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Abstract

This study presents a vertical-type CMOS Hall device with improved sensitivity to detect a 3D magnetic field in various types of sensors

or communication devices. To improve sensitivity, trenches are implanted next to the current input terminal, so that the Hall current be-

comes maximum. The effect of the dimension and location of trenches on sensitivity is simulated in the COMSOL simulator. A vertical-

type Hall device with a width of 16 um and a height of 2 um is optimized for maximum sensitivity. The simulation result shows that it
has a 23% better result than a conventional vertical-type CMOS Hall device without a trench.
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. INTRODUCTION

Magnetic sensors are commonly used in various applications,
such as the contactless measurement of current [1], magnetic
resonance imaging [2], or biosensors [3], which require the ac-
curate measurement of the magnetic field. A Hall sensor is a
type of magnetic sensor that is widely used because of its capa-
bility to integrate into the CMOS process. The typical architec-
ture of a Hall sensor consists of a Hall device, a chopper-
stabilized amplifier, and a modulator, among others [4-6]. Alt-
hough a Hall sensor includes circuits that can reduce the DC
offset and amplify the signal for a high signal-to-noise ratio, a
Hall device is still the most important because it is the front-end
block that turns the external magnetic field into an electrical
signal. Two types of Hall devices are implemented in the
CMOS process: a horizontal-type Hall device (HHD) and a
vertical-type Hall device (VHD). An HHD is designed to sense
an external magnetic field, which is perpendicular to the wafer
surface. However, in some applications such as magnetic com-

munication, the measurement of a magnetic field in 2D or 3D
is necessary for better accuracy in a space, which mandates the
sensing of a magnetic field that is parallel to the wafer surface. A
VHD depends on the vertical current flow in N-well and can be
used in combination with HHDs for the 2D or 3D sensing of a
magnetic field. However, VHD:s suffer from low sensitivity and
a large offset when compared with HHDs [7]. Sensitivity is
critical for a CMOS VHD because a magnetic input signal is
usually small, and the DC offset and 1/f noise are not negligible
at a low-frequency region [8]. One of the most popular me-
thods to reduce the offset of a VHD is a four-folded and three-
contact (4F-3C) structure, but its sensitivity is still limited [9,
10]. This structure consists of four basic VHDs, and the sensi-
tivity of each VHD contributes to the overall sensitivity. There-
fore, the sensitivity of a single VHD needs to be improved re-
gardless of the offset reduction feature. We intend to introduce
a technique to achieve high sensitivity. The current-mode oper-
ation of a VHD is advantageous because its temperature de-
pendency is low, and the ohmic voltage drop in the intercon-
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nection barely affects the performance [11]. It also provides bet-
ter sensitivity [12]. For these reasons, current-mode VHDs are
used throughout this work.

This paper is organized as follows. Section II analyzes a con-
ventional VHD and explains its operation. A method to im-
prove sensitivity is then proposed. Section III shows the optimi-
zation process of a VHD and some of the simulation results
obtain from the COMSOL simulator.

II. VERTICAL-TYPE HALL DEVICE

1. Operation and Analysis of the Current-Mode VHD

In a VHD, the current does not flow straight as in an HHD.
Fig. 1 shows the current-mode VHD model implemented in
the CMOS process with a bias current of . The bias current
goes into the VHD through the input terminal C2 in the mi-
ddle, and it propagates as illustrated in Fig. 2. As the two cur-
rent output terminals are on the sides of the input terminal,
most of the current flows along the wafer surface, and only a
small portion of the current flows near the bottom, making a
long detour due to Ohm’s law. Therefore, the horizontal current
density is higher than the vertical current density near the input
terminal. The direction of the current density significantly af-
fects the Hall output current and thus sensitivity.

The current density in Fig. 2 is expressed by Eq. (1), the
charge velocity by Eq. (2), and Lorentz force by Eq. (3).
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Fig. 1. Current-mode VHD implemented by N-well in the CMOS

process.
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Fig. 2. Current density distribution and current path in the 2D VHD
model.
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F = —q(Eyan +7 X B), (3)

where p, is the Hall mobility, # is the carrier concentration,
and E, is the electric field caused by the potential difference
between terminals C2 and C3. When the external magnetic
field is applied to the bias current flowing through a VHD, the
moving electrons with a velocity of U subject to a magnetic
field are biased in a direction perpendicular both to the current

and to the magnetic field by magnetic force F,, expressed by
Eq. (4).

Fn=—q(? X B). (4)

By combining the expressions in Egs. (2) and (4), we can ob-
tain Eq. (5), which shows the relationship between the magne-
tic force and the current density.

Fing = =4+ Ru(Js X B), )
where Ry is the Hall coefficient and is equal to —qin. The
sensitivity of a VHD depends on the direction of the current
density near the input terminal C2 in Fig. 2. The current densi-
ty near C2 has a distribution of Jg, where 6 is the angle be-
tween the current density direction and the Hall device surface.
Owing to the bilateral symmetry of a VHD, we can consider
only one side of a VHD for simplicity as shown in Fig. 3. The
current density distribution near C2 can be represented by a

vector J, which is derived by the integration of Jg as shown in

Eq. (6).

j=1"T, dé. 6)

The total magnetic force on the current toward C3 can be

derived from J. It is expressed by Eq. (7) with the assumption

that the magnetic field is constant and exists only in the z-
direction.

