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Abstract
We report Monte Carlo simulations of electronic noise in heavily doped
nanometric GaAs Schottky-barrier diodes (SBDs) recently proposed as
promising devices for THz applications. We consider a SBD operating in
series with a parallel output resonant circuit when a high-frequency
large-signal voltage is applied to the whole system. Significant
modifications of the noise spectrum with respect to the diode subjected to a
constant applied voltage are found to occur in the THz-region. To interpret
such behaviour, we have developed a simple analytical approach based on
the static I–V and C–V relations as well as on the series resistance of the
SBD.

1. Introduction

One of the most promising directions to develop solid-state
sources of THz radiation working at room temperature makes
use of frequency multiplication in GaAs Schottky-barrier
diodes (SBDs) and similar structures [1–10]. To extract
the high-frequency signal, the SBD is usually loaded by an
output resonant circuit, and the optimal conditions for signal
extraction are achieved by a proper choice of the parameters
of that circuit. In such a situation, the extracted regular signal
generated by the pumped SBD and the intrinsic electronic
noise of the SBD overlap in the whole frequency range of
interest. As a consequence, the intrinsic noise deteriorates
the extraction of the signal from the noise level. Therefore,
a theoretical investigation of the modifications of the intrinsic
noise spectrum of the SBD embedded into the output circuit
is a mandatory issue.

Many numerical tools allowing us to design and simulate
the performance of SBDs embedded into linear circuits have
been developed (see, e.g., [11, 12] and references therein).

In such tools the SBD is typically described either by the
elements of its equivalent circuit [11] or in the framework
of a drift–diffusion model [12]. The intrinsic noise of the
diode is usually represented by a set of equivalent noise
sources of Norton or Thevenin type [11, 12]. These sources
describe correctly the intrinsic noise spectrum only in the low-
frequency region. By contrast, the high-frequency region in
the sub- and near-THz band needs a detailed analysis of the
kinetic processes occurring in the depletion and neutral regions
of the SBD (see, e.g., [13]).

To account for the various physical processes, such an
analysis is usually performed by the Monte Carlo particle
(MCP) technique [14–16]. To this purpose, either static
conditions, when only a dc voltage is applied to the SBD
[16, 17], or the so-called cyclostationary conditions, when the
SBD is also pumped by a large-signal periodic ac voltage [18],
are considered. In both conditions, the current noise is found
to exhibit a similar spectrum. At low frequencies this consists
of a plateau corresponding to full shot-noise. At increasing
frequencies, this plateau is limited by a noise increase with
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Figure 1. Scheme of the series connection of the SBD with a
parallel resonant circuit.

a first maximum due to the resonance of carriers reflected
by the Schottky barrier [13]. At the highest frequencies,
before cut-off, there appears a second maximum due to a
resonance originated by plasma oscillations belonging to the
n+n-homojunction [19]. However, in the case of circuit
operation one can expect that, due to feedback, the output
circuit should modify the SBD noise spectrum, especially
under large-signal operation, where one can take advantage
of frequency multiplication.

The aim of this paper is to investigate, in the whole
frequency range of interest, the noise behaviour of the SBD
embedded into an external output resonant circuit. For this
sake, we use joint solutions of the equations describing the
output circuit in the time domain, and MCP simulations
of the instantaneous current flowing through the embedded
SBD. In parallel, we also develop an analytical model of the
SBD circuit operation that provides a physical interpretation
of the numerical MCP results. For this task, starting
from the simplest equivalent scheme of the SBD under test,
we introduce the basic modifications necessary to obtain a
qualitative and quantitative agreement with the numerical
simulations of the whole system (MCP+circuit).

As a SBD we consider a nanometric GaAs n+n-metal
structure, the same as in [18], with n and n+ region lengths of
ln = 0.03 µm and ln+ = 0.02 µm, respectively, barrier height
Ub = 1.03 V (built-in potential at the semiconductor–metal
boundary), and carrier concentrations n+ = 8×1018 cm−3 and
n = 1.1 × 1018 cm−3.

