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This first comprehensive review of the diode Hall effect - the Hall phenomenon in 

devices with bipolar nonequilibrium conductivity (diodes and transistors) - considers the 

special features of this unusual fundamental peculiarity, which is regarded as uncommon 

for this class of structure. Depending on the injection level and the geometry, the Hall 

effect (voltage or current) exists and has been experimentally confirmed. The conditions 
for the appearance of the diode Hall effect are presented in detail along with the applicabil

ity of the Hall current mode of operation for metrology. The most attractive applications of 

the diode Hall effect are in the creation of functional multisensors for magnetic fields and 

temperature, and for low-field and vector magnetometers. 

1. Introduction

The development of microsensors for magnetic fields involves not only the design of 

new devices, optimization.of operation modes, application of sophisticated technological 
steps, and 2D and 3D simulations of their performance. Rather, the most innovative 

breakthroughs have been made where the magnetosensitive device implements a newly 
discovered effect or phenomenon, which dramatically improves its characteristics and 
behavior. Such is the case with the quantum Hall effect, which is the basis for the function 

of the most precise resistor standard, and whose application in the metrology of electrical 

quantities is extremely sensitive. 
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When the diode Hall effect was first observed experimentally,c1,
2J it was in essence the 

unanticipated answer to the question of whether the Hall voltage VH (the dominant 
manifestation of the classical Hall effect) is generated in diode and transistor structures. 
There is a paradox in the point of view held for decades in that if the conductivity in a 
semiconductor is bipolar (equilibrium or nonequilibrium) with approximate equality of 
electrons and holes, then according to Hall's theory, the voltage VH is expected to be absent. 
The reason for this is the simultaneous Lorentz deflection of both types of carriers to the 
same surface_<3l Analysis of the Hall effect in different types of diodes and transistors, 
however, has established that this assumption is not valid in the general case. Depending 
on the injection level and the geometry, the voltage VH exists and can reach up to 15-25 mV; 
this has been experimentally confirmed.en Initially, this new fundamental property was 
used to elucidate the synergic action of multiple sensor mechanisms in magnetotransistors. (4-6) 

Recently, the diode Hall effect has found a very promising application in different silicon 
microdevices for measuring magnetic fields with amperometric output - functional 
multisensors for simultaneous and independent registration of magnetic field and tempera
ture, and 2D and 3D magnetometers. 

In this overview, the results of the investigations on the diode Hall effect are summa
rized and described for the first time, and new transducers based on this effect are 
presented. 

2. Conditions for Appearance of the Diode Hall Effect

The main concept of the Hall effect in diodes and transistors can be illustrated with the 
semicircular p+-n abrupt diode shown in Fig. l(a). The selected geometry is not of 
particular significance because the result can be generaliz�d for the rectangular structure 
shown in Fig. l(b) by conformal mapping theory.(?) Because of the relatively high doping 
level, any voltage can be considered negligible in the p+ - emitter region, p+» n

0 
"" ND , 

where n0 represents the equilibrium concentration of the majority carriers in the low-doped 
base region. The presence of low and moderate injection levels t1.p I n0 < 1 is also 
assumed. 

A typical feature of the device in Fig. 1 ( a) is that the base width lB exceeds the diffusion 

length of the minority carriers LP (in our case the holes), lB � Lp , i.e., the structure 

represents a long diode. This means that during the diffusion of the minority carriers in the 
directions y > 0 and z > 0, they completely recombine in the volume before reaching the 
base contact B, y == ZB, i.e., Liply == l8 == 0. The distribution of the injecting holes Lip(y) and 
the corresponding current JP decrease exponentially from the distance y, while the total 
diode current JEs remains constant, hs == lp(y) + In(y) == const. Therefore, with an increase 
in the distance y > 0, the cun-ent from the majority carriers 1

0 
increases far from the emitter 

hB ""In. Essentially, the component I0 - vd·q·n0 is the recombination current from the base 
contact B to neutralize the charge of the injected holes. In the presence of the magnetic 
field B, the current In generates the Hall voltage VH in the diode. The voltages VH1,2 between 
the respective contacts H1 and H2, and VH3,4 between-H3 and H4 in Fig. l(a) are defined by 
the expressions: 
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(a) 

B 

(b) 

n - Si

Fig. 1. (a). Semicircular p+-n abrupt diode to illustrate the diode Hall effect. (b). Rectangular 

geometry of a long p+-n structure for observation of the diode Hall effect. 

