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DEVELOPMENT OF A MATHEMATICAL MODEL
FOR A CdS-BASED PHOTOSENSITIVE HALL SENSOR

The paper proposes a mathematical model of a photosensitive Hall sensor based on a CdS single crystal which uses the
internal photoelectric effect. The model describes the change in the concentration and mobility of charge carriers under
irradiation and allows estimating the increase in the sensor s sensitivity to a magnetic field. The model accurately describes
the increase in Hall voltage when the sensor current exceeds 40 mA (error margin of less than 5%). Experiments showed a 2.§-
fold increase in sensor sensitivity in the low-current sensor mode, which is partially due to noise and additional effects in the
crystal. The proposed materials and sensor topology can help maximize Hall voltage to obtain maximum sensor sensitivity. The
comparison of theoretical results and experimental data confirmed a twofold increase in the Hall voltage under irradiation.
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In modern sensor technology, there is a sustained
increase in requirements for accuracy, energy efficiency,
and functional integration of measurement devices.
In particular, in the fields of automotive electronics,
biomedical systems, and wireless sensor networks, the
demand for multifunctional sensors capable of operating
simultaneously based on several physical principles is
steadily growing [1], [2]. One of the promising directions
is the integration of the Hall effect with the photoelectric
effect within a single semiconductor element, which opens
up opportunities to enhance magnetic field sensitivity
through additional photogeneration of charge carriers.

Conventional Hall sensors are characterized by
high reliability and accuracy and are widely used in
magnetometry, positioning systems, and current sensing
applications [3]. At the same time, their performance
remains limited by a constant charge carrier concentration
and geometric dimensions, without accounting for
temperature effects, magnetic field configuration, carrier
concentration fluctuations, and related factors. Recent
studies have demonstrated that optical irradiation
can significantly alter the electrical conductivity of
semiconductors, affecting both the concentration and
mobility of charge carriers [4].

In [5], it was demonstrated that directed illumination
during Hall measurements opens new possibilities for
material diagnostics, including defect spectroscopy,
evaluation of photogeneration processes, and assessment
of'the contributions of electrons and holes along with their
mobilities. Hall photoeffect spectroscopy with a controlled
radiation flux has shown high sensitivity to recombination
centers and even the occurrence of negative differential
photoconductivity (NDPC) in semiconductors, which is
consistent with the concept of an “active layer” and with

changes in the concentrations of electrons and holes, as
well as their mobilities, under external irradiation.

A useful extension in the context of the present
work is the light-modulated Hall effect (LMHE) [6].
By introducing optical modulation and employing
phase-sensitive detection of the Hall voltage, it becomes
possible to separate the photogenerated contribution and
to enhance the signal-to-noise ratio in systems with low
charge carrier mobility.

Previous studies on the modeling of photoinduced
effects in semiconductors [7], [8], [9] have demonstrated
the influence of photon flux, quantum efficiency, and
charge carrier lifetime on the transport properties of
materials. However, most existing models consider
static conditions or isolated optical phenomena without
comprehensively accounting for their interaction with
the classical Hall effect. This creates a scientific niche
for the development of a more generalized mathematical
model that integrates both effects and enables prediction
of changes in sensor sensitivity under illumination.

Despite the existence of studies addressing individual
aspects of the photoinduced Hall effect, the majority of
research focuses either on spectroscopic diagnostics of
materials or on static analysis of the Hall effect without
considering the influence of irradiation. At present, there
are no models that consistently describe the combined
impact of photogeneration, recombination processes,
and variations in charge carrier mobility on the Hall
voltage in practical structures based on cadmium sulfide
(CdS) single crystals. These circumstances motivated the
development of the mathematical model proposed in this
work, which accounts for the effect of irradiation on the
parameters of a Hall sensor.
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In this work, CdS single crystals are considered
a promising sensing material, as they combine high
photoconductivity in the visible spectral range —
compared with other materials — with relatively high
electron mobility (100—-600 cm?/(V-s)), low hole
mobility (15-70 cm*(V-s)), and n-type conductivity,
which ensures an increase in the Hall voltage under
illumination. The bandgap width is £;~2.4 eV, making
CdS particularly effective for photoelectron generation
in the visible wavelength range (480—550 nm), where
maximum photoconductivity and minimal losses due
to thermodynamic processes are achieved. In addition,
CdS is characterized by a relatively low intrinsic charge
carrier concentration in the dark state, which enables clear
separation of the photogenerated EMF contribution within
the Hall voltage. CdS-based structures are well compatible
with planar microfabrication technologies, exhibit stable
electrophysical parameters at constant temperature,
and provide reproducible results, making this material
suitable for the investigation of photosensitive Hall
sensors and their subsequent practical implementation.

