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ABSTRACT: Low work function materials are critical for energy conversion and electron emission applications. Here, we
demonstrate for the first time that an ultralow work function graphene is achieved by combining electrostatic gating with a Cs/O
surface coating. A simple device is built from large-area monolayer graphene grown by chemical vapor deposition, transferred
onto 20 nm HfO, on Si, enabling high electric fields capacitive charge accumulation in the graphene. We first observed over 0.7
eV work function change due to electrostatic gating as measured by scanning Kelvin probe force microscopy and confirmed by
conductivity measurements. The deposition of Cs/O further reduced the work function, as measured by photoemission in an
ultrahigh vacuum environment, which reaches nearly 1 eV, the lowest reported to date for a conductive, nondiamond material.
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he work function (®) of a material is the energy

difference between its vacuum level and Fermi level (Ep).
It is not a fundamental constant but can be tuned through
doping or surface engineering. Materials with very low work
function can significantly improve many electronic device
technologies including organic electronics' ™ and electron
emission devices.” ' Similarly, recently proposed solar energy
conversion technologies are predicted to have very high
efficiencies if sufficiently low work function anodes can be
produced."”

To lower the work function of a material, one typical
approach is to lower the vacuum level by surface engineering,
particularly by depositing a very thin layer (about one
monolayer) of alkali metal, such as Cs, Li, Sr, or Ba, 3710
that are sometimes combined with a proper amount of oxygen.
Among these approaches, Cs/O coated materials typically have
the lowest work function between 1.1 and 1.4 eV."" " The
underlying mechanism for the work function reduction through
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the application of a thin layer of Cs/O has been extensively
studied in the 1960s and 1970s, primarily driven by the
development of negative electron affinity (NEA) photo-
cathodes.' "~

Another approach to lowering the work function is to raise
the material’s Fermi level. In contrast to conventional three-
dimensional materials, whose Fermi-level is normally “pinned”
at the surface due to surface defects and traps,”” the Fermi level
of graphene (a two-dimensional material) can be effectively
controlled by doping due to a lack of dangling bonds and
surface states. By voltage biasing graphene relative to a gate,
compensating charges build up in the graphene. This excess
population of carriers shifts the Fermi level relative to its
equilibrium value, thereby directly changing the graphene work
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Figure 1. (a) Schematic sketch of the graphene band diagram. Negatively biasing graphene relative to the substrate raises the Fermi level, while low
work function coatings like Cs/O lower the vacuum level by forming strong surface dipoles. (b) Schematic sketch of the back-gated device structure.
During SKPFM measurement, graphene is grounded with Vg = 0 V, while during the photoemission experiment, Vs = —15 V to help the energy
analyzer collect emitted electrons. (c) SKPFM scanning image of surface potential with Vi; = 0 V. The measured surface potential is the work
function difference between the SKPFM tip and graphene. (d) SKPFM scanning image of the same area as c. V; was increased by 1 V after each
quarter of the area is scanned. The inset figure shows the profile of the surface potential V, along the a’—a dashed line.

function, a process known as electrostatic gating. Previous
studies on electrostatic §ating of graphene show around 0.3 eV
work function change.2 25 Other doping approaches, including
chemical doping and contact doping, can yield a larger work
function change, on the order of 0.5—1 eV but are less
convenient and the doping level is not dynamically adjustable as
it is for electrostatic gating. In addition, optical doping by
photoexcited carriers has been shown to adjust the Fermi level,
but the shift is only about 50 meV.”" As the work function of
undoped graphene is in a similar range as graphite, ~4.6 eV,
neither of these three methods are able to yield an ultralow
work function.

In this study, we combine surface engineering with
electrostatic gating approaches to simultaneously lower the
vacuum level and raise the Fermi level (Figure la), thus
maximizing the work function reduction of graphene. We first
use scanning Kelvin probe force microscope (SKPFM) to
measure the work function of back-gated graphene with
electrostatic gating alone. As SKPFM can scan rapidly and is
very sensitive to the local surface potential change®”** it is ideal
for measuring dynamic changes in the work function. Due to
electrostatic gating, the carrier concentration, and thereby the
Fermi level, are controlled by the back-gated voltage V; (Figure
1b). As the Fermi level shifts, the relative potential between
graphene and the metallic tip of the SKPFM change
accordingly, which is also reflected by a change of conductivity.
Based on a graphene transport model,” ™" we also measure the
Fermi level shift through the Vg-controlled drain current Iy,
Finally, we determine experimentally the optimal amount of Cs
and O, on our back-gated graphene device in an ultrahigh
vacuum (UHV) environment and measure its work function
using photoemission. We find that this low work function
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coating dramatically lowered the vacuum level. By combining
this low work function coating with electrostatic gating, we are
able to reduce the graphene work function to nearly 1 eV.

