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Detection of resonant impurities in graphene by quantum capacitance measurement
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We investigated Ag-adatom-induced resonant impurities of graphene by quantum capacitance measurement.
Different from charged impurities and other conventional resonant impurities, Ag atoms form very weak covalent
bonds with graphene. The Ag-adatom-induced resonant peak as measured by quantum capacitance grows
more intense at cryogenic temperatures, at higher impurity concentrations, and in stronger magnetic fields,
in accordance with our theoretical calculations. The appearance of resonant states and the split of the zeroth
Landau level for Ag-adsorbed graphene are manifestations of the formation of a flat impurity band near the Dirac

point.
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I. INTRODUCTION

Disorder has profound impacts on graphene’s extraor-
dinary properties and is often intentionally introduced to
modify the performance of functional graphene-based devices
[1-4]. Theoretical predictions suggest that point defects and
adsorbates in single-layer graphene induce midgap states near
the Dirac point [5—11]. The local density of states (LDOS)
in disordered graphene nanostructures has been investigated
theoretically and experimentally [5—-10,12—17]. Previous scan-
ning tunneling spectroscopy studies have shown that robust
LDOS peaks appear near a single vacancy in graphene or in
hydrogenated graphene [12,13,16] These resonant impurities,
however, have not been successfully detected in transport
measurements because their transport behavior always mimics
that of charged impurities at finite densities [9,10,18-24].
Different scattering details are involved, and thus no
clear resonant feature can be observed in the conductivity
[8-10,21,22,25]. Alternative methods for effective measure-
ments of the mesoscopic physical behavior of disordered
graphene are required, which are essential for probing these
resonant impurities and their effects on the average DOS
(ADOS) at a much larger scale.

Vacancies in graphene have been well known as the
prototype example of resonant impurities. They cause strong
electron localization effects and transitions to insulating states
in graphene at cryogenic temperatures [18]. The formation of
local magnetic moments around vacancies in graphene has
been confirmed theoretically and experimentally [5,12,26].
However, the study of graphene adsorbed with noble metal
adatoms is rather incomplete. It is still under debate whether
these adatoms ionically or covalently bond with carbon
atoms of graphene. The changes in the electronic properties
of graphene induced by noble-metal adatoms (should be
different from the case of vacancies, hydrogenous impuri-
ties, and transition metal adatoms) need to be addressed
[5,9,12,14,18,23]. Recently, we reported that a very high
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concentration of Ag adatoms could create graphene systems
in a strongly correlated electron regime in which negative
quantum capacitance phenomena occur even in the absence of
a magnetic field [27].

In this paper, Ag adatoms (one noble metal) adsorbed in
graphene with low concentrations were systematically studied.
They are resonant impurities but with a very weak bonding
energy with graphene [6,28,29]. Quantum capacitance (which
is proportional to ADOS) [30-33] measurement is a pow-
erful tool to clearly detect that Ag adatoms induce obvious
resonances near the Dirac point and the intensity of these
resonances is mainly sensitive to impurity concentrations,
temperatures, and magnetic field strengths. Based on density
functional theory and tight-binding model simulations, we
show that a robust resonant peak exists near the Dirac point in
both LDOS and ADOS of Ag-adsorbed graphene, in line with
our experimental observations.

II. EXPERIMENTAL

Single-layer graphene samples were mechanically exfo-
liated from Kish graphite and placed on Si substrates with
a 300-nm-thick SiO, [1]. After characterization by Raman
spectroscopy measurements [34], graphene samples were then
subjected to the deposition of Ag adatoms with dc plasma
sputtering in high base vacuum conditions (10~ torr). The
insulating layer Y,O3 (6-8 nm in thickness) was fabricated by
depositing a thin layer of yttrium of about 5 nm in thickness
using electron-beam evaporation followed by oxidation in
air at 180°C for 30 min [35-37]. Drain/source and top-
gate electrodes [Ti (5 nm)/Au (40 nm)] were defined by
conventional electron-beam lithography techniques (Raith
e-LiNE Nanoengineering Workstation and AST electron-beam
evaporation system) [37-39].

