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Charges trapped in the gate dielectric and acting as long-range scatterers can have a significant effect on carrier
transport in graphene-based nanodevices. In this study, we theoretically investigated the charge capture kinetics
of short-distance channel-defect interactions in graphene nanoribbon nanodevices by employing the nonradiative

multiphonon theory in conjunction with the Coulomb energy (AE). The peaks that emerged from the electron
capture rate strongly correlated with the singularity characteristics of a one-dimensional (1D) density of states.
Furthermore, we elaborate herein on how the value of A E plays a decisive role in determining the capture kinetics
for the trapping of channel carriers in the interface dielectric defects in 1D nanodevices.
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I. INTRODUCTION

Moore’s law has driven the evolution of semiconductor
manufacture through shrinking of the dimensions of field-
effect transistors (FETs), thereby improving the switching
performance of electronic circuits and lowering the costs
of commercial chips.! As the dimensions of FETs have
decreased to become comparable with the screening length,
a new issue has arisen: significant repulsive Coulombic
interactions between the channel carriers and the interface
charged defects at short distance.”™ In particular, experimental
observations of large-amplitude conductance switching, due
to single charge capture, have appeared because of channel
potential perturbation enhanced by the confinement effect in
one-dimensional (1D) nanoFETs.>*

Several 1D nanomaterials have been proposed to act as
channels in nanoFETs to increase the carrier mobility and
improve the gate electrostatic control of the channel potential
relative to those of bulk Si MOSFETs.>® Among those
nanomaterials, graphene nanoribbons (GNRs) are particularly
promising candidates for use in high-speed nanoelectronics
and highly integrated nanochips,” potentially replacing Si
in commercial nanoFETS,® because of their extremely high
carrier mobilities” and tunable band gaps.'®!! The semicon-
ducting characteristics of GNRFETSs featuring a GNR width
of less than 10 nm have been demonstrated experimentally,’
suggesting that continuous improvements in patterning tech-
nology will be necessary if narrow GNRs are to be fabricated
to meet the future needs of the nanoelectronics industry.
Furthermore, the effect of long-range charge scattering arising
from the charged centers during carrier transport in graphene-
based nanodevices has recently been highlighted.'”'* As a
result, it is highly likely that when the GNR width is scaled
down to be comparable with the charge scattering length,'?
the charged dielectric defects will play a critical role in
determining the physical characteristics of the GNRFETs.
Nevertheless, relatively little is known about the capture
kinetics behind the formation of interfacial charged dielectric
defects in GNRFETSs. Efforts dedicated to investigating the
short-distance charge capture kinetics should shed light on
the mechanism of long-range charged defect scattering and
the physical origin of charge noise in GNRFETsS.

In this study of short-distance channel-defect interactions
in GNRFETs, we used correlated nonradiative multiphonon
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(NMP) theory in conjunction with the Coulomb energy (AE)
to theoretically investigate the charge capture rate. To evaluate
the values of AE, we developed a quantum capacitive circuit
considering the effect of the fringing electrical field distributed
spatially in the dielectric. The calculated short-distance charge
capture rate for the channel subbands at room temperature
revealed a significant correlation between the capture rate
and the singularity characteristics of the 1D density of states
(DOS).

It has been widely believed that charge capture through
the NMP transition is responsible for the short-distance
interactions between the channel carriers and the inter-
facial dielectric defects that are typically located within
a few nanometers of the dielectric-channel interface.!>!7
Furthermore, by incorporating AE, regarded as the total
work done by the voltage sources, into NMP theory, the
experimental results for the short-distance charge capture in
Si MOSFETs can be explained physically.'®!” Therefore,
in this study we investigated the short-range charge capture
kinetics theoretically to obtain insight into the formation of
long-range scattering centers in GNRFETSs. Recently, several
groups have demonstrated experimentally that graphene/GNR
nanoFETs covered with a thin top-gate dielectric display
improved switching characteristics,'®!? suggesting that the
incorporation of top-gate processes into nanoFET fabrication
will be necessary to improve the performance of graphene-
based nanoelectronics. For this reason, in this study we adopted
top-gate GNRFETSs with a thin SiO, gate dielectric as our
device construction [Fig. 1(a)], with the source (S) and
drain (D) metal electrodes directly contacting the ends of
the GNR. The effect of doping on the electrical properties of
GNRFET is beyond the scope of this paper; we are considering
only the intrinsic characteristics of the GNR, implying that
the chemical potential of the GNR (u) will line up with
the charge neutrality point (1) at a top-gate voltage (Vi)
of 0 V.

