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This paper presents the fabrication technology and experimental results of the lateral photoeffect (LPE) study in Co/SiO2/n-Si(P, Zn)
metal-oxide-semiconductor (MOS) structures. The structures were prepared based on initial n-type silicon samples (p=1.05 Qxcm),
thermally annealed samples (p=1.07 Qxcm), and highly Zn-compensated n-type silicon samples with specific resistivities of
5.04 Qxcm, 156.86 Qxcm, and 1800 Qxcm, respectively. According to the experimental results, the dependence of the lateral
photovoltage (LPV) magnitude on the distance between the contacts in the fabricated MOS structures exhibits a linear character. It was
found that the maximum value of the lateral photovoltage increases significantly with increasing specific electrical resistivity in highly
Zn-compensated n-type silicon samples. In particular, for the sample with p = 1800 QXxcm, the maximum LPV reached £16.83 mV at
a distance of 2.3 mm. This result demonstrates the high sensitivity of the LPE in structures based on highly compensated silicon. The
obtained results are in good agreement with the energy band diagrams that consider the influence of deep energy levels associated with
zinc atoms at the SiO2/Si interface and the charge carrier concentration.

Keywords: Lateral photoeffect; Highly compensated silicon;, Metal-oxide-semiconductor structure; Lateral photovoltage; Interface
states; Diffusion; Electron-beam evaporation; Thin film

INTRODUCTION

The rapid development of science and technology in the modern era has significantly increased the demand for
advanced materials with improved properties compared to existing ones. This trend has intensified the interest in the
synthesis of new materials and the in-depth investigation of their physical characteristics. In particular, MOS structures
play a crucial role in the development of modern nanoelectronics, high-sensitivity sensors, and position-sensitive detectors
(PSDs) [1-3]. The LPE observed in MOS structures can be effectively utilized in the fabrication of PSDs [1-5]. The LPE
is a phenomenon in which a photovoltage arises between the contacts when a focused light spot is incident on the
semiconductor surface. The magnitude of this effect and its linear dependence on the distance between the contacts
determine the accuracy and sensitivity of the detector.

In recent years, although the dependence of the LPE in MOS structures on the type and thickness of the metal and
oxide layers has been relatively well investigated [2, 3, 5], its dependence on key semiconductor substrate parameters —
such as the conductivity type, specific electrical resistivity, charge carrier concentration, and carrier mobility — remains
insufficiently studied. In particular, the investigation of the LPE in MOS structures based on highly compensated silicon
containing deep-level impurities is considered a highly relevant and topical issue.

Zinc (Zn) atoms, when diffused into silicon, create a series of deep acceptor and donor levels, significantly altering
the electrophysical, recombination, and photoelectric properties of silicon [6, 7, 18]. As a result, highly compensated n-
Si(P,Zn) samples exhibit high specific resistivity (10>~10* xcm). Consequently, MOS structures fabricated on the basis
of such samples can possess new functional properties.

The objective of this study is to develop the fabrication technology for Co/SiO2/n-Si(P, Zn) MOS structures and to
experimentally determine how the resistivity of the semiconductor substrate affects the magnitude and sensitivity of the
lateral photovoltage (LPV). Based on the above, the development of the fabrication technology for Co/SiO2/n-Si{P, Zn)
MOS structures and the experimental study of the LPE in these structures, particularly the determination of the effect of
specific resistivity on the magnitude and sensitivity of the LPV, are of significant scientific and practical importance. In
this work, Co/SiO2/n-Si{P) and Co/SiO2/n-Si(P, Zn) MOS structures were synthesized on the basis of initial Silicone
Electronic doped with Phosphorous (SEP-1).

Co/Si02/n-Si(P) and Co/SiO:/n-Si{P, Zn) MOS Structure Fabrication Technology
To fabricate the Co/SiO2/n-Si(P) and Co/SiO2/n-Si(P, Zn) MOS structures, monocrystalline silicon (n-Si(P)) wafers
doped with phosphorus atoms during crystal growth were initially used as substrates. The samples had dimensions of
8x4x1 mm?3, a room-temperature resistivity of approximately 1 Qxcm, and a crystallographic orientation of [111] along
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the longitudinal direction. Subsequently, highly compensated n-Si{P, Zn) samples exhibiting different conductivity types
and a wide range of room-temperature electrical resistivities were synthesized. For the preparation of these samples, the
high-temperature diffusion method was employed [19].

