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ABSTRACT: We demonstrate vertical graphene-base hotelectron transistors (GB-HETs) with a variety of structures
and material parameters. Our GB-HETs exhibit a current
saturation with a high current on−oﬀ ratio (>105), which results
from both the vertical transport of hot electrons across the
ultrathin graphene base and the ﬁltering of hot electrons
through a built-in energy barrier. The inﬂuences of the materials
and their thicknesses used for the tunneling and ﬁltering barriers
on the common-base current gain α are studied. The
optimization of the SiO2 thickness and using HfO2 as the
ﬁltering barrier signiﬁcantly improves the common-base current
gain α by more than 2 orders of magnitude. The results
demonstrate that GB-HETs have a great potential for highfrequency, high-speed, and high-density integrated circuits.
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inﬂuence the base transit time and the base series resistance,
which can improve device performances for high-speed and
high-frequency applications.16,17 Prototypes of GB-HETs have
been fabricated and tested to illustrate the device concept
recently.18 However, these prototypes still suﬀered from poor
isolation between the output and input terminals (e.g., the lack
of the current saturation behavior in the output characteristics)
and low common-base current gain, α.
In this Letter, we fabricate four types of GB-HETs and
successfully demonstrate their operation. The device parameters that may aﬀect α (e.g., the materials and their thicknesses
for the tunneling and ﬁltering barriers) have been studied. By
optimizing the device parameters, it is shown that α can be
signiﬁcantly improved. Current saturation with high on−oﬀ
ratio is observed in the output characteristics of our GB-HETs.
We thoroughly analyze the device characteristics and explain
them in detail.
A schematic diagram of the structure of our ﬁrst type of GBHET (D1) is shown in Figure 1a,b, where the silicon, graphene,
and metal are used as the emitter, base, and collector,
respectively. The SiO2 layer serves as the tunneling barrier
and the Al2O3 layer serves as the ﬁltering barrier. The
fabrication starts with growing an 8 nm thick thermal SiO2
on top of a degenerately doped Si substrate (n ∼ 1 × 1019

raphene has garnered much attention for its unique
physical properties. The high mobility, two-dimensional
(2D) structure, and large-scale production1−3 make it attractive
for high-speed electronic devices. The ﬁeld-eﬀect transistors
with graphene channels (GFETs) have shown a high cutoﬀ
frequency of several hundred gigahertz,4,5 however, the channel
mobility in GFETs is still limited from various extrinsic
scattering sources,6,7 and the unsatisfying saturation behavior
degrades the device performance of GFETs, for example, a
lowering of the cutoﬀ frequency, decrease in the intrinsic gain
and other ﬁgures of merit.8 In addition, GFETs cannot be
completely switched oﬀ because of the absence of a bandgap in
graphene, and hence they are unsuitable for high-speed digital
logic applications.
In the past, hot-electron transistors (HETs) have also been
investigated as a promising candidate for high-speed electronic
devices because of their short base transit time.9−13 However,
because of the shortfall in material selections and fabrication
technology, most HETs investigated previously suﬀer from
diﬃculties in further reducing the base thickness in order to
achieve a short transit time and a high gain while maintaining a
low base series resistance.14,15 To overcome these obstacles, the
concept of using graphene as the base region for hot-electron
transistors (GB-HET) has been proposed by Mehr et al.,16
followed by Kong et al.17 The GB-HET utilizes both the
operational principle of conventional HETs and the unique
properties of graphene (e.g., the single atomic thickness, and
the semimetallic property). These properties positively
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Figure 1. (a) A schematic diagram to show the collector-up GB-HET
structure and the common-base conﬁguration used to measure the I−
V characteristics. Graphene is used as the base region for an HET
structure. The purple arrows indicate the transport direction of the hot
electrons. (b) Detailed material parameters for three types of GBHET, D1−D3. (c) Top view optical microscopy image of a GB-HET
with two base contacts. The scale bar is 100 μm. Graphene is located
inside the blue circle.
Figure 2. (a) Input and transfer characteristics of D1 at VCB = 0.5 V.
The device clearly exhibits distinguishable on- and oﬀ- states of the
output current IC as a function of the input voltage VBE. The inset
shows the common-base current gain α and the eﬀective gain α* for
ﬁve devices with the same structure and size at VBE = 5 V and VCB =
0.5 V. Schematic band diagrams of D1 in the oﬀ-state (a) and on-state
(b), respectively. The hot electrons tunnel from the silicon emitter to
the graphene base through the SiO2 tunneling barrier. In the-oﬀ state
(a), VBE is small, therefore most of the hot electrons do not have
suﬃcient energy to travel over the ﬁltering barrier and are bounced
back into the base without contributing to the collector current IC. In
the on-state (b), VBE is large enough so that hot electrons have
suﬃcient energy to travel over the ﬁltering barrier and reach the
collector, resulting in a larger collector current IC.