II. QUANTUM CAPACITIVE SYSTEM

From the point of view of electrical capacitance, two
important capacitances are connected in series in the GNRFET:
the gate capacitance Cg and the quantum capacitance Cg. By
considering capacitive coupling in the 1D nanoFET system and
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FIG. 1. (Color online) (a) Device structure of the GNRFET
featuring a thin SiO, gate dielectric on the GNR. (b) Band structure
of the 1D electronic system for the GNRFET; ug, Ve, and V.
are the chemical potential of the top-gate metal electrode, the surface
potential shift with respect to the charge neutrality point, and the
energy level of the charge neutrality point 1, respectively, when Vi
is applied to the gate electrode.

assuming the presence of smooth electrostatic confinement in
the GNR, the potential correlation between the value of Vg
and the chemical potential 1 can be written as?%?!

eV = —pg = eV, + eV = e*nin/Cq + (L — o),
(1)

where g, Ve, and V, are the chemical potential of the top-
gate metal electrode, the surface potential shift with respect
to the charge neutrality point, and the potential of the charge
neutrality point ug, respectively, when the top-gate voltage
equals Vg; nip and e are the electron density of the GNR and
the elementary charge, respectively. Figure 1(b) illustrates the
band structure of the top-gate GNRFET having a GNR band
gap of E,.

Investigations of the cutting of armchair-edged GNR (a-
GNR) from two-dimensional (2D) single-layer graphene?
have recently attracted much attention because its band gap is
tunable depending on the a-GNR width, the crystallographic
orientation, and the edge effect.'®!! In this 1D quantum
system, the DOS for the ith subband in a-GNR can be written
as

g |E]

n\/gta /EZ_E,‘Z

where g is the degenerate factor,  is the first-neighbor hopping
integral, and a is the graphene lattice constant; i and U are an
integer (£1, £2, ...) and the unit step function, respectively;
E, is the subband energy defined by a band structure model
using a tight-binding calculation with considerations of the
effects of C-C bond-length contraction at the GNR edge and
K —K' orbital splitting.”* The band gap E, for a-GNR with
a width W can be expressed as E, = 2|a|whv,/W, where
vy is the Fermi velocity (~1 x 10 m/s).? Thus, values of
E, of 0.454 and 0.221 eV correspond to values of N, of 21
and 42, respectively, where N, is the number of dimer lines
across the a-GNR width; the corresponding widths of a-GNR
are approximately 2.4 and 5.0 nm, respectively. Figure 2(a)
displays the calculated quantum capacitance (C) normalized
to the GNR width, defined as Cyp = %?’T‘i, for values of
N, of 21 and 42. Because of the abundance of the DOS
at the bottom of the 1D subband, peaks appeared in the

D; (E) = xU(E| - |EiD, (2
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FIG. 2. (Color online) (a) Calculated values of C, normalized by
the GNR width W plotted with respect to the surface potential shift
Ven, for values of N, of 21 and 42, at room temperature. (b) Values of
C normalized by the GNR width W multiplied by the gate dielectric
thickness 7, plotted with respect to the GNR width W for values
of t,x of 1 nm (blue triangles), 3 nm (red dots), and 30 nm (black
squares). The planar capacitance Cpj, (solid lines) and the cylindrical
capacitance Cyy (blue, red, and black dotted lines for values of 7, of
1, 3, and 30 nm, respectively) are also plotted for comparison.