The paper is organized as follows. Section 2 presents the
results of MCP simulations of the SBD noise in the output
circuit. The analytical model is described in section 3, where
it is discussed and validated by comparison with the results
of the MCP simulation. Major conclusions are drawn in
section 4.

2. Monte Carlo simulations

We consider a SBD in series with a parallel output resonant
circuit consisting of a noiseless load resistance R, an
inductance L and a capacitance Cl . This circuit is shown
schematically in figure 1. A microwave voltage U(t) = U0 +
U1 sin(2πν0t) of sufficiently high frequency ν0 (typically in
the 0.1–0.3 THz range; see, e.g., [1–10]) pumps the whole
system (SBD+circuit). Due to its strongly nonlinear current–
voltage (I–V ) and capacitance–voltage (C–V ) characteristics,
the SBD generates a large number of high-order harmonics
[18]. Here we shall consider mainly the case of frequency
tripling when the output resonant circuit is tuned to the

third harmonic of the fundamental signal at a frequency of
ν0 = 200 GHz.

For this sake, in the framework of the MCP procedure
for the SBD simulation, the Boltzmann transport equation
self-consistently coupled with the Poisson equation is solved
together with the output circuit equations in a similar way as
reported in [20]. For the scheme presented in figure 1, the
circuit equations can be written as

Cl

dUc

dt
+ jL +

Uc

R
= jd

L
djL

dt
− Uc = 0

Ud + Uc = U(t)

(1)

where Ud and Uc are the voltage drops at the terminals of
the SBD and the output circuit, respectively, jL is the current
density flowing through the inductance L, and

jd(Ud, t) = jRS
d (t) + Cg

dUd

dt
(2)

is the total current density flowing through the SBD. Here
Cg = εε0/(ln+ + ln) is the geometrical capacitance of the SBD
and

jRS
d (t) = q

(ln+ + ln)

N(t)∑
i=1

vi(t) (3)

is the drift component of the current directly calculated by
the MCP procedure in accordance with the Ramo–Shockley
theorem [21, 22]. Here, vi(t) is the instantaneous velocity
of the ith quasi-particle simulated by the MCP method, N(t)

is the number of quasi-particles inside the SBD at the time
moment t, and q is the effective charge of the quasi-particle.
The coupling of the circuit equations with the MCP procedure
is carried out in a discrete time mesh ti = i�t . The sequence
jRS
d (ti) is calculated by the MCP approach using the sequence

of values of voltage drop at the SBD, Ud(ti), obtained by
the solution of equation (1) on the time mesh. The convergence
of such a scheme is controlled by decreasing the time step �t .
In accordance with [16], MCP simulations assume the contact
of the n+ region with the metal as Ohmic (cathode terminal
of the SBD) and the boundary between the n region and the
metal as perfectly absorbing (Schottky contact at the anode
terminal). It is supposed that the whole voltage applied to the
SBD drops between its terminals. This implies the presence of
a surface charge at the metal–semiconductor boundaries (in
the metal) which prevents the penetration of the electric field
into the metal. As follows from equation (2), the time
variation of this surface charge induced by the applied voltage
is accounted for as a displacement current flowing through
the geometrical capacitance Cg . In the framework of these
boundary conditions, the calculation of jRS

d (t) by the MCP
procedure based on equation (3) accounts in a natural way for
the following processes: first, the dynamical recharging of the
SBD varactor capacitance related with the depletion region
and the presence of the spreading (series) resistance caused by
the neutral region of the diode; second, the fluctuations of the
current caused by scattering of carriers.

In calculations, the capacitance of the output circuit is
Cl = 0.5Cg and the tuning of the resonator is driven by the
output inductance which, for the resonance at the frequency
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Figure 2. Spectral density of current fluctuations through load
resistance R = 10−12, 10−10, 10−9 and 10−8 � m2 calculated at
U0 = 0.6 V, U1 = 0.2 V and ν0 = 200 GHz when the parallel circuit
exhibits a resonance at the third harmonic.

of the third harmonic, is given by L = 1.02 × 10−23 H m2.
(Here and below the SBD and circuit resistance, capacitance,
and inductance are normalized to unit cross-sectional area;
i.e., they are given, respectively, in units of � m2, F m−2 and
H m2.)

