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The work provides research on the lateral photovoltaic effect in the Fe3O4/SiO2/n-Si structure with the thickness

of the silicon oxide layer 2 and 5 nm. It has been shown that increase of the thickness of the SiO2 layer in the

studied structure results in a changed type of dependences of sensitivity and nonlinearity of lateral photovoltage

on the thickness of the Fe3O4 film as well as a form of photoresponse signals under pulsed illumination. It has

been established that a change of photosensitivity in the Fe3O4/SiO2/n-Si structure with increase of the thickness of

SiO2 is due to both influence of surface and interface states at the SiO2/n-Si interface and redistribution of channel

conductivity as well. Extrema on the thickness dependence of the photovoltaic characteristics are related to the

quantum-size effect which modulates a height of the built-in barrier.
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Introduction

Important components of the optoelectronic devices that

are widely used in various applications of industrial produc-

tion, scientific research and everyday life are photovoltaic

detectors based on conversion of light signals into electrical

ones [1–5]. Development of nanotechnologies stimulates

innovations in optoelectronics. Thus, recently, the lateral

photovoltaic effect (LPE) in silicon-based hybrid structures

of the Me/SiO2/Si type (Me — metal) attracts attention of

researchers due to prospects of creation of position-sensitive

detectors (PSD) with a continuous photovoltaic signal from

large working surfaces [5–9].
It is known [1–4] that the LPE occurs under hetero-

geneous irradiation of a surface of the pn-junction or the

quasi pn-junction induced by a thin conductive layer near

the SiO2/Si interface in the Me/SiO2/Si structure. In doing

so, a large number of electron-hole pairs is excited and then

separated in an illuminated place by means of the built-

in field. Thus, difference of electrical potentials between

the n- and p-regions is created in the illuminated region

due to excessive photocarriers accumulated therein — it is

a well-known transverse photovoltaic effect. As a result

of non-uniform illumination, in addition to the transverse

photoeffect in the illuminated region, there is also a

carrier concentration gradient between the illuminated and

unilluminated region, thereby resulting in lateral diffusion

of the excessive photocarriers from the illuminated place

to contacts [1–3]. At the same time, it is interesting

to note the fact that the lateral diffusion process does

not depend on the external field, thereby meaning large

prospects of LPE application in high-performance devices

of optoelectronics [5,9].

The LPE has been well studied recently in various

hybrid nanostructures of the metal-semiconductor (MS)
type, the metal-oxide-semiconductor (MOS) type and the

heterostructures [10–13]. The reviews [10–12] note high

sensitivity of this effect to material properties of the upper

layer: its thickness, conductivity, a ratio of work function

to substrate’s work function as well as to laser radiation

characteristics: the wavelength and the radiation power.

Improvement of the LPE-based PSD characteristics re-

quires deeper understanding of processes of generation

and current transfer of the photogenerated carriers. We

have previously shown [12] that in the hybrid structure

with different conductivity of the upper layer the non-

equilibrium photocarriers are generated and separated in

a subsurface layer of the silicon substrate, while the current

transfer mechanism is represented by a two-channel model

of conductivity [14–16].

The works [10,11,13] attempt to describe the lateral

photoconductivity mechanism in terms of morphological

properties of the upper coating. Influence of roughness

on film resistance at the initial stage of their growth

and the light scattering mechanism are undoubted, but

the works [10,11,13] do not provide confirmation of the

theoretical considerations with any experimental data.

We have previously studied the LPE in the Fe3O4/SiO2/Si

structure quite extensively [16–20]. Our previous works pre-
sented results of research of influence on the LPE by such

parameters as the conductivity type of the silicon substrate
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and the thickness of the magnetite film [17], orientation of

the silicon substrate [18] and the temperature [19]. It has

been found [19] that with reduction of the temperature to

122K due to the Verwey transition [21–22] the magnetite

becomes an insulator, while the LPE sensitivity decreases

in two times and nonlinearity increases more than in two

times. These changes were explained in terms of both

changed energy parameters of the Fe3O4/SiO2/Si system and

the two-channel model of lateral photoconductivity [12,16].

