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Abstract. We demonstrate that the lateral photovoltaic effect in the Fe/SiO,/p-Si structure not only strongly depends
on the optical radiation wavelength and temperature, but is also sensitive to external magnetic fields. The magnetic
field lowers the absolute value of photovoltage regardless of the wavelength and temperature; however, the relative
photovoltage variation significantly depends on these parameters. The lateral photovoltage is observed both on the
Fe film and Si substrate sides and results from separation of photoinduced electrons and holes in a built-in electric
field of the Schottky barrier with their subsequent diffusion to the structure in the lateral direction from the
illuminated area. The observed features in the behavior of the lateral photovoltaic effect originate from the variation
in the light absorption coefficient of the semiconductor and the related quantum efficiency upon light wavelength
variation. In addition, an important role is played by the change in the characteristics of the Schottky barrier at the
redistribution of optically generated carriers and temperature variation. The effect of the magnetic field is attributed
to the Lorentz force, which bends trajectories of carriers drifting under the action of the Schottky barrier field and,
consequently, suppresses the lateral photovoltaic effect.

1. Introduction

The lateral photovoltaic effect (LPE) was discovered by Walter Schottky as early as in 1930 [1]. With the
beginning of tremendous upgrowth of semiconductor technology, it has been observed that the LPE
manifests itself in many semiconductor systems and structures, including superlattices [2],
heterostructures [3], two-dimensional electronic systems [4], and silicon Schottky barrier structures [5].
The search for novel LPE-based semiconductor devices with the required characteristics is currently
being continued. This is dictated, first of all, by application tasks. The lateral photovoltage (LPV) was
found to be strongly dependent on the light spot position with respect to electrodes, which allows
fabricating position-sensitive detectors for sensing even minor displacements [6]. The range of
application of such detectors is quite extensive and involves automatic control, positioning, surface
profiling and other systems [7,8,9].

Surprisingly, the LPE appeared to be sensitive to external magnetic fields [10,11,12,13]. It is not
excluded that the possibility of magnetic-field control of the LPV will open the way to fabrication of
novel detectors and sensors or implementation of additional functionalities of the available devices. This
property will make it possible, e.g., to fabricate magnetoresistive sensors sensitive to both the value and
sign of a magnetic field [14,15] or double-control devices sensitive to both magnetic fields and optical
radiation. Unfortunately, there has been a lack of studies on the effect of magnetic field on the LPE, so
the mechanism of this effect still remains unclear.

Here, we report the results of investigations of the LPE behavior in the
metal—insulator—semiconductor (MIS) hybrid structure Fe/SiO,/p-Si with the Schottky barrier in external
magnetic fields. Our attention is mainly focused upon the problems that have not been discussed yet, but
can help advance understanding of the physical mechanisms of the influence of magnetic field on the
LPE. These problems concern the features of the effect of magnetic field on the LPV in the Fe/SiO,/p-Si
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MIS hybrid structure with the Schottky barrier at different temperatures and optical radiation
wavelengths.

2. Experimental

The technique for fabricating the Fe/SiO,/p-Si structures was described by us in detail previously [16]. In
this study, we used a 350 - um-thick (100) p-Si wafer with a resistivity of 5 Q-cm (a doping density of
2x10% cm®) as a substrate. A 1.5-nm SiO, layer was deposited on the substrate’s surface using the
chemical method and a 5-nm iron layer was formed by thermal evaporation. All the processes were in situ
monitored using high-energy electron backscatter diffraction (EBSD) and high-speed laser ellipsometry.
The quality of layers and interfaces in the fabricated structures were characterized by cross-sectional
transmission electron microscopy (TEM).

Samples for studying the LPE were (4.5 x 9.0)-mm? rectangles cut from the prepared structures
(figure. 1). Two pairs of ohmic contacts about 0.5 mm in diameter were formed on the top of the Fe film
and substrate backside to measure the LPV on the metal and semiconductor sides. The top contacts to the
Fe film were formed from silver epoxy and the bottom contacts to the substrate were formed by alloying
indium. None of the contacts showed any rectifying effects. Photovoltage was measured with a
KEITHLEY-2182a nanovoltmeter.
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Figure 1. (@) Schematic of the sample for measuring the lateral photovoltage and measuring setup. (b) Coordinate
system used to analyze the lateral photovoltaic effect.

