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Abstract—The giant change in photoconductivity of a device based on the Fe/SiO,/p-Si structure in mag-
netic field is reported. As the magnetic field increases to 1 T, the conductivity changes by a factor of more than
25. The optically induced magnetoresistance effect is strongly dependent of the applied magnetic field polar-
ity, as well as of sign and value of a bias voltage across the device. The main mechanism of the magnetic field
effect is related to the Lorentz force, which deflects the trajectories of photogenerated carriers, thereby
changing their recombination rate. The structural asymmetry of the device leads to the asymmetry of the
dependence of recombination on the magnetic field polarity: recombination of carriers deflected in the bulk
of semiconductor is relatively slow, while recombination of carriers at the SiO,/p-Si interface is faster. In the
latter case, the interface states serve as effective recombination centers. The bias voltage sign specifies the type
of carriers, whose trajectories pass near the interface, providing the main contribution to the magnetoresis-
tance effect. The bias voltage controls the electric field accelerating carriers and, thus, affects the hole and
electron trajectories. Moreover, when the bias voltage exceeds a certain threshold value, the electron impact
ionization regime is implemented. The magnetic field suppresses impact ionization by enhancing recombi-
nation, which makes the largest contribution to the magnetoresistance of the device. The investigated device
can be used as a prototype of silicon chips controlled simultaneously by optical radiation, magnetic field, and

bias voltage.
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INTRODUCTION

The giant magnetoresistive (GMR) effects
observed in many new materials and artificial struc-
tures have been in focus of the global research commu-
nity, since they give rise to the numerous fundamen-
tally new physical problems. Solving these problems
will open a wide spectrum of opportunities to integrate
magnetoresistance functionalities into electronic
devices. The magnetoresistive (MR) effects are
applied in sensors, nonvolatile memory [1], and mag-
netologic electronics [2]. Some MR-based systems
have the high potential for application in frequency
synthesizers [3] and microwave detectors [4].

The MR effects are governed by different physical
mechanisms. In particular, the GMR of bulk mangan-
ite crystals is due to the effect of magnetic phase sepa-
ration [5], while in spin valves and tunneling structures
it originates from the spin-dependent scattering and
tunneling phenomena [6, 7]. Sometimes, the MR

! The article is published in the original.

effects are observed only under an ac current bias. In
soft magnetic ribbons and films, the ac MR effect orig-
inates from the magnetic field dependence of the skin
depth [8]. The ac MR effect in sandwiched films is
caused by the ac density redistribution over the film
cross section in a magnetic field [9, 10]. The mag-
netic-field sensitivity of recharging of the interface
states is responsible for magnetoimpedance in the
metal/insulator/semiconductor (MIS) hybrid struc-
tures with the Schottky barrier [11].

In general, hybrid structures consisting of conven-
tional semiconductors and magnetic materials
appeared quite fruitful objects for studying the MR
phenomenon originating from the spin-dependent
transport [12]. The mechanisms underlying the MR
effects in the hybrid structures are spin injection into a
semiconductor, including the spin-polarized charge
injection from ferromagnetic layers [13] and optically
assisted spin injection [14], spin accumulation, spin
diffusion, and detection.
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In addition, the GMR effects were observed in
nonmagnetic semiconductor structures. Some MR
phenomena are related to the possibility of manipulat-
ing spin-polarized currents induced by the spin-orbit
(SO) interaction, specifically, the spin Hall [15],
Rashba [16], and Dresselhaus effects [17]. The spin
Hall effect is caused by coupling the charge and spin
currents due to spin-orbit interaction. The latter
deflects the currents of the spin up and spin down
channels in the opposite directions, thus inducing the
spin current in a nonmagnetic material. The Rashba
effect ensures an alternative way to create spin polar-
ization of carriers due to the SO coupling in the struc-
tures that lack inversion symmetry. In this case, electrons
moving in an asymmetric crystal field experience a net
electric field, which transforms to a magnetic field in the
electron’s rest frame and effectively couples the spin to
the electron orbital motion. The similar mechanism yet
based on the Dresselhaus SO coupling rather than on the
Rashba effect was described in [18].