The back-gated device structure is shown schematically in
Figure 1b, where graphene is electrically isolated from the
conductive silicon substrate by a 20 nm thick HfO, dielectric
layer. The silicon substrate is boron-doped (p++) with N, =
2.69 X 10" cm™ and functions as a back-gate. Graphene is
prepared by chemical vapor deposition (CVD) grown on
copper foil (from BGTMaterials). It is then cut into § X 5 mm?*
pieces and transferred onto the HfO, dielectric layer using a
standard process.”® (For conductivity measurements, it is cut
into 1 X S mm®) The surface topography of graphene is
characterized by atomic force microscopy (AFM), which shows
good single layer uniformity (see Figure S1 in the Supporting
Information). The HfO, layer is deposited on the silicon
substrate using atomic layer deposition (ALD) (see Supporting
Information). After the graphene transferring, S0 nm thick Pd
contact electrodes are thermally evaporated through a shadow
mask. The SKPFM tool is first used for work function
measurement with a platinum—iridium coated tip in room
ambient, without a Cs/O coating layer on the graphene. The
SKPFM image is recorded in a multi lock-in, single pass tapping
mode. During the measurement, the tip is constantly tapping
the sample surface with the resonant frequency of the
cantilever, which is around 60 kHz, with the amplitude of
typically 25 nm. The AFM signal is obtained simultaneously. In
our UHV chamber of about 5 X 107'° Torr, a hemispherical
capacitive electron energy analyzer is used to measure the work
function from photoemission using a 100 eV synchrotron soft
X-ray both before and after Cs/O layer deposition.
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We start our investigation by comparing the graphene surface
potential V,, with and without Vi, while keeping the graphene
and SKPFM tip grounded. When V; = 0 V, the surface
potential is uniformly distributed at about —200 mV, relative to
the SKPFM tip (Figure 1c). This indicates good uniformity and
cleanness of the graphene film, as multilayer graphene®*” and
surface contamination (see Figure S2 in Supporting Informa-
tion) can lead to varying surface potentials. Keeping everything
else the same, we then increase V5 by 1 V from 0 V after each
quarter of the same area is scanned. As shown in Figure 1d,
after each step increase in V{;, the surface potential increases
accordingly, indicating that its Fermi level shifts up, due to
electrostatically doped electrons. The surface potential profile
along the white dashed line is plotted as the inset in Figure 1d,
which shows a change of 231 meV between V5 =0V and V =
3V.

After scanning the surface potential, we keep the SKPFM tip
at a fixed position and sweep Vg in order to quantify its control
of the graphene work function. For each measured surface
potential, the related work function can be found from ® = @,
— qVy, where @, is calibrated to be @y, = 4.72 + 0.02 eV
using highly oriented pyrolytic graphite (HOPG) as reference
(see Figure S3 in Supporting Information). Figure 2 shows the
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Figure 2. (a) Local work function measured by SKPFM as a function
of Fg — F, for five samples (reddish), compared to literature
measurements using 300 nm SiO, as dielectric layer (blueish).*
Notably, the largest work function shift observed from one of our
samples is 772 meV. The inset shows the least-squares fittings to both
data sets by @ = sign(Fg — Fy)-a(lFg — F)* + @, where a =
hvp(ne,,/e)'?, from which we get F, = 0.05 + 0.01 V/nm. (b)
Calculated Fermi level shift (AEz = ®; — ®) a function of F; — F,
corresponding to the inset in a.

work function of five samples as a function of Fg — F,, where
Fg is the gate electric field within the HfO, dielectric layer, and
F, is charge neutral electric field when Fermi level is at the
Dirac point. Our result (reddish) is compared to literature
measurements using 300 nm SiO, as dielectric layer (blue-
ish).”* On average, the range of field-tuned work function
change of graphene on HfO, more than doubles what is
measured on SiO,, due to higher dielectric constant as well as
higher breakdown electric field. Notably, the largest work
function change observed from one of our samples is 772 meV.
As a first-order approximation using the linear energy
dispersion of graphene,”’ the work function is described as

