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Abstract

In this study, the effect of magnetic field, which is perpendicular to junction current, on diffusion current has been
investigated in Germanium based p-n homojunction diodes, theoretically. The magnetic field dependent diffusion current
has been derived analytically. Resulting magnetic field dependent diode equation has been used to produce current -
voltage theoretical data. Using this data, current - voltage curves of devices, I(B) - V have been plotted under different
magnetic fields and effect of magnetic field on current - voltage characteristics has been investigated. According to these
results, it has been observed that increasing magnetic field increases potential barrier Vi, decreases junction current and
reverse saturation current lo. Also effect of magnetic field on static and dynamic magnetoresistances, using Ri(B) - V and
Rs(B) - V graphs which is plotted using theoretical data, have been analyzed and it has been observed that increasing
magnetic field increases static and dynamic magnetoresistance in Germanium based devices.
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MANYETIK ALANIN GERMANYUM P-N EKLEM UZERINE ETKIiSI

Ozet

Bu ¢alismada p-n eklem diyotlarinda baglanti akimina dik olan manyetik alanin difiizyon akimina etkisi teorik olarak
incelenmistir. Manyetik alana bagh difiizyon akimi ifadesi analitik olarak tiiretilmistir. Elde edilen manyetik alana bagh
diyot denklemi, Germanyum p-n eklem diyotlari icin akim-gerilim teorik verilerinin iiretilmesinde kullanilmistir. Bu veriler
kullanilarak akim - gerilim grafikleri, I(B) - V farkli manyetik alanlar altinda ¢izilmis ve manyetik alanin akim - gerilim
ozelliklerine etkisi arastirilmistir. Bu grafikler kullanilarak artan manyetik alanin potansiyel bariyeri, Vu arttirdigi
eklemden gecen akim ve ters doyma akimini, lo azalttigi gézlemlenmigtir. Ayrica teorik veriler kullanilarak ¢izilen Ri(B) -
Vve Rs(B) - V grafikleri kullanilarak manyetik alanin statik ve dinamik manyetodirengler tizerindeki etkisi arastirilmis ve
Germanyum p-n eklemlerinde artan manyetik alanin statik ve dinamik manyetodirencleri arttirdigi gézlemlenmigtir.
Anahtar Kelimeler: Yari iletken, p-n eklem, manyetik alan, manyetodireng

Cite

Kara, A. D., Kiyikci, 0., Oylumluoglu G., (2021). “Effect of Magnetic Field on Germanium p-n Homojunction”, Mugla Journal of
Science and Technology, 7(2), 1-5.

signal transfer applications, such as rectifying any signal,

) amplifying the weak signal, and controlling the electron
Study of semiconductors began at the end of the 1940s flow [3-4]. In this study, we focused on p-n

and has continued. Nowadays, semiconductor materials homojunctions between semiconductor-semiconductor.

are used in all electronic devices such as diode, P-n homojunction can be made of the same crystal which

transistor, laser, LED, detector and solar cell devices has p and n-type semiconductors. A forward biased p-n
because of their long lifetime, small size and efficiency [1] junction diode allows the electric current when a voltage
Operation principle of many semiconductor devices is applied across the p-n junction. A reverse biased p-n
depends on the nature of the junction between n-type junction allows almost no current. Here, some electrical
and p-type which is between semiconductor- properties of p-n junction diodes were theoretically
semiconductor, semiconductor-conductor or conductor- investigated under different magnetic fields to

conductor materials [2]. P-n junction diodes are the most contribute to the technological development process of
important one in circuit elements such as AC-DC circuits, p-n junctions. In this context, diffusion current in the n

solar cells, LED etc. The non-linear behavior of the p-n and p regions in forward bias of p-n homojunction diodes
junction diodes enables it to be used in information and was analytically derived depending on the variation of

1. Introduction
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magnetic field. Total current equation through the p-n
junction was derived by summing the diffusion current
for n and p regions and magnetic field dependent diode
equation was obtained. As an application of the derived
equation, we picked the Germanium as a semiconductor
element to simulate the p-n homojunction diode. In the
presence of magnetic-field which is varied from 0 T to 1
T, current voltage characteristics have been deeply
investigated. Using the theorical data, some electrical
properties for example, reverse saturation current,
barrier potential and magnetoresistance have been
calculated and tried to understand the dependency of the
magnetic-field.

2. The Model

Current density equation of a p-n junction consists of
diffusion term and drift term in the absence of magnetic
field. Under magnetic field, the term which depends on
magnetic field, will be added to this current density
equation (Equation 1) [5-6].