The other group of the MR phenomena is related
to the Lorentz force that acts on energetic carriers. In
an applied magnetic field, the Lorentz force deflects
the carrier trajectories in a specific direction. If a host
semiconductor has some structural asymmetry, then
the processes of recombination, scattering, and
impact ionization can be substantially different for
carriers moving along different trajectories, which
ultimately results in the MR effect [19, 20]. The effect
of a magnetic field on the transport properties of struc-
turally uniform semiconductors at high bias voltages is
mainly due to the carrier trajectory variations in a
magnetic field; however, the space-charge inhomoge-
neity induced by a high electric field is of fundamental
importance [21, 22].

At present, particular attention is focused on the
MR effects sensitive to the magnetic field polarity;,
since they are interesting for both fundamental
research and application in spintronic devices. The
authors of study [20] consider these effects to be a sim-
ple and compact platform for non-volatile magnetic-
field-controlled reconfigurable logic devices. It was
established that the sensitivity of the MR effect to the
field sign is related to the Lorentz force [19, 20]. How-
ever, the structures characterized by the Rashba
(Dresselhaus) effect can also exhibit the field sign-
dependent transport due to asymmetry of the electron
spin distribution in the k space. In addition, there
could be other mechanisms. In our previous study
[23], we fabricated and investigated a simple planar
device based on the Fe/SiO,/p-Si hybrid structure,
which exhibits the MR effect highly sensitive to the
magnetic field sign. Interestingly, the large dc MR
effect was observed only under the nonequilibrium
conditions ensured by optical radiation.

There have been many attempts to govern the mag-
netoresistive properties of magnetic and hybrid struc-
tures by optical pumping. When studying the magnetic
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tunneling structure La, ,Sr, ;MnO;/depletion manga-
nite layer/MnSi, we observed that the optical excita-
tion strongly affects the tunnel MR [24]. Although this
effect is not explained just by heating and is related
rather to generation of electron-hole pairs in the
dielectric layer, which serves as a potential barrier, the
MR ratio can only decrease with increasing optical
power. An increase in the MR ratio under optical radi-
ation was observed in the manganite/oxide/n-Si junc-
tion [25]. In this case, the effect of light was attributed
to the additional contribution of photogenerated
(spin-polarized) electrons to the tunnel current.

Regarding the photoinduced MR effect in the
Fe/SiO,/p-Si-based device, we suggest the observed
phenomenon to be caused by a few physical mecha-
nisms, which require further investigations. It still
remains unanswered which mechanism is responsible
for the high sensitivity of the transport properties of
the device to the magnetic field polarity. Here, we
report new experimental results in attempt to clarify
the nature of the photoinduced MR effect sensitivity
to the sign of a magnetic field applied to the
Fe/Si0,/p-Si structure-based device.

EXPERIMENTAL

The sample to investigate was the MIS Schottky
diode based on the Fe/SiO,/p-Si structure. The
Fe/SiO,/p-Si structure was formed on a p-Si wafer
with a resistivity of 5 QQ cm and a doping density of 2 x
10" ¢cm=3. The SiO, layer was chemically deposited
onto the p-Si wafer surface and the iron thin film was
formed by thermal evaporation. The SiO, and Fe layer
thicknesses were 1.2 and 5 nm, respectively. The struc-
ture fabrication was described in more detail in [26].

The device topology and measurement setup are
illustrated in the inset in Fig. 1a. The transport prop-
erties of the device were studied in the two-probe con-
figuration. The Fe electrode in the form of a narrow
strip 0.5 x 3 mm? in size was formed from a continuous
iron film by wet etching on the structure’s surface 3 x
3.5 mm? in size. The top contact to the Fe electrode
was formed from the two-component silver epoxy
adhesive. The indium ohmic contact was formed on
the back (Si) substrate surface. To ensure a good ohmic
contact, the native oxide layer was removed from the back
surface and then the indium contact was formed by man-
ual rubbing of indium alloy bits in silicon.

The transport properties were studied on an origi-
nal facility comprising a helium cryostat, an electro-
magnet, and a KEITHLEY-2400 current/voltage
source meter. Resistivity measurements were per-
formed in a dc mode at a fixed voltage. The /—V char-
acteristics were obtained in a voltage scanning mode.
An external magnetic field was applied in the structure
plane. The magnetoresistance was measured in fixed
magnetic field and upon field sweeping from —1to 1 T.
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Fig. 1. Temperature dependence of resistance R,,;, of the optically irradiated device at (a) forward bias (V}, = +2 V) and (b) reverse
bias (V, = —2 V) in zero magnetic field and in fields of +0.6 and —0.6 T. Inset: schematics of the device topology and measurement

setup.

