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  1. Introduction 

 Magnetoresistance (MR) effects of non-magnetic materials 
such as silver chalcogenide, [  1  ,  2  ]  semimetallic bismuth, [  3  ]  doped 
InSb, [  4  ]  GaAs, [  5  ]  and silicon [  6–15  ]  have recently attracted a 
growing amount research interest due to their physical inter-
ests and potential applications in magneto-electronics devices. 
Compared with the magnetic materials, the MR effect on these 
non-magnetic materials presents two distinguished features. 
One is that the MR ratio is very large, comparable to, or even 
larger than, that of magnetic materials. [  16–19  ]  The other is that 
the resistivity increases approximately linearly with the external 
magnetic fi eld, even at mega-gauss fi elds. These features of MR 

effect not only make the non-magnetic 
materials attractive to magnetic sensor 
industry, but also provide one of the most 
promising routes to realizing manipula-
tion of the electron charge even spin in 
semiconductor devices by magnetic fi eld. 

 Among these non-magnetic mate-
rials, silicon provides substantial benefi ts 
including the long spin coherence and 
the compatibility with the current CMOS 
technology, as well as the ability to fabri-
cate low-cost devices. However, due to its 
modest carrier mobility it is experimen-
tally and theoretically still a great challenge 
to obtain the large MR effect and related 
mechanism. [  6–15  ]  One promising approach 
is based on the tunnel injection through 
the thin silicon dioxide layer, which trig-
gers a transition to a high mobility trans-
port regime by an autocatalytic process of 
impact ionization. [  6  ]  At proper oxidation 
thicknesses ( ≈ 2 nm) the large MR ratios 
in lighted doped p-type silicon have been 

reported at 4 K and even at room temperature. [  6  ,  7  ,  15  ]  An alterna-
tive way is to produce a quasi-neutrality breaking by applying 
a large electric fi eld in silicon, in which the large MR effect is 
believed to arise from an electric-fi eld inhomogeneity due to a 
space-charge effect. [  8  ,  9  ]  It is seen that these experiments pro-
vided implicit contributions for future silicon based magneto-
electronics, however, the specifi c silicon substrates, millimeter-
scale device size, and strict external conditions (e.g., oxidation 
layer thickness or large driven voltage 60 V) still hinder the fur-
ther applications and developments in silicon-based magneto-
electronics. Therefore a universal way to realize a large MR 
effect on silicon is still needed. 

 Although the theories [  23  ,  24  ]  and experiments [  13  ]  have pro-
posed that the electron and hole coexistence system can sig-
nifi cantly enhance the MR effect due to the inverse carrier 
mobility between the electron and hole, there is still no defi ni-
tive design to realize such coexistence system in experiments. 
The magnetodiode reported at the early stage can be considered 
a good coexistence system. [  25–28  ]  By changing the electron and 
hole concentration under the magnetic fi led, a large MR effect 
is observed in the previous magnetodiodes. In these experi-
ments, the carrier concentration becomes spatial variation, and 
then signifi cantly changes the device resistance. However, these 
experiments only show that the MR effect in p–n junction can 
be caused by the carrier concentration gradient due to the arti-
fi cial device geometries (e.g., different recombining surfaces 
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Figure  1 d shows the typical  I–V  characteristics of p–n junction 
device at 100 K. All the  I–V  curves present the obvious recti-
fying effect due to the intrinsic space-charge region in the p–n 
junction. For the zero-magnetic fi eld  I–V  curve, the junction 
current is about 9 mA at  V   =  6 V. However, as the external mag-
netic fi eld is applied, a pronounced current suppression effect 
occurs and gradually increases with the increasing magnetic 
fi eld, accompanied by enhanced positive MR effect. When  H   =  
5 T, at the same voltage bias 6 V the current is shifted down-
ward to 0.03 mA, thus the corresponding MR ratio is more than 
25000%. Here the MR ratio is defi ned as

 MR(%) = [R(H) − R(0)]/R(0) × 100%,   (1)   

where  R (0) and  R ( H ) are the resistance ( V / I ) at zero and applied 
magnetic fi eld, respectively. One can fi nd that the  I – V  charac-
teristics are more sensitive to the magnetic fi eld in the larger 

or shape ratios), but do not show how the 
intrinsic space-charge region of p–n junction 
evolves or how the space-charge effect affects 
the MR effect in p–n junction. 