cm−3). The graphene is grown on copper foil using a chemical
vapor deposition (CVD) method19,20 and then transferred onto
the surface of the SiO2/Si substrate using a poly(methyl
methacrylate) (PMMA) transfer method.21 The PMMA layer
was removed with an acetone bath followed by H2/Ar forming
gas anneal at 350 °C for 1 h. Subsequently, the base contact (20
nm thick Cr/100 nm thick Au) is patterned by photolithography and deposited on graphene. The graphene outside
the active region is then etched by oxygen plasma to isolate
each device. The graphene area in each device is ∼3.2 × 105
μm2. A 2 nm thick Al seed layer is evaporated on top of
graphene and naturally oxidized (i.e., Al(ox)) in air, followed by
atomic layer deposition (ALD) of a 18 nm thick Al2O3 as the
ﬁltering barrier. Finally, the collector (190 nm thick Al/5 nm
thick Pt) and the electrodes (220 nm thick Al) are patterned
and deposited on top of the ﬁltering barrier. The eﬀective
collector area on top of graphene is ∼3.5 × 104 μm2. (Figure
1c)
To characterize the device performance, we ﬁrst investigate
the input and transfer I−V characteristics of D1 under the
common-base conﬁguration, where the base is grounded (see
Figure 1a). The input characteristics are speciﬁed by the
dependence of the input current (IE) on the input voltage bias
(VBE), while the transfer characteristics are governed by the
dependence of the output current (IC) on the input voltage bias
(VBE) (see Figure 2a).
An on−oﬀ ratio (Ion/Ioff) of more than 102 for the collector
current is observed, as shown in the transfer characteristics in
Figure 2a. This is because the Ion/Ioff in HETs primarily
depends on the ﬁltering probabilities rather than the bandgap
of the channel material as in FETs. When VBE is applied to the
emitter, hot electrons with high kinetic energy are injected from
the emitter to the base (i.e., graphene) by tunneling through

the SiO2 layer. The injected hot electrons will traverse the base
region, during which some of the electrons keep their high
energy and reach the base-collector ﬁltering barrier without
scattering (i.e., ballistic transport), while others lose their
energy through various scattering mechanisms (e.g., phonons,
electron−electron interaction, etc.). In the oﬀ-state (Figure 2b),
when VBE is small, the kinetic energy of most hot electrons is
insuﬃcient to overcome the ﬁltering barrier. Hence, these
electrons will be bounced back, remain in the base and
eventually be collected by the base contact without contributing
to the collector current IC. In the on-state (Figure 2c), VBE is
large enough so that the kinetic energy of most hot electrons
can overcome the ﬁltering barrier. Therefore, a substantial
fraction of the hot electrons can travel over the ﬁltering barrier,
and reach the collector, resulting in an increase of IC. On the
basis of the operation principle discussed above, an energy
bandgap in the base material is not required to realize a high
Ion/Ioff in HETs. Therefore, the zero bandgap and semimetallic
property of graphene is not a disadvantage for GB-HETs, but
B
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collector contribute to the collector current. In the case of D1,
the area ratio of the collector to the emitter is only ∼11%, and
hence an eﬀective gain α* (deﬁned as α divided by the
collector/emitter area ratio) is introduced to show the
estimated potential practical gain if the collector is designed
to have the same area as the emitter. The eﬀective gain may be
overestimated when a collector bias is applied because of the
quantum capacitance of graphene.24 The values of the eﬀective
gain α* for the ﬁve devices range from ∼0.3 to 2.1%, which are
still relatively low compared to state-of-the-art HETs.12,13
There are two other important factors that aﬀect the gain α
(and α*) in addition to the collector/emitter area ratio. One is
the energy of hot electrons. Low-energy electrons can enter the
base through undesirable channels (e.g., pin-holes) and they do
not have suﬃcient energy to travel over the ﬁltering barrier to
reach the collector. Thus, increasing the energy of hot electrons
and suppressing low-energy electrons can increase α (and α*).
The other factor is the ﬁltering barrier height. The ﬁltering
barrier height determines the required energy for the hot
electrons to reach the collector. A lower ﬁltering barrier can
increase the possibility of electrons to travel over the barrier
and result in a higher α. In addition to these dominant factors
that can be easily engineered, another possibility for the low α
may be that the injected hot electrons in graphene may need to
overcome additional energy barriers due to their transport
along the direction normal to the graphene plane.16,17,25
On the basis of the above analysis, we have engineered and
fabricated three other types of GB-HETs (i.e., D2, D3, and D4)
with diﬀerent structures and material parameters to improve α
(and α*). The details of the devices are given in Table 1. We