The optical excitation source was a laser diode with
a wavelength of 980 nm (Av = 1.26 ¢V). The sample
was exposed to linearly polarized light with a power
density of up to 10 mW/cm?. In addition, we per-
formed the measurements in circularly polarized light,
yet found no difference in the experimental data
obtained at different light polarizations. The laser was
focused to a 0.5-mm spot on the structure’s surface in
the place where the Fe layer was removed. The spot
position in the experiments was varied.

RESULTS AND DISCUSSION

First, we present the measured magnetotransport
properties of the optically irradiated sample. The sam-
ple geometry is shown in the inset in Fig. 1a. The laser
spot was localized at the distance x, = 1.25 mm from
the metal electrode and at the device midpoint relative
to its long sides, i.e., along the x axis. Magnetic field H
was applied in the structure plane along the Fe strip,
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i.e., the y axis. Figure 1 shows the temperature depen-
dence of resistance R,, of the optically irradiated
device at H = 0 and in the magnetic fields H = 0.6 T
of the opposite polarities. The dependences in Fig. 1a
are consistent with the data measured at the forward
bias voltage across the MIS Schottky diode (¥}, >0, the
negative potential is on the Fe electrode). The data
obtained at the reverse bias (V}, < 0) are shown in Fig. 1b.
The noticeable variation in the transport properties is
observed in a magnetic field at temperatures below
100 K. The R,, value changes the most in the temper-
ature range 10—40 K, where the MR effect is the most
sensitive to the magnetic field polarity. At the forward
bias, R,, changes insignificantly in the field = +0.6 T,
in the field of the inverse polarity (H = —0.6 T) the
resistance variation is much more pronounced. In the
latter case, we observe a peak in the R,,(7) curve in the
range 10—30 K. In the vicinity of this peak in the field
H=—0.6 T R, increases by a factor of almost 5, i.e.,
the relative resistance change referred to as the magne-
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toresistance MR,, = 100%(R,,(H) — R,(0))/R,,(0)
amounts to approximately 300%. Under the reverse
bias conditions, i.e., at V), <0, the dependence of R,
on the magnetic field polarity is reversed (Fig. 1b): the
magnetic field effect is weaker in the field H=—-0.6 T
than in the field H =+0.6 T and the intense character-
istic peak arises in the R,,(7) dependence again. The
shape of this peak is somewhat different from that
observed at the forward bias and its maximum is
shifted by about 5 K toward higher temperatures. In
the field H = +0.6 T, the resistance at the peak maxi-
mum is increased by a factor of more than 11 and the
MR, value attains 1000%. Thus, in the reverse- biased
structure, the MR effect values are larger than at the
forward bias. Another feature of the R,,(7) curve at
V, < 0 is the sharp R,, growth at temperatures below
10 K, which is observed even at H = 0 and especially
pronounced in nonzero field of any polarity.

The main features in the behavior of the R,,(T)
curve below 40 K can be interpreted in terms of the
dynamics of surface states, which are localized at the
oxide-semiconductor interface and strongly affect the
transport properties of the structure. The presence of
such states and their in-gap energy spectra were estab-
lished by us previously [11]. As the temperature is
decreased, the Fermi energy level (Ef) in p-type semi-
conductor shifts toward the top of the valence band
and at 40 K crosses the energy levels of the interface
centers. As a result, these centers start releasing elec-
trons and effectively contributing to the generation-
recombination processes. They also provide additional
tunneling paths between the metal and semiconduc-
tor, which changes the transport properties of the
structure. Below we consider the energy band diagram
and discuss the fundamental carrier transport pro-
cesses involving the interface states under laser radia-
tion at the forward and reverse bias on the structure.