Fp = —qEy = —qB,RyJ(sind * @ + cosf * a,).

In steady state, charges are accumulated on one side of the
Hall device because of F,,. The Hall electric field Exqy is ge-

nerated, and the electrons are forced back by Fygy;. Therefore,

Fig. 3. Direction of magnetic force vs. current density.
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the Lorentz force in Eq. (3) is zero. The Hall electric field is
expressed by Eq. (8):
Enau = —BRu(Jy * @ + Jy * @y). ®)

As mentioned above, sensitivity is determined around the ter-
minal C2 within the distance of AL. The Hall voltage is an
integral of the Hall electric field as expressed in Eq. (9).

Viau = — [, Eniau - dL = B,Ry [, (Jya5 + Jxay) - dL. (9)

As dL is in the x-direction, Eq. (9) can be simplified as Eq.
(10).

Vian = B,Ry/yAL. (10)

As the VHD operates in the current mode, Eq. (10) needs to
be converted to a current equation. By applying Ohm’s law and
using Ry, which is defined in Eq. (11) [12], the Hall current is
expressed by Eq. (12):

1 AL
in = Wt (11)
VHa B,RyJyAL
lnan = 4ot = =2 2= = —mBWy,  (12)

where W is the width, L is the length, and # is the thickness of
the VHD shown in Fig. 1. Eq. (12) shows that the current den-
sity in the x-direction does not contribute to the Hall current.
The current along the y-axis is expressed by Eq. (13). We ob-
tain Eq. (14) by substituting Eq. (13) into Eq. (12).

al, = —],W (a: constant [m™]) (13)
Igau = _a.unthIy (14)

The sensitivity of a VHD in the current mode is expressed in
Eq. (15). From Egs. (14) and (15), we obtain Eq. (16).

_ | IHau -1
SI - |IBiasBz [T ] (15)
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Fig. 4. Resistive model of the current path from C2 to C3.

(77 (16)

S = |a,unt L

IBias
In Eq. (16), p,, and # are usually determined by the process.
Therefore, I, /Ipiqs needs to be increased for high sensitivity.
The increase in I, /Ig;qs indicates that more current needs to
flow through the longest path in a VHD. However, the re-
sistance increases as the current path becomes longer. The cur-
rent path in a VHD can be modeled as the parallel resistors
shown in Fig. 4. To increase I, /Ipjqs, more current needs to
flow through the high-resistance path in Fig. 4. This action
violates Ohm’s law, but the implantation of a trench in N-well
causes change in the resistance distribution and can lead the
current flow as intended.

2. Sensitivity Enbancement by Trench Implantation

According to the analysis on a conventional VHD in Section
II-1, the sensitivity of a VHD will increase if more current flows
perpendicular to the surface around the terminal C2. For this
change of current flow, a current-blocking trench can be im-
planted next to C2, as shown in Fig. 5. The trench does not
need to be dielectric, but it can be formed simply by p-doping
on N-well. The trench affects the resistive distribution in Fig. 4,
and the resistance of the longest path becomes the smallest. It
guides the bias current to flow vertically and helps to increase
the sensitivity of a VHD. However, as the trench becomes
deeper or wider, the input resistance of a VHD, Ry, in Eq.
(12), increases significantly, and sensitivity starts to decrease.
Therefore, there exists an optimized dimension of a trench and
its location for maximum sensitivity.

The implantation of trenches on N-well is advantageous to
sensitivity, but it may contribute to the DC offset because of the
variation in the CMOS process. However, this offset can be
easily suppressed by the 4F-3C structure using the current spin-
ning [9, 10] and is not significant in most cases.

III. SIMULATION RESULTS

1. Conventional VHD

A Hall device is usually modelled and simulated in 2D. First,
a conventional VHD in the current mode is designed and simu-
lated in the COMSOL simulator. The VHD is sized to have a
width of 16 pm and a height of 2 pm. The width of the input

>
' g

\ ~ .
c1] %\ (]
/ \ N
Current path Current density Trench

Fig. 5. Current density distribution and current path in the 2D trench
implanted in a VHD model.
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terminal is 1 um, and the output terminals have a width of 0.5
pm as half of the input current flows in each output terminal.
The height of all terminals is 0.1 pm. In this work, a fixed vol-
tage is used at the input terminal instead of a fixed current
to generate bias current throughout the simulations. In the
CMOS process, the use of a fixed current may cause overvoltage
if the resistance of a VHD increases. Fig. 6 shows the simulated
electric potential and the current density distribution in a VHD
when the input terminal is biased by 100 pA and the magnetic
field is 1 T. The sensitivity of the reference VHD is 0.0095 (T).
Table 1 shows the model parameters used for the COMSOL

simulation.

