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ABSTRACT The field-emission phenomenon is exploited in a broad variety of applications and systems.
Previous studies have reported that the current induced by field emission strongly and inherently depend on
the temperature. This dependence enhances the noise in the current, which results in performance degradation
in, for example, signal detection and communications in nanoscale receivers. In this paper, a mathematical
model is presented for the suppression of the noise based on its probability density. Our experiment and
analysis revealed that the density follows a Gaussian distribution, and the dependence on temperature
is observed to be exponential. This result is intriguing because in the field of signal processing and
communication, the influence of temperature is often considered with a noise-temperature model, namely,
linear dependence. Using our derived model, we theoretically evaluated the communication performance of
a nanoscale receiver; owing to the exponential dependence on temperature, severe performance degradation
was found with increasing temperature. This means that, as field-emission technology continues to be
developed, the temperature should be kept low, for example, at room temperature, to secure the reliability of
nanoscale communication devices.

INDEX TERMS Bit-error rate, field emission, nanoscale communication, nonlinear temperature

dependence.

I. INTRODUCTION
The extensive application of the field-emission phenomenon
has been reported in various fields [1]-[9]. Owing to its inter-
esting characteristic that induces a current in microscopic sys-
tems, atomic-level objects can be observed [3], [4], and the
downsizing of displays is possible [5], [6]. In recently devel-
oped nanomechanical systems, current measurement enables
estimation of the amplitude of a vibration in nano-meters.
Many researchers are paying attention to this type of the
system because it has the potential to create a paradigm shift
in various fields, such as signal processing [10]-[14], com-
munications [15]-[24], and sensing applications [25]-[30].
Despite these attractive features, the noise in the current
makes the system stochastic, which degrades performance.
Field emissions are inherently affected by the variation
in temperature. In the past several decades, the general
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theory has been discussed in the literatures, e.g., [31], [32],
and experimental demonstrations have been provided for
various types of emitters, including thermally grown SiO;
emitters [33], carbon-based emitters [34]—[37], and WgO49
nanowires [38]. As the temperature increases, the obtained
current is enhanced. This is because the work func-
tion on the emitter depends on the temperature; from
Fowler—Nordheim theory, which is briefly described in
Section II, the current strongly depends on the work func-
tion. This result is supported by the experiments using, for
example, SiC@SiO, @graphene nanoarray emitters [35] and
VO,(A) nanogap emitter [39]. It is also observed that the
fluctuation in the current, namely, the noise component, also
increases with the increase in temperature [35], [37].

To capture the behavior of noisy systems, a noise model
based on a probability density is beneficial. The time evolu-
tion of the system behavior in, for example, nanomechanical
systems and biological systems, is described by a stochastic
differential equation for the probability density. In the field
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of signal processing, the error rates of signal detection are
analytically evaluated with a probability density [40], [41];
a typical example is the nanoscale receiver, whose perfor-
mance has been demonstrated to strongly depend on the
probability density of the noise [18]. Against the importance
of the probability density, for semiconductor devices, fluctu-
ation or noise is usually evaluated in the frequency domain;
field emission on carbon-based materials such as carbon
nanotube (CNT) and graphene has been investigated, and the
noise in the resulting current has been reported to have an
inverse frequency dependence [34], [42]-[44]. This behav-
ior is found in other types of the emitters, including WS,
nanosheets emitter [34]. The probability density of the noise
should be investigated to aid the development of a variety of
applications and systems with this current. The dependence
on temperature should be considered in the investigation.

In this study, for the future development of a wide
variety applications and systems based on field emissions,
we attempt to build a concrete model of noise dependence
on temperature. By measuring the noise in the current and
performing nonparametric modeling with kernel density esti-
mation (KDE), we showed that the probability density of
the noise follows a Gaussian distribution. An accurate fit-
ting to the proposed model indicated that the dependence
on temperature is exponential; this is an interesting result
because the influence of temperature is often considered with
a noise-temperature model that incorporates linear depen-
dence. Our analysis also showed that the impact of noise
on the communication performance of the nanoscale receiver
increases greatly as the temperature increases. We focused
on the error rate in the reception of digital data, namely,
the bit-error rate (BER), which exponentially increases with
temperature.