The samples were irradiated from the metal film side by incandescent light transmitted through a
prismatic monochromator. The light was focused in a narrow (0.5 mm) strip on the structure surface
(figure 1). The narrow light beam position was fixed on the surface asymmetrically relative to the
contacts for the entire measurement period. The light wavelength was tuned by the monochromator in the
range from 0.4 to 1.4 um. The radiation power density in each wavelength range was controlled by
changing the incandescent lamp power. The average power density was ~40 mW/cm®. During the
measurements, the magnetic field was applied in the structure plane (figure 1a).

3. Results and discussion

3.1. LPE: Light wavelength dependence and effect of the magnetic field

First, let us discuss the dependence of the LPE on wavelength A of the optical radiation inducing the
effect and the spectral dependence of the LPE sensitivity to magnetic field H. Figure 2a shows the LPV
dependences on A for the Fe/SiO,/p-Si structure, which were measured between contacts 1 and 4 on the Si
side Vi4(1) and between contacts 2 and 3 on the Fe side Va3(A). The contact configuration is shown in
Figure 1. The measurements were performed at a temperature of 40 K without magnetic field and in a
field of H=6 kOe. Here, we use the reduced LPV units mV/(mW/cm?) (the voltage induced by the
incident light with unit power density). This is exclusively due to the experimental measurement
conditions. The fact is that the power density of the optical radiation incident onto the structure after
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passing the monochromator depends strongly enough on the wavelength to which the latter is tuned. As
the experiments showed, in the investigated power range the LPV depended on the radiation power
linearly with good accuracy.

The V(1) dependence has a pronounced peak in the wavelength range approximately from 0.8 to
1.1 pm with the maximum near 0.95 um. The magnetic field decreases the intensity of the peak without
its noticeable broadening or shift. The V,3(A) measurements using the pair of contacts on the Fe film side
showed the dependence similar to Vy4(%), but the voltages are lower by about two orders of magnitude
and have the opposite sign (figure 2a). In addition, note that the peak in the |V,3(A)| dependence is
narrower and lies approximately between 0.9 and 1.1 um; its maximum is shifted toward larger
wavelengths by 0.05 um relative to the peak in the Vi4(1) dependence. As in the measurements on the Si
substrate side, the magnetic field lowers the intensity of the peak in the |V,3()| dependence without
noticeable influence on its position and shape.

To thoroughly analyze the effect of magnetic field on the LPV, hereinafter referred to as the lateral
photomagnetoelectric effect (LPMEE), we introduce its quantitative characteristic. We will use the
guantity MV = (V(H)-V(H=0))/V(H=0), which is analogous, to a certain extent, to the well-known
magnetoresistance ratio. In our designations, the LPMEE ratio is MV, for V=V, and MVy; for V=Vys.
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Figure 2. (a) Lateral photovoltage measured on the Si and Fe surfaces as a function of light wavelength (Vi4(\) and
Va3()), respectively); the dependences are measured in fields of H=0 and H=6 kOe at T=40 K. For convenience, the
V,3(A) dependences are multiplied by 100. (b) Lateral photomagnetoelectric effect ratio as a function of light
wavelength on the Si and Fe surfaces (MV4(A) and MV3()), respectively). H=6 kOe and T=40 K.

The MV,4() and MV3(1) dependences obtained using the data from figure 2a are shown in figure 2b.
The |MVy4(A)| dependence contains two pronounced peaks with the maxima at 0.85 and 1.05 um. For the
A values smaller than 0.85 pm and larger than 1.05 pm, the LPMEE intensity drops, whereas in the A
range from 0.85 to 1.05 um, the LPMVE ratio is fairly large and attains 40% in one of the maxima.
Although the LPV measured on the Fe side is lower than that measured on the Si side by two orders of
magnitude, the LPMEE ratios are comparable. At least, the MV3(A) dependence at A >0.95 um almost
coincides with the MVy,()\) dependence, but at A <0.95 um, the |MVyx(A)| dependence starts sharply
decreasing, while the |[MVy4())| dependence still continues rising.