 In this work, we propose and realize an 
extremely large MR effect in convention 
silicon p–n junction devices by utilizing the 
external magnetic fi led to manipulate the 
space-charge region of the p–n junction. Our 
results show that the p–n junction device is 
robust, micrometer size scale, has a large MR 
ratio and high-fi eld sensitivity, and operates 
over wide magnetic fi eld and temperature 
ranges. Because the p–n junctions are fun-
damental elements and have been widely 
used in modern semiconductor industry, the 
magnetic fi eld controlled p–n junction may 
represent a crucial step towards the future 
magneto-electronics in the semiconductor 
industry.  

  2. Results and Discussion 

 The structure of the device is Cu/Si(p + )/Si(n)/
Si(n + )/Cu with a schematic representation 
shown in  Figure    1  a. At room temperature the 
carrier densities of Si(p + ) and Si (n + ) were 
2.0  ×  10 14  cm  − 3  and 1.0  ×  10 15  cm  − 3 , respec-
tively. The device size of p–n junction was 
designed as 150  µ m, which is much smaller 
than the several millimeters in previous sil-
icon devices. [  8–13  ]  In contrast to the magne-
todiode with lateral geometry, the structure 
Si(p + )/Si(n)/Si(n + ) with vertical geometry is 
chosen to form a wide space-charge region. 
Without the limitation of recombining sur-
face or shape ratio, the p–n junction with 
the vertical geometry can be more easily 
integrated into the modern semiconductor 
electronics with a much smaller device size. 
At the zero-magnetic fi eld, the space-charge 
region between p-type and n-type silicon 
is uniform (Figure  1 b). Its width depends on the equilibrium 
between the diffusion process and the built-in electric fi eld. 
However, when the external magnetic fi eld is applied, the equi-
librium is broken. The -  carriers in n-type and p-type region 
are defl ected by Lorenz force and accumulate at the edges of 
the sample (Figure  1 c). As a result, a trapezoidal distribution 
in space-charge region is formed to balance the magnetic fi eld. 
Because the transport properties of the p–n junction strongly 
depend on the confi guration of space-charge region, the spatial 
distribution in space-charge region under the external magnetic 
fi eld can drastically change the junction resistance.  

 To confi rm such scenario for MR effect of p–n junction, the 
current-voltage ( I–V ) characteristics of p–n junction device were 
measured for various magnetic fi elds ( H ) with temperatures 
from 50 to 300 K. During the measurement the magnetic fi eld 
was perpendicular to the current through the p–n junction. 

     Figure  1 .     a) Schematic illustration of the p–n junction device structure and measurement 
sketch. The junction size is 150  µ m, separated by the SiO 2  layer. b,c) Schematic illustration 
of the origin of large MR effect in p–n junction due to the spatial distribution of space-charge 
region induced by the magnetic fi eld. Panels (b,c) show sketches of the space charge-region of 
the p–n junction without and with the magnetic fi eld, respectively. d)  I–V  characteristics of the 
p–n junction device at  T   =  100 K for various magnetic fi elds. From left to right the magnetic fi eld 
is increased from 0 T to 5 T. The corresponding  I–V  curves fi t with the equation  I   =   I  s (e   α V    −  1) 
are shown by the solid lines. Data points are the hollow circles.  
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introduce two important contributions of the MR effect. First, 
the spatial distribution of the space-charge region makes elec-
tric fi eld inhomogeneous. As a result, carriers no longer move 
perpendicularly to the boundary. In this regime the current 
defl ection signifi cantly enhances the intrinsic transverse MR 
due to the residual Hall effect. This is also consistent with the 
previous reports in other nonmagnetic semiconductors, in 
which the spatial fl uctuations in the conductivity were caused 
by the random distribution of doped impurities. [  20–24  ]  Second, 
the spatial distribution of space-charge region changes the car-
rier concentrations. The carrier concentrations on each side of 
the p–n junction vary spatially with the applied magnetic fi eld 
because of barrier spatial variations in the diffusion of carriers 
across the junction. 