The aim of the present work is to analyze the mechanism

of lateral photoconductivity in the Fe3O4/SiO2/n-Si structure
with the different thickness of the SiO2 layer. In order

to understand the current transfer mechanism, in the

present work we propose the two-channel model of lateral

photoconductivity, which is characterized by redistribution

of channel conductivity when changing both the thickness

of the magnetite film and the thickness of the SiO2 layer.

It has been shown that parallel channels of conductivity

are the film of the upper layer and the SiO2/Si interface-

adjacent thin layer of silicon, (which is an inversion layer

in this case), together with near-contact tunneling regions.

The maximum of LPE sensitivity in structures with an

ultra-thin SiO2 layer occurs under a condition that the

homogeneous built-in barrier is formed [10,17], at which

there is an optimal ratio between the electrical resistance

of the film and total resistance of the inversion layer and

the tunneling near-contact regions, resulting to redistribution

of contributions of the conductivity channels [14,16]. With

increase of the thickness of the silicon oxide layer in the

Fe3O4/SiO2/n-Si structure, the dependence of sensitivity of

lateral photovoltage on the thickness of the magnetite film

exhibits two maxima which in our opinion exist due to the

quantum-size effects in the magnetite film.

1. Experimental procedure

The substrates were single-crystal wafers Si(001) of the

n-type, which were alloyed with phosphorous and had

specific resistance of 7.5�·cm. These wafers were with

the Fe3O4/SiO2/Si structures formed thereon by the tunnel-

thin SiO2 layers of the thickness 2 and 5 nm. For the first

series of the samples, before loading the samples into a

vacuum chamber, the Si substrates surface was provided

with the ultra-thin SiO2 layer of the thickness of 2 nm at

the final stage of wet chemical purification in nitric acid

(68% HNO3) at 120 ◦C for 10min [23,24]. For the second

series of the samples we have used silicon wafers with the

SiO2 layers of the thickness of 5 nm, which were industrially

produced by the thermal oxidation method [25,26].

The magnetite films (Fe3O4) were formed on these

substrates in an ultrahigh-vacuum (UHV) Katun chamber

with the basic pressure of 2 · 10−10 Torr by depositing iron

at the rate of 2.5 nm/min in the oxygen atmosphere under

PO2
= 10−6 Torr at the substrate temperature of 300 ◦C. The

process of growth of the Fe3O4 film was observed by means

of Reflection high-energy electron diffraction (RHEED). The

film thickness was controlled by spectroscopic ellipsometry

directly during growth in the UHV chamber.

In order to measure photovoltage, aluminum contacts

were applied by thermal vacuum sputtering to the film

surface through a metal mask in the form of strips 2× 1mm

with the distance of 2mm therebetween. The electrical

resistance was measured in a two-probe method using the

Keithley-2000 multimeter in a mode of electrical resistance

to direct current under control by current-voltage curves of

the measured configuration. Illumination was provided by

a He-Ne-laser (ML101J25) of the wavelength of 633 nm

and an irradiation power incident on the sample surface of

0.25mW. The diameter of the light spot was 50µm. The

dependences of photovoltage U(x) and U(t) were measured

by means of the Keithley-2000 multimeter and the Tektronix

TDS 2012B digital oscilloscope, respectively.

2. Results and discussion

It is well known [1–3] that the LPE is based on transverse

separation and lateral diffusion of the photogenerated carri-

ers, whereas the lateral photovoltage heavily depends on the

value of the built-in potential. There is an opinion [10] that
in order to increase LPE sensitivity in the hybrid structures

it is necessary to increase the electrical resistance of the

upper film. In terms of the two-channel model, in which

the inversion layer in the subsurface region of the Si(100)
substrate and the Fe3O4 film form two parallel conductivity

channels [12,14,16], this assumption is reasonable. It is

due to the fact that as higher the film resistance the

higher probability that the homogeneous built-in barrier at

the SiO2/Si interface will be formed before the film starts

bypassing the inversion layer (in which the photovoltage

is generated), as in the two-channel model of conductivity

the film resistance shall be regarded as load resistance.

