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ABSTRACT

In this study, we developed a model of field emission at a vacuum nanogap composed of semiconductor electrodes and conducted
numerical calculations to evaluate its field emission characteristics. The current at the silicon nanogap was also measured, and the results
were compared with the calculated results. Large-area vacuum nanogaps are expected to be used for highly efficient room-temperature
thermionic power generation owing to their good thermal insulation, and their electrical conduction of tunneling current is sufficient for
practical use. Because vacuum nanogaps should be parallel and smooth with a large area, we proposed and examined the use of cleavage
to fabricate nanogaps in single-crystal materials. A nanogap with a nominal area of 26.5 μm2 was fabricated in a microelectromechanical
device to evaluate its properties, and the model was used for the analysis. The calculated current–voltage characteristics of the semicon-
ductor nanogap of both n-type and p-type silicon were affected by the bandgap and the presence of carriers, i.e., electrons and holes.
Moreover, the Fowler–Nordheim plot was confirmed to be valid for semiconductor nanogaps based on the calculated results. We pro-
posed an effective work function that compensates for the discrepancy between semiconductor nanogaps and the Fowler–Nordheim
theory and enables a more accurate analysis. Field-emission currents flowing through a 1.1 nm nanogap were measured and matched
with the calculated results by adjusting the field enhancement factor and emission area. The model developed and confirmed experimen-
tally in this work will be helpful in examining field emissions at semiconductor nanogaps.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002456

I. INTRODUCTION

In recent years, Internet of Things (IoT) sensors have increas-
ingly been used worldwide, and a major problem limiting their
application is the power source for sensors. Considering that many
IoT devices are being installed, their power sources should be
maintenance-free and standalone. Thermoelectric power genera-
tion, which generates electricity from waste heat in the environ-
ment, is a strong candidate that can be used to address this
problem and has been implemented.1

The conversion efficiency η of thermoelectric power genera-
tion is expressed as1

η ¼ 1� Tcold

Thot

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ZT

p � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ZT

p þ Tcold

Thot

, (1)

where Tcold and Thot are the temperatures of cold and hot reser-
voirs, respectively, and ZT is a dimensionless thermoelectric figure
of merit. ZT is determined using the Seebeck coefficient S, electrical
conductivity σ, operating temperature T = (Tcold + Thot)/2, and
thermal conductivity κ, and is expressed as1

ZT ¼ S2σT
κ

: (2)

A higher ZT results in higher conversion efficiency. ZT has a
benchmark value of 1 for practical use.2 To ensure highly efficient
thermoelectric power generation, materials with low thermal con-
ductivity and high electrical conductivity are required. Several
studies have attempted to realize such materials in various fields,1–4

including research on inorganic bulk materials,5,6 inorganic
thin film,7,8 and organic materials.9 However, solid materials have
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limitations in terms of reducing thermal conductivity owing to heat
conduction by lattice vibrations and electron/hole conduction. In
other words, a drastic improvement in conversion efficiency is diffi-
cult using solid materials.

At a vacuum nanometer-scale gap (nanogap), phonon con-
duction does not occur, but electrical conduction occurs because of
quantum effects; it can be regarded as a material with very low
thermal conductivity and sufficiently high electrical conductivity.
In addition, a nanogap has a large Seebeck coefficient compared to
other thermoelectric materials.10 Therefore, thermionic emission in
a vacuum nanogap can be used to achieve higher efficiency.

Fabrication methods for nanogaps have been investigated to
realize nanometer-sized electronic devices,11 biosensors,12 etc.
Various methods were proposed, including mechanically controllable
break junctions,13 electrochemical deposition,14 electromigration,15

and focused ion beam.16 The nanogap should be parallel and
smooth over a large area to achieve low-temperature thermionic
power generation. However, nanogaps fabricated using above-
mentioned methods are not parallel and smooth, and the area is very
small (order of nm2). We proposed the use of cleavage in single-
crystal materials to fabricate a conformal nanogap, which has been
implemented using single-crystal silicon. In our previous study,17,18 a
microelectromechanical system (MEMS) device was developed in
which fabrication and evaluation of the Si nanogap (cleaving, con-
trolling the gap distance, applying the voltage, and measuring the
current) can be performed in the sample chamber of a scanning elec-
tron microscope (SEM). The mechanical characteristics of the device
were discussed.18 Field emission characteristics and their gap distance
dependence must be evaluated experimentally for the use of nano-
gaps in thermionic power generation, and a numerical model must
be developed for theoretical discussion of measurement data before-
hand. While numerical calculation for the theoretical analysis of field
emission at a nanogap composed of metal electrodes has been
reported,10 a numerical model at a semiconductor nanogap has not
yet been thoroughly examined.