Figure 2 shows the bias voltage dependence of the
transport and magnetotransport properties of the opti-
cally excited device. It is noteworthy that at tempera-
tures above 40 K, the /—V characteristics are typical of
the MIS tunnel diode (see inset in Fig. 2a) even under
optical radiation. Such a behavior of the /—V charac-
teristics of the diode can be explained within the clas-
sical approach, which takes into account the transition
of the semiconductor surface from depletion to accu-
mulation upon bias sweep and ignores the presence of
surface states [27]. However, below 40 K, the behavior
of the /—V curves drastically changes even in zero
magnetic field. We believe that it is the contribution of
the filling factor, recombination-generation, and tun-
neling dynamics of the interface states that compli-
cates the behavior of the photocurrent upon variation
in V,. Figure 2a presents the /—V characteristics of the
optically irradiated device at 7= 20 K in the fields
H=0and H= *0.8 T. It can be seen that the magnetic
field not only reduces the photocurrent value at all
applied biases V, but also modifies the shape of the /—
V curves. At all biases V), the current is highly sensitive
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to the magnetic field polarity. As we mentioned above,
the photocurrent at the forward and reverse bias
changes the most in the applied magnetic field of the
opposite polarities.

Figure 2b shows the bias voltage dependence of the
MR ratio of the irradiated structure at H = +0.8 and
—0.8 T. Except for the small bias region form —1 Vto +1V,
where MR, sharply changes, one can see that an
increase in the forward bias leads to the MR, drop,
and the difference between the MR ratios correspond-
ing to the opposite field polarities increases. On the
contrary, an increase in the reverse bias leads to the
MR, growth, and the difference between the MR
ratios corresponding to the opposite field polarities
decreases.

The magnetic field dependences of the resistance
R,,(H) presented in Fig. 3 show that not only the MR,,,
values but also the character of the R,,(H) depen-
dences are different for the forward and reverse biases
across the device. At V), > 0 (Fig. 3a), for one of the
field polarities, the R, value first decreases and then,
at a certain H value, starts growing. At V, <0 (Fig. 3b),
the minimum R, value corresponds to zero magnetic
field and the resistance increases at any field polarity.
It should be noted that at a fixed temperature the
shape of the R,,(H) curve remains invariable at any
applied bias V), of one sign and only the R,, value
changes.

As the temperature is decreased, the R,,(H) depen-
dences become more complex at both the forward and
reverse bias across the structure. This reflects the com-
plexity of the magnetic field effect on the transport
properties of the investigated device under illumina-
tion. In our opinion, a few physical mechanisms might
underlie the response of the transport properties to an
external magnetic field. These mechanisms apparently
originate from the presence of surface states, their in-
gap density distribution, features of their energy struc-
ture, and its possible modification under the action of
an external magnetic field. However, the field effect
consists mainly in changing the trajectories of elec-
trons and holes excited by light near the SiO,/p-Si
interface where the interface states are localized,
which, in turn, can work as recombination centers.
This explains the strong dependence of the transport
properties on the filed polarity.

The mechanism of carrier trajectory change in a
magnetic field is indirectly confirmed by the high sen-
sitivity of the MR effect to the light spot position on
the sample’s surface relative to the metal electrode (x;,
in the inset in Fig. la). Since the photocurrent
depends on the carrier lifetime, it increases at all V)
values with decreasing x,,. It appeared, however, that in
this case the MR, value decreases. Figure 4 shows the
MR,,(H) dependences for x, = 1 and 0.25 mm. A
decrease in the MR effect value with decreasing x, can
be clearly seen at the reverse bias across the structure,
when the MR effect is pronounced much stronger
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Fig. 2. (a) /—V characteristics of the optically irradiated device at H = 0 and in fields of H of +0.8 and —0.8 T at 7'= 20 K. Inset:
I—V characteristic under optical radiation at 7= 45 K and H = 0. (b) Magnetoresistance MR, vs bias voltage at H = +0.8 and —0.8 T.

than at the forward bias, at all other factors being the
same. In the magnetic field range from —1 and +1 T,
the MR, value decreases by a factor of 45 in the neg-
ative fields and by a factor of 7—9 in the positive fields.
In the forward-biased structure, a decrease in MR, in
the negative field is not as strongly pronounced. More-
over, at the positive field polarity we can no longer
speak about a decrease in MR, since here the effect
has different signs, but the integral MR ratio changes
in a field increasing from 0 to +1 T are similar. Note,
however, that at ¥, > 0, the observed MR, values are
smaller than those at ¥}, < 0 by more than an order of
magnitude.