By assuming that the output power generated by the SBD
at the frequency of a given high-order harmonic is extracted
from the load resistance R, the current (or voltage) fluctuations
through (at the terminals of) this resistance are of most
importance. Accordingly, figure 2 reports the results of MCP
simulations for the spectral density of current fluctuations
SR

δjδj (ν) through the load resistance R when the resonant
circuit is tuned to the third harmonic of the fundamental
frequency. The curves refer, respectively, to the set of
values: R = 10−12, 10−10, 10−9 and 10−8 � m2. The spectra
are calculated by making the finite Fourier transform (FT)
[23] of the fluctuating current density jR(t) flowing through
the resistance R. The spectral resolution is determined by
the time interval T = 500 ps used to perform the FT. For
simplicity, only the noise part of the spectrum is shown (i.e.,
the vertical spikes corresponding to regular contributions of
the fundamental and high-order harmonics [23] are omitted).
For comparison, the solid line reports the spectral density
of current fluctuations for the SBD under the same pumping
conditions U0 = 0.6 V, U1 = 0.2 V and ν0 = 200 GHz when
the embedding circuit is absent and all the pumping voltage
U(t) drops only at the SBD terminals (below we shall refer to
this situation as unloaded SBD).

When the load resistance is very small, the spectrum of
SR

δjδj (ν) practically coincides with the spectral density Sδjδj (ν)

of the unloaded SBD (see, respectively, the curve for R =
10−12 � m2 and solid line in figure 2). With the increase of
R, we observe a suppression of the low- and high-frequency
wings of the spectrum centred on the frequency of the third
harmonic (ν = 600 GHz in this case), as shown by the curve for
R = 10−10 � m2. With a further increase of R, an additional
suppression of the spectrum wings (and, in part, of the
spectrum centre) is observed (see curves for R = 10−9 � m2

and R = 10−8 � m2). Remarkably, at increasing values
of R we observe the formation of a peak centred around the
frequency of the third harmonic as well as the onset of a
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Figure 3. Spectral density of current fluctuations through the load
resistance R = 10−8 � m2 calculated at U0 = 0.6 V, U1 = 0.2 V
and ν0 = 200 GHz, and different νres = 600, 900 and 1300 GHz to
which the parallel resonant circuit is tuned.

series of additional peaks centred around other harmonics. As
follows from the comparison between the lower two curves,
the greater the load resistance the higher the number of satellite
peaks appearing in the spectrum.

Figure 3 reports the modification of the fluctuation
spectrum SR

δjδj (ν) due to the change of the resonant frequency
νres to which the output circuit is tuned. As follows from
figure 3, the spectrum keeps the same structure when varying
the resonant frequency even if this does not coincide with
any frequency of the harmonics generated by the SBD (see
curves corresponding to νres = 900 and 1300 GHz). With the
increase of the resonant frequency, the peaks of the spectrum
shift to higher frequencies following the main resonance
νres and keeping the same series at frequencies νres ± nν0

(n = 1, 2, 3, . . .).

3. Analytical consideration

To provide a physical interpretation of the circuit noise
spectrum obtained from MCP simulations, we start by
considering a simple analytical model which assumes that
the whole voltage applied to the SBD drops in the depletion
region, thus neglecting the influence of the series resistance.
Accordingly, the current flowing through the SBD can be
approximated as:

jd(Ud) = j s
d (Ud) +

d

dt
Qs(Ud) (4)

where the drift component, j s
d (Ud), is taken from the static

I–V relation, which neglects the current contribution caused
by variations of the free carrier charge Q in the SBD. Since
the model implies that the electric field in the neutral part
of the SBD and in the cathode metal contact is equal to
zero, the surface charge σs that prevents the electric field
penetration into the metal is formed only at the Schottky-
barrier contact and it is equal to the uncompensated charge Qs

of the depletion region, σd = −Qs(Ud). Therefore, the total
SBD capacitance, defined in the framework of this model as
Cv(Ud) = dQs(Ud)/dUd , includes both the geometrical and
varactor capacitances.
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Figure 4. The regular part of the current flowing through the load
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In case the SBD is loaded by the resonant circuit shown
in figure 1, by using equations (1) and (4) Ud(t) is found to
satisfy the equation

d2

dt2
[ClUd + Qs] +

1

R

d

dt
Ud +

d

dt
j s
d +

Ud

L

= Cl

d2

dt2
U +

1

R

d

dt
U +

U

L
. (5)

