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Substrate Gating of Contact Resistance
in Graphene Transistors

Dionisis Berdebes, Student Member, IEEE, Tony Low, Member, IEEE, Yang Sui, Member, IEEE,
Joerg Appenzeller, Fellow, IEEE, and Mark S. Lundstrom, Fellow, IEEE

Abstract—Metal contacts have been identified to be a key
technological bottleneck for the realization of viable graphene
electronics. Recently, it has been observed that for structures
that possess both a top and a bottom gate, the electron-hole
conductance asymmetry can be modulated by the bottom gate.
In this paper, we explain this observation by postulating the
presence of an effective thin interfacial dielectric layer between
the metal contact and the underlying graphene. Electrical results
from quantum transport calculations accounting for this modified
electrostatics corroborate well with the experimentally measured
contact resistances. This paper indicates that the engineering of
a metal-graphene interface is a crucial step toward reducing the
contact resistance for high-performance graphene transistors.

Index Terms—Contacts, graphene transistor, Landauer,
nonequilibrium Green’s function (NEGF), quantum transport.

I. INTRODUCTION

INCE its experimental isolation [1]-[3], graphene has at-

tracted significant attention from the scientific community
due to its unique electronic structure and physical proper-
ties [4], [S]. Its excellent transport properties and the ability
to tune the carrier concentration with electrical gates also
make it a material with great technological promise. Poten-
tial applications range from radio-frequency (RF) devices and
transistors [6]-[8] to biosensors [9] and flexible electronics
[10]. The metal-graphene contact is, however, a key techno-
logical challenge for graphene-based electronic devices. For
current-generation silicon metal-oxide—semiconductor field-
effect transistors (MOSFETs), the International Technol-
ogy Roadmap for Semiconductors calls for a resistance of
80 € - um per contact, which is about 10% of the transistor’s
on-resistance Vpp/Ion [11]. Graphene’s excellent transport
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properties should produce transistor on-resistances consider-
ably lower than those of silicon MOSFETs. To realize the
performance potential afforded by the excellent transport prop-
erties of graphene, exceptionally low contact resistances will be
required [6], [7]. It is, therefore, essential to develop a thorough
understanding of metal-graphene contacts and of the funda-
mental lower limits for the contact resistance. In this paper, we
develop a model that explains the recently observed substrate
modulation of contact resistance in graphene transistors [12],
[13]. We argue that this effect is due to the presence of an
effective thin metal-graphene interfacial dielectric layer. Using
this model, we estimate two important components of the series
resistance and establish lower bounds for the contact resis-
tance. This paper provides an improved understanding of the
metal-graphene contact that may prove useful for improving
device performance.

Graphene is sensitive to external perturbations due to its all-
surface and zero-volume nature [9]. Charge transfer between
metal and graphene due to a work-function difference dopes
the underlying graphene [14]. Contacts, therefore, introduce
a built-in electrostatic junction within graphene, which was
experimentally observed using scanning tunneling microscopy
[15]. A distinct experimental signature was the asymmetry of
resistance in back-gated devices [16], [17]. The sign of this
asymmetry reflects the doping of the graphene underneath the
metal. Recently, devices with top and bottom gating schemes,
as shown in Fig. 1, were experimentally realized [12], [13]. The
measurement of resistance versus top-gate voltage V revealed
an asymmetry, whose sign and magnitude were modulated by
the back-gate voltage V. This observation strongly suggests
that the graphene doping underneath the metal was substantially
modulated by the back-gate voltage.

It is instructive to recall that in standard metal—
semiconductor junction theory, the Schottky barrier height
is given by the difference between the metal work function
¢nr and the electron affinity xg of the semiconductor,
when there is no Fermi-level pinning. However, the
metal-graphene binding is comparatively weaker. The
nature of the interfacial metal-graphene chemical bonding
is still a subject of theoretical study [14], [18], [19]. In
case of weak electronic interaction between metal and
graphene (physisorption), graphene’s pristine electronic band
structure is preserved, and the metal-graphene interfacial layer
demonstrates a dielectric-like behavior. This layer can then
be modeled with interfacial capacitance Cj;. If Cyy > Cp
and Cpy > Cqm = e?D(Er — Ep1), where D stands for the
density of states, then one expects the Dirac point of graphene

0018-9383/$26.00 © 2011 IEEE
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Metal Side

Channel Side

Fig. 1. (a) Fully top/bottom-gated graphene structure and (b) modeled po-
tential profile across metal-coated and channel parts of the graphene sheet.
With Cr/(Cp) we denote the top/(bottom) gate capacitance values, whereas
C'pr accounts for the interfacial capacitance between metal and graphene. The
positive/(negative) sign of the difference Er — Ep between the Fermi level
Er and the Dirac surface E'p accounts for n/(p) doping of the respective
region.