Although we stated that the observed MR effect is
related to the presence of the interface states and to
deflection of the carrier trajectories, let us analyze the
models describing the magnetic-field effect in semi-
conductors and semiconductor-based devices. First,
note that, in contrast to all the well-studied MR effects
observed in nonmagnetic semiconductors and hybrid
structures, the MR effect investigated by us is imple-
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mented only under optical excitation, i.e., is related to
photogenerated nonequilibrium electron-hole pairs.
Therefore, we believe that the mechanism underlying
the phenomenon observed by us differs from the
mechanism implemented in lightly doped semicon-
ductors in the hopping conductivity mode, which is
related to shrinking the wave function of the impurity
state in strong magnetic fields [28].

The large positive MR is characteristic also of
inhomogeneous semiconductors. Linear or quadratic
positive MR is caused by the distortions of current
paths in a magnetic field due to the inhomogeneity
[29]. The inhomogeneity of both the carrier density
and carrier mobility can be induced by injection of
electrons or holes into a semiconductor [21]. In addi-
tion, the MR value is affected by the chosen device
geometry. However, the main underlying mechanism
is still the spatial variation in carrier mobility [22]. We
do not consider the inhomogeneity-induced MR
mechanism to be applicable in our case. First, the
MR,,(H) dependences obey neither linear nor qua-
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dratic law and exhibit a complex nonmonotonic
behavior, containing both positive and negative MR
portions. The high sensitivity of the resistance to the
field polarity cannot be explained within this mecha-
nism either.

Let us consider another group of the large MR
effects, which are observed in nonmagnetic semicon-
ductors and some semiconductor devices in strong
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electric fields [19, 20, 30—32]. These are the MR
effects caused by the magnetic field-dependent impact
ionization. The field dependence was attributed to the
Lorentz force deflecting the electron trajectories. In
an applied magnetic field, the trajectories extend and,
in bulk semiconductors, enhance inelastic scattering,
which results in suppression of impact ionization [19].
In structurally asymmetric devices, this mechanism
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causes the dependence of MR on the applied field
polarity: magnetic fields of different signs deflect free
carriers to the different areas of a device with different
recombination rates [20]. Some authors believe that
impact ionization at the Schottky barrier is responsible
also for the observed large MR in metal/semiconduc-
tor [28] and metal/oxide/semiconductor structures
[30]. It was suggested that the magnetic field shifts the
acceptor levels at low temperatures, which facilitates
localization of carriers and, consequently, suppresses
impact ionization. Then, the observed MR behavior
appears positive, monotonically changing upon the
applied field variation, and symmetric relative to the
magnetic field sign.

It is improbable that the latter mechanism is imple-
mented in our case, despite the fact that our device is
also based on the metal/oxide/semiconductor struc-
ture with the Schottky barrier. At the same time, there
are strong grounds to believe that the impact ioniza-
tion and magnetic-field effect on the carrier motion
play the key role in the occurrence of the MR effect in
the investigated structure. Indeed, in the zero-field /I—V
characteristic of the reverse-biased structure, we
observe a sharp increase in the current at|V,|>2 V. This
behavior can be interpreted as the autocatalytic
impact ionization process. In an applied field, this fea-
ture is missing in the /—V characteristic; therefore, we
may suggest that the magnetic field suppresses impact
ionization. As we mentioned above, this can originate
from deflection of the electron trajectories, which
enhances the probability of electron recombination
before they acquire the kinetic energy required for
recombination. The recombination rate will be differ-
ent for electrons deflected toward the SiO,/p-Si inter-
face containing many defects and in the bulk of a
semiconductor containing few defects; in other words,
it will depend on the magnetic field polarity. It is what
we observed in our experiments. At high reverse bias
voltages (|V,| > 2 V), when, in our opinion, impact ion-
ization occurs, the MR ratio has the largest values
(Fig. 2). Obviously, the MR, value grows with the neg-
ative bias voltage value, because so does the electric
field that accelerates electrons to the ionization
threshold. Meanwhile, the applied magnetic field is
sufficiently strong to suppress impact ionization via
enhancement of recombination.