To close equation (5), one needs to know the static
relations Qs(Ud) and j s

d (Ud) and their derivatives with
respect to Ud . For this sake, the static relations obtained
from the MCP simulations under barrier-limited transport
are approximated, respectively, by the standard analytical
relations j s

d (Ud) ∼ exp(βUd) and Cv = bCg/
√

1 − Ud/Ube

with β ≈ 83V −1, b ≈ 1.5, and Ube = 0.97 V obtained by
optimizing the fitting.

Figure 4 compares the regular part of the current at the
load resistance calculated directly from the MCP approach
(lines) with that obtained by the analytical model based on
equation (5) (symbols) for two values of the load resistance
R = 10−10 and 10−9 � m2. The good agreement found
validates the analytical model and justifies its use for the
determination of the regular signal of the considered SBD
embedded into the external circuit. Below we shall show that,
with a proper intrinsic source of fluctuations, the analytical
model allows us to evaluate also the circuit noise induced by
the SBD.

To this purpose, let us suppose that the intrinsic noise
source in the considered whole system is given by the
fluctuations of the drift part of the current flowing through the
SBD, δjd . Since the pumping voltage does not fluctuate, i.e.
δU = 0, after linearizing equation (5) for δUd(t) one obtains
the following equation, which describes the fluctuations of the
voltage drop between the SBD terminals,

d2

dt2
[(Cl + Cv)δUd ] +

d

dt

[(
1

R
+

1

Rd

)
δUd

]

+
1

L
δUd = − d

dt
δjd (6)

where Rd(Ud) = [
dj s

d (Ud)
/

dUd

]−1
is the differential

resistance of the SBD depletion region. Due to the constraint

δU = 0, the fluctuations of the voltage drop at the SBD and at
the load resistance R are opposite in sign, i.e. δUR + δUd = 0.
Thus, the fluctuations of the current flowing through R are
described by δjR = −δUd/R. Since current fluctuations
through the load resistance are governed by fluctuations of the
voltage drop at the SBD, the spectrum of voltage fluctuations
δUd is the relevant quantity that describes the circuit noise.

The two main characteristics of the SBD, the capacitance
Cv(Ud) and the differential resistance Rd(Ud), are time-
periodic functions with the time dependence determined by
the regular component of the voltage drop at the SBD, Ud(t).
Since, as shown in [18], in the frequency range of interest the
main nonlinearity of the SBD considered here is determined
primarily by the varactor capacitance, we can neglect the time
dependence of Rd [Ud(t)] assuming that Rd corresponds to the
constant component determined by the static j s

d (Ud) relation
averaged over the fundamental signal period T0 = 1/ν0 as

(
R0

d

)−1 = 1

T0

∫ T0

0

∂

∂Ud

j s
d [Ud(t)] dt = βjd (7)

where jd is the constant component of the current flowing
through the SBD. (If necessary, the time dependence of R−1

d

in equation (6) can be accounted for in an analogous way as it
will be done below for the varactor capacitance.) By following
[11, 12], the time modulation of the SBD capacitance can be
decomposed into a Fourier series as

Cv(t) = C0
v


1 +

±∞∑
n�=0

γn exp(iωnt)


 (8)

where

C0
v = 1

T0

∫ T0

0

∂

∂Ud

Qs[Ud(t)] dt (9)

is the constant component of the SBD capacitance and

γn = 1

T0C0
v

∫ T0

0

∂

∂Ud

Qs[Ud(t)] exp(−iωnt) dt (10)

is the relative contribution of the varying part of the SBD
capacitance at the frequency of the nth harmonic of the
pumping voltage, ωn = nω0.

