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Abstract 

In this paper, new results obtained with an NMOS magnetic-field sensor made by an industrial 0.8 ~an CMOS process are presented. 
major disadvantage of MOS magnetic sensors, a larger noise, can be overcome by the submicron CMOS process with 19 nm gale oxide. 
device with W/L= 60 ~tm/50/tm biased at saturation region has a resolution of 150 nT (Hz) - in  at ! kHz and 400 nT (Hz) -'12 at 100 Hz, 
respectively. Even when the device size is scaled down to W/L ~ 6 stm/5/zm, the resolution still has the value of 1.5 ~tT (Hz) - tn  at I kHz. 
The dependence of sensitivity and current-related sensitivity for various bias conditions is discussed in detail and a simple model to explain 
these trends is established. 
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1. Introduction 

In 1966, the MOS magnetic sensor was first reported by 
Gallagher and Coral( [ 1 ]. The basic structure o~ the MOS 
magnetic sensor consists of a classical field-effect transistor 
with lateral symmetrical Hall probes as shown in Fig. 1. 
When a magnetic field is applied perpendicularly to the MOS 
element, a Hall voltage will be created at the Hall probes. 
Because the conduction layer in a MOS device is very thin, 
about 0.01/Lm, the Hall voltage of a MOS device is much 

Fig. 1. Top view of NMOS magnetic sensor. 

larger than that of the general bulk material in spite of the 
lower mobility in the channel region. 

For MOS magnetic sensors, numerous studies about sen- 
sitivity and noise have been cmTied out to find the optimal 
conditions and magnetic field integrated sensors have mainly 
been realized using IC technology without additional proc- 
essing steps [2-5]  such as micromachining. According to 
the submicron CMOS process, the MOSFET device can be 
manufactured with a thin gate oxide. The thin oxide in a 
submicron CMOS process can help us to improve the major 
disadvantage of MOS magnetic sensors, which is a larger 1 / f  
noise resulting from surface-carrier trapping by the oxide 
traps. The noise is a fundamental parameter, allowing the 
detection limit to be determined. If  we want to improve the 
resolution of the MOS magnetic sensor, it is necessary for us 
to reduce the 1 / f  noise. The power spectral density of the 
low-frequency 1/fnoise can be calculated by 

s~(f) a ~v~/ [f( wz.) ( CoO 2] 
where WL is the device area, Co~ is the gate oxide capacitor 
per unit area and N~ is the interface trap density. If we reduce 
the gate oxide thickness, we can increase the gate oxide 
capacitance. The better-growing thin oxide technology in the 
submicron CMOS process can also reduce the interface trap 
density. Therefore, the 1/fnoise will be reduced more much 
in the submicron CMOS process. In this paper, we use the 
industrial 0.8 p m  CMOS process with 19 nm gate oxide 
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thickness to fabricate our MOS magnetic sensors and prove 
that when biased in the saturation region, they really have 
higher resolution (about 0.15 ~T) than those previously 
reported (about 1-] 0/~T) [63] .  We also compare the char- 
acteristics of devices with different areas. The various bias 
conditions have also been discussed with relation to sensitiv- 
ity and relative sensitivity. We find the sensitivity is almostly 
directly propoi~ional to gate bias when the device is biased 
in the saturation region and slightly inversely proportional to 
the gate voltage when the device is biased in the linear region. 
The classical MOSFET current formula and the Hall effect 
formula are used successfully to explain these phenomena. 

2. Device design and fabrication 

Fig. 1 shows the top view of our NMOS magnetic sensors, 
which are designed at CIC, Hinchu, Taiwan and fabricated at 
TSMC, Hinchu, Taiwan by the standard 0.8 ~m single-poly 
double-metal CMOS process. The substrate concentration is 
5.3 × 10 ~ cm -3, the gate oxide thickness is 19 nm and the 
threshold voltage of the MOSFET is 0.8 V. The standard 
polysilicon gate technology can form self-aligned source, 
drain and lateral Hall probes. To obtain the optimal results, 
the geometry W/L ratio is equal to 1.2 and the Hall probes 
are located aty/L = 0.7, corresponding to the maximun of the 
sensitivity [8,9]. 

concentration, q is the electron charge and t is the inversion 
layer thickness. 