This paper is organized as follows. A brief review of
field emissions is provided in SectionII. Based on our mea-
surement results, the analytical model of the probability
density is derived in SectionIIl. The model is revealed to
be Gaussian in SectionIII-A, and the two key parameters,
mean and variance, are analytically described as a func-
tion of the temperature in Section III-B. By focusing on a
nanoscale receiver [18], we analytically discuss the influence
of the temperature on performance in Section IV. Concluding
remarks are given in Section V.

Il. BRIEF REVIEW OF FIELD-EMISSION THEORY

The phenomenon of field emission has long been investi-
gated in semiconductor physics and devices [31], [33],
[42], [44]-[47]. When a sufficiently high voltage is applied
between two electrodes, one of which has a sharp shape and is
separated from the other by a small gap, the strongly induced
electric field promotes the emission of electrons from the
sharp material. The resulting field-emission current is theo-
retically characterized by the well-known Fowler—Nordheim
equation: for the electronic field between the electrodes E(V),
which is induced by the applied voltage V, the current is
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modeled as [31]-[33]

C1E(V)?
2 OF (

(V) =

sz(Y)> n

E(V)

where

ty) = {1 +yH[x] —yK[kl} /v/1+y 2
v(y) = {H[k] —yK[«]} /1 +y 3)

are the correction terms with « =./(1 —y)/(1 +y) and
y=4+/eE(V)/4mey/Wr. If we define Wt as the work function

of the emitter and S = 7{,02 as the area that em}its electrons,
then Cy = ¢? S/8mhWr and C, =87 (2 eme)? W2 /3h. his the
Planck constant, e is the elementary charge, m. is the mass of
the electron, € is the permittivity of free space, and K[-] and
H{[-] are the complete elliptic integrals of the first and sec-
ond kind, respectively. If the emitter is the tip of a carbon
nanotube (CNT), the electric field is given as E, (V)= 8V /z
where z is the length of the gap between the CNT tip and
electrode, §=L/2p is the enhancement factor [45], and p
and L are the radius and length of the CNT, respectively.
The Fowler—Nordheim equation (1) is provided when the
temperature T is approximately 0 K. Since their pioneering
work [46], the dependence of the current on the temperature
has been investigated. The influence of temperature can be
considered by multiplying by a temperature-dependent term,

C3T
EV)

. GT Y\’
sin <_EZEV)>
where C3 = (472 kpt(y)/h)/2 mcWs/e with the Boltzmann
constant kg [32], [33], [48]. The current is, therefore, given as

L(V;T)=1(V)o(T). (5)

HT) = ()

The noise in the current has been measured in various emit-
ters [34], [42]-[44], and discussed in the frequency domain.
Against these meaningful investigations, we reveal the prob-
ability density of the noise in this work.

To measure the field-emission current, we created a singly
clamped multi-wall CNT (MWCNT) emitter, which was fab-
ricated on silicon wafer as shown in Fig. 1(a). The MWCNT's
were produced by an arc discharge process to secure straight
MWCNTs. Such MWCNTSs, which were contained in a sol-
vent, were dropped on a silicon wafer, which had a 3um-thick
silicon dioxide layer. The solvent was quickly evaporated
by heating. For the MWCNTs with length and radius of
L=1.1p m and p =6.72nm, respectively, a cathode was
directly deposited on an edge of the MWCNT. The anode was
also deposited away from the tip of a MWCNT emitter at a
distance of approximately 105 nm. The electrodes were fab-
ricated by electron-beam lithography and metal evaporation.
They consisted of 10 nm Ti and 100 nm Au. The silicon diox-
ide under a MWCNT was etched by buffered hydrofluoric
acid to realize the MWCNT cantilever.