Within the above assumptions, equation (6) can be
rewritten as

d2

dt2





1 +

C0
v

C

±∞∑
n�=0

γn exp(iωnt)


 δUd(t)




+ ω2
resδUd(t) + νRC

d

dt
δUd(t) = − 1

C

d

dt
δjd(t) (11)

where C = Cl + C0
v , ω2

res = 1/CL, R = RR0
d

/(
R + R0

d

)
,

νRC = 1/(CR).
Equation (11) is equivalent to a nonhomogeneous linear

differential equation of second order with time-dependent
coefficients originated by an harmonic time modulation of
the SBD varactor capacitance. By going to the frequency
representation, such an equation can be reduced to the
algebraic relations,

δUd(ω) = −Z(ω)


δjd(ω) + iωC0

v

±∞∑
n�=0

γnδUd(ω − ωn)



(12)
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Figure 5. Spectral densities of the total voltage drop on the load resistor R calculated by the MCP technique (dotted curves) and by
the analytical approach in the zero-order approximation (solid lines) for different values of R: (a) R = 10−12, (b) 10−10, (c) 10−9 and
(d) 10−8 � m2. U0 = 0.6 V, U1 = 0.2 V and ν0 = 200 GHz.

where

Z(ω) = iω

C
(
ω2

res − ω2 + iωνRC

) (13)

is the net small-signal impedance of the whole system which
describes the fluctuations of the voltage drop at the SBD. Let
us consider the square brackets on the rhs of equation (12).
Here, the first term corresponds to the intrinsic noise source.
To characterize such a source we will use the spectral
density of current fluctuations of the unloaded SBD, Sd

jj (ω),
calculated by the MCP simulations under the same pumping
conditions but in the absence of an output circuit. The second
term describes the influence of the C–V nonlinearities on
the voltage-drop fluctuations, δUd(ω), due to the feedback
originated by the output circuit for R �= 0. As a consequence,
the fluctuation δUd(ω) at a given frequency ω is governed by
the fluctuations of the same voltage drop at other frequencies
shifted according to the harmonics generated by the varactor
capacitance. Due to the frequency mixing involved in the
second term of equation (12), the dependence of δUd(ω) upon
δjd(ω) becomes implicit at a given frequency ω, but it remains
linear with respect to the noise source.

Usually, such an implicit dependence can be resolved by
using the conversion matrix method, which relates the sets of
mixed frequencies (see, e.g., [11]). Here we shall use a less
rigorous but more transparent approach based on sequential
iterations with respect to the modulation coefficients γn of the
varactor capacitance.

In the framework of the above approach, which allows us
to obtain the whole output noise spectrum at each step, the j th

and (j − 1)th iterations of δU
j

d (ω) are related as

δU
j

d (ω) = −Z(ω)


δjd(ω) + iωC0

v

±∞∑
n�=0

γnδU
j−1
d (ω − ωn)




(14)

where, in the zero-order approximation corresponding to
γn = 0, we use the following relation:

δU 0
d (ω) = −Z(ω)δjd(ω). (15)

The spectral density of the voltage drop in the zero-order
approximation takes the form

S0
UdUd

(ω) = |Z(ω)|2Sd
jj (ω), (16)

where Sd
jj (ω) is the spectral density of the intrinsic noise

source. The spectrum S0
UdUd

(ω) corresponds to the usual linear
transformation of the noise source spectrum by an embedded
circuit in the absence of the frequency mixing caused by the
C–V nonlinearity.