As is well known, the introduction of zinc atoms into silicon by the high-temperature diffusion method leads to the
formation of acceptor levels with ionization energies of E, + 0.31 eV and E, + 0.55 eV. In addition, shallow acceptor
levels with ionization energies of E, + 0.08 eV, E; + 0.09 eV, and E, + 0.13 eV are formed, which are generally attributed
to complexes of zinc atoms with Group III elements of the periodic table. In brief, the incorporation of zinc into silicon
substantially alters its electrophysical, recombination, and photoelectric properties. As a result, highly compensated
p(n)-Si<P, Zn> samples can be considered proMOSing novel materials for applications in modern micro- and
nanoelectronics.

These same initial n-Si(P) substrates (described above) were used for the diffusion process. Zinc with a purity of
99,96% was used as the diffusion source for introducing Zn atoms into the selected n-Si<P> samples. Using the
temperature-dependent expressions for the diffusion coefficient and solubility of zinc in silicon, the diffusion temperature
and duration required to obtain samples with different resistivities were determined in accordance with the procedure
described in Ref. [19].

Highly compensated n-Si<P, Zn> samples were synthesized by the high-temperature diffusion method using a
technique that takes into account the partial pressure of the diffusant vapor [20]. To remove the zinc-enriched surface
layers formed during the high-temperature diffusion process, both mechanical and chemical treatment procedures were
applied, and an average layer thickness of approximately 50 um was removed from each side of the samples. As a result,
relatively homogeneously doped, n-type, highly compensated n-Si<P, Zn> samples with room-temperature resistivities
in the range of 10%+10* Qxcm were obtained. MOS structures were fabricated using the initial n-Si<P> samples, the n-
Si<P> samples thermally annealed at the zinc diffusion temperature, and the synthesized highly compensated n-Si<P,
Zn> samples. The primary objective of fabricating these structures was to distinguish and clarify the effects of thermal
annealing and zinc incorporation on the measured characteristics.

The main parameters of the investigated samples before and after the diffusion process (electrical resistivity,
mobility, and charge carrier concentration) were determined by Hall effect measurements. In this procedure, the native
oxide layer on the initial samples and the zinc-enriched surface layers of the diffused samples were first removed.
Subsequently, ohmic contacts were formed on the lateral sides of the samples using silver-based conductive adhesive.
The corresponding measurements were then carried out as described in Ref. [9].

The parameters of the silicon samples before and after the diffusion process are presented in Table 1.

Table 1. Electrophysical parameters of the initial and Zn-diffused n-Si(P) and n-Si(P, Zn) samples before and after the diffusion process

Sample p, QXem , cm?/(V-s) n, cm Fermi level, eV
n-Si<P>, initial sample 1.05 1188.43 5.01-10% 0.254541
n—Si<P> (thermally annealed initial sample) 1.07 1167.32 4.99-10" 0.254659
n-Si<P, Zn> 5.04 650.8 1.9-10% 0.283144
n-Si<P, Zn> 156.86 690.26 5.77-1013 0.318301
n-Si<P, Zn> 1800 808 4.28:1012 0.39504

In the next stage, all samples whose parameters are presented in Table 2 were prepared for use as semiconductor
substrates for the fabrication of MOS structures. The formation of the required oxide layer on the surface of these
substrates was carried out in two steps. In the first step, the naturally formed oxide (SiO2) layer resulting from various
ambient processes was removed by immersing the samples in hydrofluoric acid (HF) for 15 s. The second step involved
the growth of a silicon dioxide layer with a thickness of 2+4 nm. This process was performed by immersing the samples
(after the first step) in nitric acid (HNOs) at a temperature of 121°C for 15 min [10]. It should be noted that oxidation in
nitric acid is known to produce a relatively high density of oxide traps and interface states at the Si—SiO: interface [22].

After the formation of the SiO: oxide layer with the required thickness, a thin layer of metallic cobalt was deposited
on top of it using electron-beam or thermal evaporation in vacuum, as well as magnetron sputtering techniques. The
thickness of the metal layer was experimentally verified by spectroscopic ellipsometry. In this case, the oxide layer
thickness was 3 nm, while the cobalt layer thickness was 10 nm.

For the investigation of the LFE in the synthesized Co/SiO2/n-Si(P) and Co/SiO2/n-Si<P, Zn> MOS structures, the
measurement setup described in Ref. [5] was used. The schematic diagram of the device is shown in Figure 1.