FEp1 to be stationary with respect to ¢jps. The above limit
describes the standard metal-semiconductor junction since
C)ys is generally significantly larger than the semiconductor
capacitance. If Cyy < Cgp, it is possible to modulate Ep;
with applied voltage Vp. Consideration of this fact is key to
explaining the experimental results [12] of the device shown
in Fig. 1.

II. MODEL

From Gauss’s law, the electrostatic equations governing the
graphene underneath the contact (region 1) and the top gate
(region 2) are

Cr(Epy +6¢) + Cp(Ep1 — eVg) =e*my (D)
Cr(Eps — eVr) + Cp(Eps — V) =e’ny 2

where ¢ = ¢y — ¢ is the work-function difference between
metal and graphene, en; = E%,/m(hvy)?, and no Fermi-level
pinning is considered. Note that E'r is taken to be zero as
reference. The transition between regions 1 and 2 is described
by an analytical screening model [20], assuming a linear-graded
junction with width D,,. Junction resistance Rjunc is then
quantum mechanically computed using a previously developed
mode-space nonequilibrium Green’s function (NEGF) method
for graphene [21].! For our ballistic study, the effect of tem-
perature impacts our results only through the thermal smearing

'In the work of L. M. Zhang and M. M. Fogler [20], the calculated analytical
screening model for the transition region was used for the extraction of values
for Rjunc, based on previously reported transfer matrix formalism [39]. In
the current model, the employment of that analytical screening model for the
transition region allowed for an NEGF calculation of Rjunc, which accounted
for gating [21].
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Fig. 2. (a) Surface potential (left) and (b) modulation of the neutrality
condition (right) of the metal-coated side of graphene. The doping of the metal-
coated side of graphene is modulated with the back gate Vp and depends also
on the value of the interfacial capacitance C'p; and the work-function difference
d¢. The crossing line(s) in both figures reflect(s) zero-surface potential (Dirac
lines). In the inset (right), the modulation of the neutrality condition of the
metal-coated side of graphene is applied, in direct correspondence to the
equation Cps0¢ — CpVp = 0.

due to Fermi—Dirac distribution function, which is included in
this paper.

In the experiment [12], the gate capacitance values are
known, i.e., Cp ~ 1.15 x 107" Fm~2 and O = 42Cp. On the
other hand, C's is a quantity to be determined. Ti/Pd/Au is
used for the metal contacts. For our calculations, we assumed
that §¢ ~ 25 meV, a value that is sensible for our experimental
metal stack.2 Fig. 2(a) plots Ep; as a function of Vp and
Chs. As expected, Vp modulates the doping in region 1 with
greater ease when C)y is smaller. In the experiments, it was
observed that the conductance as a function of Vi exhibits
the least asymmetry when Vp ~ 10 V [see Fig. 3(a)]. This
suggests that when Vp ~ 10V, Ep; ~ 0 (the charge neutrality
point), which then also allows us to pin down Cj; to be
Cy = 400Cg. On the other hand, a different choice of ¢
would correspondingly yield a different Cjy, as illustrated
in Fig. 2(b).

III. RESULTS

The measured conductance G(Vr) for different values of
Vg is shown in Fig. 3(a). The observed asymmetry in G (V)
changes sign at about Vp = 10 V. To facilitate the compari-
son between the experiment and a ballistic theory, we extract
the odd component of the resistance [22] from the experi-
ment, which is given by Roaqa = 1/2[R(0Vr) — R(—0Vr)],
where 0V is Vi with respect to the Dirac point voltage. The
quantity Roqq then allows for a quantitative comparison be-
tween the experimentally measured G (V) and the numerically

