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Graphene Barristor, a Triode
Device with a Gate-Controlled

1140

Schottky Barrier

Heejun Yang,'* Jinseong Heo,** Seongjun Park,* Hyun Jae Song,* David H. Seo,*
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Despite several years of research into graphene electronics, sufficient on/off current ratio /o/lo in
graphene transistors with conventional device structures has been impossible to obtain. We report on a
three-terminal active device, a graphene variable-barrier “barristor” (GB), in which the key is an
atomically sharp interface between graphene and hydrogenated silicon. Large modulation on the device
current (on/off ratio of 10°) is achieved by adjusting the gate voltage to control the graphene-silicon
Schottky barrier. The absence of Fermi-level pinning at the interface allows the barrier’s height to be
tuned to 0.2 electron volt by adjusting graphene’s work function, which results in large shifts of diode
threshold voltages. Fabricating GBs on respective 150-mm wafers and combining complementary

p- and n-type GBs, we demonstrate inverter and half-adder logic circuits.

in a vacuum tube, was the first three-

terminal active device that had been used
to amplify and to switch electric signals, which
led to the technical innovations for modern elec-
tronics in the early 20th century (/). Solid-state
transistors and integrated circuits (ICs) based
on silicon were more practical for complicated
logic circuits and thus replaced triodes. Although
silicon transistors have continued to improve
their speed and integration density, they now
near the potential limit where further reduction
of channel length causes inevitable leakage cur-
rents (2). To present an alternative route for over-
coming these challenges, we introduce a class
of three-terminal devices based on a graphene-
silicon hybrid device that mimics a triode op-
eration. The key device function takes place at
the electrostatically gated graphene/silicon in-
terface where a tunable Schottky barrier con-
trols charge transport across a vertically stacked
structure. We named this barrier variable device,
which is a solid-state descendant of the triode,
“barristor.”

Graphene is a zero-gap semiconductor whose
Fermi energy can be adjusted by electrostatic gating
owing to its two-dimensional (2D) nature (3-5).
Because graphene is metallic at a sufficiently
large Fermi energy, a Schottky barrier (SB) forms
at the interface between the doped graphene and
the semiconductor (6-/0). However, SB between
graphene and a well-controlled semiconductor
surface, such as hydrogen-terminated Si, is dif-
ferent from a conventional metal-semiconductor
SB in two important ways. First, the formation
of interface states is suppressed in graphene-
semiconductor junctions (/) because the inter-

The triode, composed of a diode and a grid
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action between chemically inert graphene and a
completely saturated semiconductor surface—
that is, one without dangling bonds—is negligible
(12). Second, graphene’s work function (WF)
can be adjusted electrostatically over a wide
range by tuning the Fermi energy (£F) via the
electrostatic field effect (13, 74). We could re-
alize a graphene barristor (GB) by combining
these two effects, as also shown in (/15).

A schematic diagram of the GB structure
and its top view are shown in Fig. 1, A and B.
Single-layer graphene in contact with the source
electrode forms the SB at its interface with the
silicon surface at the drain contact. Two kinds of
GBs can be formed depending on the silicon
doping type: n-type GB at n-type silicon and
p-type GB at p-type silicon. We used transmis-
sion electron microscopy (TEM) to develop an
optimal transfer process for graphene onto Si
substrates to create atomically sharp interfaces
(inset of Fig. 1C), which minimizes atomic de-
fects or silicon dioxide formation that can create
charge trapping sites. Figure 1C displays a typical
Schottky diode characteristic of a p-type GB with
an optimized graphene/Si interface. The forward
characteristic at a low bias showed a diode ide-
ality factor n; ~ 1.1 for this particular device.
The ideality factor we obtained in our GB is con-
siderably better than those reported in exfoliated
graphene-Si junctions (9), confirming the high in-
terfacial quality in our GBs.