rather favorable for lowering the series resistance in the base
region.
We also investigate the common-base output characteristics
of D1, which are speciﬁed by the dependence of the output
current (IC) on the output voltage (VCB). As shown in Figure
3a, IC is mainly controlled by the input voltage VBE and is not

Figure 3. (a) The output I−V characteristics for D1 at various VBE
bias. The red arrow indicates the direction of increasing VBE from 4.0
to 5.0 V in steps of 0.2 V. (b) The transfer I−V characteristics for D1
at various VCB bias. The collector current is mainly controlled by VBE
rather than VCB, which indicates a high-output impedance.

Table 1. Comparison of the Current Gain α, the Eﬀective
Gain α*, the Current On−Oﬀ Ratio and the Parameters of
Tunneling and Filtering Barriers in D1−D4

sensitive to the output voltage VCB, which indicates a high
output impedance for the device. The insensitivity of IC to VCB
is corroborated by the transfer characteristics at various VCB as
shown in Figure 3b. This saturation behavior on IC can be
attributed to the weak dependence of the ﬁltering barrier height
on VCB. As discussed above, the collector current is determined
by the energy of the hot electron and the ﬁltering barrier
height. The energy of the hot electron is determined by the VBE
bias, while the ﬁltering barrier height will not be signiﬁcantly
aﬀected by the VCB bias. As a result, the collector current is
mainly controlled by VBE rather than VCB and a current
saturation is observed.
An important ﬁgure of merit to benchmark the device
performance of GB-HETs is the common-base current gain α,
deﬁned as IC/IE.22 The current gain α quantiﬁes the fraction of
the injected electrons that reach the collector after suﬀering
from various scattering and reﬂections in the base and at its
interfaces. To separate the thermionic and hot-electron
contributions in the calculation of α, we have subtracted the
base/collector leakage current, given by the I−V characteristic
corresponding to IE = 0 A,12 from the measured collector
current. The extracted α from ﬁve devices with the same
structure and size as D1 range from ∼0.3 × 10−3 to 2.3 × 10−3
(see the inset of Figure 2a). It is worth mentioning that the D1
GB-HET has a collector-up design in order to achieve a low
collector-base capacitance for eventually a high-frequency
response.23 However, the device may suﬀer from a low α
when the collector area is smaller than the emitter area, because
only the electrons located at the small region underneath the

structure

tunnel
barrier

D1

8 nm SiO2

D2

25 nm SiO2

D3
D4

25 nm SiO2
2 nm Al2O3

ﬁlter barrier

α

α*

on−oﬀ
ratio

21 nm
Al2O3
21 nm
Al2O3
21 nm HfO2
20 nm* SB

0.03−
0.23%
0.48−1.2%

0.3−2.1%

400

4.4−11%

80

3.7−4.8%
0.03%

34−44%
0.03%

300
105

*

The ﬁltering barrier in D4 is the SB between graphene and Si. We use
the depletion region width at VCB = 0 V of the graphene−Si SB contact
as the ﬁltering barrier thickness.

