ADVANCED
MATERIALS

'A\
Me \Iiﬁﬂ}

www.MaterialsViews.com

www.advmat.de

Mapping Local Quantum Capacitance and Charged
Impurities in Graphene via Plasmonic Impedance Imaging

Xiaonan Shan, Shan Chen, Hui Wang, Zixuan Chen, Yan Guan, Yixian Wang,
Shaopeng Wang, Hong-Yuan Chen,* and Nongjian Tao*

Quantum capacitance is a fundamental property of electronic
materials, and relevant to many applications of the materials.
This is especially the case for graphene, because unlike many
other materials it has low density of states (DOS) near the Dirac
point, and its capacitance is dominated by quantum capaci-
tance.'™! Studying the quantum capacitance of graphene is
thus important for understanding 2D materials, and for devel-
oping electronic and energy storage applications, such as super-
capacitors.[*2% The total energy storage capacity is determined
by the specific surface area and quantum capacitance of gra-
phene 131620221 The former is extremely large for atomically
thin graphene, but the latter is nearly zero at the Dirac point
according to the theory for ideal graphene.l'323 The quantum
capacitance of real graphene samples has been measured, but
the measured quantum capacitance is averaged over the entire
sample.l3] Due to the heterogeneous nature of graphene sam-
ples, 24281 3 capability to map the local quantum capacitance is
thus necessary. Scanning gate microscopy>?>3% and scanning
single-electron transistor microscopy!*!3% are powerful tools for
probing surface conductance and charge of graphene, however,
the use of a scanning probe and complexity of the instrumen-
tation limit their applications, especially in aqueous solutions
and electrolytes.

We developed a plasmonics-based electrical impedance
microscopy (P-EIM) method to map the local quantum capaci-
tance of graphene supported on a substrate. By mapping the
local quantum capacitance as a function of potential, we deter-
mined both the local density and polarity of charged impuri-
ties, and mapped the electron and hole puddles associated with
charged impurities in graphene. We further showed that the
local quantum capacitance and charge density could be con-
trolled by modifying the supporting substrate with molecules
terminated with different charged groups. We anticipate that
the P-EIM method can be applied to study the surface capaci-
tance and charge distribution of other nano and 2D materials.
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Traditionally, capacitance is measured by detecting a current
or charge response of a system to a voltage change, which is
widely used, but does not provide imaging capability. By con-
trast, P-EIM measures the local impedance optically, allowing
for imaging of local interfacial capacitance. This new approach
also minimizes parasitic capacitance, a common complication
in electrical measurement.>*3¢ The basic principle of P-EIM
is the sensitive dependence of surface plasmon frequency on
surface charge density, Ao, which is related to local interfacial
capacitance per unit area, ¢, Ao =c¢-AV, where AV is the
applied potential.l3337]

Figure 1a illustrates the principle and experimental setup,
showing a graphene sample placed on a gold film on top of
the objective of an inverted optical microscope. The sample
surface was immersed in 0.2 M NaF, and the potential of the
gold film was controlled with respect to a Ag/AgCl reference
electrode in the electrolyte.3®3% Light from a superluminescent
diode (SLED) was directed onto the gold film to excite surface
plasmons at the surface of the gold film, and the reflected light
was directed to a charge coupled device (CCD) imager via the
same objective to form a plasmonic image of the graphene.
Surface plasmons are excited on gold film by light with incident
angle tuned to an appropriate angle (resonant angle), and this
angle is extremely sensitive to the refractive index change near
the gold film. The addition of a graphene layer onto the gold
surface will change the refractive index, and thus the resonant
angle, which is imaged by the CCD imager. In order to measure
the quantum capacitance of graphene, a periodic modulation
with angular frequency of @ was superimposed on the potential
applied to the gold film, which created a periodic modulation
in surface charge density, Ac. We have shown previously that
associated with the surface charge modulation is a plasmonic
image intensity modulation (expressed in terms of resonance
angle shift), AB(x,y,w), given by Ac(x,y,®) = aAB(x,y,®), where
o is 47 C m™2 deg L%l The plasmonic image intensity modula-
tion was determined by performing Fourier transform of each
pixel recorded with the CCD, allowing us to obtain a capaci-
tance image according to ¢(x,y,z)=Ac/AV = 0A6(x,y,z)/AV.
Note that the traditional plasmonic images of the sample can
be simultaneously obtained with the same setup by removing
the periodic modulation component in the plasmonic image
intensity. The setup also allows us to obtain the bright-field
image of graphene.

