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a b s t r a c t

This paper presents the formulas of 1/f noise in Schottky barrier diodes under reverse bias condition. The
derived formulas show that the electron density near the metal–semiconductor interface plays an impor-
tant role in determining the power spectral density of 1/f noise current in Schottky diodes under reverse
bias. The formulas give information on how to calculate the low-frequency noise in metal–semiconductor
(or oxide)–metal devices such as resistive switching devices or memristors which have structures of two
back-to-back Schottky barrier diodes as well as in the reverse-biased Schottky diodes.

The formulas show that the power spectral density of the flicker noise in reverse-biased Schottky bar-
rier diodes increases proportional to the square of the dc current in thermionic emission-limited
condition.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Theory of 1/f noise in Schottky barrier diodes has been developed
over four decades when Schottky barrier diodes are in forward bias
region [1–6]. However, the theory and explicit formulas of 1/f noise
in Schottky barrier diodes under reverse bias have not yet been
presented clearly.

Recently, the resistive switching devices and memristors have
become one of interesting topics in semiconductor industries as
well as academia because these devices can be used as fast nonvol-
atile devices and new circuit elements [7,8]. Therefore, for the reli-
able operation of these devices in circuits and systems, an interest
on their noise properties has been risen. These devices consist of
metal–semiconductor (or oxide)–metal structures and it has
become imperative to understand the noise characteristics of
Schottky barrier diodes in reverse bias as well as in forward bias
regime, because these devices can be considered to be two
Schottky barrier diodes connected in series back-to-back.

In this paper, the derivation and formulas of the flicker noise of
Schottky diodes in reverse bias are presented in Section 2. The deri-
vation is based upon the thermionic emission–diffusion theory of
Schottky barrier diodes [4,9,10]. The derived formulas can be used
to calculate and predict 1/f noise level in metal–semiconductor–
metal or metal–oxide–metal devices. Simulation results and

discussion are given in Section 3, and conclusions follow in
Section 4.

2. Derivation of the 1/f noise formulas

From the thermionic emission theory [11], the dc current of a
Schottky barrier diode at a position xm, where the conduction band
edge of a semiconductor side is maximum as shown in Fig. 1, can
be written as

I ¼ qA½nðxmÞ � n0ðxmÞ�v r ð1Þ

where q is the magnitude of electronic charge, A is the cross-
sectional area of the device, n(xm) is the steady-state electron
density at position x = xm, n0(xm) is a quasi-equilibrium electron
density at xm, the density that would occur if it were possible to
reach equilibrium without altering the magnitude or position of
the potential energy maximum, i.e., Fn(xm) = EFm [9,10,12]. The elec-
tron surface recombination velocity, vr is equal to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBT=ð2pm�nÞ

p
¼

A�T2=ðqNcÞ, where kB is the Boltzmann constant, T is the absolute
temperature, m�n is the electron effective mass, A⁄ is the effective
Richardson constant, and Nc is the effective density of states of
the conduction band. Taking into account the Schottky barrier low-
ering, n0(xm) can be written as

n0ðxmÞ ¼ Nce�q/Bn=kBT ¼ Nce�qð/Bn0�D/Þ=kBT ð2Þ

and n(xm) is equal to
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nðxmÞ ¼ Nce�ðEcðxmÞ�FnðxmÞÞ=kBT ¼ Nce�q/Bn=kBT eðFnðxmÞ�EFmÞ=kBT ð3Þ

where Ec is the conduction band edge, Fn is the electron quasi-Fermi
level, and q/Bn0 is the Schottky barrier energy if the electric field at
the surface were zero, and D/ðEsÞ is the Schottky barrier lowering in
volt and is equal to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qjEsj=4p�s

p
, where Es is the electric field at the

metal–semiconductor interface.
With the combined thermionic emission–diffusion theory, the

dc current of Eq. (1) can be rewritten as

I ¼ qANc
v rvd

v r þ vd
e�q/Bn0=kBT eqD/=kBT eqVA=kBT � 1

� �
ð4Þ

where VA is an applied bias voltage and vd is defined to be

vd �
DnRWd

xm
e�ðEcðxmÞ�Ec ðxÞÞ=kBT dx

� Dn

Lc
ð5Þ

where Wd is the depletion-region width, Dn is the electron diffusion
constant, and Lc �

RWd
xm

e�ðEcðxmÞ�EcðxÞÞ=kBT dx. When the Schottky barrier
diode is in reverse bias region with the magnitude of the reverse
bias voltage being larger than a few thermal voltages, we can
approximate the reverse current as

I ’ �qANc
v rvd

v r þ vd
e�q/Bn0=kBT eqD/=kBT : ð6Þ

Here, because D/ increases as the magnitude jVAj of the reverse bias
voltage increases, the reverse current does not saturate, but actually
increases in magnitude as lnjIj / jVAj1/4 for metal–semiconductor
contacts, and lnjIj / jVAj1/2 for metal–oxide contacts [8,9]. From
the thermionic emission theory, reminding that n0(xm) is a constant
as a reference value, the low-frequency current fluctuation, DI(t) at
xm can be related to the electron density fluctuation, Dn(xm,t) by