For the above device, the current was measured with a
semiconductor device analyzer (Keysight B1500A). A volt-
age was applied between the anode and cathode via the

57821



IEEE Access

K. Funayama et al.: Noise Modeling in Field Emission and Evaluation of the Nano-Receiver

T 7T

T T T T T T
Heating: T'(K)
(@

Field emission current
(experiment) (A)

0.0

45 55 65
Applied voltage (V)
(b)

FIGURE 1. (a) System diagram for testing field emissions. In the scanning electron microscope image of our fabricated
device, the emitter is a multi-wall CNT with length L =1.1xm and radius p = 6.72 nm. The emitting part, that is, the tip
of the CNT, is separated from the counter electrode by z =105 nm. To vary the temperature, the sample with the CNT
and electrode is placed on a heating device. (b) Measured tunnel current. The observed exponential behavior is
evidence of the field emission current. Temperature dependence, which is predicted in (5), is also found.

analyzer, and the field emission current was measured in a
vacuum (8.2 x 103 Pa). The MWCNT emitter was placed
on a heating plate to change the temperature, as shown
in Fig. 1(a). The temperature was set via a controlling device,
Scientific Instruments 9700. As shown in Fig. 1(b), a dis-
tinct exponential increase is observed; this is evidence of
the field emission. We also see the temperature dependence
predicted by (5).

As described in [33], fitting experimental data to the ana-
lytical model in (5) requires consideration of the dependence
of the work function on the temperature. This is achieved
by introducing a fitting parameter, a(7"), such that the cor-
rection term v(y) depends on the temperature. The value
of the two parameters can be obtained by minimizing the
error between the experimental data and the theoretical value
obtained by (5).

I1l. MODELING THE PROBABILITY DENSITY OF THE
TUNNEL CURRENT IN TERMS OF TEMPERATURE

In this section, the measured current is used to derive the ana-
lytical expression of the probability density. In Section ITI-A,
the probability density of the measured current is found to
have a Gaussian distribution. The analytical expression of
the two key distribution parameters, mean and variance, are
presented in Section ITI-B.

A. MODELING THE SHAPE OF THE PROBABILITY DENSITY
The current was measured 10 times for each of three given
temperatures. In the measurement, first, we determine the
applied voltage, which is used in the measurement for the
temperature dependence. The voltage was swept, as shown
in Fig. 1(b), and determined to be 65 V to prevent overcurrent
of the emitter. For each temperature, the current was mea-
sured 10 times; in each single measurement, the current was
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measured for 5s. After the single measurement, the voltage
was not applied for a sufficient time interval (60 s) to initialize
the measurement. For the data collected at each temperature,
the three data with the largest slopes were discarded to avoid
the time drift.

The left panels in Fig.2 show examples of the mea-
sured current at 7 = {325, 375, 425} K. Although the cur-
rent slightly increases along with increasing temperature,
the amplitudes of the currents fluctuate over time. This behav-
ior is the noise in the current, and the purpose of this work is
to derive a theoretical model for this fluctuation.

Noise is often characterized by a probability density. For
example, it is well-known that the amplitude of thermal noise
follows a Gaussian probability density. To derive the theoret-
ical model of this fluctuation, first, we capture the trend of
the density with KDE, a non-parametric method [49]-[51].
When N sample points of current /; (1 <i < N) are obtained
in a single measurement, the corresponding probability den-
sity of the current, Pr[/], is given by the sum of the kernel
function g(x):

1 & (I-1
Pr[l]—Nl;g( 7 ) (6)
where W is the bandwidth. Note that in this analysis, the noise
is treated as white; in many devices, the noise is filtered out,
especially outside the focused frequency-band. The residual
noise has a small bandwidth, which indicates that the noise
can be treated as white.

The measured densities (6) are plotted with dots in the
center panels of Fig.2. Three temperatures, 325K, 375K,
and 425 K, were used, and N = 70. The Gaussian kernel with
zero mean and unit variance, g(x)=(1/ «/ﬂ) exp(—x2 /2),
was used. The parameter W was determined by a widely used
method, Scott’s rule [50], [52]. In all cases, the curve of the

VOLUME 7, 2019



K. Funayama et al.: Noise Modeling in Field Emission and Evaluation of the Nano-Receiver

IEEE Access

X 0 %1072 <10
< i Theoretical line
= Gaussian
s 1l o 11 fitting ®
hel ‘g ° ™ S 1.0
o110 & 0.0?. ° 0 1.0 g
Q
B5 Lo N e Mee 5 >
T “n 09|e@ ’ @ () 0.9 e
Q0 [} (. XY 5 0.9
=e |° ey e 3¢
o8 4 0.8 Measured o
3 ' probability density Measured
° (obtained by KDE) ® field emission current
= 0.8