Capacitance measurement was performed in a three-
terminal configuration at temperatures ranging from 300 K
down to 2 K using a HP 4284A LCR meter (sensitivity
~0.1 pF). An ac excitation signal of 15 mV at 100 kHz
was used in order to improve accuracy and reduce noise
levels. The excitation frequency of 100 kHz is much
smaller compared with the value of the cutoff frequency
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(f. = 1/27 RC = 10° kHz) for our graphene devices; there-
fore, the capacitors were fully charged during measurement.
All cables in the measurement circuit were electrically
shielded, and the Si substrates were grounded to avoid any
parasitic capacitance, which was also confirmed to be negligi-
ble using the capacitance bridge technique [40]. Actually, we
have measured the residual capacitance of the circuit in the
same geometry of the devices without graphene. The value is
less than 0.3 fF, which is of several orders smaller than the
measured total capacitance of our samples.

III. RESULTS AND DISCUSSION

The Hamiltonian of tight-binding treatment of resonant
impurities can be written as

H = Hy + Hiyp

=t clej+edy dldi+VY @e+He) (1)
(i.J) i i

where cl.T(c ;) and dj (d}) denote the creation/annihilation oper-
ators of electrons localized in graphene 7 bands and resonant
impurities, respectively, and ¢ is the nearest-neighbor hopping
energy. The values of on-site energy ¢; and energy-dependent
effective potential V are fixed and determined by the type of
resonant impurities [5,6,8,9]. As can be seen from Hiyy, the
nature of resonant impurities lies in the hybridization between
electrons of graphene w bands and electrons of the impurity
band. To elucidate the behavior of Ag-adsorbed graphene,
we firstly performed density functional theory simulations of
graphene adsorbed by one single Ag atom. The results shown
in Fig. S4 (see Supplemental Materials; Ref. [41]) clearly
reveal the appearance of a flat impurity band near the Fermi
energy Er = 0[6,7,42,43]. These results confirm Ag adatoms
are resonant impurities (not long-range charged impurities
such as K adatoms) producing Dirac resonances [7,8,28,29].
The best fitting of density functional theory integrating the
tight-binding model yields ¢; = 0 and V = 0.08 ¢ [41]. The
reason why the impurity-related level ¢; occurs at Ep = 0
is that the level repulsion due to the adsorbate-host coupling
always drives ¢, towards the lowest DOS. Ag adatoms bind
covalently to carbon atoms of graphene, but the bond strength
is very weak compared with that of other types of resonant
impurities such as hydrogen adatoms [5,8,16,23,44,45].

To explicitly show the influence of resonant scatters on the
electronic structure of graphene, we develop a first-principles
method to calculate the effective energy dispersion of graphene
in the presence of randomly distributed Ag adatoms with
impurity concentration n; = 0.25%, 0.50%, and 0.75%. As
shown in Fig. 1(a), the resonance dispersion induced by Ag
impurities is formed near the Dirac point. With increasing
impurity concentration, the flat bands are more obvious,
and the influenced energy region of the electronic structure
of graphene becomes larger [44]. In this framework, both
LDOS and ADOS of Ag-adsorbed graphene are calculated
based on the tight-binding model as shown in Figs. 1(b)-1(d).
Figure 1(b) shows the real space mapping of LDOS in graphene
with Ag adatoms (n; = 0.30%) at Er = 0. The intensities of
LDOS close to Ag adatoms are high compared with those in
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FIG. 1. (Color online) Theoretical calculations for Ag-adsorbed
graphene. (a) Effective energy-momentum dispersion relation in the
presence of random distributed Ag adatoms on graphene sheet. The
impurity concentration n; is 0.25%, 0.50%, and 0.75%, respectively
(from left to right). The lattice simulation size is 2000 x 2000; the
inset is a schematic image showing one silver atom connected to one
carbon atom of a graphene sheet; a = 0.142 nm is the carbon-carbon
bond length used for present calculations. (b) Real-space mapping
of local density of states (LDOS) in Ag-adsorbed graphene (n; =
0.30%) at E = 0; the unit of amplitude is 10! eV~ m~2; the black
dots denote the locations of Ag adatoms. (c) Relationship between
LDOS and energy E (Ep is the energy at the Dirac point) at four
different locations marked by green symbols in (b); the inset is the
change in LDOS in the region spanned by the black arrow in (b). (d)
Relationship between average density of states (ADOS) and energy
E for Ag-adsorbed graphene with n; = 0%, 0.1%, 0.3%, 0.5%, 1%,
and 5%.