In addition, an analysis method must be discussed. Fowler–
Nordheim (FN) plots are generally used in the analysis of
field-emission currents.19–21 Therefore, it could also be useful to
analyze the emission current at semiconductor nanogaps. However,
an FN plot is based on the approximated theory of field emission
from a metal cathode; therefore, it is necessary to verify the validity
of applying it to semiconductor nanogaps before analyzing the
measurement results obtained using this method.

In this study, we developed a model of field emission at
vacuum nanogaps composed of both p-type and n-type semicon-
ductor electrodes and conducted numerical calculations to evaluate
their characteristics. The validity of applying an FN plot to semi-
conductor nanogaps was evaluated using calculation results.
Finally, the field-emission current at the silicon nanogap was mea-
sured, and the results were compared with those obtained from the
calculation.

Section II describes a model of field emission at a metal
nanogap that served as the foundation for the developed model,
followed by a description of the developed model at a semiconduc-
tor nanogap. Section II also includes the theoretical basis for an FN
plot. In Sec. III, details of calculations and an experimental proce-
dure are presented. The result of calculations and experiments are

shown in Sec. IV. In Sec. V, the calculated results, the validity of an
FN plot, and the measurement results are discussed.

II. THEORY

A. Field emission at a metal nanogap

In general, the current density J of field-emitted electrons
from a metal electrode is expressed as

J ¼ e
Ð1
0 N(Ex) � D(Ex) dEx , (3)

where N(Ex)dEx is the number of electrons incident on a unit area
and unit time with the kinetic energy in the x-direction in the
range from Ex to Ex + dEx, which is known as the supply function,
D(Ex) is the probability that electrons whose kinetic energy in the
x-direction (Ex) can penetrate a potential barrier, and e is the elec-
tron charge. In this study, the x-direction is perpendicular to the
emission surface of the electrode. A schematic diagram of the
current is shown in Fig. 1. Electrons tunnel through the potential
barrier, as indicated by the blue arrow. N(Ex)D(Ex)dEx out of N(Ex)
dEx electrons emitted from electrode 1 reach electrode 2.

N(Ex) and D(Ex) are expressed as given in Eqs. (4) and (5),
respectively.10 N(Ex) is calculated by the free-electron theory of
metal and D(Ex) is calculated using the Wentzel–Kramers–
Brillouin–Jeffreys method,

N(Ex) ¼ mkBT

2π2�h3
ln 1þ exp � Ex

kBT

� �� �
, (4)

FIG. 1. Schematic of electron transfer at a nanogap. The potential barrier for
electrons in electrode 1 is indicated by a black line. The number of electrons
that pass through the nanogap with the x-direction kinetic energy Ex in unit time
and the unit area is the product of N, D, and dEx.
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D(Ex) ¼ exp � 2
�h

ðx2
x1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m(V(x)� Ex)

p
dx

2
4

3
5, (5)

where m is the effective mass of the electron, kB is the Boltzmann
constant, T is the electrode temperature, ħ is Dirac’s constant, and
V(x) is the electron potential at x; x1 and x2 are the roots of V(x)
−Ex = 0 (x1 < x2).

The potential of the electrons at the nanogap whose gap dis-
tance is dgap and where the bias voltage Vbias is applied is expressed
as given in Eq. (6).10 The third term in Eq. (6) gives the image
charge effect for both electrodes,

V(x) ¼ Φ� eVbias

dgap
� x � e2

4πϵ0

1
4x

þ 1
2

X1
n¼1

ndgap
n2d2gap � x2

� 1
ndgap

 !" #
,

(6)

where Φ is the work function of the electrode and ϵ0 is the electric
constant. In this work, the effects of space charge and exchange-
correlation, which were considered by complex quantum calcula-
tion in some works in field emission at metal–insulator–metal
junctions22,23 and a metal nanogap,24 were ignored for simplicity of
the calculation.