Since the magnitude of the LPV depends on parameters such as the charge carrier concentration and mobility in the
semiconductor substrate, it was studied at optimal values of the metal and oxide layer thicknesses (dox = 3 nm,
dm = 10 nm). To measure the LPV, two point-like ohmic contacts were formed on the surface of the metal layer of all
fabricated MOS structures using a conductive silver adhesive, as shown in Figure 1. A copper wire with a thickness of
50 um was then placed onto this contact area, after which an additional layer of silver paste was applied and the structure
was dried for 6 hours. After the silver paste had solidified, it was thermally treated using a Micro SET M RA laser welding
system to ensure mechanical stability, resulting in a mechanically robust and reliable ohmic contact. The ohmicity of the
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contacts was verified by measuring the current—voltage (I-V) characteristics between the contacts formed on the metal
surface of the fabricated structures. Figure 1b presents the I-V characteristics of the thin Co layer in Co/SiO2/n-Si<P, Zn>
MOS structure based on an n-Si<P, Zn> substrate with a resistivity of 1800 £xcm. As can be seen, the dependence of the
current flowing through the Co metal layer on the applied voltage between the surface contacts is linear.
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Figure 1. (a) Schematic view of the Co/SiO2/n-Si hybrid structure and the measurement setup for lateral photovoltage, and (b) I-
V characteristics of the metal layer of the Co/SiO»/n-Si hybrid structure.

Experimental Results and Their Analysis
The I-V characteristics of the synthesized Co/SiO2/n-Si<P> and Co/SiO:/p(n)-Si<P, Zn> MOS structures were
measured in the vertical direction with respect to the structure. In this configuration, one terminal of the external bias
voltage source was connected to the ohmic contact formed on the thin metal film, while the other terminal was connected
to the contact formed on the rear side of the semiconductor substrate. Subsequently, the polarity of the applied voltage
source was reversed, and the [-V characteristics were measured again. The obtained results are presented in Figure 2.
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Figure 2. [-V characteristics of Co/SiO2/n-Si<P> and Co/SiO2/n-Si<P, Zn> MOS structures.

As can be seen from Figure 2, the I-V characteristics of the MOS structures fabricated on the initial samples, the
samples annealed at the zinc diffusion temperature, and the samples with incorporated zinc atoms exhibit a typical
behavior characteristic of such structures. Using the experimentally measured [-V characteristics of all synthesized
Co/Si02/n-Si<P> and Co/SiO2/n-Si<P, Zn> structures, the barrier height was calculated based on Refs. [11] and [12]. The
calculated results are presented in Table 2.

Table 2. Schottky barrier heights of the Co/SiO:/n—Si(P) and Co/SiO:/n—Si(P, Zn) MOS structures, calculated from the I-V
characteristics.

Q. Structure Resistivity of the Si substrate, Potential barrier
Qxcm height, ¢z, eV
1 Co/Si02/n—Si<P> structure based on the initial sample 1.05 0.4734
Co/S102/n—Si<P> structure based on the initial sample
2 thermally annealed at 1150°C i 1.07 0.4722
3 Co/Si02/n—Si<P, Zn> structure 5.04 0.4378
4 Co/Si02/n-Si<P, Zn> structure 156.86 0.5463
5 Co/ SiO2/n—Si<P, Zn> structure 1800 0.4798
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As can be seen from Table 2, a well-defined potential barrier is formed in the investigated samples. The differences
in the barrier height values observed in the Co/SiO2/n-Si<P, Zn> structures may be associated with the modification of
impurity-induced surface states formed by zinc atoms, as well as changes in the charge states at the SiO2/n-Si<P, Zn>
interface.

Surface condition has a significant impact on the electrical parameters of MOS structures. Therefore, we studied the
surface condition of a pure semiconductor substrate, a substrate with a tunnel-thin oxide layer, and a substrate with a thin
metallic cobalt layer at room temperature using an FusionScope Scanning Electron Microscope (SEM). This modern SEM
microscope allows for surface examination of substrates in both SEM and Atomic Force Microscopy (AFM) modes. The
results are shown in Figure 3.

20.0um P 20.0um Pt

d) f)

Figure 3. SEM and AFM images of the Co/SiO2/n-Si hybrid structures: (a, b) initial silicon surface; (c, d) silicon surface after
chemical cleaning; (e, f) SEM and AFM images of the cobalt thin films.