Theoretical Analysis of the Effect of Optical
Irradiation on CdS Parameters and the Hall
Voltage

The classical physical model accounting for the
topology of a Hall sensor is based on the phenomenon
of transverse voltage occurring when current passes
through a conductor (or semiconductor) placed in an
orthogonal (crossed) magnetic field. This phenomenon,
first discovered by Edwin Hall in the late nineteenth
century, is widely employed for measuring magnetic flux
density and for the indirect determination of a range of
other physical quantities [1], [2].

The classical expression for the Hall voltage can be
written as

v B _p BB
ned d
where / is current through the sensor;
B is magnetic flux density (magnetic field intensity);
n is charge carrier concentration in the material;
e is elementary charge (electron or hole);
d is thickness of the sensing element along the direction
in which the Hall voltage is generated,
R, is Hall coefficient, R, = 1/(ne).

(1)

The classical Hall sensor model assumes that the
semiconductor or metallic plate is homogeneous in
thickness and composition, that charge carriers move
within it in accordance with Ohm’s law under the
action of the Lorentz force in a magnetic field, and that
edge effects do not have a significant influence and are
therefore neglected.

In practice, the shape and dimensions of a sensor
may deviate from the idealized model, and the thickness
and material properties of the crystal may be non-
uniform. This is commonly accounted for by introducing

a dimensionless geometrical correction factor G into

equation (1):
U, =R, %G. @)

In more complex systems, it is essential to account
for the charge carrier mobility p and recombination
processes. In the case of doped semiconductors, where
different types of charge carriers (electrons and holes)
coexist, the Hall coefficient is expressed as the combined
contribution of each carrier type. Under these conditions,
equation (2) takes the form:

2 b
q(pw, +np,) d

where W, p, is the mobilities of holes and electrons,
respectively.

U, = 3)

The classical model provides a convenient and
efficient means for estimating the key parameters of
a Hall sensor, such as sensitivity and output signal,
which is particularly useful in the early stages of
device design [2]. However, the classical model has
certain limitations, as it does not take into consideration
temperature effects, magnetic field intensity, or external
optical irradiation.

Several models [10], [11], [12] proposed to describe
Hall sensors incorporate additional effects or parameters,
such as anisotropic conductivity in the semiconductor
crystal, surface scattering, and charge carrier transport
phenomena. Nevertheless, parameters such as carrier
concentration, sensor thickness, and mobility are
typically assumed constant, being determined during the
design and fabrication stages. Given that these parameters
can vary under optical irradiation, it is necessary for the
model to account for the internal photoelectric effect and
its influence on the Hall voltage.

Over the past two decades, numerous experimental
and theoretical studies have investigated the effects
of charge carrier photogeneration in semiconductor
structures. Photogeneration significantly increases the
charge carrier population in a semiconductor, thereby
modifying its electrical conductivity [13]. In particular,
studies [14], [15] have demonstrated that the contributions
of electrons and holes can be accurately separated, and
their mobilities can be determined in high-mobility
organic semiconductors under optical excitation.
Photogeneration has been shown to substantially affect
both carrier concentration and effective mobility, which
is consistent with the assumptions underlying the present
work.

In the context of contactless conductivity measurement
techniques, it is also important to note the phenomenon
known as the optical hall effect, which enables evaluation
of free carrier parameters (concentration, mobility, and
effective mass) without direct electrical contact, by
employing a magnetic field and an optically excited
medium. For example, the authors of [16] presented a
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detailed model of the optical hall effect dielectric tensor
function for multilayer semiconductor structures and
explained how data analysis based on Mueller matrices
and 4x4 matrix formalisms provide access to the
electrical characteristics of the material.