2.0 3.0 4.0 5.0 0.0 2.0

Probability density

4.0 6.0 109 20 -1.0 00 1.0 20
Theoretical quantiles

x107°

Measured
field emission current (A)

1.2

Ordered Values

2.0 3.0 4.0 5.0 0.0 2.0
Time (s)

Probability density

4.0 6.0 109 20 -10 00 1.0 2.0
Theoretical quantiles

x107° x10°° x107°
<5 g -
c .
2 50 4
8 5 ° oo :.. S 46
= O ) o0 o g 4.4
RO Ol =
8 5 ° . [ o 0°® [y O 42
s 2 400 ® L [}
£ 4 T 40
[ [ ]
2 o O 3g; o0
e .
= 3.5 °
[}
2 36fe
=
2.0 3.0 4.0 5.0 0.0 1.0 %x10° -2.0 -1.0 0.0 1.0 2.0

Time (s)

Probability density

Theoretical quantiles

FIGURE 2. Measured examples of the field-emission current and the corresponding probability densities at (a) T =325K,

(b) T =375K, and (c) T = 425 K. The measured currents are plotted in the left panels, and the corresponding probability densities
calculated with (6) are presented by solid circles in the center panels. The densities are found to follow a Gaussian distribution which
is depicted with solid curves fitted to the points with the measured average /i and variance 52. This observation is confirmed in the
normal Q-Q plots provided in the right panels; the measured points are located along the theoretical line, and the degree of the

determination is (a) 0.99487, (b) 0.98247, and (c) 0.97543.

density has one peak and does not have a heavy tail. Intu-
itively, these densities should follow a Gaussian distribution.

The above Gaussian model is confirmed by observ-
ing the theoretical curves of the Gaussian distributions
with the measured average (= ji\, >°.1; and variance
62= % 3 I?—(% 3;1)*. These curves are plotted with
solid lines in the center panels of Fig.2, which show that
the distributions agree with the measured densities. To eval-
uate the distributions more clearly, normal quantile-quantile
(Q-Q) plot are provided in the right panels. Almost all of
the measured sample points are located along the theoretical
line and the degree of determination is greater than 0.97.
These observations are also found in the other measurements.
Therefore, it can be stated that the probability density of the
current follows a Gaussian distribution. The theoretical model
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of the current is given by

Pr[l] =

_ 2
(= (1) } ’ o

204(T)

1
V2mo? “r |:

where 1(T) is the mean and o 2(T) is the variance.

B. MODELING OF THE MEAN AND VARIANCE

The next task is modeling the key parameters in the distribu-
tion,  and o'2. If the current follows a Gaussian distribution,
the most expected amplitude is the mean. This amplitude is
often measured in many studies, and it has been modeled by
the well-known expression (5). In this sense, the mean can be
modeled as

wT)=1V;T)=1(V) 9 (T). ®)
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FIGURE 3. Numerical examples of the analytical model for (a) mean (8) and (b) variance (10) are presented with solid curves. The

measured average ji and variance 52

are also marked as x’s. The analytical model accurately describes the mean and variance as they

change according to temperature because the analytical curves are located within the range of the measured data points. The theoretical

curve of the noise temperature model, which is often used to consider the influence of the temperature, is also plotted with a dotted line
in (b). Clearly, the slope in the noise temperature model is quite different from that of the field-emission current, which indicates that our
developed model is beneficial to model the noise in field-emission current.

With the asymptotic notations, the mean is rewritten as
w(T) = Or@(T)), where the subscript T in O nota-
tion indicates that the order is considered in terms of the
temperature 7.

The variance is analytically modeled from (5). Because
variance is a second-order statistic, the variance term O’Z(T)
is the squared order of the current. Thus,

o*(T) = Or I*(V; T)) = Or (9X(T)). )

This expression indicates that the variance can be modeled by
the order of ¥2(T). Introducing the two parameters A and B
gives us the form,

aX(T) =A( BT )2. (10)
sin BT

The values of A and B can be obtained by fitting to the

measured current.