 Therefore, according to the above discussions, the non-
monotonic behavior of  I  s  as a function of magnetic fi eld can 
be understood as a direct evidence by the competition between 
the carrier concentrations variation and the carrier scattering 
due to the electric-fi eld inhomogeneity. When the external mag-
netic fi eld is applied, the confi guration of space-charge region 
becomes spatial distribution (shown in Figure  1 c), making  I  s  
enhancement due to a decrease of the barrier height between p 
and n region. However, as the magnetic fi eld further increases, 

voltage bias regime, which demonstrates that an ultrathin bar-
rier is an indispensable ingredient in creating the large magni-
tude of the MR effect. [  6  ]  

 Although the positive MR phenomenon was also observed 
in doped silicon, [  6–9  ]  the transport behaviors and correlated 
mechanisms between doped silicon and p–n junction are dis-
tinctively different. For the doped silicon, the  I–V  characteris-
tics typically obeyed the Ohm law at the low electric fi eld and 
the Mott-Gurney law at high electric fi eld. [  8  ,  9  ]  In contrast, for 
the p–n junction as shown in Figure  1 d, the  I–V  curves under 
all magnetic fi elds are fi tted well with the exponent equation

 I = Is(eαV − 1)   (2)   

which is similar with the Shockley equation in the idealized p–n 
junction. Here   α   relates to the spatial distribution of the space-
charge region and  I  s  represents the reverse saturation current. 
The exponential relationship of the p–n junction demonstrates 
that the transport properties of the p–n junction under mag-
netic fi eld are still governed by the space-charge region in the 
p–n junction. Due to the different mechanisms between doped 
silicon and p–n junction, we notice that in order to observe 
appreciable MR ratio in the doped Si substrates, a large voltage 
bias of 60 V or appropriate current should be provided. [  8  ,  9  ,  13  ]  
However, here owing to the intrinsic space-charge region in the 
p–n junction, only a small voltage bias ( ≈ 6 V) is need to supply, 
independent of the strict external conditions. 

 In addition, we also note that the  I–V  characteristics under 
the magnetic fi eld in our p–n junction device is different 
from thoese in the previous magnetodiode even if they have a 
similar p + –n–n +  junction structure. In the reported magneto-
diode device the change of the  I–V  characteristics is dependent 
on the polarity of magnetic fi eld. [  27  ]  The junction resistance is 
increased (decreased) due to the low (high) carrier concentra-
tion when the carrier is defl ected toward the high (low) recom-
bining surface. For fi xed driven voltage 6 V and magnetic 2 T, 
the MR ratio in our device is 400% at room temperature, while 
30–100% MR ratio is observed in magnetodiodes. [  25  ,  28  ]  

 The fi tted parameters  α  and  I  s  as a function of the mag-
netic fi eld with temperatures from 50 to 275 K are shown in 
 Figure    2  a,b, respectively. The values of   α   and  I  s  as a function 
of the magnetic fi eld present signifi cantly different behav-
iors. For all temperatures the  α  shows a monotonic decrease 
as the amplitude of magnetic fi eld increases. At the zero mag-
netic fi eld the value of   α   is the largest (  α    =  0.8) and gradually 
decays to approach a constant value (  α    =  0.1), whereas,  I  s  shows 
the non-monotonic behavior for all temperatures. It initially 
increases with increasing magnetic fi eld to the maximum, and 
then decreases as the magnetic fi eld further increases. The 
amplitude and position of the maximum  I  s  strongly depend 
on the temperature. As the temperature increases from 50 K 
to 275 K, the amplitude of the maximum  I  s  increases from 
0.5 mA to 1.3 mA, and corresponding position also increases 
from 0.4 T to 4 T. Remarkably, as  I  s  gets to the maximum, the   α   
approaches a constant value at the same time.  

 A natural explanation of our data is provided by the idea 
put forward in ref. [   13   ], which considered the presence of the 
spatial distribution in space-charge region under the external 
magnetic fi eld. Such distribution in space-charge region can 

     Figure  2 .     a,b) The magnetic fi eld dependence of the fi tted parameters 
  α   and  I  s  at various temperatures, respectively, by fi tting the  I–V  curves 
with the equation  I   =   I  s ( e   α  V    −  1). The insets A and B in (a) demonstrate 
the possible stable distributions of the space-charge region at zero and 
large magnetic fi eld.  
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the carrier scattering in inhomogeneous space-charge region 
becomes dominant, thus reduces the  I  s . In contrast, the value 
of   α   from zero to high magnetic fi eld is linked to the space-
charge region confi guration. The constant values of   α   at zero 
and high magnetic fi eld ( H   =  5 T) might relate to the two stable 
space-charge region confi gurations, as shown the insets A and 
B in Figure  2 a, respectively. However, we fi nd that the values 
of   α   at zero and high magnetic fi eld are independent of tem-
peratures. This is still unclear and needs to be further studied. 
Finally, the temperature dependence of   α   and  I  s  as a function of 
magnetic fi eld can be explained by the thermal emission during 
carrier diffusion through the space-charge region. 