Figure 3 presents the surface morphology of the Co/SiO2/n-Si hybrid structures at three critical stages: the initial
state, post-chemical cleaning, and following the deposition of the Co thin film, as characterised by Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM). Figures 3(a) and 3(b) display the surface of the initial silicon
substrate. The SEM micrograph (Figure 3a) reveals the presence of residual macroscopic particulate contaminants on the
uncleaned surface. Corroborating this observation, the AFM topographical analysis (Figure 3b) demonstrates an initial
root-mean-square (RMS) surface roughness (R;) of 59.19 nm. Following the chemical cleaning procedure, a drastic
morphological improvement is observed. The SEM image in Figure 3(c) shows the successful elimination of the surface
impurities, yielding a highly pristine and uniform silicon surface. The corresponding AFM image (Figure 3d) confirms
this planarization, exhibiting a substantial decrease in the surface roughness to 2,42 nm, thereby validating the efficacy
of the chemical treatment. Figures 3(e) and 3(f) illustrate the surface characteristics after the Co thin film deposition.
While the macroscopic SEM image (Figure 3¢) suggests the formation of a highly smooth and uniform Co layer with an
apparent roughness of 2.69 nm, the high-resolution AFM topography (Figure 3f) provides a deeper insight into the
nanoscale growth dynamics. The AFM image reveals that the Co layer forms via the Volmer-Weber (island) [21] growth
mechanism, characterised by discrete nanostructured formations. In the regime of ultra-thin metallic films, this island-
like morphology plays a pivotal role in determining the electrical transport properties of the structure. The discrete
granular nature of the film significantly enhances conduction electron scattering at the boundaries of these islands, which
leads to a pronounced increase in the sheet resistance (Rg) of the metal layer.

The dependence of the measured LPV on the distance between the contacts in Co/SiO2/n-Si<P> and Co/SiO/p-
Si<P, Zn> MOS structures is shown in Figure 4.
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As can be seen from the figure, in all investigated structures the dependence of the LPV on the distance between the
contacts exhibits an approximately quasi-linear behavior.
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Figure 4. Dependence of the LPV magnitude on the laser beam position

To evaluate the linearity of such dependences, the nonlinearity coefficient J and the correlation coefficient r, defined
by the following expressions, are used [3].

2XRMS

Nonlinearity = & = maximum value of LPV’ M
here, RMS denotes the standard deviation (root mean square deviation), and r is the correlation coefficient
— o _
y—y=r0—y(x—x), )
X

where oy, 0, — are the standard (root mean square) deviations.

In addition, the sensitivity coefficient &k, which determines the practical applicability of the investigated structures
and is defined by the following expression, is calculated using Eq. (3):

d(LPV)

Under the given experimental conditions, it was found that the maximum LPV value in Co/SiO2/n-Si<P>-based
MOS structures strongly depends on the resistivity of the semiconductor substrate. In particular, in the initial and
thermally treated Co/SiO2/n-Si<P> samples with relatively low resistivity, the maximum LPV values were comparatively
small, amounting to +4.11 mV and £3.76 mV, respectively. At the same time, in Co/SiO2/n-Si<P, Zn> samples, the
maximum LPV value increased significantly with increasing resistivity. For samples with resistivities of 5.04 Qxcm,
156.86 Qxcm, and 1800 Qxcm, the corresponding LPV maxima reached £6.31 mV, £13.77 mV, and +£16.83 mV,
respectively.

The values of the parameters related to nonlinearity for the dependence of the LPV on the distance between contacts
in the synthesized Co/SiO2/n-Si<P> and Co/SiO-/p-Si<P, Zn> MOS structures, i.e., the quantities defined by Egs. (1)-(3),
were calculated based on the experimental results. The obtained calculation results are presented in Table 3.

Table 3. Position sensitivity (k), Correlation coefficient (r), and nonlinearity (5) coefficients of the LPV response for the investigated
Co/Si02/n-Si(P) and Co/SiO2/n—Si(P, Zn) MOS structures

Sample p, QXcm k, mV/mm r S %
Co/SiO2/n-Si<P> 1.05 1.9966 0.9944 7.18
Co/SiO2/n-Si<P> 1.07 1.9504 0.9950 7.34

Co/Si02/p—Si<P,Zn> 5.04 2.9929 0.9976 4.43
Co/SiO2/p-Si<P,Zn> 156.86 6.8451 0.9961 5.84
Co/Si02/p-Si<P,Zn> 1800 8.1887 0.9943 7.25

Within the scope of this study, the effect of the semiconductor substrate resistivity on the position sensitivity
characteristics of Co/SiO2/n-Si<P> and Co/SiO./p-Si<P, Zn> MOS structures was investigated. The obtained
experimental results demonstrate that with an increase in resistivity, the position sensitivity coefficient £ of the device
increases from 1.9966 mV/mm to 8.1887 mV/mm. This behavior can be explained by the redistribution of charge carriers
in high-resistivity samples.