values of Cy of the GNR when p approached each subband
energy level. Furthermore, to obtain the quantum capacitive
circuit for the evaluation of AE, we performed simulations
using the finite-element method (FEM) to calculate the gate
capacitance C¢ including the effect of the fringing electrical
field distributed spatially in SiO, dielectrics in the direction
of the GNR’s width. To highlight the effect of the fringing
electrical field on the value of Cg, Fig. 2(b) displays the
calculated values of Cs normalized to the GNR width W
multiplied by the dielectric thickness #,x. The simulated
values of Cgs for values of 7, of 1 nm (blue triangles),
3 nm (red dots), and 30 nm (black squares) are plotted
with respect to GNR widths ranging from 1000 to 2 nm.
Moreover, the planar gate capacitances are also displayed
as a solid line in Fig. 2(a), determined using the expression
Cpla = K€0/tox, Where « is the relative dielectric constant.
Through comparisons between the calculated values of Cg
and the planar capacitance Cpy,, we conclude that the fringing
electrical field effect can be ignored in the top-gate nanoFETs
only when the value of W/t is much greater than 10. On the
other hand, when W is much less than z,y, the value of C will
be approximately limited by the cylindrical-like capacitance
[dotted lines, Fig. 2(b)], determined using the expression
Cey1 ~ 2micgg/In(1 + 21,/ W). This discussion suggests that
considering the effect of the fringing electrical field on the gate
capacitance Cg is necessary for GNRFETS featuring a narrow
GNR.
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III. CALCULATION OF CHARGE CAPTURE KINETICS

A. Coulomb energy

From the physical viewpoint, the degree of wave function
overlapping corresponding to the interactions between the
dielectric defect and the channel carriers will decrease when
moving the defect away from the channel-dielectric interface
and placing it deeper within the dielectric bulk. Furthermore,
recent reports have revealed that the role played by interfacial
charged defects is more decisive than that of dielectric bulk
defects in terms of causing long-range Coulomb scattering
and electrostatic doping.”*?> For these reasons, we wished
to pay attention to the short-distance channel-defect interac-
tions associated with the interfacial dielectric defects. Note
that small drain-to-source voltages are typically applied to
ultrahigh-mobility nanoFETs to reduce power consumption
and avoid self-heating effects, strongly suggesting that the
voltage potentials of the S and D electrodes can be considered
as the connections to the ground; therefore, it is reasonable to
neglect the contributions of the S and D voltage potentials to
the modulation of channel surface potential in GNR, as well
as the value of AE. To restrict our attention in this report to
the capture kinetics for electron carriers, we have excluded the
hole-dominated region in the GNRFETSs (V5 < 0V). Thus, by
considering the neutral dielectric defect, which can be regarded
as an atomic point, located at the interface between the GNR
and the SiO, gate dielectric, the value of AFE accounting
for the total work done by the voltage sources can be
obtained: 7%

AE~ Qg Vg = Co+Ca Ve, (3)
where Q¢ possessing opposite polarity to the trapped charge
is the image charge at the top-gate electrode side. In a
practical sense, when an electron is inserted into the neutral
interface defect, an amount of positive charge Qs will be
simultaneously transferred from the ground through the gate
voltage source to the top-gate electrode (inset to Fig. 3).
Figure 3 displays a semilogarithmic plot of the calculated
values of AE with respect to the electron density per unit
area, for values of N, of 21 and 42. We attribute the larger
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FIG. 3. (Color online) Calculated Coulomb energies for the a-
GNRFETs with values of N, of 21 and 42, plotted with respect
to the electron density (m~2) for values of #,, of 1 and 30 nm. Inset:
Representative illustration of the charge transfer process for the image
charge Qg.
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magnitude of AE at a value of #,x of 1 nm to the larger value
of Q¢ as the result of the higher value of Cg, relative to
that of the 30-nm-thick system. Moreover, the ripples in the
plot of AE may be due to the peaks featured in the plot of
Cy [Fig. 2(a)], originating fundamentally from the singularity
feature of the 1D DOS. Notably, in contrast to the decreasing
values of AE upon increasing the carrier density of bulk
Si MOSFETs from a few hundreds of milli-electron volts
(~ 250 meV) to a few tens of milli—electron volts in the region
of high carrier density,'!”-* the values of AE for a-GNRFETs
featuring 1- and 30-nm SiO; dielectrics displayed increasing
trends accompanied by apparent ripple characteristics, result-
ing in a value of AE of approximately 400 meV at a high
electron density of approximately 10'7 m~2.