other areas. Figure 1(c) shows the curves of LDOS versus
energy E at four chosen places denoted by green symbols in
Fig. 1(b). Obvious resonances emerge near the Dirac point;
however, the intensity of these resonances does not decay
monotonically with the distance from Ag impurities. The
inset of Fig. 1(c) demonstrates the change of LDOS in the
region spanned by the black arrow in Fig. 1(b) (between two
Ag impurities). As we move from the Ag impurity on the
left to the one on the right, LDOS fluctuates dramatically
and many peaks appear in the middle. This is due to the
multiple scattering of electronic waves from a large number
of Ag adatoms, a phenomenon that could not be observed
in single-impurity systems. The behavior of ADOS should
better reflect the statistical properties of plenty of resonant
impurities in graphene than the behavior of LDOS. Figure 1(d)
shows the resonant peak of ADOS goes up as n; increases.
Although scanning tunneling spectroscopy has proven to be
a very effective method to locally probe resonant impurities
[12-14,16], ADOS in graphene containing resonant impurities
is still unexplored experimentally.

To experimentally detect the global behavior of Ag-
adatom-induced resonant impurities, we carried out quantum
capacitance (QC) measurement of Ag-adsorbed graphene.
The areas of our graphene samples and top-gate electrodes
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FIG. 2. (Color online) Experimental measurements for Ag-adsorbed graphene. (a) Schematics of a Ag-adsorbed graphene quantum
capacitance device. (b) An optical image of our Ag-adsorbed graphene quantum capacitance device. Graphene flake is denoted by white
dashed line, and the scale bar is 5 um. (¢) The setup for our quantum capacitance measurement. (d)—(f) Raman spectra for Samples A, B,
and C, respectively. (g)—(i) The relationships between quantum capacitance C, and Fermi energy Er measured at different temperatures for
Samples A, B, and C, respectively. The insets enlarge the area near the charge neutrality point.

are in the range of 50-100 wm?. Figures 2(a)-2(c) illustrate
the Ag-adsorbed graphene capacitor and the circuit used for
capacitance measurement [36-38,46]. Before the deposition
of a Y,Oj3 insulating layer, Ag adatoms were first deposited on
graphene (labeled as Samples A, B, and C) in high base vacuum
conditions (~1077 torr) for 0, 1, and 2 s. Long deposition
duration tends to introduce more Ag clusters rather than more
Ag atoms; deposition durations of 2 s or less were chosen in
this study [41].

Raman spectra in Figs. 2(d)-2(f) show that Ag adatoms
cause slight structural changes of graphene. In contrast to the
absence of a D-band for Sample A, a weak D-band peak related
to lattice defects appears around 1345 cm~' for Samples B
and C [1,34,37,47]. The ratio of the intensity of D band to G
band (i.e. Ip/Ig) increases by increasing deposition duration.
Therefore, as Ag concentration increases, the honeycomb
symmetric structure of graphene should be broken gradually
[18,19,34,38,47,48]. As Raman spectra confirmed, these Ag
adatoms apparently introduce some short-range disorder to
graphene, although it was impossible to determine the details.