 To further explore the origin of the MR effect in p–n junction 
device, we measured the p–n junction resistance and the MR 
curves as a function of temperature at constant current 10 mA. 
Although the MR ratio measured at constant current is much 
smaller than that at the constant voltage, the junction resistance 
at constant current can accurately represent the infl uence of the 
variation of space-charge region on the MR effect. As shown in 
 Figure    3  a, the temperature dependence of resistance is strongly 
affected by the amplitude of the magnetic fi eld. At zero-mag-
netic fi eld the resistance changes weakly with varying the 
temperature. In sharp contrast, for the intermediate magnetic 
fi eld, such as from 0.3 to 1 T, as the temperature decreases, the 

resistance starts to increase and then becomes more sharply at 
the lower temperature. We ascribe it as the both contributions 
of MR effect between the carrier concentration variations and 
the carrier scattering in inhomogeneous space-charge region. 
For the large magnetic fi eld, such as from 2 to 5 T, in which the 
carrier scattering in inhomogeneous space-charge region plays 
a dominant role, the resistance almost linearly increases with 
decreasing temperature in the entire temperature regime.  

 The corresponding MR curves of p–n junction device in 
a temperature regime from 50 K to 300 K are presented in 
Figure  3 b. Again, the MR ratio of the p–n junction increases 
with the  H  increasing, and the fi eld sensitivity correspondingly 
increases with the temperature decreasing. For MR  =  100% the 
magnetic fi eld is 3 T and 0.3 T for  T   =  300K and 50 K, respec-
tively. one can fi nd that the MR curves have a transition from 
parabolic to linear fi eld dependence with decreasing tempera-
ture, demonstrating the inhomogeneous MR gradually plays a 
dominant role as temperature decreases, which is similar with 
the reported results in the doped silicon. [  8  ,  9  ,  13  ]  

 Obviously, the temperature dependence of MR is also strongly 
related with the temperature characteristics of the carrier con-
centration and the mobility in silicon. When the temperature 
increases from 50 K, the carrier concentration sharply increases 
due to the donor ionization. At about 100 K, most of donor 
atoms of silicon are ionized, thus the carrier concentration is 
virtually kept constant as the temperature further increases. In 
contrast with the carrier concentration, the carrier mobility sig-
nifi cantly decreases when the temperature increases from 50 K 
to 300 K due to the lattice scattering. [  29  ]  

 Since the MR effect of p–n junction mainly stems from a 
change of space-charge region manipulated by the external 
magnetic fi eld, as shown in Figure  1 c, the carrier concentration 
and the carrier mobility play very important roles for the MR 
effect of p–n junction. When the magnetic fi eld is applied, a 
carrier concentration gradient is formed due to the trapezoidal 
distribution of space-charge region. Such carrier concentra-
tion distribution strongly affects the junction resistance. It not 
only makes the electric fi eld inhomogeneity, which defl ects 
the current, but also directly determines the silicon resistivity 
itself. However, the carrier mobility contribution to the MR 
effect is closely linked to the Lorenz drift and the inhomoge-
neity scattering. As Lorenz drift increases due to an increase 
of the carrier mobility, the spatial distribution of the space-
charge region is aggravated, thus the MR ratio and sensitivity 
are signifi cantly enhanced. Furthermore, the increase of carrier 
mobility indicates that the inhomogeneity scattering is signifi -
cantly enhanced, thus also enhance the MR effect. These can 
also explain the fact that the MR enhances with temperature 
decreasing, as shown in Figure  3 b. 

 Finally, we calculated the  I–V  curves of a 2D idealized p–n 
junction under the external magnetic fi elds, by using the clas-
sical p–n junction equations. [  30  ] 

 qup p(x, y)
⇀

E − q Dp∇ p(x, y) + qup p(x, y)(up
⇀

E ) × ⇀

H = 0   (3)   

 qunn(x, y)
⇀

E + q Dn∇n(x, y) + qun p(x, y)(un
⇀

E ) × ⇀

H = 0   (4)   

 ∇ • ⇀

E = q (p(x, y) − n(x, y) + Nd − Na)/ε   (5)    

