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Light-Induced-Magnetoresistance
in p-n Junction Device

Yang Cao, Wenbo Sui, Tao Wang, Mingsu Si, Huigang Shi , Dezheng Yang , and Desheng Xue

Abstract— It is highly desirable to provide extra func-
tionality for p-n junction to bypass the limits to Moore’s
law. By combining magnetoelectric and photovoltaic effects
of p-n junctions, we demonstrate a novel light-induced
magnetoresistance (MR) effect, that the photovoltage in the
conventional p-n junction can be significantly tuned by
magnetic field. In contrast to the symmetric MR driven by
external electric field, light-induced MR presents an asym-
metric behavior at positive and negative magnetic induc-
tion. Theoretical fits using photovoltaic transport equations
further reveal that the asymmetric MR induced by light
directly reflects the asymmetric geometric of the space-
charge region in p-n junction under the magnetic induction.
The results not only further confirm our MR model of p-n
junction, but also provide a new route by using magnetic
control of energy flow in light harvest.

Index Terms— p-n junction, magnetoresistance, magne-
toelectric effect, photovoltaic effect, space charge region.

I. INTRODUCTION

W ITH the extreme scaling of the semiconductor devices
to pursue the predication of the Moore’s law [1],

p-n junctions, as the elementary building blocks in modern
electronics, will soon reach their physical limitations. Since
the discovery of the large magnetoresistance (MR) effect
in semiconductor materials themselves, i.e. Si [2]–[8],
Ge [9]–[11] and GaAs [12], [13], etc., it has become natural
and necessary to integrate the magnetic functionalities into
p-n junctions as an alternative methodology to bypass the
Moore’s law [14]–[16].

By modulating the space charge region (SCR) under the
magnetic field without changing the CMOS-based technol-
ogy, a significant magnetoelectric effect in conventional p-n
junction has been observed [17]–[21]. This makes the p-n
junction not only work as a basic electrical building block in
modern electronics, but also function as the magnetic rectifier
[15], [22]–[24], the magnetic amplifier [20], [25] and the
magnetic logic operations [26], [27].

On the other side, p-n junction also has a significant pho-
tovoltaic effect, which plays an important role in conversion
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of energy of light harvest, i.e. photodetector and solar cells.
During the illumination of light, the built-in electric field of
SCR of p-n junction can effectively separate the photogen-
erated electron-hole pairs, and drive the electrons and holes
move to the opposite regions to form the photovoltage (Vp).
Because Vp also depends on the SCR of p-n junction according
to the above scenario, this indicates that photovoltaic effect in
the conventional p-n junction is also possible to be changed
by modulating SCR under the magnetic induction, which will
directly combine magnetoelectric and photovoltaic effects of
p-n junction together [28], [29].

In this work, we investigate the MR effect of p-n junction
illuminated by light. Compared with symmetric MR of p-n
junction without illumination, the MR of p-n junction with
illumination presents an obvious asymmetry with respect to
external magnetic induction (B), namely MR(B) ̸= MR( − B).
With further decreasing the measurement current to the
photocurrent region to avoid the affection of external electric
field, the light-induced asymmetric MR can be well described
by the photovoltaic transport equations, where current is
considered to have a deflection due to the asymmetric
geometry of the space-charge region in p-n junction under
the magnetic induction.

II. RESULTS AND DISCUSSION

Figure 1(a) shows schematic diagram of p-n junction device
structure and measurement configuration. The p-n junction
device was fabricated by ion implantation. The implantation
concentration of Si( p+) and Si(n+) were 2.0 × 1014 cm − 3

and 1015 cm − 3, respectively. During the measurement, a laser
beam was used to irradiate on the side of p+ region, as shown
in Fig. 1(a). The wavelength of the laser is 650 nm and the
power of the laser is 30 mW. In order to generate a maximum
Lorentz force, B was perpendicular to the current. During the
measurements, we use Keithley 6221 as current source and
Keithley 2182 as voltmeter.

Figure 1(b) shows the B-modified I-V characteristics
of the p-n junction with and without laser illumination at
T = 10 K. All the I-V curves exhibit rectifying effects,
indicating that the SCR plays a dominant role for the p-n
junction transport. When laser is on, the p-n junction device
presents a significant photovoltaic effect. The open-circuit
photovoltage VOC = 1.1 V, and the short-circuit photocurrent
ISC = 50.0 µA. Interestingly, for the two situations with
and without illumination, the B-modulated I-V characteristics
of p-n junction device are completely different. For the p-n
junction device without illumination, the I-V curves are
shifted toward positive voltage region under the magnetic
induction. For B = ± 200 mT the B-modulated I-V
characteristics almost coincide, indicating a symmetric MR
effect. While, for the p-n junction device with illumination,
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Fig. 1. (a) Schematic diagram of p-n junction device structure and
measurement configuration. (b) The B-modulated I-V characteristics of
the p-n junction device with and without illumination.

the I-V are also shifted toward positive voltage region
under the magnetic induction, but for B = ± 200 mT the
B-modulated I-V characteristics are separated, indicating an
asymmetric MR effect. It should be noted that the symmetric
MR effects driven by external electric field are consistent
with the previous reports [17]–[21], but to our knowledge,
the asymmetric MR effect of p-n junction driven by light have
not been reported yet. Moreover, the amplitude of voltage
variations induced by magnetic induction is extremely large
(∼ V), thus we can exclude the heat-induced MR, where the
amplitude of thermal signal is extremely small (∼ µV).