Fig. 2 shows the output Hall voltage of the device with W~ 
L=60  #m/50 #m with V s at 5 V in different applied mag- 
netic fields. When the drain voltage of the MOS device is 
below 2 V, we can observe that the Hall voltage increases 
with the drain voltage because the MOS device is biased in 
the linear region. The output Hall voltages are almost constant 
when the device is in the saturation region. The maximum 
output Hall voltage of 42 mV is obtained when the device is 
biased with Vg at 5 V and Vd at 5 V in a 5 kG magnetic field. 
The sensitivity is calculated from 

Ol V.I/OB = GI/(nqt) (2) 

Fig. 3(a) and (b) shows the sensitivity of the sensors with 
W/L=6Ol~m/50#m and W / L = 6 # m / 5 / z m  for various 
bias values. We find that when the drain voltage is below 1 V, 
the sensitivity decreases slightly with gate voltage. These 
phenomena can be explained in the following statement. The 
MOSFET operates in the linear region when V s -  V,~. Vd 
and the depth of the inversion layer is almost the same in the 
entire channel. If the MOSFET is in strong inversion, the 
surface charge density (Qcn) can be calculated [ 10] by 

Qch = C o , ( V g -  v,) (3) 

and the MOSFET current formula [ I l ] is 

I,t = (W/L)Iz.Co,,(Vg-V,)Vd (4) 

3. Experimental results and discussion 

3.1. Sensitivity 

When a magnetic field is applied perpendicularly to the 
Hall plate sensor, a Hall voltage will be created between the 
lateral Hall probes, which is given by 

IVhl =GIBl(nqt)  (1) 

where G is the geometry coefficient, 1 is the MOS drain 
current, B is the applied magnetic field, n is the electron 
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Fig. 2. Output Hall voltage of the NMOS magnetic sensor with WIL 
= 6 0  #m/50 #m with v s at 5 v. 
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for Vd< Vg- V,, so that Eq. (2) becomes 

O] V,I/aB= G( W/ L ) I~ Vd = 1.2GIg, Vd (5) 

since W/L-- 1.2. From Eq. (5), we can understand that the 
sensitivity is direcdy proportional to mobility and drain bias. 
When the gate voltage increases, the normal electrical field 
increases to increase the electron scattering frequency so that 
the electron mobility decreases [12] and the sensitivity 
decreases. It would he very interesting that the sensor current 
increases with gate bias but the Hall voltage decreases. There- 
fore, we can observe that the sensitivity decreases slightly 
with gate voltage. If the MOSFET operates in the saturation 
region (V d > 2 V), the drain current is 

1o = I /2 (WIL)p~Co~(Vg-  V0 2 (6) 

then 

Ol Vbl l aB=  ] 12G(WlL)p~(V=-  V,) 

= 0 . 6 o p . (  v .  - v , )  ( 7 )  

The sensitivity is almost direcdy proportional to gate voltage. 
This characteristic is very convenient for application. We can 
easily control the device operation by choosing an appropriate 
bias condition• In Fig. 3(a) and (b), i f  the drain voltage is 
2 V and the gate voltage is below 3.5 V, the MOSFET is 
biased in the saturation region so that the sensitivity curve is 
linear. I f  the gate voltage is above 3.5 V, the MOSFET is 
biased in the linear region so that the sensitivity decreases 
slighdy with gate voltage. 

We can conclude from Fig. 3(a) and (b) that the more 
stable bias condition is in the saturation region. In this region, 
the sensitivity is almostly independent of drain voltage and 
the relation of gate bias is linear, which is easily controlled 
in application. In our devices, the maximum sensitivity can 
reach 7-9 mV kG-  i when biased with V s at 5 V and lid at 
5 V. We also compare the sensitivities of the two devices 
with different areas (W/L = 60/ tm/50  pro, 6 pro/5 #m) 
hut the same W/L  ratio (equal to 1.2). From Fig. 3(a) and 
(b), the sensitivities of both the devices are shown to he 
almost the same. Therefore, the values of the length and the 
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Fig .  4 .  C u r r e n t - r e l a t e d  sens i t iv i ty  o f  the  senso r  w i t h  WIL = 60 / zm /50 / . tm  

for various bias conditions. 

width of the devices with the same W/L ratio does no~ have 
a strong influence on the sensitivity. 

3.2. Relative sensitivity 

Fig. 4 shows the current-related sensitivity of the device 
with W/L=6Opm/5Oizm for various gate voltages and 
drain voltages. Therefore, the relative sensitivity is given by 

s, = 111(~vhl ~B) = G/0~ = G/(net) (S) 

If we consider the relative sensitivity in detail, the surface 
charge should take the drain-voltage influence [ 10] into 
account. The surface charge is given by 

Qch = Co~ [ Vg - V, - V= ( %) ] (9) 

where V=(vd) is the channel voltage, which depends on the 
position oftbe Hall prob~ and drain voltage. In our samples, 
the position of the Hall probes is fixed so that Q~ only 
depends on drain voltage, therefore, 

S , = I I I ( a V . l a B ) = G I { C o ~ [ V s - V , - V = ( v d ) ] }  (10) 