B. Nonradiative multiphonon transition

Previous studies'®!” have revealed that the capture kinet-
ics for the short-distance charge-defect interaction can be
described physically using NMP theory in conjunction with
values of AE. Using this approach, the capture rate (P ;) for
the trapping of a channel electron from the ith subband of
the GNR to the interface defect through a short-distance NMP
transition can be obtained using the formula

= nip,i _
Pei= Py W‘e AE/T) 4

where Pph,,-, nip,;, and W are the mean capture rate, the
electron density per unit length for the ith subband of the
GNR, and the GNR width, respectively. By taking into
account the effect of the spatial carrier distribution in the
direction of the GNR width, the average electron density per
unit area (n;p;/ W) for each subband will be incorporated
into Eq. (4). Based on the theory of lattice relaxation for
charged dielectric defects, two significant factors determine
the strength of electron-phonon coupling in NMP theory:
Huang-Rhys factors S and the phonon energy hiw.!®1727 A
large lattice relaxation energy (Shw) of 1-2 eV for SiO,
dielectric defects is typically extracted from the experimental
data for short-distance charge capture.'®!” Therefore, in this
study it was reasonable to apply a situation of strong lattice
coupling. Using the Born-Oppenheimer approximation, the
capture rate for an electron having an energy E from the ith
subband with the strong lattice coupling can be written as?’-?

E
- +E — Scoth ho
2kgT 2kpT

X lEr+E)jho (

Ppn,i(E) = 00,; Uy €Xp [

S
sinh(iw /2k g T)) ’ ©)

where Er is the defect energy, op; is a constant factor
corresponding to the wave function overlapping between the
interface defect state and the channel carrier, and I g, +£)/nw 15
the modified Bessel function. According to Eq. (5), Ppy,; is a
function of the electron energy E. To average the effect of the
value of E on the NMP capture rate, the mean value of Py
can be defined as

Ppn,i Z/Pph,i(E)Di(E)f(E)dE/f Di(E)f(E)E, (6)
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FIG. 4. (Color online) Theoretical values of P. ; /oy plotted with
respect to the chemical potential shift u — po for the first, second,
and third channel subbands of the a-GNR at values of N, of (a)
21 and (b) 42. The theoretically calculated results for Huang-Rhys
factors (§) of 50 and 100 are denoted as lines drawn without and with
empty squares, respectively. The vertical dotted lines correspond to
each subband energy level, with the K—K' orbital splitting effect
included.

where D;(E) is the 1D DOS for the ith subband of the GNR
and f(FE) is the Fermi-Dirac distribution function.