2. Proposed VHD with Trench Implantation

Fig. 7 shows the simulation model of a VHD with implanted
trenches. Both the dimension of the trenches and their location
affect the current density distribution, thus contributing to the
sensitivity of a VHD. To evaluate the effect of a trench on sen-
sitivity, we choose three variables, namely, height, width, and
distance, between the input terminal and the trench. We can
optimize the sensitivity of a VHD by analyzing the effect of

each variable.

2.1 Distance
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Fig. 6. Current density distribution of a conventional current-mode
VHD. Arrows represent the current density, and color means
the current density in the y-axis.

Table 1. Hall device model parameters

Parameter Value
Carrier concentration, 7 (/cm®) 7.38e16
Mobility, p (cm?/V/sec) 1,058
Silicon conductivity, o (W/cm) g p-n
Charge, ¢ (C) 1.602e-19
Magnetic field, B (T) 1
Bias current (UA) 100
Trenches
el distance (2 3]
height \L u u
—
width

Fig. 7. Trench implantation in the VHD.
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Fig. 8. Simulated sensitivity of the VHD vs. trench distance.

We vary the distance between the input terminal and the
trench from 0.1 pm to 1.3 pm by a 0.1 um step, and the height
and the width are fixed at 0.5 pm. Fig. 8 shows the simulated
sensitivity versus distance, with sensitivity being inversely pro-
portional to distance. The reason for this is that the bias input
current flows in parallel with the surface, and the Hall current
decreases as the distance increases. Therefore, the trench needs
to be as close to the input terminal as possible.

2.2 Width

Trench width can also affect the sensitivity of a VHD be-
cause it changes the current density distribution. The width is
varied from 0.1 pm to 1.7 pm by a 0.2 pm step, and the height
changes from 0.5 pm to 0.9 pm by a 0.1 pm step. The distance
is fixed at the minimum of 0.1 um to maximize sensitivity. Fig.
9 shows the simulated sensitivity versus the trench width. Sensi-
tivity decreases as the width increases for all values of height.
This inverse proportion comes from the resistance change of the
VHD. If the trench width increases, the resistance between the
terminals (R;;,) becomes large. The increased R;, reduces the
Alyqy as indicated in Eq. (12). Therefore, sensitivity is inverse-
ly proportional to the trench width.
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Fig. 9. Simulated sensitivity of the VHD vs. trench width.
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2.3 Height

The trench height is directly related to the direction of the
current density around the input terminal. The trench height is
varied from 0.1 pm to 1.2 pm by a 0.1 pm step for a width of
0.1 pm and 0.2 pm, and the distance is fixed at 0.1 um. As
shown in Fig. 10, sensitivity becomes maximum at a certain
value of height. When the height is small, sensitivity increases as
the height increases. The reason for this is that more current
will flow in the vertical direction if the trench is higher. How-
ever, the sensitivity of a VHD begins to decrease when the
height is over 0.8 pm. Although the directivity of the current
density is improved, the resistance between the terminals in-
creases, thus reducing the sensitivity. As the height of N-well is
2 um, the sensitivity has an optimal value when the trench is
sized to be approximately 40% of the height of N-well.

3. VHD Simulation with an Optimized Trench

From the result above, we optimize a VHD with implanted
trenches for maximum sensitivity. The trench is sized to have a
width of 0.1 pm and a height of 0.8 um. The distance between
the trench and the input terminal is 0.1 pm. Fig. 11 illustrates
the simulated current density distribution. As expected, the cur-
rent density is guided in the vertical direction around the input
terminal unlike the conventional one, as shown in Fig. 12. Con-
sequently, Al increases (Fig. 13), and sensitivity is calculat-
ed as 0.011734 (T), which is 23% better than that of the con-

ventional one.

IV. CONCLUSION
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Fig. 10. Simulated sensitivity of VHD vs. trench height.
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Fig. 11. Current density of the proposed VHD with optimized sensitivity.
Arrows represent the current density, and color means the current
density in the y-axis.
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the current density, and color means the current density in the
y-axis.
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Fig. 13. Hall current of the conventional VHD vs. the proposed VHD.

This study analyzes a conventional VHD and the reason for
its low sensitivity. Then, a new method of trench implantation
is proposed to increase the sensitivity. The implanted trench
next to the input terminal changes the direction of the current
flow vertically. Therefore, the resultant Hall current is generated
maximally. Three types of dimensional factors of the trench
affect sensitivity. In the simulation results, the trench width and
the distance between the trench and the input terminal are in-
versely proportional to sensitivity. Conversely, the trench height
produces a curve, and the sensitivity is optimized by a certain
height. When the three factors of the trenches are optimized
simultaneously, the result shows 23% higher sensitivity than
that of the conventional one without trenches. The trench can
be implanted on N-well without any post-processing of the
watfer. Therefore, we can achieve the higher sensitivity of a VHD,
which is useful in a 4F-3C structure using the current spinning.
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