Using P-EIM, we imaged the interfacial capacitance of single-
and double-layer graphene. Both the plasmonic and bright-field
images provided information on the thickness of the graphene
sample (see the Supporting Information). Figure 1b shows the
plasmonic (left) and bright-field (right) images of a single layer
graphene. Raman spectrum of the sample further confirmed
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Imaging of local quantum capacitance of graphene with P-EIM. a) Experiment setup for simultaneous plasmonic, impedance (quantum

capacitance), and bright field images of graphene. b) Plasmonic image (left) and bright field image (right) of a single layer graphene. c) Raman spec-
trum of the single layer graphene sample. d) Quantum capacitance of single layer graphene (outlined with red dashed line). Scale bar: 5 pm. €) Local

distribution of capacitance across the single layer graphene along the box region shown in (d).

and the surrounding bare Au area.

that the sample was single layer graphene (Figure 1c). Figure 1d
shows the local interfacial capacitance of a single layer graphene
sample at the Dirac point (-0.08 V vs Ag/AgCl). The average
interfacial capacitance of the graphene at the Dirac point is about
7 uF cm™2, much smaller than the interfacial capacitance of gold,
which is =25 pF cm™2, but significantly larger than the predicted
value (=0.8 pF cm™?) for ideal graphene. The interfacial capaci-
tance is not uniform across the graphene sample, and the values
near the edge of the graphene are higher than the central region
of the graphene. This is clearly shown in the capacitance cross-
section plot (Figure le). Figure 1f is the histogram of the local
capacitance of the graphene, which reveals a broad distribution
with a peak at =7 pF cm™2. This nonzero value and broad distri-
bution of capacitance of graphene at the Dirac point are due to
local charged impurities. We will return to this later.

The interfacial capacitance measured by P-EIM in graphene
area consists of two major contributions: electrical double layer
capacitance (Cgp;) and quantum capacitance (Cg) as shown
in Figure 2a. Note that the diffuse layer capacitance is relative
small compared with quantum capacitance and electrical double
layer capacitance. These two contributions are modeled as two
capacitors in series, and the quantum capacitance of graphene

1
is given by o =—- , where C is the measured interfacial
G

C G
capacitance. Cgp; can be obtained from the interfacial capaci-
tance in the area of bare gold surface, where only the electrical
double layer capacitance contributes to the measured interfacial
capacitance. In 0.2 M NaF, Cgp; is about 25 pF cm™2. Using this
value, we obtained the graphene quantum capacitance from the
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f) Capacitance distributions of the single layer graphene

interfacial capacitance imaged with P-EIM. Figure 2d—f shows
the local quantum capacitance of the single layer graphene at
different offset potentials (the entire area is covered with gra-
phene). The graphene was transferred onto the Au film with
poly (methyl-methacrylate) (PMMA)-mediated method (see the
Supporting Information). The average quantum capacitance
is 3-5 pF cm™ for single layer graphene at the Dirac point
(Figure 2e). Note that the two-capacitor model contains only
one unknown parameter, the quantum capacitance. Because
the quantum capacitance is small compared to the double layer
capacitance, it dominates the total interfacial capacitance of gra-
phene. In other words, an error in the double layer capacitance
results in a smaller error in the quantum capacitance. Further-
more, the model was supported by the previous electrical meas-
urement of quantum capacitance.’l

The quantum capacitance of graphene is related to the den-
sity of states of graphene, which can be tuned by shifting the
Fermi energy level of the electrode (gold film) with an applied
potential. At the Dirac point, the density of states of an ideal
single layer graphene is zero. Moving the Fermi level either
above or below the Dirac point, the density of states increases
proportionally, corresponding to the occupation of either
n- (electrons) or p-type (holes) carriers. Consequently, the
quantum capacitance displays a V-shape dependence on the
Fermi energy level given by’