ﬁrst increase the thickness of the SiO2 tunneling barrier from 8
to 25 nm in D2. The transfer I−V characteristics of D2 at
various VBE are shown in Figure 4a. Compared with D1, a
higher VBE is required (∼16 V) to observe the increase of IC in
D2 because of a thicker tunneling barrier (i.e., SiO2). In
addition, α extracted from seven devices with the same
structure and size as D2 range from ∼0.48 to 1.2% while the
eﬀective gain α* range from 4.4 to 11% (see the inset of Figure
4a). The improvement of α may be attributed to the two
reasons mentioned above. One is the suppression of pin-holes
when the thickness of the tunneling barrier is increased. The
other is that, at the same electric ﬁeld, VBE in D2 is larger than
that in D1. As a result, the hot electrons in D2 have a higher
energy than D1, allowing a larger fraction of hot electrons in
D2 to travel over the ﬁltering barrier.
Furthermore, to analyze the inﬂuence of the ﬁltering barrier
on α (and α*), we substitute the Al2O3 ﬁltering barrier layer
C
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larger in D3 than D2 because HfO2 has a larger dielectric
constant than Al2O3. This shift reduces the energy diﬀerence
between the Fermi level of graphene and the conduction band
edge of the dielectrics, resulting in a smaller ﬁltering barrier
height. To estimate this Fermi level shift in graphene for both
D2 and D3, we use the equation28
VCB =

E FG
+ϕ
e

with EFG/e = ℏ|VF|(πn)1/2/e being determined by the quantum
capacitance of the graphene, where EFG is the graphene Fermi
level, ℏ is the reduced Planck constant, VF is the Fermi velocity
of graphene, and n is the carrier concentration in graphene; ϕ =
ne/CF being determined by the geometrical capacitance CF =
ε0εox/tox of the ﬁltering barrier, where εox is the dielectric
constant of the ﬁltering barrier and tox is the thickness of the
ﬁltering barrier. Since HfO2 has a larger dielectric constant εox
than Al2O3,29 the Fermi level shift in graphene is larger in D3
(∼0.18 eV) compared to D2 (∼0.12 eV). The two reasons
discussed above both result in a lower ﬁltering barrier height in
D3. Therefore, a larger α (and α*) is observed in D3.
In addition to the collector-up structures, D1−D3, a
prototype of GB-HET with the emitter-up design (i.e., D4) is
also fabricated and characterized. As shown in Supporting
Information Figure S1, the collector area is larger than the
emitter area in D4. Naturally oxidized Al is used as the
tunneling barrier since thermal SiO2 cannot be grown on top of
graphene, metal (Ti/Au) is used as the emitter, and a
graphene/silicon Schottky barrier is used as the ﬁltering barrier.
The transfer and input characteristics are shown in Figure 5.

Figure 4. Transfer I−V characteristics of the modiﬁed GB-HET
structures, (a) D2, and (b) D3, represented in a semilogarithmic scale
at various VCB. The insets are the common-base current gain α and the
eﬀective gain α* for D2 and D3, respectively. They are extracted from
multiple devices with the same structure and size at VBE = 18 V and
VCB = 0.5 V. (c) Schematic band diagrams to show the diﬀerent
ﬁltering barrier heights between D2 and D3. Using HfO2 as the
ﬁltering barrier for D3 reduces the barrier height between the Fermi
level of graphene and the conduction band edge of the oxide.