The analytical models of the mean and variance,
(8) and (10), respectively, are evaluated with the measured
current. To calculate the average, Wy =4.8eV for CNT was
used [53]. The field intensity included in (8) was multiplied
by the constant b to consider the influence of the finite
size of the anode. Numerical fitting yielded A =2.08x 10722
and B=2.30x1073. Figure 3 shows that the measured [
and 62, which are plotted as x s, exponentially increase with
increasing temperature. In fact, the mean at 7 = 325 K seems
to not follow exponential behavior; in the numerical fitting
process, the parameter a(7') at this temperature results in
a large variation due to a measurement error. The analyt-
ical models, (8) and (10), describe the exponential trend;
the analytical curve agrees well with the measured points
in Fig.3. The dependence on the temperature is given by
the term 9(T) for the mean and ®2(T) for the variance.
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Euler’s reflection formula yields 9(T) =a  I'(1+T /ax)I'(1 —
T /ay) with gamma function I'(-) and two coefficients aj
and a;. In the region of focus, these functions exponentially
increase. The physical understanding of this exponential
trend is that the work function of the CNT emitter depends
on the temperature. Because the work function Wr is included
in the coefficient C5, the current (1) exponentially changes
according to the variation in the work function. In our model,
by multiplying the fitting parameter a(T') with C,, the tem-
perature dependence on the work function is considered.
This dependence has been discussed in the literatures, for
example, [35], [36], [39]. Notably, it was pointed out in [35]
that the fluctuation of the current, which corresponds to the
variance o2(T') in this study, also increases according to the
temperature. Our measurement results and the obtained the-
oretical model describe the same behavior. Therefore, it can
be stated that the probability density of the field-emission
current is accurately modeled by (7), (8), and (10).

In the signal-processing field, noise variance is a key
parameter because it determines important performance met-
rics, such as the noise power and signal-to-noise ratio. In this
field, the influence of the temperature on the power is often
evaluated with a noise-temperature model: kg WT', where W
is the bandwidth. The theoretical curve of this model is
plotted with a dotted line in Fig. 3(b). Clearly, the slope
of the noise-temperature model is quite different from that
of the field-emission current. This observation indicates that
the existing noise-temperature model is not effective, and
our developed noise model should be employed to model
field-emission currents in signal-processing systems.

The results obtained here are effective in the wide range
of field emitters made of various nanomaterials. Regardless
of the material, the behavior of the field emission from a
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metal surface is described by the Fowler—Nordheim law.
As described in Section 11, the temperature dependence can be
discussed based on this law. This point has been demonstrated
with various emitters, including W;gO49 nanowires [38],
VO, nanogap emitters [39], SiC@SiO;@graphene nano-
array [35] and WS, nanosheets [43]. Because our devel-
oped model originates from the general model of the
Fowler—Nordheim equation, and the obtained exponential
trend agrees with the result in the literature, a similar discus-
sion is possible for other types of field emitters. In addition,
for the same reason, the derived model should be effective at
other applied voltages.

IV. PERFORMANCE ANALYSIS OF NANOMECHANICAL-
BASED COMMUNICATION IN TERMS

OF TEMPERATURE

Varying the temperature affects systems in which the
field-emission current is induced. In this section, we focus
on the state-of-the-art nanoscale communication system pro-
posed in [18], and analyze its influence on the quality in
the data transmission. In nanoscale communication sys-
tems, the field-emission current is the key physical quantity
because, as described in Section IV-A, the receiver detects the
incoming signal through a nanomechanical device, and the
amount of vibration is measured by the current. The influence
of the temperature is analytically discussed in Section IV-B
by analyzing the BER, a common performance measure in
communications systems. The developed noise model (7) is
used in the analysis because the BER inherently depends on
the probability density of the noise [41]. As predicted, typical
performance degradation is found in the numerical results in
Section IV-C.