3.2. LPE: Mechanism of the lateral photovoltage generation

The mechanism of the LPV generation in the structures with the Schottky barrier is illustrated in figure 3.
The optical radiation absorbed in the p-Si substrate generates electron—hole pairs. The generated electrons
and holes are instantaneously separated by a strong electric field in the depletion (space-charge) region.
Electrons in the depletion region of the structure and within approximately diffusion length are swept into
the Fe layer by the Schottky field, at the same time, holes are swept into the volume of the substrate. At
irradiation of a local area of the substrate, such separation process result in creation of carrier density
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gradient between the illuminated and non-illuminated zones. That forces the excess electrons in the metal
and excess holes in the semiconductor to diffuse laterally from the illuminated zone.

Obviously, if the lateral distances from the electrodes in the illuminated area are different, the carrier
densities at the electrodes are different, too. As a result, the potential difference (LPV) arises between the
electrodes.
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Figure 3. (a) Schematic energy band diagram of the MIS junction illustrating the electron—hole pair separation by
the Schottky field. (b) The occurrence of the lateral photovoltage as a result of the electron—hole pair separation and
lateral diffusion of carriers. (c) Schematic diagram of the stationary electron and hole density distributions on the Fe
film and Si substrate surfaces. (d) The occurrence of the lateral photomagnetoelectric effect under the action of the
Lorentz force which deflects carriers and thereby suppresses the lateral photovoltage.

Carrier density

According to the solution of the diffusion equation in the one-dimensional case, the electron and hole
density distributions n,(x) and ps(x) in the metal and semiconductor, respectively, can be approximated by
the Gaussian law

Ny X =N exp| — and Ps X = pexp| ——— (1)

L
where, x; is the position of the illuminated region boundary; n; and p; are the electron and hole densities at
X;, respectively; and L, and L are the effective diffusion lengths for electrons in the metal and holes in the
semiconductor, respectively. Carrier distributions (1) allow the potential distributions on the top of the Fe
film ¢n(x) and Si substrate backside ¢(x) to be determined. For simplicity, we solved the two-
dimensional problem for both electrons in the Fe film and holes in the Si substrate, ignoring the
interference of the electron and hole distributions under the assumption that the space-charge region
shields this influence:

|pem><'| Cand o X = 1 Prs X'
r-rm

ds'’ (2)

X —
P "[ Arepe ¢ |F—F'|
where, o:m(X) and pns(X) are the charge densities produced by the distributions of electrons in Fe and holes
in the bottom of the Si substrate, respectively. The integration is made over the entire structure surface S.
The carrier distributions in the illuminated region of the structure are assumed to be homogeneous and
change on either side of this region in accordance with equations (1). The V4 and V.3 are the potential
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differences between 1-4 and 2-3 contacts respectively: Vis = ¢s(X1) — @s(Xs) and Vis = @m(X1) — dn(Xa).
Figure 4a presents the ¢(x) and ¢n(x) dependences calculated using equations (2). The Vi4(A) and Vas()
behavior simulated in framework of the proposed model is shown in figure 4b.
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Figure 4. (a) Distribution of the optical radiation-induced electric potential on the Si substrate backside ¢ and in the
Fe film ¢,. Arrows indicate the potentials in the contact positions. For convenience, ¢n(x) is multiplied by 100. (b)
Simulated lateral photovoltage vs light wavelength on the Si substrate backside Vi4(A) and in the Fe film V3 1) (is
multiplied by 100). Inset: quantum efficiency as a function of light wavelength.

The satisfactory agreement with the experiment was obtained only under quite a few assumptions.
The carrier densities n; and p; in the illuminated region should be related not only to the radiation power,
but also to the quantum efficiency n(A), which characterizes the efficiency of transformation of incident
photons with different wavelengths to the photovoltage. From the long-wavelength side, n(1) has a cutoff
at A.~1.12 um, which is determined by the semiconductor band gap. In addition, the n value is decreased
due to the small absorption coefficient o. In particular, due to small oy the electron—hole pairs will be
generated deep in the semiconductor, far from Schottky electric field which separates electrons and holes
and, thus, prevents their fast recombination.