2Literature on metal work function on graphene reports a wide range of
d¢, suggesting that experimental condition and surface physics introduce
variability. Experiments have provided indication about the metal-graphene
function difference, based on a quantitative Ropp analysis [16], and a
photocurrent study [37]. From a computational standpoint, density functional
theory (DFT) studies [14], [18] have provided support for a spectrum of work-
function differences in a range §¢ = [—0.3, 0.5] eV for several different metal
compositions.
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Fig. 3. Study of the conductance asymmetry of the Chen/Appenzeller experiments [12]. (a) Experimental G-V curves for different back-gate voltages Vg,
ranging from Vp = —40 V to Vg = 40 V. (b) Comparison of model prediction versus experiment for the odd part of resistance R ,qq versus top-gate voltage Vp

for Vg = —40 V and V5 = 40 V, assuming an interfacial capacitance C'j; = 400C' 5 and a temperature of 7" = 300 K. (c) Model prediction of R,qq for the
same voltages for an elevated interfacial capacitance Cy; = 4000C g, for (solid line) 7" = 300 K and (dashed line) 7" = 0 K. (d) Odd part of resistance (Roqq)
versus Vp for Vg =0V and Vg = —40 V with C; = 400Cp at T' = 300 K. (e) Experimental R—V curves for Vg = —40 V and Vg = 40 V versus our
NEGF model, assuming an interfacial capacitance C'py = 400C' g, a work-function difference §¢p = 0.025 eV, and a temperature of 7" = 300 K.

calculated Rjunc (V). Although interface charge, moisture, and
chemicals in the vicinity may impact the transport properties
of the graphene devices, these effects can be minimized by
careful control of the fabrication process and the measurement
conditions so that any asymmetry can be entirely attributed to
the graphene p-n junction.

In Fig. 3(b), the striking experimental observation of asym-
metry inversion, as it is observed in Roqq versus Vg = —40 V
and Vp =40 V, is compared with our modeled R,qq for a
work-function difference 6¢ = 0.025 eV and interfacial ca-
pacitance C'y; = 400C'5. As previously elucidated, modulation
of the doping of graphene underneath the metal is possible
because C)s is not large enough to completely dominate
over Cgn. In fact, for a moderate carrier concentration of
1 x 10'? cm™2, one obtains Cyy, = 0.75C). If one assumes
that the metal-graphene interfacial layer is an air gap, Cy =
400C'5 would then translate to a physical thickness of only 2 A.
This is in good agreement with recent density functional studies
[23], with a predicted metal-graphene binding distance of
~3.5 A. The possibility of sign inversion is, however, con-
ditional. For example, if we use a value of C; = 4000C),
instead of C'y; = 400C s, sign inversion of R,qq would not be
observed within the V range of interest, as shown in Fig. 3(c).
In Fig. 3(d), we show that the increasing odd resistance with
increasing |Vp|, as it is observed in the experiment for Vg = 0,
—40 V, can be also captured with our simulation using Cy; =
400C 3.

Up until now, we only considered Rj,unc and its contribu-
tion to the asymmetric part of the contact resistance. Previ-
ous studies [24], [25] of the intrinsic transport properties of

graphene on substrate allow one to make reasonable estimates
of the channel resistance R, by including contributions
due to acoustic/optical phonons and substrate-induced remote
phonons. However, their contributions relative to Rjync are not
as significant.> The modest mobility of ~500 cm?/Vs was
extracted from the experiment in vicinity of the Dirac point,
suggesting high levels of impurities [26]. Here, we model the
impurity-limited resistivity with the Landauer formula using
a mean free path proportional in energy, i.e., pi’ri = h/2e? x
M7YL™' + (aE)Y, where « is used to fit the mobility, and
M is the number of modes normalized to W. In Fig. 3(e),
we compare the experimental resistance with the calculated
sum R¢ = Recha + Rjunc- By construction, our model does not
capture the physics at the Dirac point. However, far away from
the Dirac point, one observes an unaccounted excess resistance
in the experiment of ~500 (2, the origin of which is the subject
of the subsequent discussion.