To clearly demonstrate the asymmetry of the MR effect of
p-n junction driven by light, we measured the MR curves
without and with illumination at various external electrical
currents. Here, MR is defined as MR(%)=[V (B) − V (0)]/V (0),
where V (B) and V (0) are the voltage of p-n junction device
with and without B, respectively. Figure 2(a) shows the MR
curves of the p-n junction device without illumination. The
MR curves are symmetric and approximately quadratic for
all currents. This indicates that the electric-field-induced MR
effect is symmetric with B. However, for the p-n junction
device with illumination in Fig. 2(b), the MR curves are
asymmetric with B. The MR ratio at negative B is larger
than the MR ratio at positive B. With further increasing the
electric current, the asymmetry of MR gradually increases.
This indicates that the observed asymmetric MR stems from
both the light-induced MR and electric-field-induced MR.
Compared with the symmetric electric-field-induced MR effect
in Fig. 2(a), one can conclude that the asymmetric component
of MR should origin from the light-induced MR effect.

In order to further eliminate the electric-field-induced MR
effect, we measured the MR curves close to VOC region,
where the external electric current is almost negligible. As
can be seen from Fig. 3(a), the MR curves close to VOC
region are all asymmetric with B, but present different MR
behaviors. At positive current regions MR curves open upward,
while at negative current regions MR curves open downward.
In particular, for I = 0 µA it should be noted that the electric-
field-induced MR effect is completely eliminated. At this
point, one can find that the MR curve is almost completely
anti-symmetric. Moreover, the MR curve at I = 0 µA also
demonstrates that the open-circuit photovoltage VOC can be
modulated by B, which will be useful for potential magnetic

Fig. 2. MR without (a) and with illumination (b) at various currents.
MR curves with (without) illumination is asymmetric (symmetric) with
respect to B.

control of photoelectric conversion efficiency in conventional
p-n junctions.

In order to quantitatively describe the light-induced MR
effect, we analyze photovoltaic transport equations under the
external magnetic induction. For simplify, we considered the
situation that the carrier is electron. For carrier is hole,
the discussion is similar.

∂n
∂ t

= 1
q

∇ · Jn + G(x) − U = 0, (1)

where q is the carrier charge, t is the time, n is the electron
concentrations, Jn is photocurrent densities for electrons, x
is the distance far from the light source, G(x) represents the
carrier generation rate induced by light, which is exponential
decay with x , and U represents the carrier recombination rate.
Equation (1) represents the continuity equations of electron.
The variation of carrier concentrations in this region depends
on current flowing in/out (first term), the light-generated
carriers (second term) and the carrier recombination (the third
term). For the stable condition, ∂n

∂t = 0.
Here Jn under the magnetic induction B is described by

the following equation, which includes the drift current (first
term), the diffusion current (second term) and the Lorentz
force induced current (the third term), [21]

Jn = qµnn E + q Dn∇n − qµnnvn × B, (2)

where µn is the electron mobility, Dn is the electron diffu-
sivity, E is the electric field and vn is the electron drift velocity.
In order to get the analytical solution, we make an
approximation,

Jn = nqvn . (3)

Strictly speaking, the velocity vn is not proportional to the total
current density Jn , since Jn is the sum of drift and diffusion
currents. However, under the condition of the drift current
much larger than the diffusion current, the approximation of
Eq. (3) is valid and has been used for other models in litera-
ture [30]–[32]. For our model, the photocurrent of the p-n junc-
tion originates from the fact that photogenerated electron-hole
pairs are separated by the strong electric field of SCR. In this
situation, the drift current is much larger than the diffusion
current [33], indicating the approximation is also reasonable.

In order to get analytical solution of Jn (B) for Eqs. (1),
(2) and (3), we consider the Lorentz force induced current in
Eq. (2) as a perturbation item. For B = 0, we define Jn (0) is
the exact solution of Eqs. (1), (2) and (3). When B is applied,
Eqs. (2) and (3) could be rewritten by replacing Jn on the
item of Lorentz force induced current,

Jn = qµnn E+q Dn∇n − µn (qµnn E+q Dn∇n − µn Jn × B)

× B. (4)
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Fig. 3. (a) The MR curves with illumination close to VOC region.
(b) and (c) are the symmetric components and anti-symmetric compo-
nents extracted from the MR curves with illumination, respectively. The
hollow circles are the data points. The solid lines are the corresponding
fit with Eq. (6).