2 eV,
C zez_ ch 1
S (1)
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Figure 2. Quantum capacitance versus potential. a) Schematic illustration of quantum capacitance measurement, where WE, RE, and CE denote
working, reference, and counter electrodes, respectively, for a standard three-electrode electrochemical setup. The equivalent circuits of the graphene
area (left) and bare Au region (right) are shown with R, Cgp|, and Cg representing the solution resistance, double layer capacitance, and graphene
capacitance, respectively. b) Measured graphene quantum capacitance versus potential at different locations marked in (e). c) Theoretical graphene
quantum capacitance versus potential at different impurities. d—f) Local quantum capacitance of graphene at different potentials: d) —-0.26 V, e) -0.08 V

(Dirac point), and f) 0.06 V. Scale bar: 5 ym.

where 7 is the Planck constant, ¢ is the electron charge, v is
the Fermi velocity of Dirac electrons, =¢/300 (c is the speed of
light in a vacuum), and V,;, is the graphene potential, respec-
tively. We imaged the local quantum capacitance at different
potentials by sweeping the electrode potential (Movie S1, Sup-
porting Information). Figure 2d-f are few snapshots at, above,
and below the Dirac point, respectively. The average quantum
capacitance values above and below the Dirac point are higher
than the value at the Dirac point, which is expected according
to Equation (1). The quantum capacitance images at different
potentials also reveal large local variations, which are not
described by Equation (1).

Figure 2b plots the local quantum capacitance versus poten-
tial at different locations, which shows substantial deviations
from the prediction for ideal graphene. First, the measured
quantum capacitance at the Dirac point is not zero, and varies
from location to location. Second, the potential of the Dirac
point (the potential of the minimum capacitance) also varies
from location to location. It has been reported that the charged
impurities lead to local potential fluctuations, which give rise
to an additional electron or hole density n* near the impurity
sites.l*!! These electron- and hole-rich regions have been referred
to as electron and hole puddles.?2*!l The charge impurities and
associated electron and hole puddles affect graphene transport
properties, but also quantum capacitance. By including the addi-
tional carrier density associated with the charge impurities or
defects, quantum capacitance can be expressed by"*!
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n* )1/2 (2)

2¢
Co=—+||ng|+
Q hVF\] T (l Gl

e(Va =

where ng —( —
tions caused by the applied potential and charged impurities,
respectively. Note that V, is an offset potential of the Dirac
point, which varies with the local charge impurities. Figure 2c
plots the quantum capacitance of graphene versus potential
at different impurity densities determined by Equation (2),
where V, is related to the applied potential V;, Dby
Ven = Vo Cepy / (CEDL + CQ). A comparison of panels (b) and (c) of
Figure 2 indicates that the experiment results can be explained
well by including the impurity-induced carrier concentration
(n*) in the model. The best fit of the measured average quantum
capacitance with Equation (2) leads to n* = 9 x 10! cm™,
which is consistent with the literature data.l*1*2l We note that
the experimental quantum capacitance versus potential shows
an asymmetry with respect to the Dirac point, which may be
attributed to asymmetric impurity density distribution (Sup-
porting Information).[32:43:44]

The charged impurity model provides a quantitative explana-
tion of the experimental data. One possible source of charged
impurities is from the supporting substrate (gold film).*!! In
order to further understand the effect of the substrate charged
impurities on graphene quantum capacitance, we modi-
fied the gold substrate with thiol molecules, cysteamine, and

2
)) and n* are the carrier concentra-
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3-mercaptopropionic acid (Figure 3a). Both molecules can bind
to the gold substrate, but the former is terminated with a posi-
tive charge, and the latter with a negative charge. Graphene was
placed on top of the cysteamine and 3-mercaptopropionic acid-
modified gold substrates. Note that the surface coverages of the
thiol molecules were controlled to ensure good electrical con-
tact between the graphene sample and the gold substrate (see
the Experimental Section).

With positive charges on the substrate surface, the Fermi
level is expected to shift above the Dirac point (Figure 3a).
On the other hand, coating the substrate surface with nega-
tive charges, the Fermi level is expected to shift below the
Dirac point (Figure 3a). Indeed, we found that the quantum
capacitance minimum shifted toward negative potentials for
cysteamine-modified gold substrate (positive charges), and
positive potentials for 3-mercaptopropionic acid-modified gold
substrate (negative charge) (Figure 3b). For comparison, the
quantum capacitance versus potential plot for graphene on an
unmodified gold substrate is also shown (blue curve). In addi-
tion to shifting the potential of minimum quantum capaci-
tance, the charged impurities also increase the value of the
minimum quantum capacitance, which can be attributed to the
extra impurity density, according to Equation (2).