However, as shown in the work [12], too high resistance

of the upper layer result both in the increased lateral

photovoltage and increased LPE nonlinearity as well. Thus,

we think that in case of the TiO2/SiO2/Si heterostructure,

the increase of LPE sensitivity is due not to the value of

resistance of the titanium dioxide film, but to the value

of the built-in potential at the SiO2/Si interface. This is

why, in our view, comparison of the SiO2 and TiO2 buffer

layers from the work [10] is insufficient for identifying and

understanding the mechanism of lateral photoconductivity.

The present work proposes to clarify the mechanism of

lateral photoconductivity in the Fe3O4/SiO2/n-Si system in a

method of varying the thicknesses of the magnetite film and

the silicon oxide layer.

Fig. 1 shows the dependences of lateral photovoltage (Ul)
on the position of the laser spot for the Fe3O4/SiO2/n-Si
structures which are formed on the oxidized silicon surface

with the thickness of the SiO2 layer 2 and 5 nm (Fig. 1, a
and b, respectively). As can be seen in Fig. 1, the maximum

value of lateral photovoltage in the structure with ultra-thin

SiO2 in ∼ 4 times higher than in the structure with the
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Figure 1. Dependences of the lateral photovoltage on the position of the laser spot for the Fe3O4/SiO2/n-Si structures with the thickness

of the layer SiO2: a — 2 nm; b — 5 nm.

thermally oxidized thin SiO2 layer, although in both cases

in the region between the contacts the lateral photovoltage

varies linearly. Such substantial difference in the value of

lateral photovoltage may be related, in our opinion, to the

changed height of the built-in barrier due to influence of

the interface states at the SiO2/n-Si interface, as we have

found previously [17]. The authors of method of chemical

oxidation of silicon in nitric acid, which is used in the

present work, have studied physical characteristics of the

SiO2/Si and shown that these structures are advantageous

in small leakage currents caused, as the authors think, by

availability of the interface states [23]. The work [23] also
notes that the closest in physical characteristics to their

structures are the SiO2/Si interfaces which are produced by

thermal oxidation with the oxide thickness of ∼ 1.5 nm. We

note that the present work uses the thermally oxidized SiO2

layers of the thickness of 5 nm. It is known that the density

of the interface states of the SiO2/Si interface produced by

chemical oxidation in nitric acid and thermal oxidation is

6.3 · 109 [27] and ∼ 1011 eV−1cm−2 [28] respectively. This
difference in the density of the interface states may result in

changing the height of the built-in barrier to 0.1 eV [29].

It is also clear from Fig. 1 that lateral photovoltage non-

monotonically varies with increase in the thickness of the

magnetite films.

The dependences of lateral photovoltage on the position

of the laser spot were parameterized by the magnitudes

of sensitivity (κ) and nonlinearity (δ), which are PSD

working characteristics (Fig. 2). It is clear from the figure

that increase of the thickness of the SiO2 layer results

in a changed nature of the dependences κ(d) and δ(d).
Thus, for the structure with the thickness of SiO2 2 nm the

dependence κ(d) has one maximum, which is typical for the

MS and MOS structures with the natural SiO2layer [10–13],
whereas for the structure of the thickness of SiO2 5 nm the

dependence κ(d) becomes a multi-mode one (Fig. 2, a).

It is clear from Fig. 2, b that in case of the ultra-thin

SiO2 layer the LPE nonlinearity exponentially decreases,

whereas with increase of the thickness of the SiO2 layer

the dependence δ(d) is of a multi-mode nature as in the

case with sensitivity.

In order to analyze the mechanism of lateral photocon-

ductivity in the Fe3O4/SiO2/n-Si structure, it is necessary

to remember that according to the diffusion theory of the

lateral photoeffect [3,17] the linear dependence of lateral

photovoltage on the position of the light spot is derived

from a continuity equation of current of the basic carriers

and presented as follows:

LPV = K1

[

eβ|ϕi | − 1
]

(|x1| − |x2|),

where K1 — coefficient of proportionality; β = q/kT ;
ϕi — built-in potential; (|x1| − |x2|) — distance from the

illumination point to contacts. Thus, the chief parameter

which defines the value of lateral photovoltage is the height

of the built-in barrier at the SiO2/Si interface, which in turn

depends on the work function of the upper layer material,

which is magnetite in our case.