Other contributions to contact resistance include the current
crowding effects due to access geometry and the presence of
the metal-graphene interfacial layer. The latter implies that
current has to tunnel across a dielectric layer, encapsulated in
the electrical quantity C'y; = 400C5. The tunneling resistivity
Ptun Can be estimated using a model for quasi-bound electrons
[27], commonly used in the study of gate leakage current in
semiconductor inversion layers [28]. It is given by piun =
Pt /e D, where P is the Wentzel-Kramers—Brillouin tunneling

3For example, acoustic phonons limited resistivity is only 30 € at room
temperature [24]. Since our device has an aspect ratio of W/L = 1. This
contribution is not significant compared to Rjunc-
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Fig. 4. Estimates of various components of contact resistance in graphene
transistors. With the long-dashed line, we denote our modeled ballistic predic-
tion for the junction resistance plus the tunneling resistance Re = Rjunc +
Rtun for a pair of interfaces. After subtraction of Riun, we get the ballistic
result for the lower bound of the (short-dashed line) contact resistance Rjunc,
assuming a work-function difference ¢p; — ¢ = 0.1 eV. Last, an increase
in the work-function difference to ¢ps — ¢ = 0.3 eV further reduces our
ballistic prediction for the junction resistance (solid line) Rjunc. (The region
near ns = 0 should be disregarded since it is strongly affected by spatial
potential fluctuations, which are not considered in our model.)

probability estimated to be ~0.3, and 7 is known as the classical
bounce time [27], which in graphene is simply 7 = 2t, /vy,
with ¢, and vy being the thickness of graphene and Fermi
velocity, respectively. Here, we take ¢, to be the carbon—carbon
bond length, i.e., 1.44 A. This yields us a tunneling resistance
estimate of pyun ~ 5.2 X 1076 Q- cm? for a pair of contacts.
This value is reasonably close to a recently reported [29]
experimental value of =5 x 107% Q- cm?.

Expanding the prior analysis to the spatial distribution
of carrier flow, the current crowding effects due to the
metal-graphene access geometry lead to an effective electrical
area for the contact where current flows, given simply by W x
Ly, where Ly = /pc/pgy is commonly known as the transfer
length. With p. and p,, we denote the specific contact resistivity
and the sheet resistance of the graphene layer underneath,
respectively. Using our estimated piu, ~ 5.2 X 1076 Q- cm?
and a sheet resistance p, = 1660 Q [ from the experiment
[12], at a channel carrier concentration ns ~ 5 x 102 cm™2,
we find L ~ 560 nm. Given the experiment-to-experiment
variations in p. and pg, this value is within a reasonable
range [29].

IV. CONCLUSION

Recently reported contact resistance values lie in the range
Re ~ 600 — 10* Q- um [13], [29]-[33] (see Appendix D).
These values are considerably above what is required for high-
performance transistors [11]. Here, we examine several issues
related to the fundamental limit to R....

In Fig. 4, we consider the contact resistance for a pair
of interfaces R., incorporating both the tunneling component
Riun = 520 © that we extracted previously and the junc-
tion component Rj,,. assuming a work-function difference
on — ¢ = 0.1 eV (long-dashed line). It is expected that
Riun can considerably vary from experiment to experiment
due to different contact materials, interface conditions, etc.
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[13], [29]-[34]. Significant reductions in Ry, will be crucial,
and the contact metal and deposition and annealing conditions
will be critical factors. Recently, it has been demonstrated
that a low-power plasma Os treatment prior to metal de-
position is beneficial in improving Ri,, [35]. Another very
recent study has demonstrated that Ri,, is temperature de-
pendent, possibly due to an expansion of graphene—metal
distance [34].

The ballistic junction component Rjunc, on the other hand,
seems to have a more universal nature since it is limited
by the electrostatics condition and the number of conducting
channels bottleneck [21]. To illustrate this, we plotted Rj,n for
onm — ¢a = 0.1 eV and 0.3 eV in Fig. 4. For channel carrier
concentration ng < 0, a lower resistance plateau forms. The
resistance value of this plateau is described by the quantum
contact resistance R = h/2e? x MW [36], where M is the
number of current-carrying modes, and this limit is imposed by
A¢ at the metal side of the junction. Indeed, for A¢ = 0.1 eV
(short-dashed line), one finds Rg ~ 134 €) - um, whereas for
A¢ = 0.3 eV (solid line), one finds Rg ~ 45 Q- ym. In the
latter case, however, for moderate negative values of ns, where
the plateau has not been reached, quantum resistance R is
limited by the number of modes in the channel, and Rq =
h/2e? x 1/2y/m/ns holds valid instead. The elevated right
branch, when ng > 0, is due to the effect of interband tunneling.
Selection of appropriate metal work function or approaches
to engineer sharp p-n junction, i.e., chemical doping [6], are
promising directions.