Figures 5(a)–(d) report the comparison between the
SUdUd

(ω) obtained by MCP simulations and by analytical
calculations in the zero-order approximation given by equation
(16). Figure parts (a)–(d) refer to increasing values of the
load resistance R. Here, the MCP spectra also include the
contribution originated by the harmonics of the regular signal,
as shown by the vertical spikes with spectral resolution δν =
2 GHz. Calculations make use of the SBD parameters R0

d

and C0
v obtained from the static I–V and C–V relations

by means of equations (7) and (9) of the analytical model.
The time dependence of the regular part of Ud(t) used to
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calculate R0
d and C0

v is obtained from the analytical model
of the SBD circuit operation described by equation (5) and
the analytical approximation of the I–V and C–V relations
previously explained. For the SBD considered here, it is
found that C0

v ≈ 6 × 10−3F/m2 and R0
d varies from 10−7

to 10−6 (�m2) depending on the circuit operation conditions.
Therefore, practically in the whole frequency range of interest
ωC0

vR
0
d > 1, so that the impedance of the depletion region

is mainly determined by the varactor capacitance Z0
d(ω) =

R0
d

/(
1 + iωR0

dC
0
v

) ≈ 1/iωC0
v .

As follows from figure 5, the zero-order approximation
provides a satisfactory description of the SUdUd

(ω) spectrum
in practically the whole frequency range of interest, including
the resonant frequency ωres = 3ω0 at which the output circuit
is tuned. The features of the SUdUd

(ω) spectrum are mainly
determined by the frequency dependence of the net small-
signal impedance Z(ω). However, with the increase of R, the
zero-order approximation for SUdUd

(ω) is found to differ from
MCP simulations in three main aspects:

(i) With the increase of the resonator quality (R > 10−9 �

m2, see figures 5(c) and (d)) and the resonant frequency
(see figure 8 below), the analytical model begins to
overestimate the noise intensity at the resonant frequency
νres.

(ii) Noise contributions with resonance shape, not predicted
by the zero-order approximation, appear around
frequencies νres ± nν0 (see figures 5(c) and (d)).

(iii) In the low-frequency region (ν � 0.5 THz), the noise level
predicted by the analytical model with the noise source
Sd

jj (ω) unperturbed by the embedded circuit is lower than
that obtained by MCP results. Note that in accordance
with equations (13) and (16) when ω → 0 the spectral
density SUdUd

(ω) ∼ ω2 and it must also tend to zero. The
nonzero values of SUdUd

(ω) at low frequencies obtained
in the MCP calculations reported in figures 2, 3 and 5
are caused by the limited accuracy of calculations that is
inherent to the low-frequency region ν < 0.1 THz.

To understand the origin of these discrepancies, let us
first estimate the influence of the C–V nonlinearity on the
noise spectrum by considering successive iterations in the
framework of the same analytical model. Accordingly,
the first-order approximation is obtained by substituting the
expression for δU 0

d (ω) given by equation (15) into the rhs of
equation (14). We obtain

δU 1
d (ω) = −Z(ω)

×
[
δjd(ω) − iωC0

v

±∞∑
n�=0

γnZ(ω − ωn)δjd(ω − ωn)

]
. (17)

By using the standard assumption that the noise sources δjd(ω)

corresponding to two different frequencies ω and ω − ωn are
uncorrelated, from equation (17) one obtains the analogue of
equation (16) for the spectral density of fluctuations of the
voltage drop at the SBD,

S1
UdUd

(ω) = |Z(ω)|2[Sd
jj (ω) + Sv

jj (ω)
]

(18)

where the term related with mixing,

Sv
jj (ω) = (

ωC0
v

)2
±∞∑
n�=0

|γn|2|Z(ω − ωn)|2Sd
jj (ω − ωn), (19)
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Figure 6. First-order iteration for the varactor component Sv
jj (ω)

(solid line) in comparison with the unperturbed spectral density of
current fluctuations Sd

jj (ω) (dashed line) and the shot-noise level
under circuit operation (dotted line). U0 = 0.6 V, U1 = 0.2 V,
ν0 = 200 GHz and R = 10−8 � m2.

10-5

10-3

10-1

101

103

105

0 0.5 1 1.5 2

s δ
U

δU
   

(1
0-2

9  V
2 m

2 s)

ν (THz)

1st order ANAL
MCP

ANAL with S=2qj

Figure 7. First-order iteration for SUdUd
(ω) (solid line) in

comparison with the MCP results and first-order iteration with the
improved shot-noise level (dotted and dashed lines, respectively).
R = 10−8 � m2, U0 = 0.6 V, U1 = 0.2 V, ν0 = 200 GHz and
T = 500 ps.

can be considered formally as an ‘additional’ source of
fluctuations induced by the harmonic modulation of the
varactor capacitance.