In the short-wavelength region, the fast drop of 1 is caused, on the contrary, by the large o value
(>10° cm™): the radiation is absorbed in the closest vicinity of the SiO,/p-Si interface, where the
electron—hole recombination times are small [17]. Certainly, the nj(A)and pi(A)dependences are affected
also by the transmission and loss spectra for the metal film. However, they do not strongly influence the
qualitative picture of the LPV behavior, since in the studied wavelength range the transparency of
transition metal films with thicknesses smaller than 5 nm is relatively high (over 50%) and weakly
dependent of the wavelength [18]. To simulate the Vi4(A) and V(L) dependences, we used the n(A)
dependence with the maximum at A ~0.9um (see inset in figure 4b), which is consistent with the
experimental dependence for silicon-based Schottky diodes [17].

The different LPE signs obtained in the measurements from the Si and Fe sides can be easily
explained: the potential difference in the semiconductor and metal is determined by the hole and electron
density distribution, respectively. As for the large difference between the LPV values measured on the Si
and Fe sides, its nature is questionable. The attempts to simulate this difference under the assumption of
different L., and L values made by Chonggi Yu and Hui Wang [5] did not yield a satisfactory result. The
only way to obtain acceptable results is to assume the density of non-equilibrium electrons in the
irradiated area of the metal to be much lower than the density of holes on the semiconductor substrate
backside (n;<<p;). To obtain the LPV values comparable with the experimental data, we should put
pi = 10" and n; = 0.06p;. Such a situation is feasible. In fact, under the action of the Schottky field, the
electrons transited into the metal film lower the internal barrier potential inducing the reverse Schottky
leakage current. This current consists of electrons reinjected to the semiconductor, which, being minority
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carriers, hit the depletion region of the Schottky barrier and are instantaneously trapped at the reinjection
point and therefore do not influence the hole potential distribution on the substrate backside.

The other necessary assumption concerns the behavior of the L,(A) and Ls(1) dependences. To obtain
the Vy4(A) and Va3(A) dependences similar to those observed in the experiment, with the maxima in a
certain spectral range, we should make a simple, yet not quite obvious assumption that electrons and
holes with the larger rest energy of (hc/ A - Eg) have a longer effective diffusion length in the metal and
semiconductor, respectively, [5]. This condition can be written as

Ly 4 =Lp+Kpy he/A-Eg “ and Ly 4 =13 +Kg hc/A-Eg “ 3)

where, Ky, and K are proportionality coefficients; £ is the exponent; L?n and Lg are the respective

diffusion lengths of electrons in the metal and holes in the semiconductor in the absence of the rest energy
(hc/ A =Eg). The best agreement with the experiment was obtained at K,=K,=0.1 and f=2. The

diffusion lengths used were L, =500 pm and Lg =50 um, which are consistent with the experiment. It

should be emphasized that this difference between the diffusion lengths determines the positions of
maxima in the Vi4(A) and |V3(1)| dependences.

3.3. LPE: Mechanism of the magnetic-field dependence

Let us now discuss possible mechanisms of the effect of magnetic field on the LPE. The relation of this
effect to electron spin injection in the ferromagnetic metal and, consequently, reinjection from it seems
improbable. In our opinion, it would be more realistic to assume the effect of magnetic field to be based
on the Lorentz effect. Here, we should focus our attention on the experimental geometry, in which the
direction of the magnetic field in the structure plane excludes its effect on the trajectories of charges
moving laterally by means of diffusion. The effect of magnetic field can be related only with the
transverse charge motion.

In our case, we observe, in fact, the analog of the photomagnetoelectric effect discovered by Kikoin
and Noskov as early as in 1934 [19]. The effect consists in the occurrence of an electric field under
irradiation of a strongly absorbing homogeneous semiconductor placed in a magnetic field. Photoinduced
electrons and holes diffuse deep into the crystal. The diffusion current is deviated and split by the lateral
magnetic field, which leads to the occurrence of a lateral electric field.