(1) 

respectively, where dl is an infinitely small segment of the respective distances H 1H2 and 

H3H4, EH = RH(y)-j x B is the local Hall field, j is the total current density ]EB = }p(y) + Jh), 
and RH(y) is the Hall coefficient. Since the current} is perpendicular to dl and to B, we can 
write: 

H2 H4 

VHl,2 = RH (y') · B· l/ t · f J · t · dl;VH3,4 = RH(y") · B· ll t · f J · t· dl, (2) 
Hl H3 

where y' < y" ( y' and y" are variable distances on y axis), or 
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vm.2 = R�. B-IEB lt;VH3•4 = R� -B· 1EB It, (3) 

in which tis the thickness of the diode from Fig. l(a) in the x-direction of the field Bx. 
The concentration of the minority carriers 1-,,p is greater near the emitter E, i.e., 

L1p(y') > L1p(y") , hence the corresponding Hall coefficient R� < R;.{ and consequently, 
the inequality VH1 ,2 < VH3,4 is valid. Clearly the Hall voltage VH is minimal next to the 
depletion layer of the p+ - n junction. The short-circuiting effects of the p+ contact on VH are 
virtually eliminated by the relatively high resistance of the depletion layer of the p+ - n 
junction at low and moderate injection levels.ClJ In summary, the diode Hall voltage at a 
maximal value far from the emitter E, V

H 
= /

0 
• BI q · n

0 
· t, is bound to decrease as we 

approach the p+- n junction and the base ohmic contact B. An increase in the total current
/EB, with respect to the injection level, leads to saturation of the voltage VH.

The structure in Fig. 1 ( a) was tested experimentally with a p+ - n diode, the cross-section 
of which is shown in Fig. l(b) (to elucidate our conclusions). The action of the silicon 
device in Fig. l(b) is practically the same as that in Fig. l(a). 

The dependencies VJ�.� (B) and vJ0l (/EB ) are shown in Fig. 2. In addition to the linear

dependence of vJ0>(B) in Fig. 2(a), the values of the voltage Vifi'.i are lower than those of 

VJ��. With an increase in the injection level, the growth rate of both voltages decreases, as 
shown in Fig. 2(b ). It has been established that when the Lorentz force deflects the 
majority carriers; which are on the right-hand side of the emitter E, toward the Si - SiO2 

interface, the voltages Vfi�] and Vfi�i increase, while the corresponding voltages on the 

left-hand side of the emitter, Vfi�i and Vi�;, decrease (after compensation for the magne
toresistance MR - B2). The magnetodiode effect is not observed based on the dependence 
IEB(VEB) in the structure shown in Fig. l(b). The diode Hall effect is also manifested in 
transistor structures similar to the diode shown in Fig. l(b) in which the Hall terminals H1 

and H2 are replaced with p+- collectors. At the same time, the voltage vJf� at current /EB 
= 10 mA and B = IT reaches 20 mV.C2l 

The experimental data confinn the conclusion that the Hall voltage is generated by the 
majority carriers in the base region of the diode and transistor structures. Both the higher 
values of VJ�! (B) in comparison with vJf1 (B) and the reduced growth rate of the voltage 

vJ0>with an increase of the current /EB (as shown in Fig. 2) are primarily due to the 
reduction of the Hall coefficient RH(!-,,p) because of the high minority carrier concentration 
!-,,p_(8,9) 
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Fig. 2. (a). Dependence of the diode Hall voltages V��:
4 