At all the rest V), values, there are no features in the
IV characteristics that could be attributed to the
effect of impact ionization; however, the MR effect,
though weaker, is still observed, along with the current
sensitivity to the magnetic field polarity. We believe
that the field-induced conductivity change can still be
explained by the change in the carrier recombination
rate caused by deflection of the carrier trajectories
toward the interface or in the bulk of a semiconductor.
It is noteworthy that at V), > 0, the MR,, value can be
either positive or negative, depending on the field
value and sign; i.e. the magnetic field-induced varia-
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tion of the carrier trajectories can not only enhance
recombination, but, at certain H values, suppress it.

Now, let us analyze in more detail the above
assumptions about the nature and behavior of the MR
effect, taking into account the experimental geometry
and the topology and energy structure of the device. It
is convenient to analyze the photoconductivity fea-
tures observed at different temperatures with the use of
the schematic energy diagram, which illustrates the
fundamental carrier transport processes occurring at
the Fe/Si0,/p-Si interface under optical radiation
(Fig. 5). Taking into account the experimental geom-
etry and the fact that photo-generated carriers are only
created at the interface, it should be emphasized that
the trajectories of photogenerated holes (at the for-
ward bias) and photogenerated electrons (at the
reverse bias) are localized near the SiO,/p-Si interface
(Fig. 6). The interface centers can work as the centers
of recombination of photogenerated carriers. The
recombination rate depends on the carrier type (elec-
trons or holes) and on the charge state of the centers,
i.e., on the Fermi level position relative to the energy
levels of the centers, which, in turn, depends on tem-
perature. Thus, the transport and magnetotransport
properties of the device are determined by both the
energy spectrum of the MIS junction right under to
the metal electrode and the energy state of the inter-
face centers located between the light spot and the Fe
electrode.

Now, let us consider the forward-biased structure
in zero magnetic field (Figs. 5a—5c and 6a). The
excited electrons in Si near the interface move in the
bulk of Si, while the simultaneously exited holes are
accumulated in the Fe layer. In the forward-biased p-type
semiconductor, the Schottky barrier for holes lowers
or even completely vanishes, which ensures high pho-
toconductivity of the device at 7> 40 K. The interface
centers with the energies much lower than Ey are
charged by the electrons captured from the valence
band and do not actively participate in recombination.
At T < 40 K, the Fermi level Ep starts crossing the
energy levels of the centers and electrons are released
from them. The positively charged centers located
under the metal electrode simultaneously capture
electrons from the Fe layer and holes excited by light.
The release and capture processes effectively suppress
the photocurrent in the device. The device topology
and experimental geometry are such that the trajecto-
ries of excited holes are parallel to the SiO,/p-Si inter-
face with the localized surface states. As the Fermi
level Er approaches the energy levels of the centers
with decreasing temperature, recombination of holes
on these centers enhances. Thus, below 40 K one
should expect a significant increase in R,,, which was
observed by us (Fig. 1a). The nonmonotonic behavior
of the R,,(T) curve at T'<40 K is apparently due to the
features of the density of distribution of the surface
states in the semiconductor band gap.

2015



THE OPTICALLY INDUCED AND BIAS-VOLTAGE-DRIVEN MAGNETORESISTIVE 991
7>40 K 100 K< 7T<40 K T<10K
@ ~ N T ®) N © N

ES
Er---gaee [+ ./. .................... =N
p—
' =
®
&l
p-Si .
SiO,
@ * a4 - ©
<o <9
1o ~E, 1o
4 4
2
Er | -
""""" p— — E, z
t K—_o—>
p-Si
/ y/ Y

Si0,

1’&1’99

e—> e—>

re<® <@
1\_/
N
Impact
| ionization
o Y ® A Recombination
o P <o %}ee Bl <

av

Fig. 5. Schematic diagrams illustrating the fundamental carrier transport processes at the MIS junction under optical radiation
in the characteristic temperature ranges (a, d) 7> 40 K, (b, ¢) 10 < T< 40 K, and (c, f) T< 10 K. The diagrams correspond to
(a—c) the forward and (d—f) reverse bias. The interface states participate more effectively in the carrier transport and recombina-
tion processes in the temperature range 10—40 K (b, e). Impact ionization resulting in the abrupt photocurrent growth occurs at
a high reverse bias voltage (e). Recombination without participation of the interface states suppresses the photocurrent at low

temperatures in the reverse bias regime (f).