In our case, the lateral current in the structure with the Schottky barrier is related, first of all, to the
drift motion of carriers under the action of the electric field in the space-charge region. Although the
diffusion contribution also takes place in the structure regions where the electric field is missing. In
addition, in contrast to the classical Kikoin—Noskov effect, electrons and holes move in different
directions and are deviated to one side in the magnetic field (figure 3d), which leads to the occurrence of

lateral electric fields with different signs in the upper and lower parts of the structure (Ejf and Ej,

respectively). Obviously, E;f and E;, will bend the carrier trajectories, which, in turn, will lead to a
decrease in the photoinduced carrier density in the Fe film and on the backside substrate surface, and, in
the long run, in the LPV, as was observed in the experiment. In our viewpoint, it is not time yet to build
the quantitative LPMEE model in this work, since we should first clarify many items, including the nature
of the spectral dependence of the effect (see Fig. 2d). Meanwhile, it is qualitatively clear that the spectral
behavior is grounded on the strong dependence of o on A and the related spectral dependence of n(1).

In terms of E;,, we have the following arguments concerning the effect of magnetic field on the LPE

on the semiconductor substrate side. In the long-wavelength limit, the o and n values are small and the
density of photogenerated holes in the space-charge region is low. These holes are accelerated in the
Schottky field, acquire the higher drift velocity, and, consequently, are stronger affected by the lateral
magnetic field. Thus, they make the main contribution to Ej, . As the A value is decreased, the o and n
values grow, the increasing fraction of holes is generated in the space-charge region, and their
contribution to the drift current increases, which leads to the occurrence of the diffusion component due
to the generated carrier density gradient. As a result, the Ej value rapidly increases. In the short-

wavelength limit, due to the large o value, almost all electron—hole pairs are generated in the space-
charge region and can contribute to the drift and diffusion components of the lateral current. On the other
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hand, in virtue of the above-discussed reasons, the n value drops rapidly, the generated electron—hole pair

density sharply decreases, and, as a consequence, the E;;, value strongly decreases.

The experimental spectral dependences MV,, are generally consistent with the above reasoning. The
presence of the two above-mentioned maxima in |[MVy ()| can apparently be explained by the
competition between the drift and diffusion contributions and the induced lateral electric field. The above
considerations can be expanded to the photoexcited electrons, which drift toward the iron film. Since the
situation for electrons and holes in the Schottky structure is obviously asymmetric, the MVy3()) behavior
should be different from the MVy4() behavior, which is confirmed in figure 2b.

3.4. LPE: Temperature dependence

One more surprising result obtained by us is the LPE and LPMEE behavior upon temperature variation.
Figure 5a shows the Vi4(A) dependences obtained at different temperatures. It can be seen that, first, the
effect value grows with a decrease in temperature from 40 to 30 K; after that, it starts decreasing, and then
the peak in the Vi4(A) dependence is inverted in the negative region; i.e., the LPV changes its sign with
decreasing temperature. The LPMEE sign remains invariable; the absolute value of the LPV decreases in
the magnetic field at all temperatures and wavelengths. Figure 5b shows the MVy(A) dependences
obtained at 30 and 10 K. At 40 and 30 K, the dependences are similar, except for a minor increase in the
effect value in the latter case, whereas at 10 K the significant changes are observed. The effect value
increased, the maximum in |[MVy,(A)| shifted toward shorter wavelengths, and sharp jumps arose in the
MVy4(A) curve at certain A values. The occurrence of the jumps is explained by the fact that V(L)
changes its sign at the point where Vy4(1) turns to zero and MVy4(1) tends to infinity.
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Figure 5. (a) Lateral photovoltage measured on the Si substrate backside as a function of light wavelength at
different temperatures. At 10 K, the dependences obtained in fields of H=0 and H=6 kOe are shown. (b) Lateral
photomagnetoelectric effect ratio as a function of light wavelength at temperatures of 10 and 30 K.