Figure 6 compares the intrinsic
(
Sd

jj (ω)
)

and the varactor(
Sv

jj (ω)
)

components (dashed and solid lines, respectively)
displayed on the rhs of equation (18). The γn-coefficients
necessary to perform the calculations in accordance with
equations (18) and (19) are obtained from equation (10) by
using the SBD analytical model. As seen from figure 6, the
spectrum of Sv

jj (ω) consists mainly of a set of resonance peaks
which contribute to SUdUd

(ω) at frequencies ω = ωres ± nω0

(n = 1, 2, . . .). Note that the contribution of Sv
jj (ω) at the

frequency νres of the main resonance is negligibly small.
Therefore, the first-order iteration modifies significantly the
spectrum at the frequencies of the satellite spikes without
changing in practice the main resonance. This is illustrated
by figures 7 and 8, where S1

UdUd
(ω) obtained from the first-

order iteration is compared with that of MCP simulations
(respectively, solid and dotted lines).
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Figure 8. Spectral densities of the total voltage drop on the load
resistor R calculated by the MCP technique (dotted curves) and by
the analytical approach in the first-order approximation without and
with the spreading resistance (solid and dashed lines, respectively)
for two values of νres: (a) 900 and (b) 1300 GHz. U0 = 0.6 V,
U1 = 0.2 V, ν0 = 200 GHz, R = 10−8 � m2 and T = 2 ns.

From the results reported in figures 7 and 8 we
conclude that the first-order iteration gives merely a qualitative
description of the origin of the resonant noise peaks at the
frequencies ω = ωres ± nω0. However, it overestimates their
magnitude like in the zero-order approximation. Furthermore,
this discrepancy sharply increases with the increase of the
resonant frequency νres to which the output circuit is tuned (see
figure 8). As proven by calculations, performing higher order
iterations in equation (14) or making use of the conversion
matrix method to solve equation (12) does not remove this
discrepancy.

Accordingly, we will now show that the significant
overestimate of the noise in all the resonant peaks is due to
having neglected the spreading (series) resistance Rs of the
SBD. To add Rs in series with the impedance of the depletion
region, Z0

d(ω) = R0
d

/(
1 + iωR0

dC
0
v

)
, in equation (12) of the

above approach one must just replace the impedance Z(ω)

with the expression

Z̃(ω) = Z(ω)
1 + Rs

/
Z0

d(ω)

1 + RsZ(ω)
/[

Z0
d(ω)Zc(ω)

] (20)

where Zc(ω) = iω
/(

ω2
c − ω2 + iωνc

)
is the impedance of

the output circuit in the absence of the SBD, ω2
c = 1/ClL,

and νc = 1/ClR. In the zero-order approximation given by
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Figure 9. Frequency dependence of the correction factor caused by
the spreading resistance Rs = 10−12 � m2 for the zero-order
approximation at different values of νres. U0 = 0.6 V, U1 = 0.2 V,
ν0 = 200 GHz and R = 10−8 � m2.

equation (16) the inclusion of the series resistance Rs leads to
corrections in the fluctuation spectrum which can be described
by the factor ξ = |Z̃(ω)/Z(ω)|2. The frequency dependence
of such a factor is reported in figure 9. Here, calculations are
performed taking Rs ∼ 10−12 � m2 as estimated by MCP
simulations. As follows from figure 9, even for sufficiently
small values of Rs we find a rather significant suppression of
the peak at the main resonance frequency. Moreover, with
the growth of the resonance frequency νres such a suppression
increases. Outside the resonance region the influence of Rs

is practically negligible. Calculations of SUdUd
(ω) performed

in the first-order approximation given by equation (18) and
accounting for Rs (see dashed lines in figure 8) are found to
be in good quantitative agreement with MCP results (dotted
lines) at both the main and satellite resonant frequencies. Since
for the used value of Rs the cut-off frequency of the varactor
capacitance ωcut = 1/RsC

0
v [24] is in the region of hundreds

of THz, the observed suppression of the resonances is not
related directly with the RC cut-off. This is also evidenced
by the large intensity of the high-order harmonics presented in
figures 7 and 8 by vertical lines.