On the other hand, it is known [30–32] that the thin-

film structures are featured with quantum-size effect, which

results in an oscillating dependence of work function

of the metal films on their thickness. This effect is

explained by localization and quantization of a charge

in the film structural elements which are comparable in

sizes with the de Broglie wavelength [30,33]. It is also

known [33] manifestation of the quantum-size effects in

the nanomaterials is caused by the charge carriers with a

small effective mass available therein, wherein in accordance

with the relationship λB = h(2m∗E)−1/2 reduction of the

effective mass of electrons corresponds to the relatively high

de Broglie wavelengths. For magnetite, at the room tem-

perature the effective mass of the electron is 0.37m0 [34],
while our calculated de Broglie wavelength (as per [31]) in
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Figure 2. Thickness dependences of the LPE characteristics for the Fe3O4/SiO2/n-Si structures with the thickness of SiO2: 1 — 2 nm,
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Figure 3. RHEED pattern of the Fe3O4/SiO2/n-Si: structure a — 23nm-Fe3O4/2nm-SiO2/n-Si; b — 27nm-Fe3O4/5nm-SiO2/n-Si; c —
53nm-Fe3O4/2nm-SiO−2/n-Si; d — 55nm-Fe3O4/5nm-SiO2/n-Si.

the magnetite lattice was 2.57 nm. Besides, the electronic

properties of quantum-size semiconductor devices shall be

referred to sizes of a structure where they are manifested.

In case of layer-by-layer growth of the metal film the

thickness is the only quantum-size element [30,31,35],
wherein in the Fe3O4/SiO2/n-Si structure the upper coating

is a nanocrystalline film and it is reasonable to suggest that

electrons motion is quantized by the crystallite sizes. The

crystallite sizes in the magnetite film were determined using

a standard procedure for evaluating on RHEED patterns by

a width of the Debye rings [36]. The RHEED patterns are

shown in Fig. 3, a, while the dependences of the crystallite

sizes are shown on the insert of Fig. 4, a. It is found

from data comparison that the maxima of LPE sensitivity

correspond to structures, in which the crystallite sizes are

multiples of the de Broglie wavelength. Fig. 3 shows the

RHEED patterns of the Fe3O4/SiO2/n-Si structures for the

critical thicknesses of the magnetite films. It can be seen on

them that the oxidized surface of silicon has grain-oriented

magnetite films growing thereon and oriented substantially

Technical Physics, 2025, Vol. 70, No. 4
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perpendicular to the surface, which is manifested as rupture

of the rings on the RHEED patterns.

According to the results obtained, the ultra-thin SiO2 layer

has the Fe3O4 films being formed thereon and they have

a lesser crystallite size (the insert of Fig. 4, a). One of

the reasons for reduction of the crystallite size is increase

of roughness of the oxidized surface of silicon in case of

forming SiO2 by wet chemical purification as compared to

an isotropic surface of the thermally oxidized layer. It should

be also noted here that different methods of formation of the

silicon oxide layer affect the density of the interface states at

the SiO2/n-Si interface, which affect the height of the built-

in barrier. It is shown in the works [27,28,37] that during

we chemical purification the density of the interface states

is reduced. Based on that, we can assume that significant

decrease of LPE sensitivity can be related to decrease of

the height of the built-in barrier due to a higher density of

the interface states at the SiO2/n-Si interface as obtained by

thermal oxidation.

It is known that electrophysical properties are also

sensitive to a changed grain size, so it is interesting to

analyze the resistance dependences of the Fe3O4/SiO2/n-Si
structure. As can be seen in Fig. 4, a, for the magnetite

films both on the ultra-thin (2 nm) and thin (5 nm) layer of

silicon oxide as well, we have a classic curve of resistance

reduction with increase of the film thickness [38] without

any manifestation of the quantum-size effects. At the same

time, the curve R(d) for the Fe3O4/SiO2/n-Si structures on

the ultra-thin SiO2 layer is higher, which is a consequence

of the higher density of crystallite/grain boundary and,

consequently, the higher carrier scattering, which agrees

with the results for the crystallite sizes as shown on the

insert of Fig. 4, a.