(B) as a function of the magnetic field with 

the current !EB as a variable. (b ). Dependence of the diode Hall voltages V��.i and V��-� as a function 
of the supply current hB-
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3. Features of the Diode Hall Effect

The principle features of the diode Hall effect are related to the bipolar conductivity 

substantially reducing the voltage vJDl, which has been confirmed experimentally. On the 

other hand, however the equivalent alternative to the Hall voltage - the Hall current ltt to a 
first approximation - must be commensurate with the ltt of the classical Hall element in the 
current mode of operation. The main reason for this is that the current, because of its 
circulatory nature, flows first through the internal resistance of the Hall plate which is 
reduced by the injection (the diode Hall effect) and then through another internal resistance 

which is several times higher (the classical Hall effect). The current /�DJ is determined by 
the relation: 

I�l (B) = V�Dl (B)/ (R *+ r), (4) 

where R* is the distributed bulk resistance of the base in the region between the Hall 
contacts, and r is the resistance of the measurement resistor, r«R * .00-11J

The magnitude of the Hall current J;fl is determined simultaneously by the values of 

the diode Hall voltage vJ0l, and the resistance R *. The analysis shows that for a given p+ 

- n device structure with an increase of the injection ( current/EB), in first approximation at
/8 > Lp

, the resistance R * decreases, R * - l//E8.02l As a result, at the moderate injection
level, the reduction of the effective resistance R * substantially exceeds the increase in the

voltage V�D\!
88

). The amperometric (current) output of the bipolar sensor based on the 
diode Hall effect is of practical value for metrological applications. 

The current J�0
l is detected through a voltage drop V, on a low-ohm resistor r placed

between the Hall terminals H1 and H2. Note that the output resistance Rout of a silicon diode 
Hall sensor in amperometric mode is about one degree of magnitude lower than that of the 
classical Hall element with current output and that Rout reaches 100-200 Q. Therefore the 
resistor r has a value of r = 10 Q, which is preferable.0 °·11l State-of-the-art measuring 
instruments are capable of detecting the relatively low values of the voltage V, with high 
accuracy. 

The low output resistance Rout of the amperometric diode Hall sensor contributes to the 
increase in noise immunity in transmitting the signal V, at a distance. The internal noise of 
the sensor itself is reduced in comparison with that of the classical Hall element, and the 
signal-to-noise ratio is improved. 
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4. Sensor Applications of the Diode Hall Effect

4.1 Linear multisensors for magnetic field and temperature 

7 

There are several device structures for parallel-field Hall microsensors, as shown in 
Figs. 3(a) to 3(e). The performance of these novel elements reflects the classical Hall 
effect, as explained in refs. 8 and 9. By short-circuiting the Hall voltage VH(B), the 
information signal for the field B becomes the Hall current I0u1(B) = Im,iCB) (Hall current 
mode of operation). 

a) The first question that arises is whether sensors utilizing the diode Hall effect can be
used in the parallel-field Hall microdevices as shown in Figs. 3(a) to 3(e). We consider that 
they can be, and the new type of transducer is shown in Figs. 3(a') to 3(e'). The transport 
process to the left and to the right of the emitter E, for example in Fig. 3(d'), turns from 
diffusion-drift into drift. Hence, far from the emitter E, a parallel-field Hall effect is 
generated in the magnetic field Bx on the upper surface of the chip. This is related to the 
base current from the majority carriers, in our case, the electrons. 