The fact that the correlation coefficient » for all samples lies in the range 0,9943+0,9976 confirms a sufficiently high
degree of linearity between the LPV values and the coordinate. This represents an important advantage for the potential
application of MOS structures as position-sensing devices.
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The nonlinearity degree J was found to vary in the range of 4.43% to 7.34%, remaining within the accepted
technological criterion (6 < 15%) [13] in all cases. At the same time, the minimum nonlinearity value (4.43%) was
observed for the sample with a resistivity of 5.04 Qxcm, indicating an optimal operating regime of the device in this
range. Although high-resistivity samples provide higher sensitivity, they are also characterized by a slight increase in
nonlinearity, which indicates a trade-off between sensitivity and accuracy.

DISCUSSION OF EXPERIMENTAL RESULTS

To explain the obtained results from a physical point of view, the energy band diagrams of the investigated
Co/S102/n-Si<P> and Co/SiO2/n-Si<P, Zn> structures were constructed theoretically in analogy with Ref. [4].

In a Me/Si10-/Si structure, when the metal film is non-uniformly illuminated, the transmitted light generates electron—
hole pairs in the illuminated region of silicon. These carriers then diffuse toward the existing space-charge region in
silicon and are separated by the internal electric field of the structure. The magnitude and direction of this field depend
on the value and sign of the built-in potential barrier q¢;. This potential is determined by the difference between the work
functions of the metal and silicon. It should be noted that the electron work function of silicon depends on the type and
concentration of the doping impurity.

In this study, we used semiconductor substrates fabricated from industrial SEP-1 silicon, doped with phosphorus
during crystal growth, as well as highly compensated n-Si<P, Zn> samples obtained by high-temperature diffusion. The
electron work function of silicon can be estimated by the following equation:

qes = qxsi + (Er — E¢), 4

here qxs; = 4.05 eV —is the electron affinity of silicon, and Er — E — is the energy distance between the Fermi level and
the conduction band edge. For the n-Si<P> case, Er — E. — is determined by the expression: Ep — E; = kTIn(N./Np)
where N is the effective density of states at the conduction band edge, which at 300 K is N, = 2.8 - 10*° ¢m™3 [8], and Np
is the electron concentration in the sample at room temperature. For the n-Si<P> (111) sample with resistivity
p = 1.05 Qxcm, the donor concentration is N, = 5.01 - 10°cm™2 and Er — E; = 0.22 eV. Accordingly, the electron
work function is found to be 4.27 eV.

Similarly to the n-Si<P> sample, for n-Si<P, Zn> (111) samples with resistivities of p = 5.04, 156.86, and
1800 Qxcm, the donor (electron) concentrations are Np = 1.9 - 101%; 5.77 - 103; 4.28 - 10'2¢m™3, respectively. The
corresponding values of (Ex — E) are found to be 0.28 eV, 0.39 eV, and 0.46 eV.

For the energy band diagram of the Co/SiO2/n-Si<P, Zn> structure, the following values can be obtained. For
example, for an n-Si<P, Zn> sample with a room-temperature resistivity of p = 1800 Qxcm, the donor concentration is
Np = 4.28 - 102cm™3 and Er — E; = 0.46. Consequently, the electron work function for this sample is 4.51 eV. Using
the same approach, the electron work functions for the remaining n-Si<P, Zn> samples are found to be 4.33 eV and
4.44 eV, respectively.

Taking into account that the electron work function of cobalt is 4,40 eV, the resulting potential values in n-Si<P>
and n-Si<P, Zn> samples are found to be 0.13 eV, 0.07 eV, —0.04 ¢V, and —0.06 eV, respectively. In the initial samples
and in the n-Si<P, Zn> structure with a resistivity of 5.05 Q-cm, the energy bands at the SiO2/Si interface are bent upward,
and the resulting internal electric field is directed from silicon toward the cobalt film.