We now consider the origin of the underestimate of the
noise value at low frequencies, which is predicted by the
analytical model with respect to the MCP results. This
discrepancy is more pronounced when the output circuit is
tuned to resonant frequencies νres � 600 GHz (see figures 5
and 7). As shown in [18], under large-signal operation within
the barrier-limited transport regime of the SBD, the noise value
at low frequencies is governed by jd , in full agreement with
the universal shot-noise law, Sd

jj (0) = 2qjd . By contrast,
the noise spectrum at high frequencies, which includes the
resonances originated by both carriers reflected from the
barrier and plasma oscillations at the n+n-homojunction,
remains practically the same as that of the static case. Under
resonant circuit operation, the voltage applied to the SBD
depends on R, and thus it can differ significantly from the
case of the unloaded SBD. Therefore, the underestimate of
the low-frequency noise can be related with the increase of
the mean current jd associated with the increase of R, which
is not accounted for by the noise source used above. To
further illustrate this interpretation, figure 6 also presents
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the shot-noise value 2qjd for the mean current value (dotted
line) obtained from the SBD analytical model under circuit
operation. As follows from figure 6, the current spectral
density of the unloaded SBD underestimates significantly the
real shot-noise value in the frequency region ν � 500 GHz.
By using the corrected shot-noise value one can recalculate the
circuit noise in this region. The result is reported in figure 7
by the dash-dotted line, which practically coincides with the
MCP results down to frequencies of about 0.1 THz.

4. Conclusions

In the framework of the Monte Carlo particle (MCP) technique
coupled with the circuit equations, we have provided a
theoretical investigation of the electronic noise generated
by a SBD in the output circuit when the whole system
(SBD+circuit) is pumped by a microwave voltage of frequency
ω0. By considering a heavily doped nanometric SBD,
favourable to THz applications, we have found that under
circuit operation the noise spectrum exhibits significant
modifications with respect to the unloaded case. First of
all, the output circuit leads to the appearance of a resonant
behaviour of the noise spectrum at the frequency ωres to which
the whole system is tuned. Moreover, with the increase of the
resonator quality, an additional series of extra peaks centred at
frequencies ωres ± nω0 are found to appear. These are shifted
with respect to the main resonance according to the frequencies
of the fundamental and high-order harmonics of the pumping
voltage.

We have developed a simple analytical model which is
able to reproduce the main features of the noise spectrum
generated in the output circuit by SBDs operating under
barrier-limited conditions. The input parameters of the model,
obtained from MCP simulations, are as follows: the static I–V

and C–V relations, and the series resistance of the SBD. In
particular, we have found the following: (i) the main resonance
in the circuit noise spectrum is related to the usual linear
transformation originated by the output circuit; (ii) the extra
peaks appearing in the noise spectrum are caused by frequency
mixing due to C–V nonlinearity, which induces a time
modulation of the varactor capacitance of the SBD; (iii) even
a very small value of the spreading resistance associated with
the passive part of the SBD leads to a significant suppression
of the noise in the main and satellite resonances, while having
practically no influence on the remaining frequencies of the
noise spectrum.

The analytical model is further improved by introducing
as source of intrinsic noise of the SBD the spectral density
of current fluctuations of the unloaded diode with the same
pumping voltage as that applied under circuit operation. It
is shown that such a noise source leads to a good estimation
of the circuit noise in the intermediate and high-frequency
region, where the SBD noise is determined by the resonant
behaviour of free carriers in the neutral part of the SBD. In
the low-frequency part of the spectrum, i.e. in the shot-noise
plateau related to the depletion region, the dependence of the
shot-noise value on the range of operation of the diode in the
circuit becomes of importance and must be taken into account.
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