By considering an interfacial dielectric defect having a
typical value of E7 of 3.2 eV relative to the conduction band
of a SiO, dielectric'>!7-?% and a phonon energy iw of 20 meV
for SiO, dielectric defect,'®?® we used Eq. (4) to calculate
the NMP capture rate for each subband. To investigate the
impact of the values of the S on the charge capture kinetics,
Fig. 4 displays the calculated results for values of S of 50
and 100 corresponding to lattice relaxation energy of 1 and
2 eV, respectively. Because of the higher electron occupation
probabilities for the lower subbands, only the capture rates
for the lowest three subbands are considered here. At present,
we lack sufficient information to theoretically evaluate the
constant factor oy ; for each channel subband. Therefore, we
divided the calculated value of P ; by the constant factor oy ; to
investigate the short-distance capture kinetics [Figs. 4(a) and
4(b)]. The vertical dotted lines corresponding to each energy
level of the channel subbands for values of N, of 21 and 42
are plotted in Figs. 4(a) and 4(b), respectively. We find that the
defect with a lower value of S had the higher charge capture
rate. More importantly, the plots of P ; /oy ; for each subband
feature several consecutive peaks commonly located at specific
energy levels. By comparing the relative position between the
peaks and the subband energy levels, we conclude that the
peaks in the plots of P, ; /oy ; appear only when the value of
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is nearly aligned with each subband energy level. As a result,
the decrease in the value of AE originating from the peaks in
the plot of C will greatly enhance the short-distance capture
rate. Notably, the total capture rate, summed statistically from
the contribution of each subband by using the occupation
weighting, would reveal consecutive peak features similar to
the calculated results illustrated in Fig. 4. More extensively,
if the value of p were to be manipulated intentionally at the
position of each valley in the capture rate, the lower NMP cap-
ture rate for short-distance channel-defect interactions would
probably diminish the long-range charged defect scattering in
GNRFETs.

IV. DISCUSSION AND CONCLUSIONS

Rather than employing the classical Shockley-Read-Hall
theory, which has been used to describe a capture process
displaying a linearly proportional relationship between the
charge concentration and the capture rate,’° the NMP transition
considering the lattice relaxation process has been adopted
widely over the past few decades to explore the thermal
activation capture arising from short-distance channel-defect
interactions.'>~!7 Furthermore, values of AE have been in-
corporated into the NMP theory to physically correlate the
capture kinetics in Si MOSFETs.'®!7 Importantly, the thermal
activation barrier (Ep) for the NMP capture and the values
of AE for the interface dielectric defects have been reported
in the ranges 100-520 and 50-250 meV, respectively.'6!726
Accordingly, due to AE possessing the decreasing values
upon increasing the carrier density, it is highly likely that
the Ep would mainly govern the short-distance charge cap-
ture rate in the region of high carrier density of bulk Si
MOSFETs. Furthermore, effective barriers of approximately
100 meV have been reported for channel-defect interactions in
graphene/dielectric systems,”*?* implying that the much larger
value of A E, calculated to be approximately 400 meV, at a high
electron density in the a-GNRFETSs would play a decisive role
in the short-distance capture kinetics of 1D nanoFETs. To
date, only a few experimental results have appeared regarding
the use of the transient charging measurement to extract the
time constant of charge trapping in graphene nanodevices.?'+3?
Through comparisons with those experimental results, it
appears that the charge capture time constants measured using
the higher value of Vi (~70 V)*! were much longer than those
for the other case using a smaller value of Vg (~30 V).%
We suspect that a large value of AE that arises from a
higher value of Vi in nanodevices may modulate the charge
capture kinetics, resulting in the long charge-capture time
constants. Further investigations will be needed to examine
the effects of the value of A E on the charge capture kinetics in
nanodevices.

In summary, we have theoretically investigated the capture
kinetics of the NMP transition responsible for short-distance
channel-defect interactions in top-gate a-GNRFETSs at room
temperature to elucidate the significant effect of the value
of AE on the charge capture rate in 1D nanoFETs. The
consecutive peaks in the calculated capture rate highlight
the significant role of the value of AE in the short-distance
charge capture of GNRFETs. This study not only paves
the way toward an elaboration of the capture kinetics for
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short-distance channel-defect interactions in 1D nanoFETs but
also suggests that such systems can be applied in the fields
of 1D nanoelectronics, single-charge nanomemories,**** and
single-electron nanodevices.?>¢
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