The recent availability of large-scale graphene
growth through chemical vapor deposition (CVD)
techniques (/6-20) allowed us to integrate graphene
devices at wafer scales using conventional semi-
conductor microfabrication processes (27). Large-
scale integration has not been possible for similar
devices such as p-n diodes demonstrated in high-
ly customized and suspended semiconducting
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Fig. 1. Graphene barristor. (A) A schematic diagram to show the concept of a GB. (B) False-colored
scanning electron microscopy image of the GB before the top gate fabrication process. (C) Current
versus bias voltage characteristic of a GB at a fixed gate voltage Vg = 0 V, showing a Schottky diode
characteristic. The inset shows a TEM image of graphene/silicon junction. No native oxide or defect is
seen in the image. (D) A photograph of ~2000 GB arrays implemented on a 6-inch wafer.
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nanotubes (22, 23). We demonstrated integration
of gate-tunable GB arrays on a 6-inch wafer by
transferring a single-layer graphene grown by
CVD (20, 24) onto a prepatterned Si substrate.
Figure 1D shows an array of 2000 devices on a
6-inch (150-mm) wafer. At room temperature,
the range of the ideality factor and the current
density of GBs are found to be 1.1 to 4.0 and
10" to 10* A/em?, respectively (see figs. S3 to
S5 in the supplementary materials) (25), where
05 00 05 1 {  the variation is due to the different wafer batches.

Vbias (V) I These GB devices exhibited >90% device yield,
with excellent uniformity in terms of device
characteristics across the wafer with appropri-
ate current level (fig. S2).

We could electrostatically modulate the
graphene’s WF through the top gate electrode
Vgate= -5V ~ 5V and gate dielectric above the graphene (/4),
Step =1V | which resulted in a variation on the SB height.
Because the injection of the majority carriers
from graphene to silicon is determined by the
SB height ¢, the top gate then directly controls
the magnitude of the current across the source
and the drain. The main panel of Fig. 2 shows
the characteristic of p-type GB at various gate
voltages (Vgate). The rectification behavior of the

GB was demonstrated in that the GB current

045 " 024 (Isp) increased steeply as the bias voltage (Vpias)

i 0‘ surpassed the “turn-on” voltage, Vro. Vo could

040k i < 4 020 be adjusted between 0 Vand 1.3 V as Vg, Was

modulated between —5 and 5 V, the range needed

* g % to keep this GB in p-type operation. Similar tri-
4

Fig. 2. Graphene barristor characteristics. 9
The current and bias voltage characteristics
of p-type (main panel) and n-type (inset)
GBs at various fixed Vg values. Vgate
varies in the range =5 to 5 V, with a step
size of 1 V for each curve. The red arrow
indicates the direction of increasing Vate.
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o0 123 To quantitatively analyze the device charac-
teristic, we used the diode equation

x —q% 9V bias
= AA"T?exp( 2 -1
(i) o () |

where A is the area of the Schottky junction, A*
is the effective Richardson constant, ¢ is the
elementary charge, & is the Boltzmann constant,
and 7 is the temperature. Quantitative analysis
of the SB height ¢, can be done by
investigating the temperature dependence of
the GB current in the reverse bias saturation
regime [exp(qVpias/MiaksT) << 1]. Here, the
diode curren( beﬁomes insensitive to V. and
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Fig. 3. (A) Temperature-dependent diode characteristic. The saturation current of the n-type GB, /g, is
obtained by measuring the current at Vy;,s = 2.5 V at various temperature and gate voltage values.
Different colors are used for different Vg from —1 to 4 V with 1- to 2-V step variation. The line fit for
each Vg value is drawn to yield the Schottky barrier height from the slope of the fitted line. (B) The .
SB height obtained from the fit in (A) as a function of Vg (black squares, left y axis). The graphene ¢, for a given gate voltage Veye from the slope
Fermi energy on the right y axis is obtained from Hall measurement at the same gate voltage Vyyte. of each curve. Figure 3B ShO_WS the resulting
Monotonic increase and decrease of observed SB height is consistent with the band diagrams in (C) and ~ SB heights obtained as a function of V. Veate
(D), respectively. (C and D) Schematic band diagrams of GB with the EFE generated by the gate on the  increased from 0 to 5 V, and ¢, decreased sub-
top of graphene. Applying negative voltage on the gate induces holes in graphene, increasing its work  stantially from 0.45 eV to 0.25 eV. We attributed
function and increasing the Schottky barrier height. As a result, the reverse current across the Schottky ~ the drastic change in ¢, to the EFE-induced
barrier decreases (C). Positive gate voltage decreases the Schottky barrier height and increases reversed ~ Fermi level change, AEr. Indeed, as shown in
current (D). Fig. 3B, the measured variation of ¢, ADg =