By substituting Eqs. (4)–(6) into Eq. (3), the current from one
side of the metal nanogap electrodes can be calculated. The same
calculation was performed on the opposite side. The current at the
nanogap is a superposition of these currents.

B. Field emission at a semiconductor nanogap

In semiconductor electrodes, there is a bandgap and two types
of carriers: electrons in the conduction band and holes in the
valence band. Therefore, the field-emission model for semiconduc-
tor electrodes should be modified.

At the semiconductor nanogap, similarly to Eq. (4), the
supply functions of electrons in the conduction band Nelectron(Ex)
and those of holes in the valence band Nhole(Ex) are expressed as

Nelectron(Ex) ¼ mdsekBT

2π2�h3
ln 1þ exp � Ex � EF

kBT

� �� �
, (7)

Nhole(Ex) ¼ mdshkBT

2π2�h3
ln 1þ exp � EF � Ex

kBT

� �� �
, (8)

where mdse and mdsh are the density-of-states effective mass of elec-
trons and holes, respectively, and EF is the Fermi level. The Fermi
level for semiconductor electrodes is obtained by solving the fol-
lowing two equations derived from the charge neutrality and
mass-action law:25

NC exp � EC � EF
kBT

� �
¼ n2i

NC exp � EC � EF
kBT

� �þ ND

1þ 2 exp
EF � ED
kBT

� � ,

(9)

NV exp � EF � EV
kBT

� �
¼ n2i

NV exp � EF � EV
kBT

� �þ NA

1þ 4 exp
EA � EF
kBT

� � ,

(10)

where NC and NV are the effective densities of states on the conduc-
tion band and valence band, respectively; ni is the intrinsic carrier
concentration; EC and EV are the energy levels at the bottom of the
conduction band and top of the valence band, respectively; ND and
NA are the donor and acceptor densities, respectively; and ED and
EA are the donor and acceptor levels, respectively. For silicon
doped with phosphorus as the donor, ED = EC− 0.046 (eV),
whereas for silicon doped with boron as the acceptor,
EA = EV + 0.044 (eV).25 NC, NV, and ni in silicon are expressed in
the following equations.25,26 The expression of ni was obtained by
fitting the experimental data,26,27

NC ¼ 2
mdsekBT

2π�h2

� �3
2

, (11)

NV ¼ 2
mdshkBT

2π�h2

� �3
2

, (12)

ni ¼ 3:87� 1016 � T
3
2 � exp

�0:605� e
kBT

� �
[cm�3]: (13)

EC and EV are related by the expression EC −EV = Eg, where Eg is
the bandgap. Eg in silicon is expressed as Eq. (14).28,29 It was
obtained by fitting the experimental data with the relation for the
temperature dependence of the bandgap proposed by Varshni,30

Eg ¼ 1:155� 4:73� 10�4 � T2

635þ T
[eV]: (14)

D(Ex) of electrons and holes in the semiconductor is obtained by
replacing m in Eq. (5) with mdse and mdsh, respectively. V(x) for the
carriers of a semiconductor is also obtained using Eq. (6). The sign
of Vbias should be changed when V(x) is calculated for holes.

The current emitted from the electrode of the semiconductor
nanogap can be obtained by integrating Eq. (3) with Eqs. (7)–(14).
When performing this integration, the effect of the presence of the
bandgap should be considered: when the carriers are electrons in
the conduction band, the interval of integration should be replaced
by EC < Ex <∞, whereas when the carriers are holes in the valence
band, the interval of integration should be replaced by
−∞ < Ex < EV. The current density at the semiconductor nanogap
Jgap flowing from electrode 1 to electrode 2 is calculated by sub-
tracting the respective current densities generated by electrons and
holes at each electrode. The subtraction is expressed as

Jgap ¼ (Jhole, 1 � Jelectron, 1)� (Jhole, 2 � Jelectron, 2), (15)

where Jhole,1 and Jhole,2 are the current densities generated by holes
emitted by electrodes 1 and 2, respectively, and Jelectron,1 and
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Jelectron,2 are those generated by electrons emitted by electrodes 1
and 2, respectively.