A. BRIEF DESCRIPTION AND ANALYSIS OF
NANOMECHANICAL RECEIVER

In the system we are evaluating, a CNT cantilever is installed
at the front end of a receiver. The electro-magnetic (EM)
waves, which carry the digital data d; € {+1, —1} with phase
modulation, is detected via the mechanical vibration of the
CNT tip. When electrons gather at the tip as voltage is
applied, Coulomb’s law states that an electrostatic force,
which is the driving force of the vibration, is excited by the
EM wave. The amount of vibration can be observed via the
field-emission current. When the vibration amplitude is small
relative to the CNT length, the motion of the tip is described
by the following second-order linear differential equation,

d%x

dx
mem‘i‘ya‘i‘kox:QextEd(t)v (11)

where me is the effective mass of the CNT, Qex is the
amount of charge at the tip, and E;(¢) is the EM wave. The
coefficients ko and y are given as ko =3mwEyp*/4L? and
y =2nfim./Q with quality factor Q, Young’s modulus of
CNT E,, and resonance frequency f; = (27r) ™' /ko/me.

By applying voltage between the CNT tip and the counter
electrode (anode), we can observe a field-emission current.
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Owing to the vibration, the gap length z varies such that
z=2z0 + Az(t) with the gap variation term Az(¢) and length zg
at the equilibrium point. This variation term leads to changes
in the current, which means that the vibration of the CNT tip,
which describes the EM wave, can be estimated by observing
the variation in the current. The analytical expression of the
current with this variation is derived straightforwardly in a
manner similar to that in [18],

1(t) = pgy(T) + AI(t) + n(t; T), (12)
where
AI(t) = x(T)g(T) - x(2) (13)
. 1 G _ yoyv(y)
x(T) = 3Lbof [—E(V) {v(y) +a(l) = == }
. y3yt(y)
* {1 20) }
.{1 4 B0 <C3Tt(y)>”, (14)
EV) EV)

and dy = 9/0y. Clearly, the variation of the current obtained
by (13) contains information of the vibration amplitude of
the CNT tip. From the discussion in Section III, the current
contains noise n(t; T), which follows a Gaussian distribu-
tion with zero-mean and the temperature-dependent vari-
ance in (10). Note that the mean term ., (T) = u(T)|;=, is
given by (5).

To estimate the transmitted data from the current, a sim-
ple correlator, in which the current is correlated with the
sinusoidal signal over the time interval of each data bit T,
is employed at the receiver. Using the resonance frequency f;,
the output is obtained as

iTy

1
rli] = —
s ~Ty Ji-v1
= —U(T)Eef+/evd; sin g + ni(T), (15)

I(t)cos (2ufit)de

where ¢y, is the signal power per data bit, Ef is the bias of
the reference field intensity, and 6y is the phase difference
between the transmitter and receiver [18]. The coefficient

oy = 205
() = =3

0

X(T) - g (T) (16)

used in (15) describes the influence of the temperature on
the signal component, ,/epd;. Because ji,,(T') increases with
increasing temperature, as shown in Fig. 3(a), the signal
component may be somewhat amplified. The noise term,
ni(T)=(1/v/Tp) f(lﬂ’l)Tb n(t; T)cos(2rf;t)dt, also depends
on the temperature. The characteristic of the noise term is
the same as n(t; T) [41]: n;(T) follows a Gaussian distri-
bution with zero mean and variance (10). The transmitted
data d; are then estimated by taking the sign of the statistic,
di = sgn(ry [i]).
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B. BER ANALYSIS

The BER performance is theoretically analyzed by exploiting
the derived model of the noise, (7). The BER is the probability
that the estimated data cAli do not equal the transmitted data d;,
as follows:

BER;, = Pr[d; # d;]
—Pr [le- = _1|d; = +1] Pr{d; = +1]
+ Pr [Eli =+1|d; = —1] Pr[d; = —1]
1 .
= 5Pr [r[i] < Old; = +1]
1 .
+3Pr [r.li] > Old; = —1]
1 — .
= 5Pr [£(T)E er+/€b sin by > ni(T)]

+ %Pr [£(T)E er/ep sinby > —ni(T)]. (17)

Note that in the second equality, the data bit d; is assumed
to be equiprobable, and in the third equality, (15) was
substituted.