Figure 5. Transfer and input I−V characteristics of the emitter-up GBHET (D4) at VCB = 0 V. D4 uses naturally oxidized aluminum as the
tunneling barrier and a metal emitter. The extracted α is ∼3 × 10−4 at
VBE = 1.5 V and VCB = 0 V. The value of α is much lower than that for
D1−D3 because of the undesirable pinholes in the tunneling barrier
and the lack of an energy bandgap in the emitter. The inset shows the
collector current in semilogarithmic scale at various VCB. The highest
on−oﬀ ratio (105) is observed when sweeping VBE from 0 to 1.5 V at
VCB = 0.

with HfO2 while maintaining the same thickness (21 nm) in
D3. The transfer characteristics of D3 at various VBE are shown
in Figure 4b. Because the tunneling barrier is identical in D2
and D3, IC starts to increase at similar VBE (∼ 16 V) in both
devices. α extracted from ﬁve devices with the structure and size
as D3 range from 3.7 to 4.8% and α* range from 34 to 44%
(see the inset of Figure 4b). The improvement of α (and α*)
originates from a lower ﬁltering barrier height in D3 than D2.
The lower ﬁltering barrier height in D3 can be attributed to two
reasons, as illustrated in Figure 4c. First, the band oﬀset
between the Dirac point of graphene and the conduction band
edge of the HfO2 (∼2.0 eV) is lower than that of Al2O3 (∼3.3
eV), which is determined by the work function of graphene and
the electron aﬃnity of the dielectrics.26,27 Second, when the
same VCB is applied, the Fermi level shift in graphene induced
by the electrostatic potential ϕ across the ﬁltering barrier is

The on-state collector current is larger in D4 compared to D1−
D3 because of the thinner tunneling barrier (∼2 nm) and lower
ﬁltering barrier height in D4. The highest on−oﬀ ratio (>105) is
observed when sweeping VBE from 0 to 1.5 V at VCB = 0 V (the
inset of Figure 5). In this case, the oﬀ-state collector current is
equal to the noise level. The on−oﬀ ratio decreases as VCB
increases because the Schottky barrier in D4 does not provide
as good an isolation as the high-k dielectrics in D1−D3.
D
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The extracted α in D4 is only ∼3 × 10−4, which can be
attributed to the increased contribution of low-energy carriers.
First, the quality of the oxidized Al layer in D4 is not as good as
the thermal SiO2 in D1−D3, which means there are a larger
portion of low-energy carriers injected into the base. Second,
unlike the semiconductor emitter (i.e., n+-Si) in D1−D3, metal
(Ti/Au) is used as the emitter in D4. The addition of an energy
bandgap in the semiconductor emitter for D1−D3 suppresses
electrons at the valence band edge from tunneling into the
graphene base, because these electrons are subject to a much
higher energy barrier than those electrons located at the
conduction band edge. However, there is no such eﬀective
suppression of low-energy carriers for the metal emitter in D4.
Therefore, a larger portion of low-energy carriers will enter the
graphene base and result in a lower α in D4.
Finally, to illustrate the eﬀects of diﬀerent device parameters,
we summarize α and α* for all of the devices (see Table 1). We
note that α is considerably improved by more than 2 orders of
magnitude through optimizing the device structures as well as
the material parameters. This suggests the quality of the
tunneling barrier and the proper choice of materials are key
elements to the device performance of GB-HETs. In addition,
to achieve an even higher α, the optimization of the collectorup geometrical structures (e.g., placing an isolation oxide in the
emitter of D3 to conﬁne the emitter current going only
underneath the collector) should be the next step to further
enhance the performance of the GB-HET.
In conclusion, we have demonstrated and compared four
types of vertical GB-HETs with a variety of structures and
material parameters. Beneﬁting from the non-FET concept, a
high current on−oﬀ ratio of over 105 is achieved. The commonbase current gain α is signiﬁcantly improved by modifying the
device structures and the material parameters (e.g., a usage of
thermal SiO2 as the tunneling barrier, a thicker tunneling
barrier, an introduction of the energy bandgap in the emitter,
and a reduced ﬁltering-barrier height). In spite of the smaller
collector/emitter area ratio (∼11%), a moderate value of α
(∼4.8%) and α* (∼44%) is achieved in our device. Our devices
illustrate the potential of GB-HETs as an alternative route to
utilize the unique properties of graphene, such as the singleatomic thickness and the semimetallic property without
suﬀering from the zero bandgap of graphene or the mobility
degradation of graphene nanoribbons.30,31 Through further
optimization, a high gain and a short transit time can be
achieved based on the present structures. These results suggest
the potential of GB-HETs for future high-speed electronic
device applications.
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