C. Fowler–Nordheim theory

The Fowler–Nordheim theory is an approximated theory of
field emission from a metal electrode. In this theory, the following
assumptions were made: the electrode temperature is 0 K, the third
term of Eq. (6) can be ignored, and electrons near the Fermi level
dominate the emission current. By applying these assumptions to
Eqs. (3)–(5), the current density JFN can be expressed in the follow-
ing equations:31

JFN ¼ aFNF2

Φ
exp � bFNΦ

3
2

F

 !
, (16)

aFN ¼ e3

16π2�h
� 2:4696� 10�25 [A J V�2], (17)

bFN ¼ 4
ffiffiffiffiffiffiffi
2m

p

3e�h
� 1:0652� 1038 [J�3/2 V m�1], (18)

where F is the electric field calculated as F = Vbias/dgap.
To apply this theory to evaluate the measured emission

current, correction factors should be added. A field enhancement
factor (β) is introduced to express the local enhancement of the
electric field, where F is replaced by βF. The measured current is
the product of the current density and emission area A. Therefore,
the current IFN can be expressed as given in the following equation:

IFN ¼ aFNAβ
2V2

bias

Φd2gap
exp � bFNΦ

3
2dgap

βVbias

 !
: (19)

Dividing by Vbias
2 and taking the logarithm, we obtain

ln
IFN
V2
bias

� �
¼ � bFNΦ

3
2dgap
β

� 1
Vbias

þ ln
aFNAβ

2

Φd2gap

 !
: (20)

The plot of ln(IFN/Vbias
2 ) against 1/Vbias yields a linear curve. This

plot is known as an FN plot. Because the plot obtained from the
measurement result is a straight line, the measured current can be
regarded as the emission current. The field enhancement factor and
emission area were estimated by fitting the result to a linear
curve.21

III. METHODS

A. Calculation

The calculations were performed for metal, p-Si, and n-Si elec-
trodes. The work function of the electrode was 4.5 eV, assuming a
silicon electrode. The electrode temperature was set to 300 K.
The donor and acceptor densities were ND = 1.0 × 1018 cm−3 and
NA = 0.0 cm−3 for n-type phosphorus-doped silicon and
ND = 0.0 cm−3 and NA = 1.0 × 1018 cm−3 for p-type boron-doped

silicon, respectively. The p-Si values were consistent with those of
the device used in the measurement in this study.

B. Experiment

We conducted current measurements to experimentally
characterize the field emission at a semiconductor nanogap.
The MEMS device shown in Fig. 2 was used in the experiment.
The design and fabrication process of the device are described in
detail in our previous paper.18 The device was made from a
silicon-on-insulator wafer. The shuttle was suspended by sup-
porting beams. The pin was inserted into the penetration hole
and actuated in the direction indicated by the arrow in Fig. 2
using a piezo actuator. The hook made contact by the lateral
motion of the pin, and tensile force was applied to the short
beam tapered at the middle. As a result, cleavage occurred at the
beam, and the nanogap was fabricated. The cleaved surface was
the {111} surface of the single-crystal silicon. After cleavage, the
shuttle became movable. The nominal size of this nanogap was
26.5 μm2 (horizontal: 5.3 μm, vertical: 5.0 μm). The device layer
of the wafer was doped with boron, and the dopant concentration
was 1.0 × 1018 cm−3.

The measurement circuit is shown in Fig. 3. A bias voltage
Vbias was applied between the gaps, and the current at the gap was
measured. The bias voltage was applied, and the current was mea-
sured using a source meter (Keithley 2450, USA). In this experi-
ment, the gap distance was controlled by the pin motion.

The measurement procedure is described as follows. The
device was placed in the SEM instrument (JSM-6390, JEOL, Japan).
The following steps were performed in the SEM sample chamber.