The direction of the supply current hB in the microsensors from Figs. 3(a') and 3(e') 
clearly cannot be reversed in the same way as in the Hall elements from Figs. 3(a) to 3(e). 
Another peculiarity of these devices is that the output Hall terminals H1 and H2 must be 
placed near the base contacts Bi, where the base current from the majority carriers is 
dominant and the Hall effect generated by it on the chip surface containing the contacts is 
maximized,0·2•8•9) for example transducers (b') and (e'). In some of the new sensors, the
adjustment of the current offset to zero is easily achieved by the trimmer r*, as in Figs. 3(a') 
and 3(d'). 

b) The second basic question is whether the diodes from Figs. 3(a') to 3(e') possess the
linear thermometric characteristics of the emitter-base voltage V EB(T) at constant supply 
current /EB · We consider that they do. The linear dependence of the junction forward 
voltage drop VEB(I) of a diode at a constant current (/EB = const) due to the temperature 
dependence of the semiconductor band gap is well known. <3•9,13) In this case the voltage in
the spatial charge region of the emitter p+ - n junction decreases linearly as the parameter T
increases: 

(5) 

where <fJo = ,1E g I q is the band gap in Si, Is= is the saturation current at T � oc, I EB« Is= and kB 

is the Boltzmann constant. The other notations are conventional. According to eq. (5), the 

coefficient of thermosensitivity of the p-n junction Kp-n = dVp-n I dTis negative, i.e.,

Kp-n = -(kB I q)ln(/s= /1EB ) . The voltage drop VB for the resistance RB of the base region

can be determined by the dependence VB = /EB -RB, as RB - p - 1/q·n0
·µ,,, where the notations 

are conventional. In fact, the resistance RB increases linearly with temperature T because of 
decreasing carrier mobility µ,,(T) and hence the temperature coefficient KB is positive.(3·9•12l 

Therefore, by adding the two voltages Vp-n and VB in series, the temperature signal is 

reduced, i.e., the resultant coefficient KEB = dVEB I dT depends on the distance ZEB! = lEBl in 
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a a' 

b b' 

C c' 

d d' 

e e' 

Fig. 3. Classification of the new silicon rnultisensors (a') to (e') based on the diode Hall effect and 
the related parallel-field Hall .rnicrodevices (a) to (e). The trirnrner r* is for offset regulation of the 
arnperornetric output, H 1 and H2 represent Hall terminals, and C1 and C2 represent current contacts. 
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example Fig. 3( d'), and current hB is smaller than the standard value K
p
-n "" -2 m V /°C for 

the silicon p - n junction. This is why, in our case, the thermometric sensor output 
represents the linear voltage VEB(T). 

Consequently the superposition of the above two phenomena in the same zone or the 
functional integration in the same silicon structure of a parallel-field Hall microsensor and 
a p+ - n thermodiode creates a new type of linear multisensor for magnetic fields and 
temperature. In these multisensors, the magnetosensitive output lout (B) is amperometric, 
and the thermometric one is the voltage VEB(T). For illustration, in Figs. 4(a) and 4(b) the 
output characteristics of the multisensor shown in Fig. 3( d') are given. The characteristics 
lout (B) are odd and linear. The nonlinearity (NL) is about 1 % in the range -1.2T ::::; B :::; 

1.2T. We consider that the absolute magnetosensensitivity sfl = I
0u

JB) / ,1B of the new 

multisensors is completely sufficient for a wide range of applications and is comparable to 
the parallel-field Hall sensors with current output. The new devices are capable of 
independently detecting two nonelectrical measurands simultaneously - a feature which is 
absent in the well-known and now classical Hall elements and p+ - n thermometers. 

It is preferable to use the p+ - n diode structures instead of the n+ - p ones because of the 
threefold greater mobility of the electrons tin with respect to tip of the holes<9-12l (the diode 
Hall effect is generated by the majority carriers in the base, i.e., by the electrons). 