Optical irradiation affects not only carrier concentration
but also carrier mobility, both of which are critical for
sensor operation. The expression for the change in the
excess carrier concentration Az in a semiconductor under
external irradiation is given by:
p_dn_tn,

d¢ T

where D is charge carrier generation rate;
7 is lifetime of nonequilibrium charge carriers.

4)

The mobility of electrons and holes is determined by
the expression:
u=et/m", (5)
where m" is the effective mass of a charge carrier.

From expression (4), the time-dependent change in
the concentration of nonequilibrium charge carriers An(?)
relative to the initial (intrinsic) carrier concentration n(0)
can be derived [17]:

An(f)=n(0)-exp(-t/1). (6)

The photogeneration parameters, in particular the
quantum efficiency and the absorption coefficient,
determine the magnitude and linearity of the photosensitive
signal and can be incorporated into the sensor model.
Since the recombination rate is inversely proportional
to the carrier lifetime, the quantum efficiency can be
expressed as follows:

n, = an
q
Tr + an ?

)

where 1, , T, is carrier lifetimes in the absence of
irradiation and under irradiation, respectively.

The amplitude of the output signal is determined by
the change in the resistance R of the active region of the
sensor and depends on the quantum efficiency 1 and the
absorption coefficient o

R=n—(1—exp(—ad)),
hv

where Av is the energy of the incident photon.
Photogeneration exhibits pronounced dynamic
properties that affect the sensor response time and its
frequency characteristics. This implies that models
accounting only for the static influence of light
may be insufficiently accurate for describing sensor
operation under time-varying irradiation conditions
[18]. Accordingly, the frequency dependence of the
photoinduced current can be expressed as follows:

®)

D
Ly ((D> = o 2 ©)
1+ (ot)
where D, is amplitude of the charge carrier generation rate;
E is the electric field;

o is the angular modulation frequency.

Despite significant progress in understanding photo-
generation in semiconductors, several key aspects remain
insufficiently studied or generalized in contemporary
models, such as the nonlinear interaction between
photogeneration and the classical Hall effect [19], [20]
dynamic variations of photogeneration and their impact
on the temporal characteristics of sensors [21], [22],
as well as the interplay between optical and magnetic
effects.

The next step is the development of a mathematical
model capable of combining the internal photoelectric
effect and the Hall effect in order to achieve a higher
amplitude of the sensor output voltage U,,.

The planar topology proposed in this work (Fig. 1)
enables uniform distribution of the near-surface current
within the sensing element and ensures measurement
stability. A key feature is that the photosensitive region
of the sensor overlaps the carrier transport paths; so that
even small variations in illumination lead to significant
changes in carrier concentration. This creates favorable
conditions for enhancing magnetic field sensitivity
without the need to modify the sensor geometry.

The low temperature dependence of carrier mobility
and concentration for the selected CdS sample (less

Fig. 1. Topology and external view of the proposed planar Hall
sensor with a photosensitive active region:

1 — semiconductor plate; 2, 2'— metallic contacts on the surface

of the plate; 3 — irradiation source (A=532 nm, P=100 mW);

d, d'— thickness of the sensor and the active layer, respectively

(under irradiation d'<<d); I — current through the sensor;

B, — magnetic flux density of the applied magnetic field;
V}; — Hall voltage
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than 1%/1K) makes it possible to derive analytical
relationships assuming an average temperature of
T=297+2 K=const.

The number of absorbed photons is determined by
the absorption coefficient a()A), which is a function of the
radiation wavelength A. For photons with energy hvEEg,
charge carrier photogeneration is efficient. The carrier
generation process is described by the generation rate:

D=0ad, (10)
where ® is photon flux (the number of photons per unit
area per unit time). This parameter indicates how many
electron-hole pairs are generated within a unit near-
surface volume over a given time interval.

Not all generated carriers contribute to a change in
electrical conductivity, since recombination processes
occur. The number of carriers that effectively influence
the conductivity variation is determined by the photo-
generation efficiency and the average carrier lifetime 7.
In particular, the steady-state excess carrier concentration
can be estimated as follows:

An=Drt. (11)

Higher absorption efficiency and longer carrier lifetime
result in increased charge carrier photogeneration. Under
optical irradiation, the number of carriers increases by
An (electrons) or Ap (holes). Accordingly, the effective
concentrations of electrons and holes, respectively, to be
expressed as follows:
Rg= n0+An;

12)
Peg= Pt AP (13)

Under optical irradiation, the concept of an effective
thickness of the photosensitive semiconductor, denoted
as d', arises. This parameter defines the depth to which
light penetrates into the material, thereby affecting
charge carrier generation and, consequently, its electrical
properties. According to the Beer—Lambert—Bouguer
law, the light intensity decreases exponentially with the
penetration depth:

I(z)= I ,exp(-az), (14)

where / is the initial radiation intensity at the surface.