]n,p = ]n,p,diffusion + ]n,p,drift + ]n,p,magnetic field (1)

When magnetic field is perpendicular to junction current,
the term in Equation 1 will be following [2]:

.’n,p = (n,p)e un,pE + eDn,p Vn,p + ]n,pltanen,p (2)

where tan@,, = qu,,(n,p)RyB W, and D, are the
electron/hole mobility and diffusivity, n and p are the
electron and hole densities, Ry is the electron/hole Hall
Coefficient and ], is the component of current density
which is perpendicular to magnetic field.

In the presence of a magnetic field in the z direction, x
components of the current densities for electrons and
holes, are shown in Equation 3 and 4, respectively.[7-8]:

a a
Jnx = nepnEx —nepnEyuy, B + eDy £ —eDyu,B ﬁ

@)

ap ap
Jpx = Py, Ex + pep,Eyp,B — eD, P eDyu,B 3y 4)

The steady-state current flow through a p-n junction is
described by adding the following equation:

q(Gn,p - Rn,p) = _(|7 fp) = (‘7 fn) (5)

where G,, is the electron/hole generation rate
(inthedark G,,, =0), R is the electron/hole
recombination rate.

By writing equations of Jn and Jp in Equation 5 and by
assuming the junction is very sharp and outside of this
region electrical neutrality is expected (E, = E, = 0), we
obtain the following differential equations for n-type
region:

np

2 2
925, 25, &y
dx2 P~ axay Lp2

=0 (6)

here &, is the excess minority carriers and L, = ,/D,T,
, L, is the holes diffusion lenght and T, is the holes
lifetime. This equation is second order partial differential
equation with constant coefficients and factored
inseparable. For this reason, it is referred to as
irreducible equation. The solution of this equation is
obtained using the method of the operator as follows:

[—uch+ (upB)2c2+i2\
\ Lp
2

)x+cy
(7)

here c is a constant size 1/m and K, is a constant which
can be found using the boundary conditions.
Boundary conditions are given in Equation 8, 9 and 10:

Op(x,y) =Ky e \

qV
x=xn &,(%,) = pnole k1 —1) (8)
x=0w §,(x,y)=0 9)
qV/ (xn_x)/L
B=0 Sp(x'y) = Pno(e kT —1)e b (10)

where p,,o is holes which is minority carriers in the n-
type region, in the thermal equilibrium and V is the
voltage drop on the space charge depletion layer.

In these conditions the current density of the hole
injected into the n-type region is given by Equation 11:

qv (n B)2+4
erp,w(e /kT—1><—upB+ pLT

2Lp

BB, _, = (11)

Similarly, electron current density injected into the p-
type region is given by Equation 12:

qVv 2
eDn”pO(e /kT—1><ﬂnB+ (ﬂnf%)
n

2Ly

Jn(B)lyemr, = (12)

The total current density under the presence of magnetic
field (the current of the carrier generation -
recombination in the space-charge layer was neglected)
is given by Equation 13 and 14:

Jtotal =]n(x = _xp) +]p(x = Xp) (13)

(eqv/kT—1>er
Jrotar(B) = Y {szpnpO:upB + Pno <_:upB +

pln
2g2 2, 2p2
Up“B +4 b up B*+4
LyLy [“22 4 bLy Ly [~
P n

where b is the ratio of electron to hole mobility, b = Z—"
P
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Using total current density, we can find magnetic field
dependent total current equation, in other words we can
write magnetic field dependent diode equation as

follows,
(eqv/kT—1>er

2LpLy

1y Bo+4 b2, B2+4
LyLy | P2+ blpLanyo /#)} (14)

and here, if we take B=0, this equation will be reduced to
the following diode equation (Equation 15):

I(B,V)=A {sz,,npoypB + Pro <—M,,B +

V) =1, [e% - 1] (15)

where I, is saturation current and A is the diode area.

3. Results and Discussion

To observe the magnetic field effect on germanium
homojunction diode, using our theoretical model, we
focused on current-voltage, static magnetoresistance and
dynamic magnetoresistance characteristics. The effect of
magnetic field on Current voltage shifting can be seen in
Figure 1 and Figure 2 clearly. For the evaluation, we
employed the magnetic field dependent diode equation
(equation 14) where T=300 K , A=7.5x10-¢ m-2
Dp=1,24x10-3 m2s1, pp=0,048m2V-1s1, L= 2,236x10-3 m,
Ln=3,535x103 m, b=2,81. To obtain the numerical
simulation for the current-voltage characteristics of the
germanium diode, theoretical data are created by
changing the magnetic field in the range of 0-1 T. Since
the magnetic field dependency is dominant in low
applied voltage area and room temperature, we prefer to
study the I-V characteristics under these circumstances.
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Figure 1. Current voltage (I-V) characteristics of
Germanium p-n homojunction diode under different
magnetic fields.
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Figure 2. I-V curves under forward bias (zoom-in)
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As can be seen from Figure 2, as the magnetic field
increases, the forward bias I-V characteristics of the
germanium diode is shifting to the right. And junction
current decreases systematical with increasing magnetic
field. Figure 3 shows the reverse bias I-V characteristics
of the germanium diode under magnetic field which
varies from 0.0 T to 1.0 T. It is found that as magnetic field
increases, the reverse bias current decreases.
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Figure 3. -V curves under reverse (zoom in)

Reverse biased current and potential barrier which were
calculated from the In I versus V curves for Germanium
based devices under varied magnetic field are given in
the Table 1.