In conclusion, we have proposed a model that explains the
gate-dependent resistance asymmetry observed in experiments
and provides increased understanding of the different com-
ponents of the contact resistance in graphene transistors. We
have shown that the existence of an interfacial layer between
metal and graphene can explain the back gating of the contacts
observed by Chen and Appenzeller [12]. The importance of
such an interfacial layer to devices was also pointed out in
two very recent studies. Robinson et al. showed that residual
photoresist following lithography can lead to high contact resis-
tance [35], and Xia et al. explained the temperature dependence
of the contact resistance in terms of the graphene to metal
distance [34].* This paper and these studies point to the need for
further understanding of the metal-graphene interfacial layer
as a prerequisite for engineering a good contact resistance for
graphene electronics.

APPENDIX A
QUANTUM BALLISTIC TRANSPORT

In this paper, the simulation methods that are used closely
follow the ones that were employed in previous work [21], i.e.,
ballistic NEGF method. Thus, we constrain ourselves to a brief

“In the work of Xia er al. [34], a Landauer model is employed to interpret
temperature-dependent graphene contact resistance data, which involves tun-
neling probability through the metal-graphene interface T\jc and tunneling
probability over the graphene junction barrier 7T},. The two probabilities are
cascaded in a coherent manner. In this paper, on the other hand, the two
probabilities are separated to yield independent resistance components R. =
Rtun + 7?'juno
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description of the main features. Central to our calculations is
the Green’s function

Gle, ky)=1(e +i6)] — H (k) ~U—Zi(e, by) —Zale k)]
3)
where ¢ is the Fermi energy, § is the broadening term, U is

electrostatic potential, and >4 is the contact self-energy. The
Hamiltonian H has a tridiagonal form

« 51 :
H=|8 a p 4)
CH e

where «, 1, and (35 are respectively
10 ¢t 10 0 10 0

and t, =t. + teetfvao | where t. denotes the nearest neigh-
bor coupling energy in a tight binding model, and ag =
V3ae. is the lattice parameter, where a.. is the carbon—carbon
distance.

The contacts’ self-energy values X; (¢, k,) are calculated
with the use of ¥, (e, k) = ng,;TiT , where g; is the surface
Green’s function associated with the contacts. For the trans-
verse momentum k,, the values are quantized according to the
box boundary condition by Brey and Fertig [38]. Lastly, the
charge current, assuming coherent transport and summing over
transverse modes, is

Ii(e) =2q/hy _trace [T (€)A(e) — Ti(€)Gnl(e)]  (6)

Ky

where A(e) = i(G — GT) is the local density of states,
X (e) = fo(e)Ti(e) is the filling function, fy(e) is the equilib-
rium Fermi function at the contact regions, and I'; (¢) = i(%; —

Ef) is the contact broadening factor. The electron correlation
function G, (€) is defined as G, (€) = G(Z(e) + X% (e)) G

APPENDIX B
QUANTUM CAPACITANCE

From the electrostatic equations in the main paper, i.e.,
(1) and (2), we can compute n; as a function of applied
V. Total capacitance Crota is then numerically computed
from Crotal = d(en1)/d V. The quantum capacitance can
then be obtained from Cfy\; = [Croy — Cf 17" In the lit-
erature, one often uses the approximate expression for quan-
tum capacitance Cqm = €2D, where D = ZVT/(WHZUJ%) is
the density of states. In Fig. 5, we plot various capac-
itance values, i.e., Crotal, Curs CEQM, and Cqy in the
graphene region underneath the metal contact. As observed,
the quantum capacitance of graphene exceeds the inter-
facial capacitance C); at moderate carrier concentration
of ~3 x 1012 cm=2,
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Fig. 5. Plot of various capacitance values as a function of ny in the graphene
region underneath the metal contact. We assumed parameters from the main
paper, i.e., Cg = 1.15 x 107*Fm~2 and Cp = 42Cp.
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Fig. 6. Plot of experimental Ropp for a back-gate voltage of Vg = 10 V
versus the explicit model condition of zero Ropp for the same voltage.