The quantity inverse to the absorption coefficient (1/cr)
corresponds to the thickness of the semiconductor layer
d' over which the light intensity decreases by a factor
of e. This implies that the effective thickness of the
photosensitive layer is defined as:
d'=1/o. (15)

With increasing absorption coefficient, the effective
thickness decreases, since light is absorbed more strongly
within a shallower depth. As a result, an active region
is formed (Fig. 2), where the effective thickness d' is
smaller than the substrate thickness d. According to
expression (3), this enables a higher Hall voltage to be

532 nm, 100 mV irradiation

L

-
L
=
d’

Fig. 2. Formation of the active region in a photosensitive planar
Hall sensor during irradiation of a CdS substrate

obtained without compromising the mechanical strength
of the structure.

The exponential decay of light intensity within
the crystal thickness indicates that the effective photo-
sensitive thickness is generally smaller than the actual
sensor thickness. This parameter depends on the
irradiation wavelength: short-wavelength radiation
generates carriers near the surface, while long-wave-
length radiation penetrates deeper into the material. Thus,
the choice of the irradiation spectrum serves as a tool
for controlling the spatial profile of photogeneration,
enabling optimization of sensor operation under different
conditions.

Equation (3) can be rewritten by taking into account
expressions (12) and (13):

Peghi —ngge B
)

UH: G:

q (peffp‘h + a0,
_ (po —I—Ap)pi —(n, +An)p5 IB
q((po +Bp) 1, + (g +An)u,)” @

(16)

If we introduce the coefficient b=/, then equation
(8) can be written in the following form:

_ (py+8p)~(ny +An)0> 1B
(o +Ap)+ (g +An)b)2 qd

To verify the theoretical model and to separate the
unknown quantities, one may assume that the Hall sensor
is irradiated with sufficiently high intensity 7, such that
d=d’'. Under this irradiation regime, photogeneration
becomes uniform throughout the entire crystal volume,
which allows the modified value of the charge carrier
concentration to be applied consistently.

For low and moderate irradiation intensities, the
increase in electron and hole concentrations can be
assumed to be proportional to the photon flux ®:

An =MD, /L ; (18)
Ap =MD, /1,; (19)
where t,,, [, is the average lifetimes and free paths of
electrons and holes, respectively.

(17)
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Taking these expressions into account, equation (17)
can be rewritten as follows:

[po_'_n(kl)d)rh _[no_l_n(k)(bre p2 p
Y= h ¢ 2_dG' (20)
L) O L) D q
p0+n(l) Ty nﬁL o |,
h e

Photogeneration may, in some cases, affect charge
carrier scattering, lead to the formation of additional
recombination centers, and induce defects in the substrate
structure. However, these effects are not considered in
the present mathematical model due to their relatively
weak influence. At the same time, the authors of [23]
demonstrate that photogeneration can significantly
modify the electrical conductivity of semiconductors,
and study [24] showed that the additional generation of
carriers alters the electrical transport characteristics of
the material. As a result of the assumptions made and
the transformations performed, a relationship can be
established between the Hall voltage under illumination
Uy ; and in the dark state Uy, -

H,
o+ n(?»)d)rh]_[no n n(k)d)re p2
UH,[[ _ h le %
U 2
Hd po+n(xl)€[)rh]+[no +n(%)®r8]b
h e
2
(o tmb) d o
Py —neb” @

By substituting the representative parameters of the
CdS single crystal employed in the planar Hall sensor
developed in this study:

P2o=102m>3; n=10"¥m>3; n=0.8; a=1.5-10"m!;
1,=107s;1,=108s; b=5;d=0.5-10m;
©=10""m2-s7;/,=5.8:10°m; /,=1.1-10°m.

The resulting theoretical ratio of the Hall voltage under
illumination to that in the dark state is Uy ;;,/Uy ,=1.893.