IsatOCTzexp %‘I’T” . Figure 3A shows a plot of
In (Isat/Tz) versus ¢/kpT in the reverse bias
saturation regime. We estimated the SB height
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Fig. 4. (A) Switching be-
havior of p-type GB in re-
verse (orange background)
and forward (blue back-
ground) bias regimes. The
GB current is plotted against
the source drain bias at var-
ious fixed gate voltages. 5
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forward diode current as D

V gate (V)

a function of gate Vg, at
fixed bias Vi;,s = 0.3 V.
Unipolar control of forward
current with the ratio of
10° is obtained. (C) Invert-
er characteristics obtained
from integrated n- and
p-type GBs and schemat-
ic circuit diagram for the
inverter. Positive supply
voltage (Vpp) is connected
to p-type GB, and the gain
of the inverter is ~1.2. (D)
Schematic of circuit design
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of a half-adder implemented with n- and p-type GBs. (E) Output voltage levels for SUM and CARRY for four typical input states.

¢p — 0,(AEF = 0), was well correlated to the
change of AEr, obtained independently by con-
verting the measured Hall carrier density ()
using AEr = hvpy/mng, where vp = 10° m/sec
was used for the Fermi velocity of graphene. We
observed that Adg = —AEf for a wide range of
Veate (fig. S7), which suggests that the WF mod-
ulation of graphene in the absence of Fermi-level
pinning is fully responsible for the variation of
¢, as depicted in Fig. 3, C and D.

The absence of Fermi-level pinning, one of
the major sources for high device resistance in
silicon electronics (26), comes from the suppres-
sion of the surface states at the interface of silicon
and graphene. In our GB, we could eliminate
the “Fermi-level pinning” and manipulate the SB
height as in the ideal Schottky-Mott limit (Fig.
3B), where the SB height is controlled through
the selection of metal and semiconductor with
appropriate WFs (27, 28).

Two different types of GB operations are pos-
sible, as shown in Fig. 4A. The first type uses the
GB in the reverse-biased regime (orange shaded
region in Fig. 4A). Here, a conventional FET-
like device operation could be possible; that is,
the GB current, /, had the tendency to saturate
at large reverse bias voltages, and the on-state
current, I,,, had been modulated by Vyqe. The
off-state current, /,r, was determined at the
greatest attainable SB, which yielded an I,,/I
ratio of ~300 in Fig. 4A. The second type of
operation could be realized by using the device
in the forward biasing region (the blue shaded
region in Fig. 4A). In this regime, the diode
current did not saturate as Vi, increased but
deviated from a typical FET-like device opera-

tion. However, near the diode turn-on regime, /
varied by several orders of magnitude as Ve
changed, resulting in a switching operation with
a large 1,/ ratio. Figure 4B shows the switch-
ing characteristic of the diode current in a forward-
biased p-type GB, demonstrating a high 1,/
ratio of ~10°. We note that the large I,,//, ratio
and small off-state current overcame the key
obstacle in graphene-based electronics.

Three-terminal operation of GB offers vari-
ous integrated device functionalities. Similar to
the complementary metal-oxide semiconductor
inverter operation, a series connection of n- and
p-type complimentary GBs inverted the input
signal V4, to its inverse ¥, (Fig. 4C). The low
Vour originated from the high on/off current
ratio of GBs, which implies that only a small
amount of static off-state power would be con-
sumed. As for more complicated logic applica-
tions, we demonstrated a half-adder circuit built
from n- and p-type 10 GBs. The schematic with
two inputs (A and B) and two outputs (SUM and
CARRY) is shown in Fig. 4D. The measured
output voltage levels are represented in Fig. 4E.
These results suggest that the GB can provide
a route to realize high-speed logic applications
(29, 30) based on graphene-semiconductor hy-
brid devices.