Based on the experimental results, we revealed in (7) that
the noise term n;(T), which should cause an estimation error
in the transmitted data, is Gaussian with zero mean and
variance o2(T). This valuable result yields a solvable form
of the BER:

Pr [U(T)E et /2y sin 6 > ni(T)]
1 JUT)E et sin 0o/ e1/02(T)
N A/ 2 /—oo

Substituting (18) into (17), a simple expression of the BER is
obtained:

exp(—u?/2)du. (18)

BER;, =W (!ﬂ(T)frefsin90| ° ) =V (VD).

oX(T)
(19)

where {(T)Efrzef sin? Opepi2(T)/o%(T) is the effec-
tive signal-to-noise power ratio per bit and W(z)=
(1/5/2m) - [7° exp(—u?/2)du is the Q-function that repre-
sents the tail probability of a standard Gaussian distribution,
exp(—u?/2).

C. NUMERICAL EXAMPLES OF BER WITH TEMPERATURE
The BER dependence on temperature is discussed in this
section through numerical calculation.

The numerical example of BER performance obtained
from (19) is plotted in Fig. 4. To calculate the fitting param-
eters, a(T), b, A, and B, which are involved in i(T'), we used
the experimental data shown in Section III. The parameters
Op=m/2, Eret=1.0x107, and &, =3.2x 10° were used, and
the values of Qex¢ and kg were calculated with the method
provided in [18].

From Fig.3, one may expect that increasing temper-
ature has a positive effect on performance because the
mean (i, (T), which determines the signal power, as shown
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FIGURE 4. BER dependence on temperature. As shown in the inset,

the signal-to-noise power ratio, ¢ (T), decreases as the temperature
increases, and then the BER increases. To validate the developed model,
the 95% confidence interval of the signal-to-power ratio ¢(T) at each
temperature is also provided in the inset. All of the points obtained by
the derived model are included in the interval, which means that the
developed model is correct.

in (15) and (16), increases according to temperature. Indeed,
because the term x(7) is almost constant even with tem-
perature variation, the signal-to-noise power ratio ¢(7),
which determines the BER, varies with the temperature
as 97(T)/dT ~0 (u2,(T)/o*(T)) /dT. However, as shown
in Fig. 4, the BER monotonically increases with increasing
temperature. This is because, as observed in Fig. 3, the vari-
ance o 2(T') rapidly increases compared to the mean Mg (T),
and hence, the signal-to-noise power ratio decreases as the
temperature increases. Note that the minimum on the curve,
which is observed at 325 K, appears to be due to measurement
error and/or the influence of the numerical fitting. To validate
this behavior, we calculated the 95% confidence interval of
the signal-to-power ratio ¢ (T') at each temperature. The inter-
val was calculated based on the measured data, and provided
with error bars in the inset of Fig. 4. All of the points obtained
by our derived model are included in the interval. This means
that our measurements and the developed model are correct.

V. CONCLUSIONS

To support the future development of a wide variety of
applications and systems based on field emission, this paper
presents a mathematical model of the noise contained in the
field-emission current. The model is based on the exploration
of the probability density of the noise, and because the cur-
rent is strongly affected by the temperature, the model is
derived in terms of temperature. Our experiment and related
analysis reveal that the density follows a Gaussian distri-
bution. An analytic expressions of the two key variables
in the distribution, mean and variance, was also derived.
The dependence of these variables on the temperature is
shown to be exponential, which is noteworthy because in
signal processing and communication, temperature is often
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considered with a noise-temperature model, namely, linear
dependence. Such exponential behavior is likely due to the
nonlinear response of the field-emission current. Because the
noise model is derived based on the general model of the field
emission, it should be effective in other types of the field
emitters, including nanowires.

Another contribution of this study is the evaluation of
the communication performance of a nanoscale receiver as
the temperature varies. This evaluation is made possible by
employing our derived model of the probability density. The
BER, which characterizes the communication performance,
is theoretically discussed and shown to exponentially increase
with increasing temperature. From our analysis, the reason
was found to be a decrease in the signal-to-noise power
ratio. This means that, for the expected future development,
the temperature should be kept low such as at room tempera-
ture, to secure reliable nanoscale communications.
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