FIG. 2. Schematic of the MEMS device: (a) top view; (b) A–A0 cross-sectional
view.
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The pin was actuated using a piezo-actuator, and a nanogap was
fabricated. Subsequently, the gap distance was controlled by chang-
ing the voltage applied to the piezo actuator Vpin. In the experi-
ment, the actuation voltage was decreased from 40.0 to 34.0 V in
steps of 0.25 V, thereby decreasing the gap distance. The gap dis-
tance was sufficiently large when the actuation voltage was 40.0 V.
This was confirmed by current measurement and SEM observation.
No significant current was measured when the bias voltage was
applied at the actuation voltage of 40.0 V. SEM observation
showed the gap distance to be approximately 1 μm. The bias
voltage was increased from 0.0 to 10.0 V in steps of 0.2 V, and the
current was measured at each bias voltage. The bias voltage sweep
was repeated five times at each actuation voltage. The pin was
actuated, and the gap distance was made sufficiently large at every
interval between bias voltage sweeps to eliminate the effect of pre-
vious measurement.

IV. RESULTS

A. Calculated I–V characteristics

The calculated current densities of the metal, p-Si, and n-Si
nanogaps with different gap distances are shown in Fig. 4.
The current densities depend on the gap distance and electrode
material. The figure shows a strong dependence on the gap dis-
tance. This is because the gap distance determines the potential
barrier, which has an exponential effect on transfer probability, as
expressed in Eq. (5). There are large differences in the shape of
the curves for the 1, 5 and 10, and 100 nm gap distances. This dif-
ference is discussed in Sec. V A with additional calculations.
The dependence on the electrode material differs according to the

strength of the electric field, which is the quotient of the bias
voltage divided by the gap distance. When the field is low, the
currents at the n-Si, metal, and p-Si nanogaps are high in that
order because of the difference in Fermi levels of electrodes.
When the field is high, the current density at the metal nanogap
is higher than that at the n-Si nanogap because of the absence of
carriers in the bandgap of the n-Si electrode. When the field is
high, the carriers near the Fermi level have a high transfer proba-
bility, but they do not exist in the n-Si electrode.

B. Measured I–V characteristics

The measured currents are shown in Fig. 5. The voltage–
current plots show significant differences, with the piezo-actuator
voltage of 34.75 V as the boundary. No detectable current was mea-
sured when the voltage exceeded the threshold because the gap dis-
tance was too large. The current was suddenly measured in the
fifth voltage sweep at 34.75 V. Pull-in appeared to occur when the
detectable current flowed. The nonlinear I–V curves were measured
when the actuation voltage was lower than the threshold, and they
were not affected by the actuation voltage. This is because the
partial contact of the gap derived from the pull-in resulted in a
constant gap distance in these measurements.

The currents measured in the fifth sweep at the threshold
voltage were smaller than those measured at a lower actuation
voltage. At a nanogap, an electrostatic attraction force Fg acts
between the gaps, as expressed in Eq. (21),

Fg ¼ 1
2
� ϵ0A
d2gap

V2
bias: (21)

In the first pull-in in the fifth sweep at 34.75 V, a large attractive
force was exerted on nanogap electrodes, which can cause plastic
deformation on surface asperities. This explains why the measured
I–V curve at the first pull-in was different from other curves
obtained thereafter. The surface became flat, and a larger current
flowed.

FIG. 3. Circuit used for the current measurement: (a) overall view; (b) enlarged
view of the nanogap area.

FIG. 4. Calculated current densities at nanogaps as a function of bias voltage.
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V. DISCUSSION

A. I–V characteristics

The supply function N(Ex), transfer probability D(Ex), and the
product of the electron charge, N(Ex) and D(Ex) of 5 and 10 nm
metal nanogaps, are shown in Fig. 6. The data shown in Fig. 6 were
obtained by calculation conducted for electron emission from one
electrode only. The supply functions calculated using Eq. (4) do
not depend on the bias voltage and gap distance. As the energy of
the electron increases, the supply function decreases linearly when
the energy is lower than the Fermi level and decreases exponentially
when it is higher.

Figures 6(c)–6(f ) show the transfer probabilities and products
for bias voltages in the range of 1–15 V at steps of 1 V. The prod-
ucts are the integrands of Eq. (3) and represent the current distri-
butions for the energy of an electron. Figures 6(e) and 6(f) show
that the current distributions have two peaks: the Fermi level and
the top of the potential barrier. These two peaks arise from behav-
iors of the supply functions and transfer probabilities. The behavior
of the supply functions changes when the energy of an electron
approaches the Fermi level. The transfer probabilities have a value
of one when the energy of an electron is higher than the top of the
potential barrier.