Table 1. Potential barrier Vvi and saturation current Io of

Germanium p-n junction diode under different magnetic
fields.

Magnetic Field Io(x108 A) Vi (V)
B=00T 1.7406 0.3488
B=05T 1.7024 0.3429
B=08T 1.4914 0.3362

B=10T 1.4803 0.3407
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Static magnetoresistance is calculated from the data of
current voltage for Germanium. The Static magneto
resistance- (versus) voltage graphic is drawn obtained
from data of theoretical current voltage under different
magnetic fields. As can be seen in the Figure 4, as the
magnetic field increases, static magnetoresistance of the
Germanium p-n junction increases.
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Figure 4. Static Magnetoresistance - Voltage graph of

Germanium p-n Junction.

The other study has been focused on investigating effects
of magnetic fields for germanium p-n junction by
calculating the dynamic magnetoresistance from the
current voltage data of p-n junction. Calculated dynamic
magnetoresistance versus voltage graphics is given in the
Figure 5. In the Rd¢-V graphics, as the magnetic field
increases, dynamic magnetoresistance of germanium p-n
junction increases. The closer vision of R4-V curve can be
seen in Figure 6 which shows the magnetic field
dependent magnetoresistance shifting clearly.
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Figure 5. Dynamic Magnetoresistance - Voltage graph of
Germanium p-n Junction.
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Figure 6. Dynamic Magnetoresistance - Voltage (zoom
in)

4. Conclusion
In this study, the behavior of a Germanium p-n
homojunction diode under different magnetic fields was
investigated. According to Lorentz Force Law, magnetic
force is maximum when the external applied magnetic
field is perpendicular to current of p-n junction. That is
why, the total current across the junction has been
calculated theoretically taking into account that the
magnetic field is perpendicular to p-n junction. In the
presence of magnetic field, we focused on the diffusion
current derivation since it is assumed that the diffusion
is the dominant mechanism in simulated devices. In this
step, for the Germanium p-n homojunction diodes,
continuity equations for excess minority carriers in the n
and p region are written. After solving the continuity
equations analytically in the dark and steady state
conditions, we obtained the second order partial
differential equations with magnetic field dependent
constant coefficients for the n and p regions. The 2-
dimensional solution of these differential equations
under boundary conditions have been written (inserted)
in the diffusion current equation for the n and p regions
separately and diffusion current density was obtained as
a function of magnetic field. When there is no magnetic
field in Equation 14, the equation reduced the standard
diode equation of p-n homojunction. This result shows
that the diffusion current solution is consistent with the
equality of p-n homojunction diodes including magnetic
field. Numerical values of mobility, diffusion coefficient,
diffusion length and lifetime at room temperature for
Germanium p-n homojunctions was taken from the
literature. We can see the dependence of magnetic field
on current potential characteristics of p-n homojunction
from the graphics drawn by using the theoretically
calculated data for different (magnitude) magnetic fields.
According to our calculations, increased magnetic field
lead to a systematically reduction in the forward and
reverse bias currents. This result has been confirmed by
the experimental studies in the literature [9-12]. We can
say that this decrease in the device current under
magnetic field might come from the decreased charge
carrier concentration in the out of equilibrium state. Also,
the increase of the potential barrier could explain the
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decrease of current by using calculation of the potential
barrier [13-15]. Otherwise, When the electric and
magnetic fields have been applied to the junction, mean
free paths of charge carriers would decrease since the
charge carriers would be scattered by magnetic field.
Hence resistance of p-n homojunction would increase
and changing of the resistance brings us the definition of
the magnetoresistance [16-18]. To understand the
resistance variation across the junction under different
magnetic field, R¢-V and Rs-V characteristics have been
investigated for germanium diodes at room temperature
using the theoretical current voltage data. The graphics
show that if the magnetic field increases, the dynamic
and static magnetoresistance increases as well. These
results match with studies in literature and it confirms
that magnetoresistance effect in decreasing current [19-
21]. In addition, reverse saturation current (Io) was
calculated, it was observed that high magnetic field gave
rise to reduced reverse saturation current which is
compatible with literature.
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