The plots in Figure 3b are quantum capacitance averaged
over the entire graphene sample, where the potential of min-
imum quantum capacitance reflects the polarity and magni-
tude of charged impurities. Because charged impurities are in
general not uniformly distributed over the entire surface, it is
important to obtain the local potential of minimum quantum
capacitance or offset voltage (V,). We obtained V, at each loca-
tion (pixel) by plotting the quantum capacitance versus applied
potential, which are shown in Figure 3c,e,g. These potentials of
minimum quantum capacitance images reveal heterogeneous
distributions of charged impurities on the charge-modified and
unmodified substrates. The degree of the heterogeneity in each
case is more clearly shown in the histograms of the potentials
of minimum quantum capacitance plotted in Figure 3d,fh.
These results show that the modification of the substrate with
charged molecules can change the charge carries in the gra-
phene,>#] and the spatial distribution of the interfacial mol-
ecules can be imaged with the present P-EIM.

Charged impurities have a profound impact on quantum
capacitance as shown here, and also on the charge trans-
port properties, such as mobility, of graphene field effect
devices.*1#l They affect the charge transport and quantum
capacitance of graphene by forming local electron or hole pud-
dles, and mapping the charge density and polarity of these
puddles are thus important. We obtained both the charge
density and polarity from the potential and value of the min-
imum quantum capacitance at each pixel of the P-EIM images.
Figure 4a plots the impurity density image obtained with Equa-
tion (2), showing that the local impurity density can vary from
1 x 10'2 per cm? to 3.3 x 10'? per cm?. Figure S4 (Supporting
Information) plots the histogram of the local potential of min-
imum quantum capacitance, showing a distribution in both
positive and negative charges with respect to the Dirac point.
The spatial distribution of the positive and negative charged
impurities or electron and hole puddles is shown in Figure 4b.
It reveals several interesting features: (1) At the Dirac point,
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both the electron and hole puddles coexist, (2) the sizes of the
electron and hole puddles vary over wide range, and (3) the
electron and hole puddles are not uniformly mixed and within
certain regions are either prominently electron or hole puddles.

Density of states (DOS) describes the number of states per
interval of energy at each energy level and it determines the
quantum capacitance of graphene. When Ep > kpT,

d
Co=¢ i =S¢’ Dy, 3)

where n is carrier concentration, p is chemical potential,
S is area of the graphene, and D is total DOS of graphene
including DOS from the impurities. The impurity contribution
to the measured DOS ist**’]

Dit(ervEf)—lz(cQ(x Y- Ee) = Cou (%, E)) (“4)

where Cq is the measured quantum capacitance and Cqy is
the quantum capacitance for ideal graphene (Equation S1,
Supporting Information). From Equation (4), we obtained the
local impurity density of states, Dy, shown in Figure 4c, which
reveals a broad peak near the Fermi level. The impurity den-
sity of states is not uniform across the entire sample, which is
shown in Figure 4d.

Graphene is a 2D material with interesting potential appli-
cations because of its unique properties, including its elec-
trical capacitance. Unlike most other conducting materials,
graphene’s density of states at the Dirac point is zero. Conse-
quently, its capacitance is dominated by quantum effect, instead
of classical electrostatic origin. Determining and understanding
graphene’s quantum capacitance properties are thus critical for
developing field effect electronic devices and energy-storage
materials with graphene. Traditionally, capacitance is usu-
ally measured electrically, which can only provide an average
capacitance over the entire sample. In this work, we developed
a plasmonic imaging approach, which converts the electrical
signal into a plasmonic signal, and then imaged optically. This
approach allowed us to image the local quantum capacitance, as
well as charge impurity density and impurity density of states.

Our studies revealed several new aspects of graphene and
its quantum capacitance. First, the graphene’s capacitance is
small compared with the gold electrode, but it is much larger
than the theoretical prediction of ideal quantum capacitance,
which is attributed to charge impurities. We confirm the charge
impurity effect by modifying the substrate surface with defined
charges. Second, the quantum capacitance varies from loca-
tion to location, reflecting local variation in the charge impurity
density. For example, the edge areas of graphene tend to have
larger quantum capacitance than the center areas. Third, the
potential of the Dirac point is different from location to loca-
tion, which is caused by the local variations in both the polarity
and magnitude of the charge impurity. Finally, our study sug-
gests that graphene with charged impurities may help increase
graphene capacitance, and thus the energy storage capacity of
the material.