The modeling results presented in Fig. 3 indicate that
the increase in Hall voltage as external irradiation is not
linear and exhibits a pronounced maximum. This behavior
indicates the existence of an optimal combination of the
active-layer thickness and photon flux at which the
photogeneration of electrons and holes provides the largest
increase in Hall voltage. At higher flux levels, the effect
diminishes due to recombination processes. Hence, the
model enables prediction of the limits of effective sensor
operation and helps to avoid regimes of oversaturation
and unnecessary energy consumption. The ratio
Uy 1 /Uy 4 increases as o decreases and at low values
of ®, however, with further increases in @ it decreases, as
shown in Fig. 3. The maximum is reached when ® attains
a certain low value and a=0.2 mm~'. Nevertheless,
the active semiconductor layer is formed as a result of

Fig. 3. Ratio of the Hall voltage under illumination to that in

the dark state for CdS (a maximum value of 20 is achieved

at an effective thickness of 0.2 mm, formed by a photon flux
intensity of 2.6:10'7 m2-s71)

irradiation, and its thickness depends on the photon flux,
quantum efficiency, irradiation wavelength, and angle of
incidence at the surface.

Influence of Noise and Modeling Errors
on the Calculation of the Hall Voltage

The mathematical model presented in this work
accounts for charge carrier photogeneration and is
based on the classical expression for the Hall voltage,
with variations in charge carrier concentration included.
To ensure the linearity of the model, the excess carrier
concentration An must be much smaller than the baseline
concentration 7, (i.e., An<<n,). Under this condition,
the model remains effectively linear, since small
concentration perturbations do not alter the functional
dependence of the Hall voltage U, on current and
magnetic field. If photogeneration becomes excessively
strong (An=n,, or An>n,), the model begins to exhibit
nonlinear effects, in which case even small variations
in An may induce significant fluctuations in the output
signal [25].

The photon flux ® is one of the key parameters for
controlling the Hall voltage, as high irradiation intensity
may cause carrier saturation and drive the system outside
the linear regime. At high quantum efficiency n(A)
even small change in irradiation intensity can result
in a significant increase in the electron concentration
An. The carrier lifetime t, which depends on crystal
quality, also affects the Hall voltage: a short lifetime
leads to rapid recombination and reduces the influence
of photogeneration, whereas a long lifetime enhances
the effect [26]. All parameters must be chosen to ensure
that the model operates within the linear range, where
the assumption An <<n remains valid.

For the CdS/CdSe systems study [27] reports infrared
quenching (IR quenching) of the photo-Hall effect in
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doped CdS:Cu/ZnS:Cu, materials, variations in carrier
mobility as a function of photoelectron density in CdSe, as
well as photoconductivity mechanisms in polycrystalline
CdS involving trap states. These results directly confirm
the influence of An(®,)), T and defects on the formation
of the Hall voltage and the sensor sensitivity.

Thermal noise (also known as Johnson—Nyquist
noise) is an inherent characteristic of any electrical
system. It is defined as

v, =~J4kzTRAS |

where kg is Boltzmann constant;
T is absolute temperature;
R is resistance;
Af'is measurement bandwidth.

In the context of Hall sensors, thermal noise can
influence both the measurement of the Hall output voltage
and the overall system stability. If the noise level exceeds
the signal variation induced by photogeneration, device
sensitivity decreases. Therefore, appropriate design
measures (e.g., low noise amplifiers and bandwidth
optimization) must be implemented to mitigate the
influence of thermal noise on measurements [28].

Defects and inhomogeneities in the crystal can lead
to the formation of localized carrier traps, which may
reduce the effective carrier lifetime t and the value of
An. In certain regions of the crystal, the local carrier
concentration may differ from the average value n,
resulting in a nonuniform response to irradiation.
Furthermore, defects can introduce additional sources of
flicker noise (1/f noise), thereby reducing measurement
stability [29].

Experimental Investigation of the Developed Planar
Hall Sensor

To eliminate thermoelectric EMF and minimize the
influence of temperature-dependent carrier mobility, all
Hall voltage measurements were performed at a constant
temperature. The sample temperature was maintained at
297 K with an allowable deviation of no more than £2 K.
This made it possible to minimize the influence of pu(7)
and n(T) and to isolate the contribution of the internal
photoelectric effect to the formation of the Hall voltage.