The two peaks in Figs. 6(e) and 6(f ) indicate that the electrons
of two energy levels dominate the current. When the electric field

FIG. 5. Measured I–V characteristics. Significant current values were not mea-
sured for measurements with an actuation voltage higher than 34.75 V, and they
are not shown.

FIG. 6. Supply function N(Ex) at (a) 5 and (b) 10 nm metal nanogaps. Transfer probability D(Ex) for bias voltages in the range of 1–15 V at (c) 5 and (d) 10 nm metal
nanogaps. Integrands of Eq. (3) at (e) 5 and (f ) 10 nm metal nanogaps. The horizontal axes of all the graphs show the energy of an electron minus the Fermi energy.
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is high, electrons near the Fermi level are dominant, whereas when
the electric field is low, electrons near the top of the potential
barrier are dominant. When the field is high, the transfer probabil-
ity of the electrons near the Fermi level is sufficiently high such
that they are dominant owing to their large population. However,
when the field is low, the transfer probability is low, and electrons
near the top of the potential barrier are dominant because of the
relatively high transfer probability. This analysis was consistent
with that of electrode materials described in Sec. IV A.

As shown in Fig. 4, the increase in the current density at 5
and 10 nm nanogaps is higher at bias voltages of approximately 3
and 5 V, respectively, than those at other bias voltages. The transfer
probability of electrons near the Fermi level at 5 and 10 nm nano-
gaps increases rapidly at bias voltages of approximately 3 and 5 V,
respectively, as illustrated in Figs. 6(c) and 6(d). These rapid
increases in the transfer probability resulted in a rapid increase in
the current generated by electrons near the Fermi level. The rapid
increases in the current densities in Fig. 4 can be explained by the
behavior of electrons near the Fermi level; they indicate the transi-
tion of dominant carriers from the carriers near the top of the
potential barrier to those near the Fermi level. Thus, transfer prob-
abilities of the carriers near the Fermi level have a large effect on
the I–V characteristics of the nanogap, and they are determined by
the shape of the potential barrier as shown in Eq. (5). When the
gap distance is small, in addition to the image charge effect lower-
ing the potential barrier, the electric field increases rapidly as the
applied voltage increases. Therefore, at the 1 nm gap distance, the
carriers near the Fermi level have a sufficiently high transfer proba-
bility even at low bias voltages; accordingly, the current density
shown in Fig. 4 does not have a rapid increase region. As the gap
distance increases, the image charge effect decreases. Additionally,
a larger gap distance suppresses the growth of the electric field with
increasing bias voltage. Because of these two reasons, the bias
voltage required for the carriers near the Fermi level to contribute

to the current is increased when the gap distance is large. Thus, the
bias voltage at the rapid increase region of the 10 nm nanogap is
larger than that of the 5 nm one. The current density of the 100 nm
nanogap increased slowly because a bias voltage higher than 15 V
is required to enable these carriers to transfer over the gap. To
obtain a high current density, the carriers near the Fermi level
should be allowed to pass through the nanogap.

The current densities generated by electrons and holes at the
semiconductor nanogap are shown separately in Fig. 7. The current
density generated by holes is Jhole,1–Jhole,2 and that generated by
electrons is Jelectron,2−Jelectron,1. At the n-Si nanogap, the current
generated by electrons is always larger than that generated by holes.
At the p-Si nanogap, the dominant carrier differs with the strength
of the electric field: holes are dominant when the field is high, and
electrons are dominant when the field is low. In our calculation
model, the transfer probabilities of electrons are higher than those
of holes because of their higher energy. Because the number of
electrons at the n-Si nanogap is greater than that of holes and elec-
trons have higher transfer probabilities, the electrons dominate the
current. At the p-Si nanogap, the number of holes is greater than
that of electrons; however, the transfer probabilities of holes are
lower than those of electrons. Therefore, when the electric field is
low, the transfer probabilities of holes are very low, and the electron
current is dominant. The majority carriers as well as minority car-
riers should be considered in the analysis of currents at p-Si
nanogaps.