APPENDIX C
ON THE EXTRACTION OF WORK-FUNCTION DIFFERENCE
AND INTERFACIAL CAPACITANCE

For the analysis of the Chen/Appenzeller experiment, the
identification of several parameters is essential. In particular,
one has to identify the interfacial metal-graphene capacitance
Cys, the top-channel capacitance Cr, and the work-function
difference d¢. For the determination of the top-gate capaci-
tance, one can use the charge neutrality condition for the chan-
nel CpVir + CpVp = 0 to extract a value of Cp = 42C'p,
where for the back-gate capacitance, we have Cp ~ 1.14 x
10~ F since the substrate is made of 300-nm SiO, dielectric.
Since the top-gate AlsOg dielectric thickness is known to be
10 nm, this would translate to a top-gate dielectric constant
of 5.42, which is less than the typical bulk value of 9.34. The
values of C'y; and d¢ can be extracted in a similar fashion, but
not independently. When the metal region is biased at the Dirac
point, it satisfies the condition Cps0¢ + CpVp = 0. Arguably,
this condition corresponds to the experimental transfer curve
with the minimum asymmetry, i.e., Vp ~ 10 V, as shown in
Fig. 6. At this back-gate voltage, we can extract a set of
values for {C)s,d¢} that satisfies the above condition, i.e.,
Crdp + Cpl0 V = 0. Within this locus, the parameter set
{Chr,06} = {400Cp5,0.05 eV} is a reasonable choice for this
paper.

In this paper, the metal contacts employed are made of
Ti/Pd/Au. For our calculations, we choose a value of d¢ =
0.025 eV, a value that could be sensible for this particular
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Fig. 7. Compilation of reported experimental values for graphene contact
resistance per interface versus our (dashed line) modeled metal—graphene junc-
tion resistance Rjunc,int, and our (solid line) modeled metal-graphene junc-
tion resistance plus the tunneling resistance R¢ int = Rjunc,int + Rtun,int-
The elevated values of our model for the left branch come as a result of a
graphene p-n junction formation for a work-function difference ¢ — ¢ =
—0.1eV.

metal stack. Although higher values of d¢ are also possible,
this would translate to a smaller value of ('), in order to
satisfy the condition of Cy;0¢ + CpVp =0 for Vg =10 V.
Smaller values of C'y; would also inevitably lead to a larger
dielectric thickness, thereby suppressing the amount of cur-
rent flow through the graphene device. If we assume that the
metal-graphene interfacial capacitance is due to an air gap,
our assumed value of C); =400Cp translates to a physical
thickness of only 0.2 nm, assuming the dielectric constant of air.
The extracted metal-graphene gap comes in good agreement
with what has been reported in several DFT interface studies.
As it was reported in this paper, this gap also yields a tunneling
resistance value that is compatible with what has been experi-
mentally measured. In addition to all the previous arguments,
the parametric set {Cs, ¢} = {400Cp,0.05 eV} allowed us
to reasonably fit the modulation of the resistance asymmetry
Ropp.

APPENDIX D
COMPILATION OF MEASURED CONTACT RESISTANCES
VERSUS OUR MODEL

Here, we shall put into perspective our model, for R in; =
Rijunc,int + Riun,int, With the reported values of contact resis-
tance per interface (R int) extracted in the literature [13], [29]-
[33], as shown in Fig. 7. A wide range of reported values for
Re,int 1s observed partly due to different experimental condi-
tions, materials, device structures, and extraction methods. The
various extraction methods include the standard transmission
line measurement [29], [31], [32], saturation resistance at high-
back-gate bias [33], and subtraction from four-probe measure-
ment [30].

The general observation of the variance and the uncertainty
of the extracted contact resistance values in the literature could
be a pointer to the importance of the tunneling resistance, which
heavily depends on the fabrication process and considerably
varies from experiment to experiment. Our ballistic calculation
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though, for the junction resistance Rjunc,int, Se€ms to have a
more universal nature, as it was discussed in the main body
of this paper. Having plotted Rjunc,int With a work-function
difference ¢ — ¢ = —0.1 eV, we observe that the junction
resistance falls below all measured values, even if we tune
the work-function difference of our model within a reasonable
window.? If we now add the Rtun,int term that we extracted for
the Chen/Appenzeller experiments [12] t0 Rjunc,int, WE g€t a
number for the contact resistance that is closer to the range of
most measured data [12]. The largest values of R i in Fig. 7
were observed when the device has a fraction of the channel
uncovered by the top gate [13].
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