From Eq. (10), we can understand that the relative sensi- 
tivity is inversely proportional to the gate voltage and 
increases with drain voltage. Fig. 4 shows the current-related 
sensitivity of MOS magnetic sensors with W/L = 60 iJXn/ 
50/an.  We can find that when the gate voltage is equal to 
2 V, the relative sensitivity has the maximun value of 
40mV (mA kG) - t  and when the gate voltage is equal to 
5V,  the minimum value is 1 0 m V ( m A k G )  - t .  It also 
increases with drain voltage. The difference of the sensitivi- 
ties hetween the devices biased at Vd of 0.5 and 5 V with the 
same gate voltage is about 8 mV (mA kG) - t. Fig. 5 shows 
the relative sensitivity of the different sized MOS magnetic 
sensors (W/L = 60/an/50/zm,  6 p,m/5/zm) with Vd at 0.5 
and 4 V. Although the large-area device and the small-area 
device have the same WIL and drain current, the relative 
sensitivities are not the same. This shows that the surface 
charges of the two devices are not the same. Therefore, we 
can deduce from Eq. (9) that the channel voltages of the Hall 
probes of the two devices with the same W/L and y /L  ratios 
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Fig. 5. Comparison of the relative sensitivities of sensors with W/L 
= 60/~m/50/tin and W/L = 6 pro/5/.tin biased at V= = 0.5 and 4 V. 
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Fig. 6. Comparison of the noise power spectral of sensors with W/L 
=60/zm/50 t2m and WILe6/zm/5/zm with Vs at 2 and 4 V. ' 

biased at the same Vd are different. The difference of  the 
relative sensitivity between the two devices biased at small 
gate voltage is larger than that at large gate voltage. When 
the gate voltage is close to 5 V, the difference is very small 
and the relative sensitivities o f  both the devices approach 
10 mV (mA kG) - i. 

3.3. Resolution 

4. Conclusions 

Although the MOS magnetic sensor has good sensitivity, 
the too large noise is always the main disadvantage so that it 
cannot have a very high resolution. In this paper, we have 
proved that a MOS magnetic sensor biased in the saturation 
region with a high resolution of  150 nT (Hz) - t /2  at 1 kHz 
can be made using high-quality thin oxide in an industrial 
0 .8 /zm CMOS process. Because the interface state traps are 
reduced and the gate oxide capacitance increased, the noise 
can be reduced. Therefore, the deep submicron CMOS proc- 
e.~s with a thinner gate oxide ( < 100 ~,) and higher quality 
oxide could increase the resolution considerably. In our 
experiments, we also find that the sensitivity is almostly 
directly proportional to gate voltage when the device is biased 
in the saturation region and slightly inversely proportional to 
gate voltage in the linear region. 
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The limitation of  detection of  a MOS magnetic sensor due 
to the sensor noise can be defined as the minimum field B,~n 
that can be observed when working in a narrow frequency 
bandwidth A f  ( 1 Hz) around a given f r equencyf  ( 1 kHz),  
for a signal-to-noise ratio equal to 1. Therefore, Bm~n is given 
by 

Bmm = [ Sv(f)Al l  1/218 (12) 

where Sv(f) is the noise power spectral density and S is the 
sensitivity. 

Fig. 6 shows the power spectral density Sv of  the samples 
with W / L  = 60 ~ m / 5 0 / ~ m  and 6 / z m / 5 / ~ m  in no magnetic 
field. When the device with W / L = 6 0 / ~ m / 5 0 / t m  is biased 
at V g = 4  V, Vd=5 V the noise power density is only about 
1 0 - m V 2  Hz - t  at 1 k H z a n d  7 ×  10-16V2 Hz - I  at 100 Hz, 
respectively. The device with the same bias condition has a 
sensitivity o f  6.7 mV ( m A  kG) - t. Therefore, the minimum 
detectable magnetic field is 150 nT ( H z ) -  t/2 at 1 kHz and 
400 nT (Hz)  - i/2 at 100 Hz. Even when the device is scaled 
down to W / L = 6 1 z m / 5 1 ~ m ,  the resolution is still 
1.5/zT (Hz) - t/2 at 1 kHz. These results have shown that the 
MOS magnetic sensor made in the submicron CMOS process 
with thin oxide can promote resolution about ten times better 
than previous reports. The main reason is that the better tech- 
nology for growing thin oxide in the submicron CMOS proc- 
ess can reduce the interface trap density and increases the 
gate oxide capacitor so that the noise power decreases [ 13]. 
From the power spectral density formula, we can understand 
that the noise is inversely proportional to device area. To 
design a high-resolution MOS magnetic sensor, a larger area 
with high-quality thin oxide is the better choice. 
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