Based on these data, the equilibrium band diagrams of the Co/SiO2/n-Si<P> and Co/SiO./n-Si<P, Zn> structures were
constructed, as shown in Figure 6. The analysis of the band diagrams indicates that in the Co/SiO2/n-Si<P> structure, and in
the Co/Si02/n-Si<P, Zn> structure with a resistivity of 5.05 Qxcm, the upward band bending is more pronounced compared
to the Co/SiO2/n-Si<P, Zn> structures. In this case, @5 = E;(0) — E; = 0.13 eV and @ = Er — E; = 0.22 eV, and since
@s < @r, an accumulation layer is formed at the SiO2/Si interface instead of an inversion layer. In contrast, in Co/SiO2/n-
Si<P, Zn> structures with resistivities of 156.86 and 1800 Qxcm, the bands are bent downward, leading to the formation of
a depletion layer at the SiO2/Si interface (Figure 6b). In this case, the internal electric field is directed from the thin cobalt
film toward the silicon substrate. This, in turn, results in the drift of photogenerated holes toward the SiO-/Si interface in the
initial Co/SiO2/n-Si<P> structure and in the Co/SiO2/n-Si<P, Zn> structure with 5.05 Qxcm resistivity, whereas in the
Co/Si02/n-Si<P, Zn> structures with resistivities of 156,86 and 1800 Qxcm, electrons are attracted toward this interface.

Figures 6(a) and 6(b) show the energy band diagrams of the Co/SiO2/n-Si<P> and Co/SiO2/n-Si<P, Zn> structures,
respectively, taking into account interface states.

These figures clearly show that, for Co/SiO2/n-Si<P, Zn> structures with resistivities of 156.86 and 1800 Qxcm,
taking into account interface states leads to negative potential values (q; = —0.04 eV and — 0.06 eV, respectively) and
a reversal of the band bending direction. As a result, a depletion n-type layer is formed at the SiO/Si interface. The
direction of the electric field is also reversed, so that, unlike the ideal case, photogenerated holes rather than electrons are
attracted toward the SiO2/Si interface. For the Co/SiO2/n-Si<P> structure, the band bending is reduced to about 0.03 eV,
and, as in the ideal case, no inversion layer is formed at the SiO./Si interface (as shown in Figure 6a), where o5 = 0.13 eV/,
@r = 0.22 eV and @5 < @. Thus, considering only interface states at the SiO2/Si boundary leads to different directions
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of the internal electric field in Co/SiO2/n-Si<P> and Co/SiO2/n-Si<P, Zn> structures, which in turn results in
corresponding changes in the current transport mechanisms in the investigated structures.

As can be seen from Figure 4, under the given conditions, the observed maximum value of the LPV in the Co/SiO./p-
Si<P, Zn> structure is approximately four times higher than that in the Co/SiO/n-Si<P> structure.
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Figure 6. Energy band diagrams of Co/SiO2/n-Si<P> (a) and Co/SiO2/n-Si<P, Zn> (b) structures at the SiO2/Si interface, taking
into account interface states

These values correspond to the ohmic contact region and show a significant deviation from the results reported for
similar structures investigated in other studies [2]. Such a pronounced difference in the results may be attributed to several
factors. The first possible reason is the difference in the laser beam power used in our study and in other works [2,3] on
LPV investigation. The LPV value strongly and nonlinearly depends on the incident laser power; in particular, an increase
in laser power leads to an increase in LPV, which can cause significant discrepancies between the measured values in
different studies. The second reason may be the differences in the thicknesses of the oxide and metal layers in the
investigated structures. These layer thicknesses have a strong influence on the LPV magnitude [2]. The third reason may
be the differences in the semiconductor substrate parameters used in the fabrication of the structures, such as charge
carrier concentration and mobility, as well as the differences in interface states at the SiO2/Si boundary compared to those
reported in other studies [4]. All the factors mentioned above may lead to significant differences in the obtained
experimental results.

When the structure is illuminated, the reduction of the potential barrier is determined by the following expression [4]:

qV, = kTIn [1 + 3(1 - M)] )
0

1+aLeff

here £ is the Boltzmann constant, 7 is the temperature, g is the electron charge, F\ is the photon flux density incident on
the silicon surface, s = 97 /4 (where 9 — is the average thermal velocity of charge carriers), ny — is the concentration
of majority carriers at the SiO2/n-Si interface under dark conditions, @ —is the optical absorption coefficient, d —is the
space-charge region width, and L. s — is the effective diffusion length of minority carriers. By substituting the values of
the majority carrier concentration at the SiO»/Si interface for the Co/SiO2/n-Si<P> and Co/SiO2/n-Si<P, Zn> structures
into Eq. (1), the following approximately values of gV, are obtained: ~1.34:10° eV and ~2.21-107° eV, respectively.
As noted above, in Co/SiO2/n-Si<P> and Co/SiO2/n-Si<P, Zn> structures, a linear relationship between the laser
spot position and the lateral photovoltage is observed in some cases, while in other structures an exponential decay
behavior is also present. Such dependences can be explained by the fact that the metal film on the structure surface serves
only to induce band bending in the silicon near the SiO-/Si interface, whereas the LPV generation process takes place in
the near-surface region of silicon. Depending on the degree of band bending, accumulation, depletion, or inversion layers
are formed in the subsurface region of silicon, leading to the formation of p—n, p—n—, (n—n) or p*—n, (n*—n), etc. junctions,
to which the theory of the LPV effect can be applied. For example, in the Co/SiO2/n-Si<P> structure, an inversion layer
and a p—n junction formed by the silicon bulk are created at the SiO/Si interface. In this case, excess photogenerated
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carriers act as majority carriers in both p- and n-type regions. For this structure, the diffusion theory of the LPV effect,
based on the continuity equation of the total current of majority carriers and the linear dependence of LPV on the light
spot position, can be derived and is given in the following form [4]:

LPV = Ky[eP1oi](Ix,]| — Ix, ), ©)

Here K; — is the proportionality coefficient, f=q/(kT), ¢; — is the built-in potential, and x;, x, — are the distances
from the illumination point to the contacts. From Eq. (6), it can be seen that the magnitude of the LPV increases
exponentially with an increase in the generated potential and becomes zero at the midpoint between the contacts
(i.e., when x; = x;), exhibiting a linear variation across the contact spacing. This behavior is experimentally observed
in Co/Si02/n-Si<P> and Co/Si02/n-Si<P, Zn> structures, as shown in Figure 4.

CONCLUSIONS

In this study, Zn atoms were introduced into initial KEF-1 n-Si{P) samples (p = 1.05 Qxcm) using a high-temperature
diffusion method, resulting in the synthesis of strongly compensated n-Si(P, Zn) samples with various resistivity levels
(p=5.04,156.86, and 1800 Qxcm). Based on these substrates, Co/SiO2/n-Si(P, Zn) MOS structures were fabricated, and
a reproducible technology for their preparation was developed.

Based on the obtained results, it can be concluded that by optimizing the resistivity of the semiconductor substrate
in Co/Si02/n-Si<P, Zn> MOS structures, it is possible to develop position-sensitive devices with high sensitivity. These
findings broaden the prospects for the application of MOS-based PSD devices in optoelectronic and sensor systems
requiring high precision.

In Co/Si02/n-Si(P, Zn) MOS structures, an increase in the resistivity of the n-Si(P, Zn) substrate has a significant
influence on the fundamental physical mechanisms of the LPV effect. The experimental results showed that the
dependence of LPV on the distance between contacts exhibits a highly accurate linear behavior in the fabricated structures.
With increasing resistivity, a substantial increase in the maximum LPV value was observed. In particular, the maximum
LPV value of +4.11 mV in the initial n-Si(P) samples increased to +16.83 mV in the highly compensated sample with
p =1800 Qxcm, corresponding to an approximately fourfold enhancement. At the same time, the position sensitivity
coefficient increased from & = 1.9966 V/mm to 8.1887 V/mm. The correlation coefficient ranged within » = 0.9943—
0.9976, confirming a high degree of linearity, while the nonlinearity remained within J = 4.43-7.34%, fully satisfying the
accepted technological criterion (8 < 15%).

The obtained results are in good agreement with the energy band diagrams constructed by taking into account the
interface states at the SiO»/Si boundary and the redistribution of charge carrier concentration. In MOS structures fabricated
on strongly compensated (high-resistivity) silicon substrates obtained via Zn diffusion, an efficient formation of the internal
electric field and redistribution of charge carriers occur, which leads to a significant enhancement of LPV sensitivity.

The results of this study demonstrate the potential application of MOS structures based on Zn-high compensated n-
Si(P, Zn) as proMOSing materials for the development of position-sensitive detectors (PSDs), high-precision
optoelectronic sensors, and nanoelectronic devices. Furthermore, these findings establish a scientific basis for designing
high-sensitivity, high-linearity, and high-accuracy devices by further tailoring the semiconductor substrate resistivity and
interface states in MOS structures.