The metrological qualities of the suggested sensors are closely related to the cross
sensitivity effects, mainly due to the influence of the magnetic field B on the thermometric 
signal VEB(T). The magnetoresistance, magnetoconcentration, magnetodiode effect, and 
emitter - injection modulation have a disturbing influence on the voltage VEB(T)_c4•9l It has
been experimentally established that in optimized device structures the negative influence 
of these galvanomagnetic phenomena at B < l T and T = 300 K on the voltage V EB(T) does 
not exceed 1 %.<10-11l 

The magnetosensitive signal quality may be considerably improved in the new 
multisensors. In practice, the magnetic field B does not influence the temperature output 
V EB(T), but the output lautCB) is thermo-dependent with a temperature coefficient T.C. = -0.4%/0C. 
Since the signal VEB(T) adequately reflects the temperature of the chip, it contributes to 
eliminating the temperature dependence of magnetosensetivity in a wide range of AT. For 
this purpose the voltage V EB(T) is utilized to control the gain coefficient of the operational 
amplifier for the signal V,(B).<9-14l 

4.2 Low-field and vector magnetometry 

For the purpose of low-field magnetometry it is of interest to enhance the 
magnetosensetivity of the microsensors shown in Figs. 3(a') to 3(e') by operating in a 
cryogenic environment that increases the mobility of the carriers. o u2J For this reason, the
devices have been investigated experimentally at the boiling point of liquid nitrogen T = 77 K. 
It is established that in the linear interval -0.2 T ::::; B ::::; 0.2 T at T = 77 K the sensitivity of 
the current output increases to more than fourfold that at T = 300 K. The repeated cycles of 
cooling to T = 77 K do not lead to the degradation of the sensor characteristics for any of the 
transducers. Therefore the cryogenic environment extends the applicability of the new 
devices. 
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Fig. 4. (a). Output magnetosensitive characteristics at T= 300 K for the multisensor based on the 
diode Hall effect with supply current ha as a variable. (b) Temperature dependence of the bias VEs 
with current /EB as a variable at a field B = 0. 

On the basis of the symmetry of some of the parallel-field device structures of the 
microsensors in Figs. 3(a'), 3(c') and 3(d') with respect to the emitter p+- njunction it is 
possible to design 2D vector magnetometers with linear output for simultaneous detection 
of the in-plane Bx and B

y 
components as in Fig. 5. 

These devices consist of two identical elements with a common emitter E and are 
oriented with respect to one another at 90° . Their action is related to the nonlinear 
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Fig. 5. 2D and 3D vector magnetometers based on the diode Hall effect. The Hall terminals H1 and 

H2, and H3 and H4 measure, respectively, the B
y 

and Bx components of the magnetic field B. 
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trajectory of the carriers (the existence of two components of the velocity vx and v
y
) and is 

analogous to vector magnetometers using the classical Hall effect, as explained in refs. 7, 
9 and 15. An integrated 3D vector magnetometer for measuring the three components Bx, 

B
y 

and Bz is shown in Fig. 5(g). Its distinctive feature is the splitting of the base contacts 

into two equal parts and their cross-coupling. This solution allows the detection of the Bz 

component. For the other two components, Bx and B
y
, the situation is as in the 2D 

magnetometers. The cross-sensitivity in the described magnetometers based on the diode 
Hall effect is generally overcome through the device symmetry. All are fabricated by 
either bipolar or CMOS technologies. The new vector magnetometers also measure the 
temperature T of the environment by the voltage V EB(T)Y0

,
11

i 

5. Conclusions

The diode Hall effect in devices with bipolar conductivity has evolved from a purely 
novel to a practical phenomenon which has contributed to the understanding of the action 
of microsensors and has already found practical application in multiple microtransducers. 

In the authors' view, some galvanomagnetic characteristics that to date have been difficult 

to explain in diodes and transistors can be consistently interpreted with this effect. It is an 

impressive fact that almost all technical solutions based on the classical Hall effect can be 
successfully used in bipolar sensors - analogs with amperometric output. Consequently, 
the diode Hall effect is a strategic technology for the design of functionally integrated 
microsensors for more than one measurand. 
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