     Figure  3 .     a) The temperature dependence of the resistance at  I   =  10 mA 
for different magnetic fi elds. b)The corresponding magnetoresistance 
curves for various temperatures.  
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suggests the carrier concentrations variation is more sensi-
tive at the low magnetic fi eld. More interestingly, we fi nd the 
simulated  I–V  curves under magnetic fi elds still obey the 
 Equation (1) , demonstrating a manipulation of space-charge 
region by the external magnetic fi led. The fi tted parameters   α   
and  I  s  as a function of magnetic fi eld are shown in Figure  4 b. 
As the magnetic fi eld increases, the  α  gradually decreases and 
 I  s  correspondingly increases due to the change of the space-
charge region. It is seen that the simulated  I – V  behaviors show 
the same trend with our experimental data, although the simu-
lated MR ratio is one order of amplitude smaller than that of 
experiment data. This deviation is believed to come from a lack 
of consideration of inhomogeneous scattering factor in the the-
oretical model. Moreover, because the simulation is independ-
ence of silicon structure itself, it indicates the MR effect based 
on p–n junction should be observed not only in silicon, but also 
in other semiconductors.   

  3. Conclusions 

 In summary, extremely large MR effects on conventional p–n 
junction based on silicon have been found. The MR ratio of 
the p–n junction is measured to be more than 2500% at room 
temperature and increases to over 25 000% at 100 K with a 
5T external magnetic fi eld and only 6 V bias voltage. The  I–V  
curves under a wide range of temperatures and magnetic fi elds 
can be well fi tted with an exponential relation. Electric-fi eld 
inhomogeneity and carrier concentrations variation are found 
to directly affect the amplitudes of the MR effects in p–n junc-
tion. At the large magnetic fi eld, the electric-fi eld inhomoge-
neity plays an important role, while the carrier concentration 
variation is dominated at the low magnetic fi eld. The theoret-
ical analysis based on idealized two-dimension p–n junction 
shows a similar trend with the experimental data, which fur-
ther reveals that the large MR effect stems from a change of 
the space-charge region induced by the magnetic fi eld. Because 
our devices are identical to those used for conventional silicon 
diodes, the observation of large MR effect in p–n junction may 
indicate the conventional p–n junction possible to be a mul-
tifunctional device based on the interplay between electronics 
and magnetic response, which could open a new avenue for 
magneto-electronics.  

  4. Experimental Section 
  p–n Junction Device Fabrication : The samples were fabricated by the 

MEMS (micro electro mechanical systems). The wafers were light doped 
with 10 12  atom/cm 3  n-type dopant in which surface resistivity was higher 
than 2000 Ω cm. First, the wafers were cleaned with a routine RCA 
cleaning procedure. Then an oxidation fi lm with a thickness of 6000 Å 
was grown on the wafers in the oxidation furnace at 1030  ° C for 4 h. After 
that, the patterns were transferred to the wafers by a lithography machine. 
The wafers were further treated with a boron implantation (40 keV, 2  ×  
10 14  atom/cm 3 ) at top surface and a phosphorus implantation (60 keV, 
1  ×  10 15  atom/cm 3 ) at back surface by a medium-energy ion implanter. 
Finally the 50 nm Cu electrodes at the top and bottom were sputtered 
separately with the vacuum 3  ×  10  − 5  Pa.  

  Equation (3)  and  (4)  represent the continuity equations of cur-
rent in space-charge region for hole and electron, respectively. 
In these two equations, the total current includes the drift cur-
rent (fi rst term), the diffusion current (second term) and the 
current induced by Lorenz force (the third term).  Equation (5)  
is the electrostatic equation (also known as Poisson equations), 
where the  N  d  and  N  a  are the uncompensated donors and accep-
tors in space-charge region, respectively.  p ( x , y ) and  n ( x , y ) are 
the hole and electron densities at position ( x , y ), respectively. 
To simplify we assume that the boundary change of the space-
charge region can balance the Lorenz force due to the concen-
tration gradient and no generation-recombination current is 
formed inside the space-charge region. The whole p–n junc-
tion device is considered as a connection between the p and n 
region, in which the carrier motilities for the hole and electron 
are taken  u  p   =  0.048 m 2  s  − 1  V  − 1  and  u  n   =  0.135 m 2  s  − 1  V  − 1  at 
room temperature, respectively. The calculated  I–V  curves for 
different magnetic fi elds are shown in  Figure    4  a. The simu-
lated  I–V  curves of p–n junction can signifi cantly be tuned by 
the magnetic fi eld, particularly at the low magnetic fi eld. This 

     Figure  4 .     a) The calculated  I–V  characteristics of p–n junction at room 
temperature for various magnetic fi elds. The hollow circles refer to the 
fi tting curves with equation  I   =   I s  ( e   α  V    −  1). b) The corresponding fi tted 
parameters   α   and  I  s  as a function of external magnetic fi eld.  
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