So, what happens when the magnetic field is
switched on? Our previous investigations of the mag-
netoimpedance of the Fe/SiO,/p-Si structure showed
that the field effect might be interpreted as the shift of
the in-gap interface levels toward higher energies [11].
This could explain the shift of the characteristic fea-
tures on the temperature dependence of R,, observed
byusat H=+0.6 T. However, this does not explain the
strong dependence of R,, on the field polarity. This
effect was not observed in our magnetoimpedance
measurements. Moreover, upon sweeping a positive
magnetic field, first, we observe a slight decrease in the
resistance and then the resistance starts growing
(Fig. 3aand 4a), which is indicative of the competition
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between contributions of different mechanisms to the
MR effect. We suggest the following scenario.
Although the energy levels of the interface states shift
in a magnetic field, this does not significantly change
the R,, value. We believe that the decisive role is played
by the Lorenz force. The magnetic field with the direc-
tion taken by us as positive (parallel to the y axis)
deflects the excited holes from the interface centers
(see Fig. 6a). As a result, the carrier recombination
rate drops and, when the field is switched on, we first
observe the R, drop. Then, as the field increases, the
distortion of the carriers trajectories extends the dis-
tance to be passed by electrons until they reach the
metal electrode. The extended electron paths, in turn,
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Fig. 6. Schematic of the photogenerated carrier transport in the device in zero magnetic field and in the fields of the opposite
polarities at (a) forward and (b) reverse bias voltages. The magnetic field deflects carriers towards the interface, enhancing recom-

bination due to the interface states.

enhance the probability of recombination of excited
holes and, thus, increase R,

In negative field H, the Lorentz force deflects holes
toward the interface and facilitates recombination. As
aresult, R, rapidly grows. As we mentioned above, the
recombination rate for holes on the interface centers is
higher when the energy levels of the centers are close
to the Fermi level Ey. Since Ef is proportional to the
temperature, we may conclude that the peak in the
R,,(T) dependence in the temperature range 10—30 K
at the negative H values follows the in-gap distribution
of the density of interface states.

Let us pass to the reverse-biased structure
(Figs. 5d—5f and 6b). Here, the charge is carried by
photoexcited electrons along the SiO,/p-Si interface
between the light spot and the metal electrode. Since
in a p-type semiconductor electrons are the minority
carriers, the interface states still do not work (7"> 40 K)
and R, is significantly higher than at the forward bias.
In our opinion, below 40 K at H = 0 the resistance
behavior is governed by several mechanisms. First, the
interface states come into play: the positively charged
centers can simultaneously capture electrons from the
conduction band and holes from the valence band.
This process should suppress the photocurrent in the
device. Meanwhile, the electrons captured by the cen-
ters localized under the metal electrode can tunnel
into the metal electrode before the hole is captured by
the center from the valence band and recombination
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occurs. Obviously, activation of such an additional
conductive channel should reduce R,,. However, we
believe that at the reverse bias the key role in the
reduction of R,, below 40 K is played by impact ion-
ization. When the reverse bias exceeds the threshold
value V, =—1.5Vat T=20 K, the kinetic energy of the
electrons surpasses the ionization energy and impact
ionization is triggered, which is accompanied by the
abrupt electric current growth in the device (Fig. 2a),
i.e., by a decrease in R,

As in the forward-biased structure, the magnetic
field effect is reduced to deflection of the electron tra-
jectories. At H< 0, the Lorentz force deflects electrons
from the SiO,/p-Si interface, thereby extending the
electron trajectories. These extended trajectories
enhance the probability of recombination of exited
electrons. Therefore, one can observe a minor increase
in R, regardless of impact ionization, which occurs at
T'< 40 K and does not occur at 7> 40 K. At the oppo-
site field direction (H > 0), electrons are deflected
toward the interface where the recombination rate is
higher than in the bulk of semiconductor. Recombina-
tion becomes especially intense when the interface
states start releasing electrons and thereby transform
to the effective recombination centers. Since the fast
recombination suppresses impact ionization, in this
region we observe a sharp increase in R, in an applied
positive magnetic field. The strongest R, variations at
15—-35 K (peak in the R,,(7) curve at H = +0.6 T) are
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apparently related to the shape of the distribution
function of the interface states and to the fact that
recombination is effective on the centers whose energy
levels are in the close proximity to Ep. Some discrep-
ancy between the R,,(T) peak positions at negative H
values under the forward bias and at positive H values
under the reverse bias can be explained by the fact that
the energy levels of the interface states follow the shift
of the allowed bands in the semiconductor to the inter-
face upon structure bias variation, while the Fermi
level position remains invariable. In other words, at a
fixed temperature, the distances between the Ep level
and the center of the interface state density distribu-
tion are different at different biases across the device.