B. FN plots

Figures 8(a)–8(c) show the FN plots obtained from the calcu-
lated currents at each nanogap. The plots are straight lines when
the electric field is high, which agrees with the FN theory. As dis-
cussed in Sec. IV A, when the electric field is high, electrons near
the Fermi level dominate the currents, which is consistent with

FIG. 7. Calculated current densities by each carrier at (a) n-Si nanogap and (b) p-Si nanogap. The solid line indicates the current by majority carriers (electrons in n-Si,
holes in p-Si), and the dashed line indicates that by the minority carriers (holes in n-Si, electrons in p-Si).
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the third assumption of the FN theory presented in Sec. II C.
Therefore, the calculation results show good agreement with the
FN theory in the high-field region. This indicates that FN plots can
be used to analyze the current in semiconductor nanogaps.

Figure 8(d) shows the FN plots obtained by the measurement.
Because the gap distance was constant in measurements, the bias
voltage was not converted into the applied electric field. The plots
are straight lines when the bias voltage is higher than 2 V, which is
similar to the plots obtained from calculated results. The shapes of
the plots are also similar to those of metal nanogaps in earlier
studies.32,33 Therefore, the measured currents are emission currents.
As noted in Sec. IV B, the gap had partial contact. There are two
sources of measured current: emission current through surface
oxide layers at the contact point of the gap or that through the
vacuum of the noncontact part. The gap surfaces were covered with
very thin native oxide layers because the device was cleaved under a
vacuum. A previous study34 reported that an approximately 0.6 nm
native oxide layer was grown on p-Si in 100 h of exposure to room
air at room temperature; therefore, the thickness of the layers was
estimated to be less than 0.6 nm because our experiment was con-
ducted in a vacuum. If the measured current passes through the
oxide film at a contact point, the current is considered to be tunnel-
ing at a subnanometer oxide layer with a very small area. To calcu-
late the current, the field emission and current crowding effect,
which cause additional resistance,35,36 should be considered. Our
measurement results should not differ from the possibility of tun-
neling in the oxide layer. However, because of the atomic asperity
of the surface, the contact area seemed to be substantially smaller
than that of the gap surface, and the distance of the noncontact
part of the gap seemed to be very small (approximately 1 nm).
Because the emission current is proportional to the emission area,
a substantial current flow through the noncontact part, and the
current through the noncontact part of the gap is significantly
larger than that through the contact area. Therefore, it is

appropriate that the measured current should be regarded as an
emission current through the vacuum of the noncontact part.

The vertical intercepts and slopes of the straight lines in
Figs. 8(a)–8(c) seem to vary with the electrode material and gap
distance. Because the intercepts and slopes do not depend on the
electrode material or the gap distance in the FN theory, the varia-
tion of these values decreases the accuracy of the quantitative
analysis of the measured I–V characteristics using their FN plots.
Compensations are required for a more accurate analysis. In this
study, we propose an effective work function as compensation, as
shown in Fig. 9. It is defined as the maximum height of the
potential barrier from the Fermi level of the electrode when no

FIG. 8. FN plots obtained from calculated results on (a) metal, (b) n-Si, and (c) p-Si nanogap. (d) FN plots obtained from measurement results.

FIG. 9. Definition of effective work function. The lower and upper curves show
the potential barrier with and without the image charge effect, respectively.
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bias voltage is applied. In nanogaps, the maximum potential
barrier is smaller than the nominal work function owing to the
image charge effect. With an effective work function, the image
charge effect can be considered. Furthermore, because the Fermi
level of the electrode is used as a reference for the potential, the
effect of the electrode material can also be considered.

The calculated results were analyzed using nominal and
effective work functions to evaluate the effectiveness of this
compensation. According to Eq. (16), the intercepts of the plots
in Figs. 8(a)–8(c) are at −bFN Φ3/2 under the assumptions of the
FN theory. This indicates that if the FN theory is valid, the
quotients of the intercepts and work functions to the power
of 3/2, that is −bFN, are constant, and the value is
−1.0652 × 1038 J−3/2 V m−1, which is referred to as the FN cons-
tant. In Fig. 10, the FN constants obtained using the nominal
work functions are indicated as circles. These values vary with
the electrode material and gap distance, and their standard
deviation is 2.30 × 1037 J−3/2 V m−1. The stars in Fig. 10 show the
FN constants obtained using the effective work functions.
The dependence of the values on the electrode material and
gap distance is smaller. Their standard deviation is
8.45 × 1036 J−3/2 V m−1, which is 37% of the value obtained using
nominal work functions. This decrease in the standard deviation
verifies the effectiveness of applying compensation using effec-
tive work functions. The proposed compensation method
enables a quantitative analysis using FN plots to include the
image potential effect, which is a large deviation of a nanogap
from the FN model. The method improves the accuracy of the
analysis.