In conclusion, our GB suggests the possibil-
ity of a graphene logic device by achieving a
high on/off ratio of ~10°, which exceeds the min-
imum requirement for logic transistors. Further-
more, the on/off ratio and the current density can
be improved with well-developed semiconductor
processes because there is not a fundamental
(or structural) limit. GB also has an advantage

in lateral scaling because the barrier is formed
vertically.
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Tailoring Electrical Transport
Across Grain Boundaries in
Polycrystalline Graphene
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Graphene produced by chemical vapor deposition (CVD) is polycrystalline, and scattering of
charge carriers at grain boundaries (GBs) could degrade its performance relative to exfoliated,
single-crystal graphene. However, the electrical properties of GBs have so far been addressed
indirectly without simultaneous knowledge of their locations and structures. We present
electrical measurements on individual GBs in CVD graphene first imaged by transmission electron
microscopy. Unexpectedly, the electrical conductance improves by one order of magnitude for
GBs with better interdomain connectivity. Our study suggests that polycrystalline graphene with
good stitching may allow for uniformly high electrical performance rivaling that of exfoliated
samples, which we demonstrate using optimized growth conditions and device geometry.

ost three-dimensional electronic mate-
Mn'als produced in macroscopic quanti-

ties are not homogeneous but incorporate
numerous classes of dislocations and defects that
degrade electrical performance (/). Although large-
scale graphene films produced by chemical vapor
deposition (CVD) (2, 3) might be expected to be
nearly defect free, recent transmission electron
microscopy (TEM) studies (4, 5) have shown that
these films are polycrystalline. Electrical trans-
port between single-crystal domains could be af-
fected by scattering at the grain boundary (GB),
as has been shown theoretically (6-9). Although
TEM has provided a fast and accurate means to
identify and image the structure of GBs in CVD
graphene, the electrical impact of GBs has so far
been studied only indirectly in experiments. Pre-
vious work by Huang et al. detects no mea-
surable electrical resistance from GBs within
instrument limits (4), and ensemble measurements
done by various groups find very weak correla-
tion between the average domain size of the
graphene film and overall device mobility (4, 10).
In contrast, Yu ef al. and Jauregui et al. inferred
the presence of GBs from the shape of partially
grown graphene islands and extracted a finite GB
resistance from their measurements (7, 12). The
ambiguity in these findings arose from a lack of
knowledge of the precise domain morphology
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for the graphene measured. To this end, we have
devised an experimental scheme to first image
(using TEM) and then electrically address in-
dividual domains and GBs in polycrystalline
graphene. Such a capability is crucial, because
graphene domain structures generated during syn-
thesis form nontrivial patterns that are strongly
dependent on growth conditions and difficult to
predict a priori.

SiN/Si

7

TEM window

In Fig. 1A, we show false-color dark-field
TEM (DF-TEM) images of graphene films grown
under three different conditions [see supplemen-
tary materials (/3)] taken in a manner similar to
Huang et al. (4). Each colored region corresponds
to a separate graphene crystalline domain with
distinct lattice orientation. The image is generated
by using an aperture in the back-focal plane of
the microscope to collect electrons diffracted from
only a narrow range of angles by the graphene
lattice. In general, different graphene domains
produce a diffraction pattern rotated with respect
to one another, so each domain can be imaged
separately, colorized, and then combined.

In growth A, graphene was synthesized un-
der high reactant flow rates, which produced fast
growth and also small average domain size D =
1 um. Graphene from growth B was synthesized
in a diluted methane environment, whereas growth
C was further enclosed in copper foil, after Li
et al. (14), resulting in slower growths. The
latter films were terminated after only partial
surface coverage to highlight their growth
structures. In subsequent microscopy and
electrical measurements, however, we used con-
tinuous films, for which growth B yielded D =
10 um and growth C, D = 50 um. The overall
shapes of partially grown graphene islands in
growth B were polygons, whereas growth C gen-
erally formed flowered islands (fig. S1). Despite

Fig. 1. (A) Composite false-color DF-TEM images of CVD graphene produced using three different
growth conditions—A, B, and C—yielding average domain size D of 1, 10, and 50 um, respectively,
in continuous films. (B) (Left) Schematic of specially fabricated TEM chip compatible with electron-
beam lithography and electrical measurements. (Top right) SEM image of top-gated, graphene Hall
bar device. (Bottom right) Overlaid SEM and DF-TEM images showing device crossing a single GB of
two domains from growth C. Scale bars, 1 um.
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