D = sign(F; — B)hvpvm /e, lF; — El/q + @,

where ®; is the intrinsic work function of graphene when at the
neutral charge point, vg is the graphene Fermi velocity, &, is the
relative permittivity of the dielectric layer, and g is the
elementary charge. Since substrate inversion is not observed
within the range of applied substrate voltage, the p-type silicon
substrate will either be accumulated, for V; > Vg, where Vg is
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the flat band voltage, or depleted, for V5 < Vip. Based on the
basics of metal-oxide-semiconductors system (MOS),* the
electric field Fg in both regions is

(VG - ‘/FB)/tox (VG > ‘/FB)
Fs =4 qN,eg; 2C2 (Vg - Vi
G 9 2A Si 1+ nx( G FB) -1 (VG < ‘/FB)
Coxtox qESiNA

where C,, = &/t is the capacitance of HfO, with f,, = 20 nm,
& = 10.4¢, for HfO,, €., = 3.9¢, for SiO,, and &g = 11.7¢,
where & is the permittivity of vacuum. The dielectric constant
of our HfO, film is measured from a metal-oxide-semi-
conductor capacitor (MOSCAP) control device with 200 nm
thick Al gate electrode. The flat band voltage Vg = Og—P,
where @g; = 5.17 €V is the calculated work function of the
silicon substrate. Note that the second term indicates that Vg is
a function of the graphene work function. Applying a least-
squares fit using the above relationship with v, @; and F; as the
fitting parameters, we find vg = (1.20 + 0.03) X 10° m/s and @,
= 4.52 + 0.02 eV for our HfO, samples. The charge-neutral
electric field of our samples is found to be positive, F, = 0.05
V/nm, indicating that graphene is initially slightly p-type.

To confirm the work function shifts observed are due to
changes in graphene Fermi level Ep, we have measured the
conductivity of graphene as a function of Fg, which can be
directly mapped to Ej based on the transport model.”>™*’
Three-terminal transistor-structure devices are fabricated to
measure the drain current I, of graphene as a function of Fg
(Figure 3a). Figure 3b plots the variation of I, with respect to
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Figure 3. (a) Schematic diagram of the conductivity measurement
setup. The graphene channel is 5 mm long and 1 mm wide. Drain
voltage is Vp, = 1 V. (b) Variation of the drain current Iy, as a function
of Fg. The minimum I, corresponding to the charge neutral point on
average is shifted by F, = 0.07 + 0.01 V/nm, which is consistent with
the SKPFM results. (c) Plot of Fermi level as a function of F; obtained
from (b) (reddish curves). All five samples show very similar Fermi
level shift behaviors. The blue curve is obtained from one of the
SKPEM work function curves in Figure 2a, which matches the
conductivity measurement result remarkably well.

F; for an additional five different samples from the same batch
used in SKPFM measurement except the geometry of graphene
and its contact. The charge-neutral electric field is averaged to
be F, ~ 0.07 V/nm, which is consistent with the SKPFM
results, confirming the initial p-type for graphene. The electron
and hole concentrations are directly found from the measured
resistance, Rocaure = 2R + Rieries + Ryraphener Where R is the
contact resistance, Ryphene = (L/W)[quo(n + p)]_l is the
graphene resistance with L/W = 5 as its channel length to
width ratio, n and p are the hole and electron concentrations,
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Figure 4. (a) Low kinetic energy cutoff comparison with and without Cs/O coating at F; = 0 V/nm measured by photoemission in an UHV
environment. The solid line is the complementary error function fitting by y = a erfc[(x — ®)/b] + ¢ from which @ is extracted.** After an optimal
amount of Cs and O, is coated, the work function is dramatically reduced by over 3 eV (b) work function of graphene as a function of Fg, for four
different samples from the same batch as in SKPEM, with Cs/O coating. A constant interval of 45 s is maintained between each measurement, and
the leakage current across HfO, is kept within 1 yA for all V. The charge neutral point isF, = 0.04 + 0.01 V/nm. Notably, at Fg = 0.2 V/nm, the

work function is as low as 1.01 + 0.05 eV.

and Ry, = S Q is the estimated series resistance from the
external test circuit. Based on the conductivity results shown in
Figure 3b, the graphene Fermi level as a function of F; is found
and shown in Figure 3c as blue curves. The least-squares fitting
shows v = (1.57 + 0.03) X 10° m/s, which is slightly larger
than observed in SKPFM, but in generally good agreement.