C. Comparison of calculated and measured results

Figure 11 shows calculated and measured results in a semilog
plot. The calculated results are scaled with an emission area of
3.42 × 10−14 m2 and a field enhancement factor of 2.51. These values
were obtained by adjusting them to minimize the sum of the
squared error between the measured and calculated results, assuming
that the emission area, field enhancement factor, and gap distance
do not depend on the bias voltage. These values can depend on the
bias voltage and electrostatic attraction force,37 as is discussed later.
The calculated results of the nanogap with a gap distance of approxi-
mately 1 nm were fitted to measurement results, and the calculation
result for a gap of 1.1 nm yielded the best fit. These fitted parameters
indicate that the dominant current flowed through the gap of 1.1 nm
with an area of 3.42 × 10−14 m2. Because the fitted emission area is
smaller than the nominal area by two orders of magnitude, the elec-
tric field was enhanced in the part where the dominant current
flowed, as indicated by the fitted field enhancement factor.

Figure 11 shows that the measured current is larger than the
fitted calculated result when the bias voltage is lower than 5 V.
There are two possible causes for this. The first cause is that the con-
ditions are different at low and high bias voltages. The field enhance-
ment factor and emission area are affected by electrostatic attraction.
When the bias voltage is low, the attraction force is small, and the
gap distance is larger than that at a high bias voltage. Therefore, the
current is more concentrated in a small area where the gap distance
is locally narrower and the local field enhancement is higher. In
other words, when the bias voltage is low, the actual applied voltage
is higher than the assumed calculated result shown in Fig. 11, which
causes underestimation. The second cause is that the effects of the
space charge and exchange-correlation were not considered in calcu-
lations. The exchange-correlation effect enhances emission
current,22,23 whereas the space charge effect limits emission current
when the bias voltage is high.22–24,38 These influences are consistent
with the results shown in Fig. 11.

FIG. 10. FN constant calculated via a theoretical analysis. The values are cal-
culated in both n-Si and p-Si. The nominal and effective work functions are
used to obtain circles and stars in the plot. The theoretical value of the FN
constant is indicated by the black line. FIG. 11. Comparison of measured and calculated results.
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While there are some minor deviations, Fig. 11 indicates a
good match between the calculated and measured currents. The
results of the measurement cannot be directly compared with data
from other papers due to the specificity of the cleaved nanogap in
this study, but the match indicates the veracity of our data.

VI. CONCLUSIONS

In this study, we developed a numerical model to evaluate the
characteristics of field emission at semiconductor nanogaps and
conducted measurements to verify the validity of the model. The
model was developed based on the metal nanogap model by incor-
porating the carrier distribution in semiconductors and was used to
determine the I–V characteristics for various gap distances. In
terms of carrier distribution, an analysis performed using the
models revealed that two types of carriers dominate the current,
namely, those near the Fermi level and those near the top of the
potential barrier, and there are differences in the behaviors of the
minority carriers of n-Si and p-Si. In addition, the calculated
results confirmed that the qualitative analysis using the FN plot is
possible for semiconductor nanogaps, and we proposed a compen-
sation method for the work function for the quantitative analysis
using the FN plot. Furthermore, the I–V characteristics of the p-Si
nanogap were measured using a MEMS device. Although the gap
had partial contact, we considered that the measured current is the
emission current at the vacuum nanogap.

In our model, it was assumed that the band structure is the
same on the gap surface and in the bulk; however, there is likely a
certain influence from the surface. Additionally, the calculations in
this work did not consider the effects of space charge and
exchange-correlation. Thus, the above effects should be considered
in the future to improve the accuracy of the model. Another
problem encountered in this study is the partial contact of gaps in
the experiment. Improving the device design would result in more
accurate gap spacing control.
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