across the magnetoresistive layer, corresponding to a constant. The relative changeligs so:as a function ofH
positive threshold voltage shift 6£0.6 V along the voltage for AV (H)<Vgs—V1(0) is then given approximately by
axis for Vyr=10V. This positive threshold voltage shift |2AV(H)/(Vgs—V1(0))].
corresponds to a positive net chai@gg~ 3.3x 1Pe in the The dependence of the transistor current—voltage char-
magnetoresistive layer, which is close to the range of valuescteristics on an externally applied magnetic field is shown
0.4-3.1x 10%, obtained using the theoretical analysis de-in Fig. 3. A constant voltag¥,z=10V was applied across
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@ o = T - - T oe9d 60 sponding change ihyg of about 60 nA. However, the rela-
T 0] 4__ 10Z tive change inl ps sa shown in Fig. 4b), is less than 1%.
5 ol ‘n;ﬂ o°° < At 6 er, the absolu.te changelips ¢ piS about 200 nA,
& 12035 corresponding to a relative change of about 20%. Compared
< 80 fgaeeoo™™” e to the relative change ihyg of about 5%, this shows an
o ' ' ' - aa0e95°°9 60 amplification in sensitivity of a factor of 4. The change in
g sor AL o . 10T Ipssup iS relatively modest due to the large subthreshold

5-100 - et “E' swing exhibited by the prototype device. For devices with
F -150 e ... 1% ideality factorn closer to the expected value of 11 sup

200 booo)” . - L0 "do would decrease by 68%, an amplification in sensitivity by a
° 2 [I?Oe] 4 5 6 factor of over 10.

(b) I In summary, we have proposed, experimentally demon-
< 20 F —o— Al (H)/1,(0) ' ' o] strated, and analyzed a novel monolithic transistor-amplified
g 16'::2:““((:))/’:05@«()()’) o magnetic-field sensor. Incorporation of a granular metal/
g 2 o Dsw 7 insulator magnetoresistive film into the gate structure of a
g or soo0o0000d FET allows the magnetoresistive response to be converted to
B C o 7 a shift in the threshold voltage of the transistor, resulting in a
° 00““"""";5“ : é ‘.‘ - ‘“6 large amplification in sensitivity to an external magnetic

H [kOe] field. In a prototype device based orpahannel MOSFET,
a threshold voltage shift of 50 mV upon application of a 6
FIG. 4. (a) Absolute change in the saturation currdgg ;i and in the  kOe magnetic field was obtained at room temperature. This
Is;k::‘r::h:'?uﬁgtfigenmg?s;:(vtear‘;‘g”thz Cl:irefznmg in"efi'leﬁﬂ?g(ﬂftﬁﬁi?ﬁze resulted in a fourfold amplification in relative current re-
chyange Nl ps sav | ps sup @Ndlyr le e?l?unction giH. The field sensitivity sponse, and ap Increase m, abso"?te current response by a
increases by a factor of about 4 in the subthreshold regime. factor of ~500 in the saturation regime, as compared to the
response attainable in the magnetoresistive film alone. Re-
duced device dimensions and improvements in the device
the magnetoresistive layer, aMys was fixed at—5 V. Al fabrication process, as well as optimization of the granular
measurements were obtained at room temperature. The dafMR material and layer structure, should result in dramatic
in Figs. 2 and 3 show clearly that current flow through theimprovements in device performance.
magnetoresistive layer and application of an external mag-
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