It is worth noting that some commercially available position-sensitive detectors, as well as certain devices reported
in the literature, reportedly employ silicon substrates with considerably higher resistivity than the maximum investigated
in the present work. It should be emphasized, however, that the present study already covers a broad resistivity range —
from ~1 Qxcm in the initial n-Si (P) samples to 1800 Qxcm in the highly Zn-compensated samples; extending this
range toward even higher resistivities represents a promising direction for future research. It is also worth noting that,
based on the physical mechanism underlying the LPE, deep-level-compensated silicon substrates such as those used in
this study are expected to provide considerably higher LPV sensitivity than nominally pure (uncompensated) high-
resistivity silicon of comparable resistivity, owing to the more efficient formation of the internal electric field associated
with deep-level compensation; a direct experimental comparison between the two substrate types remains an interesting
subject for future work. In addition, since the SiO: layer in this work was formed by oxidation in nitric acid, exploring
alternative oxidation methods to further reduce interface-state density and improve device performance represents another
promising direction for our future research.
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JATEPAJILHUI ®OTOE®EKT ¥ CTPYKTYPAX METAJI-OKCH/I-HAIIIBIPOBITHUK HA OCHOBI
MOHOKPUCTAJIIYHOI'O KPEMHIIO
E.Y. Apsikyaos'?, P.M. Ycanos', II1.JIz. Kysonaikos', Tenr Jlyii'?, JI.T. Bo6onos?, C.A. Carrapos'?
!Camapranodceruii depocasruil ynisepcumem imeni Illapogpa Pawudosa,
140001, Yuisepcumemcokuii oynveap, 15, Camaprano, Ysbexucman
2Illxona mamepianosnaécmea ma inoicenepii, Lllenvancokuti aepokocmivnutl yrisepcumem,
npocnexkm [laoi Caym, 37, Ulenvan, Kumaii
3 IIicusaxcoruii nonimexniunutl incmuntym, [ocusak, Yz6exucmarn

V wiit cTaTTi NPEACTABICHO TEXHOJIOTII0 BUTOTOBICHHS Ta €KCIEPUMEHTAIbHI Pe3yJIbTaTH AOCHIIKEHHS JaTepalibHOro (oroedexry
(JI®E) B meran-okcua-HamiBnpoBigaukoBux (MOII) crpykrypax Co/SiO:/n-Si(P, Zn). CtpykTypn Oyiu BUTOTOBIICHI Ha OCHOBI
BUXITHHX 3pa3kiB kpeMmHito n-tumy (p=1,05 Om*cwm), TepmiuHo BiamaneHux 3paskiB (p=1,07 OMXcM) Ta BUCOKOKOMITIEHCOBaHHX Zn
3pa3KiB KPEMHIIO N-THITY 3 TUTOMUM o1opoM 5,04 Omx*cm, 156,86 Omxcum Ta 1800 OMXcM BigmoBiAHO. 3TiAHO 3 eKCTIEPUMEHTATEHIMA
pe3yabpTaTaMu, 3aJIeKHICTh BETHYNHH J1aTepaibHoi (poto-epc (JIDE) Bin BincTani Mixk KoHTaKTaMu y BurotoBieHnx MOH-cTpykTypax
Mae JiHifHUHA Xapaktep. Byno BUsBIEHO, IO MakCHMalbHE 3HAYCHHS JlaTepaiabHOi (OTO-epc 3HAYHO 3pOCTae 3i 301IBLICHHSM
ITUTOMOTO €JIEKTPHYHOTO ONOpPY y BHCOKOKOMIIEHCOBAHUX Zn 3pa3Kax KpPeMHII0 n-Tuiry. 30kpeMa, st 3pazka 3 p = 1800 Omxcm
makcumaibhe JIOE nocsrno £16,83 MB Ha Bigcrani 2,3 mM. [leit pesynbrat 1eMoHCTpYe BUCOKY uyTiuBicTh JIOE B cTpykTypax Ha
OCHOBI BHMCOKOKOMIICHCOBAHOTO KpeMHiro. OTpuMaHi pe3yibTaTd Ao0pe y3TrO[KYIOThCS 3 AiarpaMaMd €HEepreTHYHUX 30H, SKi
BPaXOBYIOTb BIUTUB ITIMOOKHX SHEPreTHYHUX PiBHIB, HOB'SI3aHUX 3 aTOMaMH LIMHKY Ha Mexi po3ainy SiO»/Si, Ta KOHLIEHTpaLilo HOCITB
3apamy.

KuwuoBi caoBa: izamepanvhuii  ¢pomoeghexm,; 6UCOKOKOMNEHCOBAHUL KPEeMHill, CMPYKMypa Meman-oKCUO-HanienpogioHux,
Jamepanvua omoenepzisn; cmanu Ha medici po30iny, Ougysis; enekmpoHHO-npomMenese BUNApPOBYBAHHs, MOHKA NIiBKA