Figures 6a and 6b show temperature dependences of Vi, (at H=0 and H=6 kOe) and MV,
respectively, obtained at a fixed light wavelength of A =1 um. It can be seen that the LPV maximum
corresponds to a temperature of ~30 K; after that, the effect weakens, although non-monotonically, and
changes its sign at approximately 16 K. Then, [V14(T)| rapidly acquires a relatively small value and stays
almost constant with a further decrease in temperature. The LPMEE value first monotonically increases
with a decrease in temperature, but at 22 K, the |[MV4(T)| dependence has a pronounced maximum. The
sharp jump in the MVy,(T) dependence is caused, as for MVy,(1), by the fact that at this temperature
V14(T) turns to zero.
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Figure 6. (a) Lateral photovoltage measured on the Si substrate backside as a function of temperature. The light
wavelength is 1 um. (b) Lateral photomagnetoelectric effect value as a function of temperature. The magnetic field
is 6 kOe.

A decrease in the LPE value below ~30 K can be easily understood, while the change in the effect
sign appeared surprising. Indeed, as the temperature is decreased, the acceptor levels in the p-type
semiconductor start trapping holes, the number of majority carriers rapidly decreases, and the
semiconductor becomes, in fact, intrinsic. The space charge region becomes smaller and, consequently,
the Schottky field becomes weaker. The effect sign change can be indicative of the only thing: the
potential difference between contacts on the Si side is now determined by electrons rather than holes. The
following scenario is probably implemented: the strong decrease or even disappearance of the Schottky
field enhances the diffusion contribution to the lateral current. The non-uniform distribution of
photogenerated electron—hole pairs makes electrons and holes, which are not separated by the electric
field of the junction any more, diffuse deep into the semiconductor. However, in virtue of different
diffusivities of electrons and holes, the mobile carriers are spatially separated: electrons with the higher
mobility pass deeper in the semiconductor than holes. Thus, electrons are accumulated near the lower
substrate surface and then start diffusing in the lateral direction, inducing the LPV. The effect value will
obviously be significantly smaller than at higher temperatures, when the drift contribution to the lateral
current caused by the Schottky field works. This is what we observed in the experiment.

As for the LPMEE, it is still determined by the Lorentz force, which bends the trajectories of
diffusing charges and thereby suppresses the LPE. The relative LPV variation in a magnetic field appears
larger, despite the relatively small absolute value of V4. Regarding the strongly non-monotonic Vi4(T)
variation below T~30 K and the MVy,(T) maximum at 22 K, they can be caused by the competition
between the drift contribution, when the Schottky field separates photoexcited charges, and the diffusion
contribution, which is related to the photoexcited carrier density gradient over the semiconductor depth,
to the lateral current upon temperature variation.

4. Conclusion

Thus, we investigated the spectral and temperature dependences of the lateral photovoltaic effect and
lateral photomagnetoelectric effect, which consists in the LPV variation in the Fe/SiO,/p-Si structure in
an applied magnetic field. The Schottky barrier plays a decisive role in the occurrence of both effects in
the structure under study. The Schottky field separates optically generated electrons and holes in the
lateral direction, which then laterally diffuse in the metal and semiconductor, respectively, contributing to
the lateral photovoltaic effect. A decrease in the Schottky barrier at low temperatures leads, first, to a
decrease in the lateral photovoltaic effect and, then, to the change of its sign. In the lateral
photomagnetoelectric effect, the lateral electron and hole drift currents caused by the Schottky barrier
field are deviated by a magnetic field; thus, the LPV decreases. The final behavior of the lateral
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photovoltaic effect and lateral photomagnetoelectric effect is determined by the strong dependence of the
interband absorption of the semiconductor and quantum efficiency on the optical radiation wavelength.

The disclosing of the lateral photomagnetoelectric effect promises broadening of functional
capabilities of position-sensitive detectors based on the lateral photovoltaic effect. Magnetic field-
controlled detectors or double-control sensors, which can be created on the basis of the new effect, will
make it possible to simultaneously control the parameters of magnetic field and optical radiation. Finding
optimal parameters of the structures for application requires further investigations. Taking into account
the key role of the Schottky barrier in the lateral photovoltaic and photomagnetoelectric effects, it would
be useful to experimentally investigate the structures with the topology suitable for bias-voltage control of
the barrier parameters.
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