However, in case of lateral photovoltage current transfer

shall be analyzed taking into account the fact that the lateral

photovoltage is generated in the inversion layer and the

thermoelectronic emission goes from the lower level into

the upper one and not vice versa as in case of resistance

measurement. It has been previously shown [4,12,39]
that lateral photoconductivity is realized in two parallel

channels: the first one on the film (R f ilm) from which

photovoltage will be taken, and the second channel — on

the subsurface/inversion layer of silicon (Rinv) together with

the near-contact regions (Rtun) (Fig. 4, b). As it is clear from
Fig. 4, a, the thickness dependence of film resistance is of a

common nature for both the structures, whereas resistance

of the lower conductivity channel (Rinv) is determined by

forming of the built-in barrier, which depends on work

function of the upper coating material [40], and, therefore,
its dependence on the thickness of the magnetite film will

be sensitive to the quantum-size effect [31,32]. Thus, based
on the assumption that with increase of the work function

of Fe3O4 the value of the built-in potential increases as

well and resistance of the inversion layer reduces, it can

be concluded that the dependence Rinv(d) will inherit the

oscillating nature, though in antiphase to κ(d).
Presence of the extrema on the dependence Rinv(d) in

the Fe3O4/SiO2/n-Si structure can be interpreted in terms

of redistribution of channel conductivity in the two-channel

model of conductivity as shown in Fig. 4, b. The first

maximum is reached when the film becomes solid, wherein

the crystallite sizes correspond to the de Broglie wavelength

and the homogeneous built-in barrier is formed, while

conductivity on the film becomes close to conductivity on

the inversion layer of silicon. Subsequent increase of the film

thickness results in various scenarios in the Fe3O4/SiO2/n-Si
with the SiO2 layers of the thickness 2 and 5 nm. The series

with the ultra-thin SiO2 layer exhibits only one maximum

Rinv with the thickness of the Fe3O4 film 53 nm, which

is related to the quantum-size effect. In the range under

study we do not reach the higher crystallite sizes that

are multiples of the de Broglie wavelength. Further on,
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Figure 5. Pulse characteristics of the Fe3O4/SiO2/n-Si structure with the thickness of the SiO2 layer: a — 2 nm, b — 5 nm.

with increase of the film thickness in this structure, its

resistance significantly reduces, wherein, as noted in the

literature [10,14], the channel on the film bypasses the low-

lying channel, in which lateral photovoltage is generated.

For the same reason, in the MOS structures on the ultra-thin

SiO2 high-resistance upper coatings are preferred [10,12].
In the series with the SiO2 layer of the thickness of 5 nm,

within the studied ranged of the thicknesses of Fe3O4 we

have two (quantum-size) maxima of LPE sensitivity, i.e.

the maximum thickness of the inversion layer is obtained

twice when resistance of this layer will be the least.The

”
wave“ nature of changing of resistance of the inversion

layer results in redistribution of photoconductivity between

the channels, while the extrema correspond to switching

of the conductivity channels: the maxima — switching to

the channel on the film, the minimum — switching to

the channel on the inversion layer. Significant reduction of

lateral photovoltage in the Fe 3O4/5nm-SiO2/n-Si structure
is also related to more significant voltage drop in the near-

contact regions (RC-circuit under pulsed illumination and

its active part under continuous illumination).

Thus, the two conductivity channels — the upper one on

the film and the lower one on the inversion layer — function

in the superposition mode, while their contributions are

redistributed when conductivity on one of the channels

starts prevailing as a result of competition.

So, as a result of changing of the parameters of the multi-

layer Fe3O4/SiO2/n-Si structure, in particular, increasing the

thickness of the SiO2 buffer layer, the dependences Rinv(d),
κ(d) and δ(d) have the multi-mode nature, which is not

typical for the MOS structures based on the ultra-thin SiO2.

It is related to manifestation of the quantum-size effect in

the magnetite film, which has in the structure based on

the 5nm-SiO2/n-Si a larger crystallite size, which in our

study is doubly multiple of the de Broglie wavelength in

the magnetite.