DIðtÞ ¼ qADnðxm; tÞv r ð7Þ

and this sets the boundary condition for the electron density fluctu-
ation at xm to be Dn(xm, t) = DI(t)/qAvr. Dn(xm, t) can also be related
with the electron quasi-Fermi level fluctuation at xm, DFn(xm, t) as

Dnðxm; tÞ ¼ Nce�
q/Bn
kBT e

Fn ðxmÞ�EFm
kBT

DFnðxm; tÞ
kBT

¼ nðxmÞ
DFnðxm; tÞ

kBT
ð8Þ

In the semiconductor region between xm and Wd which is gov-
erned by the drift–diffusion theory, following the procedure of Ref.
[4], it can be shown that the current fluctuation in the depletion re-
gion of a uniformly-doped n-type semiconductor becomes

DIðtÞ ¼ qDnA
Lc

e�
qðVbi�VA Þ

kBT DnðWd; tÞ � Dnðxm; tÞ
�

þ qNd

kBT
e�qVbi=kBT

Z Wd

xm

eðFnðxÞ�EFmÞ=kBTDEðx; tÞdx
�

þ 1
Lc

Z Wd

xm

e�ðEcðxmÞ�EcðxÞÞ=kBT Hlðx; tÞdx ð9Þ

where Vbi is the built-in voltage of the metal–semiconductor con-
tact, Nd is the donor density, Dn(x, t) is the induced electron density
fluctuation due to the distributed mobility-fluctuation 1/f noise cur-
rent sources, DE is the electric field fluctuation, and Hl(x, t) is the
mobility-fluctuation 1/f noise current source and is given by
Hlðx; tÞ ¼ Dlnðx;tÞ

ln
I. Here, it is noted that the electron quasi-Fermi le-

vel Fn behaves quite differently between the forward and reverse
bias region. In forward bias, Fn is found to be almost flat throughout
the depletion region, so that the factor eðFnðxÞ�EFmÞ=kBT can be placed
out of the integral, and use the ac-wise short-circuited condition
of
RWd

xm
DEdx ¼ 0 to make the third term of the RHS of Eq. (9) be zero.

However, in reverse bias regime, Fn is not found to be flat all across
the depletion region [12–14]. Thus, we cannot employ the ac-short
circuit condition in a rigorous way. An assumption is needed to ne-
glect the third term in Eq. (9), so that the current fluctuation inside
the depletion region is approximated by

DIðtÞ � � qDnA
Lc

Dnðxm; tÞ þ
1
Lc

Z Wd

xm

e�ðEc ðxmÞ�EcðxÞÞ=kBT Hlðx; tÞdx: ð10Þ

Dn(xm, t) in the first term on the RHS of Eq. (10) represents the in-
duced electron density fluctuation due to the distributed Hl(x,t)
noise sources.

Inserting the electron density fluctuation from thermionic
emission at x = xm (cf. Eq. (7)) into the low-frequency current fluc-
tuation from the drift–diffusion region (xm < x 6W) of Eq. (10), we
find that

DIðtÞ ¼ v r

v r þ vd

1
Lc

Z Wd

xm

e�ðEcðxmÞ�EcðxÞÞ=kBT Hlðx; tÞdx: ð11Þ

Finally, by using SHl ðx; x0; f Þ ¼ aH
fnðxÞ dðx� x0Þ, the power spectral

density, SI(f) of the current fluctuation, is then found to be

SIðf Þ ¼
v r

vd þ v r

� �2 1
L2

c

Z Wd

xm

aHI2

fnðxÞA e�2ðEc ðxmÞ�EcðxÞÞ=kBT dx ð12Þ

where f is the frequency and aH is the Hooge parameter.

3. Simulatioin results and discussion

To calculate the power spectral density of current noise in Scho-
ttky barrier diodes under reverse bias, let us assume the depletion–
region approximation for a uniformly-doped semiconductor. Then,
Ec(xm) � Ec(x) is of parabolic form:

EcðxmÞ � EcðxÞ ¼
q2Nd

�s
Wdx� x2

2

� �
ð13Þ

where �s is the electrical permittivity of the semiconductor. Since
the only explicitly unknown quantity in Eq. (12) is the electron den-
sity n(x), it is needed to have n(x) in an analytic form. It can be
shown that n(x) has a following form:

nðxÞ ¼ Nde
�1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qðVbi�VA Þ

kBT

q
� x

LD

	 
h i2

þ Nde�
qVbi
kBT

v r

v r þ vd

� �

� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qðVbi � VAÞ

kBT

s
DðzÞ 1� eqVA=kBT

� �
ð14Þ

Fig. 1. Energy band diagram of a metal-n-type semiconductor contact under the
reverse bias of VA. Fn denotes the electron quasi-Fermi level in the semiconductor.
qD/ is the Schottky-barrier lowering due to the image charge effect.
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