In summary, we have demonstrated a plasmonic imaging
method to map local quantum capacitance of graphene. The
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Figure 3. Effect of interfacial charges on graphene quantum capacitance. a) Energy diagrams of graphene under different interfacial charge conditions
(upper panel). Introduction of interfacial charges on the substrate with thiol molecules with positively and negatively charged terminals (lower panel).
b) Quantum capacitance versus potential plots for different interfacial conditions: unmodified (blue), positive (red), and negative (black) charge.
c,e,g) Mapping local Dirac point shift of graphene under influence of different interfacial conditions. d,f,h) Histograms of Dirac point shift under dif-
ferent interfacial conditions.
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Figure 4. Local impurity density, electron and hole puddles, and density of states. a) Local charge impurity density of graphene at Dirac point
(V=-0.08 V). b) Electron (blue) and hole (red) puddles at the average Dirac point. c) Total measured (blue), ideal (red), and extracted impurity densities
of states of graphene. Blue curve is the total DOS (D) including the DOS from ideal graphene and defects. Red curve is the model DOS calculated
from Equation (3). Black curve is the DOS of defects and impurities. d) Local impurity density of state at the Dirac point.

method converts an electrical signal into a surface plasmon
response, which is imaged optically. We have shown that the
measured quantum capacitance deviates significantly from the
theoretical prediction for an ideal graphene, and explained the
data quantitatively in terms of charged impurities. We further
confirm the role of charged impurities by controlling the sub-
strate surface charge with molecules terminated with different
charged groups. Finally, from the local quantum capacitance
and its dependence on applied potential, we have obtained the
magnitude of surface density and polarities of charged impu-
rities, and obtained images of the electron and hole puddles
in graphene. The study reveals important roles of charged
impurities on the quantum capacitance of graphene, which
is relevant to electronic and energy storage applications of the
material. We anticipate that the method can be applied to map
local capacitance and charge impurities of other nano and 2D
materials.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section

Graphene Transfer and Electrochemical Setup: Graphene was transferred
by both mechanical exfoliation of Kish graphite and poly (methyl-
methacrylate) (PMMA) mediated approach. Mechanical exfoliation of
Kish graphite is using to obtain graphene sample in the Figure 1. The
electronics grade dicing tape is used to minimize contaminations, and
the graphene was then transferred onto the gold thin film (prepared
by coating a glass slide with 2 nm chromium adhesion layer followed
with 47 nm gold). To minimize contaminants on the gold film, it was
cleaned with hydrogen flame before the transfer of graphene. After
graphene transfer, the surface was rinsed with ethanol and then dried
with nitrogen gas. PMMA mediated approach was used for Figures 2— 4,
where the entire surface was covered with graphene grown by chemical
vapor deposition (purchased from Graphene Supermarket). The same
cleaning process was used to minimize the contamination.

An electrochemical cell made of Teflon was placed on top of the gold
film, and 0.2 m NaF solution was used as electrolyte. We controlled the
graphene potential with respect to Ag/AgCl reference electrode with a

Adv. Mater. 2015,
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potentiostat (Pine Research Instrumentation) using a platinum coil
as counter electrode. Superimposed on the potential was a sinusoidal
potential with frequency of 80 Hz and amplitude of 0.05 V (see more
details in the Supporting Information).

Optical Setup and Imaging Processing: For plasmonic imaging,
p-polarized light with wavelength 680 nm from a SLED (QPhotonics)
was directed on the gold film via the objective of an inverted optical
microscope, and the plasmonic image was formed with the same
objective and recorded with a CCD camera (AVT Pike F-032B). The
potential dependent component of the plasmonic image intensity at
each pixel was processed to produce an interfacial capacitance image
of the surface.

Surface Charge Modification: 1 x 103 wm cysteamine and
3-mercaptopropionic acid solutions were used to modify the gold
substrate with positive and negative charges, respectively. Before the
modification, the Au film was cleaned with hydrogen flame. The hydrogen
flame-cleaned Au film was immersed into one of the solution for 10 s,
and then rinsed with deionized water thoroughly. The Au film was dried
with nitrogen and the graphene was transferred onto the Au film.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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