It is also interesting to study LPE in the Fe3O4/SiO2/n-Si
under pulsed illumination, as it is transition characteristics

that will be the most sensitive to parameters of the RC filters

in the near-contact regions. Fig. 5 shows time dependences

of lateral photovoltage in the Fe3O4/SiO2/n-Si(001) structure
under local illumination of the near-contact region with laser

with the wavelength of 633 nm and the frequency of the

light pulses of 737Hz. By comparing Fig. 5, a and b, it can

be seen that the photoresponse signals on the ultra-thin and

the thin SiO2 layer differ not only in the value of the pulse

amplitude, but in their form as well.

As can be seen in Fig. 5, the photoresponse signal

amplitude corresponds to the value of LPE sensitivity

(Fig. 2, a). As stated in the work [41], the form of

the photoresponse signal depends on the number of the

photogenerated electron-hole pairs that are separated at the

SiO2/n-Si interface. It follows from the analysis of Fig. 5

that the structure based on the ultra-thin SiO2 generates

more electron-hole pairs, in several orders of the magnitude,

as compared with the structure based on the thermally

oxidized SiO2 layer. As shown above, reduction of the

number of the electron-hole pairs in the Fe3O4/SiO2/n-Si
structure formed on the thermally oxidized surface of silicon

is caused by reduction of the height of the built-in barrier

due to increase of the density of the interface states at the

interface. SiO2/n-Si.
The table shows the times of rising and falling of the

photoresponse signals in the Fe3O4/SiO2/n-Si structures

which have the highest LPE sensitivity in Fig. 2, a. The

times of rising (tr ) and falling (t f ) of the photoresponse

signals are defined as the time required to increase the

photoresponse from 10% to 90% of the photoresponse

peak and the time required to reduce the photoresponse

from 90% to 10%, respectively [42]. Besides, the constants

of the time of rising (τr ) and falling (τ f ) were defined using

a Boltzman sigmoidal function and the exponential function,

respectively. The data of the table indicate that increase of

the thickness of the SiO2 layer resulted in increase of the

falling time of the photoresponse curves, which is related

to increase of tunneling resistance (Fig. 4, b). Thus, under
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Time parameters of the photoresponse in the structure Fe3O4/SiO2/n-Si

Parameters of the structure tr , µs t f , µs τr , µs τ f , µs

27nm-Fe−3O4/5nm-SiO2/Si 17.8± 0.5 126± 1 5.3± 0.1 36.5± 0.3

55nm-Fe3O4/5nm-SiO2/Si 13.3± 0.3 112± 7 3.6± 0.1 35.2± 0.5

53nm-Fe3O4/2nm-SiO2/Si 14.0± 0.3 49± 5 3.5± 0.1 20.5± 0.3

pulsed illumination changing of the parameters of the buffer

layer of the Fe3O4/SiO2/n-Si structure results in changing

both of the characteristics of the RC-circuit in the near-

contact regions and the number of the electron-hole pairs

generated in the illuminated region at the SiO2/Si interface.

Conclusion

With all the obviousness of the advantage of the

Fe3O4/SiO2/n-Si structure based on the ultra-thin SiO2, the

present research is not only of practical interest, but also

of fundamental interest for understanding the mechanism

of lateral photoconductivity in the MOS structures. It is

shown that the work function of the Fe3O4 film, the height

of the built-in barrier at the SiO2/Si interface and electrical

resistance of the inversion layer in the Fe3O4/SiO2/n-Si
structure are defined by the surface and interface states

at the SiO2/Si interface, which depend on the method of

silicon surface oxidation. It is noted that on the thermally

oxidized surface of silicon the work function of Fe3O4

has the oscillating dependence with increase of the film

thickness, which is related to the sizes of the magnetite

nanocrystals. It has been established that the maximum

LPE sensitivity is reached with predominant conductivity

of the inversion layer channel in the two-channel model

of lateral photoconductivity, when the magnetite crystallite

sizes are multiples of de Broglie wavelength. It is shown that

under pulsed illumination of the Fe3O4/SiO2/n-Si structure
the transition processes in the RC-circuit related to changing

of the thickness of the SiO2 layer will affect the time

characteristics of the photoresponse, while the generation

& recombination processes due to the value of the built-in

potential will affect the form of the photoresponse signal.
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