By utilizing (Jn × B)×B = (B · Jn) B − B2 Jn = − B2 Jn
(for B⊥ Jn), we can obtain the solution of photocurrent under
the magnetic induction Jn (B),

Jn (B) = 1
1 + µ2

n B2 (Jn (0) − µn Jn (0) × B) . (5)

Remarkably, the second term − µn Jn (0) × B represents
the current deflection caused by the Lorentz force. For a
uniform semiconductor, this term is usually compensated by
Hall field, due to the carrier charge accumulation at the
boundary. Interestingly, the second term can exist in p-n
junction. This is because there are not enough mobilizable
carriers in SCR to compensate the Lorentz force. Instead, a
trapezoidal distribution of SCR in Fig. 1(a) is formed, which
induces carrier concentration deviation to balance the Lorentz
force [21]. This estimate is also confirmed by experiments
[17]–[20]. Because of ∇ · (Jn(0) × B) = 0, Jn (B) in the
Eq. (5) can be considered as the approximation solution of
the Eq. (1). Because G(x) and U are both associated with
the geometry of SCR, the trapezoidal distribution of SCR
under magnetic induction will further amplify the deflection of
current. Therefore, MR effect of p-n junction with illumination
should be proportional to "Jn = Jn (B) − Jn (0), thus

MR(B) = Csym

(
1 − 1

1 + µ2
n B2

)
+ Casym

µn B
1 + µ2

n B2 , (6)

where Csym and Casym are the coefficients of symmetric and
anti-symmetric components of MR with illumination, respec-
tively. Obviously, the symmetric component of MR (even
function) stems from the electric-field-induced MR, while the
anti-symmetric component of MR (odd function) stems from
the light-induced MR, which represents the current deflection
caused by the Lorentz force.

The symmetric and anti-symmetric components of MR
curves with illumination can be simply decomposed by the
following mathematical processing,

MR (sym) = 1
2
(MR (B) + MR ( − B)), (7.1)

MR (asym) = 1
2
(MR (B) − MR ( − B)), (7.2)

Fig. 4. The coefficients Csym (a) and Casym (b) for symmetric and
anti-symmetric components of MR with illumination as functions of I,
respectively.

which are shown in Fig. 3(b) and Fig. 3(c), respectively. We fit-
ted all the MR data with various current well with Eq. (6).
During the fitting, the mobility µ = 4.3 × 104 cm2s− 1V − 1 is
consistent with the experimental values.

The two corresponding fitting parameters Csym and Casym
are obtained and shown in Fig. 4(a) and (b), respectively.
Csym is proportional to the current, indicating that the width
of SCR is modulated by the current. According to Fig. 3(c)
and Fig. 4(b), Casym is slightly decreased with the increasing
absolute value of current, while Fig. 2(b) demonstrates a
reverse trend, where the asymmetry of MR gradually increases
with increasing the current. This is because the MR of p-n
junction not only depends on the deflection of SCR caused by
magnetic field, but also depends on the width of SCR caused
by electric field. According to our previous experiments [17],
[18] and theories [21], MR effect is obviously improved with
increasing the applied current, demonstrating that the MR ratio
is more sensitive to B in the narrower SCR. Thus, the reverse
trend in Fig. 2(b) can be attributed to electric field effect,
where the light amplification effect becomes more significant
at the larger current region. In Fig. 3(c) and Fig. 4(b) electric-
field-induced MR effect can be excluded, since we measured
the MR curves close to zero current region. Thus, the fact
that Casym is slightly decreased with the increasing absolute
value of current origins from the light-induced MR effect.
Remarkably, the broken symmetry MR(B) ̸= MR( − B) usually
indicates the violation of the time reversal invariance [34],
[35]. We ascribe the origin of light-induced asymmetry MR
effect to the current deflection, which causes an additional Hall
voltage breaking the time reversal.

III. CONCLUSION

In conclusion, we reported a light-induced MR of p-n junc-
tion, which can naturally integrate magnetoelectronic effect
and photoelectronic effect together. Unlike conventional sym-
metric MR induced by electric field, the light-induced MR
of p-n junction presents an asymmetric behavior. The newly
discovered effect can be satisfactorily explained by light-
induced amplification effect due to asymmetric geometry SCR
under magnetic induction. The results in this work report
a fact that the photovoltage of conventional p-n junction
can be modified by magnetic induction. These results might
provide a new idea by the magnetic control of energy flow
in light harvest, and indicate that the conventional p-n junc-
tion can be used as a multifunctional material based on the
interplay between electronic, magnetic and optic response
together, which is significant for future semiconductor
industry.
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