The results of the experimental investigation of the
developed planar Hall sensor with a photosensitive
active region are presented in Fig. 4. They confirm the
theoretically substantiated increase in the Hall voltage
under external irradiation. The measurement results
show that the model describes the variation of the Hall
voltage as a function of sensor parameters, irradiation,
and external magnetic field with an error not exceeding
5% for currents above 40 mA. At low currents (<40 mA),
a markedly larger Hall voltage is observed, arising from
noise factors, charge accumulation in the diffusion
capacitance of the crystal, carrier injection and drift

U,V
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002 4L x T
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B < e R &

002 004 006 008

Fig. 4. Experimental (symbols) and theoretical (/ines)
dependences of the Hall voltage on current for CdS, obtained
without irradiation (/) and with irradiation (2)

associated with edge effects, as well as the motion
of photoelectrons in the near-surface region of the
crystal, where resistivity decreases sharply. Under these
conditions, pronounced nonlinear small-signal effects
become evident.

The experimental results demonstrate an approximately
2.8-fold increase in the Hall sensor sensitivity to the
magnetic field at a current of 10 mA, which significantly
exceeds the prediction of the mathematical model and
warrants further investigation.

Conclusions

The developed mathematical model of a planar
Hall sensor enables both qualitative and quantitative
evaluation of the influence of photoelectron generation
on the Hall voltage in CdS-based structures. A universal
approach is proposed for enhancing of magnetic
field measurement sensitivity using energy-efficient
photosensitive Hall sensors with low power consumption.

Experimental investigations confirmed the nearly
twofold increase in the Hall voltage under irradiation of
the CdS crystal predicted by the mathematical model,
demonstrating good agreement between theory and
experiment. The proposed planar sensor architecture
opens the possibility of employing photosensitive
Hall sensors in high-precision and energy-efficient
measurement systems.

The mathematical model indicates that, for Hall
sensors with a photosensitive active region, materials
with a maximal difference between electron and hole
mobilities should be selected, along with a peak spectral
sensitivity in the optical or ultraviolet region to minimize
the thickness of the active layer.

The next stage of research will extend the model
to describe the dynamic characteristics of the sensor
under modulated light intensity conditions, as well as
accounting for the effects of temperature and crystal
structure defects in low-power operating regimes, i.e.,
developing a small-signal model of the planar Hall sensor.
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HA OCHOBI CdS

PO3POBKA MATEMATUYHOI MOJIEJII ®OTOYY TJIMBOI'O CEHCOPA XOJIJIA

Bixmop CEPITHYYK, Ocman OJITHHUK

VYkpaina, M. Kuis, KIII imeni Irops Cikopcbkoro

E-mail: ostap.oliinyk@gmail.com

3anpononosano mamemamuuny mMooens Gomouymiugoco cencopa Xouna eucomoeneHo2o Ha ochogi monoxpucmany Cds,
6 SAKOMY GUKOPUCHIOBYEMbCSL 6HYMPIwHIU (homoedexm. Mamemamuuna Mooens onucye 3miny KOHYeHmpayii ma pyxaueocmi
HOCII8 3aps10i6 nid Ji€l0 ONPOMIHEHHS Ul 00380/5€ OYIHUMU NPUPICT YYMIAUBOCT CEHCOPA 00 MACHIMHO20 NOS 3A605IKU 3MIHI
napamempie mamepiany cencopa. Teopemuuno 6CmanHo8IeHO | NIOMEEPOICEHO eKCHEPUMEHMANLHO, WO NPU 306HIUHLOMY
onpominenHi akmueHoi obnacmi cemcopa Hanpyea Xoana 36inbutyemuvcsi 080Kkpamuo. Pospoonenuti nioxio mooce o6ymu
BUKOPUCMAHULL ONSL ONMUMI3AYIT NIAHAPHUX CEHCOPI8 y cucmemax, siki nompebyloms 6UCOKOI MOYHOCTI, YYMAUBOCMI Md
eHepeoepekmugHocmi.

Kouosi cnosa: epexm Xonna, pomouymausuii cencop Xonna, CdS, mamemamuure MoOen08ants, nianapruil cencop Xoua.
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