The results obtained in other experimental geome-
tries are consistent with the proposed scenario of the
magnetic field effect on photoconductivity of the
device under study. When the position of the laser spot
along the y axis is changed (distance x; to the Fe elec-
trode is constant) at all other experimental conditions
being equal, neither the transport properties nor the
R,, and MR, absolute values change. A decrease in x,
does not cause any substantial changes in the curves
either, but strongly affects the resistance and MR val-
ues: R, increases and MR, decreases (Fig. 4). This is
quite natural, since the trajectories of photoexcited
carriers, starting with the laser spot and ending with
the metal electrode, shorten and the recombination
probability lowers. Consequently, suppression of the
photocurrent by recombination weakens.

When a magnetic field is applied along the x direc-
tion, the MR effect remains noticeable, yet signifi-
cantly weakened. The point is that in this geometry the
Lorenz force deflecting the carrier trajectories toward
the interface or in the bulk of semiconductor is negli-
gible, because it is actually determined by the small
carrier velocity projection onto the y axis.

In the framework of the proposed model, we still do
not quite understand the sharp R, growth at the
reverse bias below 10 K in zero field and even sharper
R,, growth in nonzero magnetic fields of any polarity.
Perhaps, one should take into account the occurrence
of additional recombination channels. Recall that the
current mainly flows right next to the insulator/semi-
conductor interface, containing various defects,
which can be activated at lower temperatures and start
suppressing impact ionization, thus leading to the
resistance growth. The role of the magnetic field can
be reduced to deflection of the carrier trajectories and
modification of the energy spectrum of defects. Any-
way, the observed R, behavior needs more thorough
analysis. However, we believe that our simple model
covers the most relevant points of the optically
induced MR effect in the Fe/SiO,/p-Si-based device.
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CONCLUSIONS

It was shown that the extremely high magnetoresis-
tance can be induced in the device based on the
Fe/Si0,/p-Si structure by laser radiation. The magne-
toresistance ratio can be controlled in a wide range by
a bias voltage across the device. Moreover, the opti-
cally induced magnetoresistive effect strongly depends
on the magnetic field polarity. The main features in the
behavior of photoconductivity of the device in a mag-
netic field can be explained using the model proposed
by us. According to our model, the magnetic field
effect on the transport properties of the structure
under study can be related to the Lorentz force acting
on photogenerated carriers. Deflection of the carrier
trajectories by a magnetic field enhances the probabil -
ity of recombination and, thus, reduces the photocon-
ductivity. The asymmetric magnetic field effect on the
photoconductivity was attributed to the difference in
the carrier recombination rates at the oxide-silicon
interface and in the bulk of silicon. Depending on the
field direction, carriers are deflected either toward the
interface or away from it, which yields different effec-
tive photoinduced currents in the device at the oppo-
site magnetic field polarities. The dependence of the
MR ratio on the bias voltage across the device is also
caused by distortion of the carrier trajectories, but here
the electric field plays different role, accelerating the
carriers. At high voltages, the magnetoresistance
mechanism starts acting on electrons: the impact ion-
ization is switched on, which can be suppressed by the
increasing magnetic field extending the electron tra-
jectories and enhancing recombination. In the impact
ionization mode, the device exhibits the strongest
magnetoresistive effect.

We believe that the silicon-based devices with the
resistance controlled by the three parameters, includ-
ing optical radiation, magnetic field, and bias voltage
have the high application potential. Compatibility of
such devices with the highly developed silicon tech-
nology makes it possible to easily integrate them in sil-
icon chips for achieving high functionality by means of
the interplay between the electronic, optoelectronic,
and magnetic responses.
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