In addition to testing in room air ambient, we have measured
photoemission from our graphene devices in UHV (5 X 107"
Torr) using soft X-ray illumination. We first anneal our sample
at ~300 °C for 30 min in this vacuum in order to clean the
graphene surface.”” We then illuminate the sample with 100 eV
synchrotron X-rays on a 1 X 1 mm spot, with surface potential
Vs = —15 V applied to graphene (Figure 1b) to accelerate
emitted electrons to the grounded energy analyzer. We extract
the work function from @ = Kigc + @,y — qVs, Where
D1y = 4.1 eV is the analyzer’s work function, and Kj g is the
low kinetic energy cutoff obtained from photoemission
spectroscopy. The electron energy with respect to the Fermi
level is plotted in Figure 4a, from which the work function can
be found out by fitting the curve with complementary error
function** y = a erfc[(x — @)/b] + c. After annealing, the work
function of graphene is ® = 4.62 + 0.08 eV, very close to
SKPEM result.

We then investigate in situ coating graphene with Cs and O
to achieve one of the lowest work function values ever reported
(with structure shown in Figure 1b). The Cs/O deposition is
performed following the typical photocathode activation
technique'” in our UHV chamber for maximizing the sample’s
quantum efficiency which is concurrently monitored with a blue
laser (405 nm). The deposition details are included in Section 4
of the Supporting Information. After the deposition, the work
function is dramatically lowered from 4.62 eV down to 1.25 eV.
We have monitored the graphene resistance before and after
the Cs/O deposition, showing only ~15% change (see Section
6 in Supporting Information), indicating that the quality of the
graphene is not significantly affected during this process.
Unfortunately, since the Cs/O layer is extremely sensitive to
environmental conditions, we are not able to perform either
SPKFM/AFM or three-terminal conductivity measurement
after the coating.

This large work function reduction is due to the strong
surface dipole from the Cs/O coating, as has been found on
many other substrate materials, including InP,*° GaAs,"*! and
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Ga,_,In,As,”* with a very similar deposition technique. The
estimated thickness of our Cs/O layer on graphene is 7 + 3 A,
similar to previous studies (see Section S in Supporting
Information), in which the chemical composition and atomic
arrangement of the thin Cs/O layer have been carefully
analyzed. According to these previous studies, the Cs/O layer
consists of two types of dipoles, substrate-Cs* and [Cs*]-O*"-
Cs". The first dipole is just between the substrate and one
submonolayer of Cs*, and the other dipole is made of two
submonolayers of Cs* with O*” intercalated layer between the
two Cs' layers. Note that the square bracket indicates some
structural variation of the middle submonolayer of Cs*
depending on the substrate. With the same deposition
technique, similar quantum efficiency behavior during deposi-
tion (see Figure S4 in Supporting Information), and similar
measured thickness, it is reasonable to assume that the Cs/O
layer on graphene is similar to what has been found on other
substrates with the double-dipole structure, which sets the
position of the new vacuum level.

Finally, we have tested whether the electrostatic gating and
Cs/O coating could act in concert. Figure 4b displays the work
function of graphene as a function of Fg with Cs/O coating
(scattered symbols) for four different samples from the same
batch as SKPEM. The solid blue line is the least-squares fitting
performed in the same way as in the inset of Figure 2a. As
shown in Figure 4b, the tunability of the graphene work
function by back-gated electric field still remained with Cs/O
coatings, although it is moderated, and the breakdown electric
field of HfO, is decreased, resulting in smaller range of F; that
could be applied. The tunability is about 325 meV from Fg of
—0.15 V/nm to 0.2 V/nm, compared to about 550 meV from
SKPFM in the same range. This reduction of tunability could
result from multiple factors. One could be the interaction
between Cs/O coating and graphene. The other, which maybe
more important, is that the measured area is much larger, 1 mm
in diameter compared to 1 gm in SKPFM, which makes surface
contamination and defects more important. Notably, at Fq
0.2 V/nm on one of our samples, we observed the lowest work
function reported so far for graphene system: 1.01 + 0.05 eV,
which is also the lowest reported to date for a conductive,
nondiamond sample.

In summary, we have demonstrated that the work function
can be lowered to nearly 1 eV by combining electrostatic gating
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with surface engineering techniques for the graphene system
studied in this work. Due to its two-dimensionality and low
surface density of states, electrostatic gating can effectively
control the graphene work function by changing its Fermi level.
Furthermore, by coating the surface with optimal amount of Cs
and O,, the work function can be reduced even further due to
the lowering of vacuum level at the surface. This combination
approach demonstrated here provides a route toward ultralow
work function electrodes for energy conversion and electron
emission applications.
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