Quantum capacitance measurements in graphene top-gated
devices whose insulating layer has a large oxide capacitance
are very sensitive to the changes in ADOS if graphene contains
resonant impurities [31,32]. Based on a serial connection

model, quantum capacitance C, can be calculated by C,’ =
Cr.' — C;,, where C, is the total measured top-gate capaci-

tance, and C,, is the oxide capacitance of Y,03 [31,32,36,37].
The values of C,, were measured using a parallel-plate
reference capacitor with an Au/Y,03/Au structure in which
the Y,03 layer was fabricated at the same time as that of
graphene device. The ultra-thin Y,O3 layers are structurally
uniform as characterized by cross-sectional high-resolution
transmission electron microscopy, and their oxide capacitance
increases with temperatures [41]. The data of C;, versus top-
gate voltage V;, are presented in Fig. S3 [41]. As the sample
is cooling down, the overall reduction in C;, is a result of
the decrease in temperature-dependent C,, of Y,O3 layer. The
relationship between Cy and Er can be calculated by C- 1=

C,;,l —C;! and Ef = efov'g (1- %)dv,g, where e is the
elementary charge [36,37]. For Sample A [Fig. 2(g)], the linear
relationship between C; and Er is a typical characteristic of
high-quality pristine graphene [3,4,31-33,36,37,49,50]. Our
investigation of pristine graphene (Sample A) is necessary
for a good understanding of the initial status of graphene
samples before Ag deposition. The nonzero value of C, near
the charge neutrality point (CNP) provides direct evidence for

the existence of the residual carrier density resulting from
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FIG. 3. (Color online) The ADOS results for Ag-adsorbed
graphene fitted with the theoretical model. (a) Relationship between
ADOS and Fermi energy Er measured at 7 = 2 K for Samples A,
B, and C (green, red, blue) and the theoretical results for perfect
graphene for comparison (dark yellow). (b) and (c) The measured
(circles) and calculated (solid line) relationships between ADOS and
Fermi energy Er for Samples B and C, respectively.

inevitable ripples and charged impurities in real graphene
devices [6,9,50-52]. For Samples B and C, the resonances near
CNP [see Figs. 2(h) and 2(i)] directly confirm that Ag adatoms
on graphene sheets behave as resonant impurities. However,
it is difficult to identify Ag-induced resonant impurities
through transport measurement [41]. A high concentration
of impurities results in strong resonances as reflected by
QC. Furthermore, the resonances obtained from QC look
sensitive to temperature. Although DOS in the resonant state
model should be temperature independent, the experimental
observation that the resonant peak of C, near the CNP
becomes intense with decreasing temperature can be well
explained by considering the Fermi-Dirac distribution of
electrons [41,31,53-56]. Thermal activation effect averages
out these notable resonant features near CNP [31,33,50].

To exclude thermal effects, we quantitatively studied the
samples at T = 2 K. Average DOS can be determined by
D = C,/e*. The resulting curves of ADOS versus Ef are
shown in Fig. 3(a). The appearance of midgap states in
disordered graphene’s ADOS, although predicted by a large
number of theoretical studies [5-10,17,21,25,42,57], has never
been clearly demonstrated by other experimental methods.
Quantum capacitance measurement of graphene devices can
be used to study the overall effect of resonant impurities with
different impurity concentrations n; on a large scale. The effec-
tive response of the Dirac resonance to impurity concentration
is demonstrated here. Away from CNP, the unchanged linear
slope after Ag deposition is consistent with our calculations,
which is different from the behavior of Anderson type of
disorder [46,58,59]. As shown in Figs. 3(b) and 3(c), the results
of ADOS from tight-binding calculations are an exact replica
of the experimental observations, leaving n; the only fitting
parameter to be calculated (0.30 £ 0.01% for Sample B and
0.50 & 0.01% for Sample C). Our experimental data were also
fitted with the model considering the density of resonant states
characterized by the Thomas-Porter distribution [41-43].

Magnetocapacitance measurements of Sample B (1 s) at
T =2 K accompanied by tight-binding theoretical calculations
reveal that Ag adatoms, as resonant impurities, influence
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FIG. 4. (Color online) Magnetoquantum capacitance and ADOS
of Ag-adsorbed graphene. (a) and (b) The experimental (dots) and
tight-binding simulation (lines) results for the zero Landau level of
Sample B at B = 0 T (black), 6 T (red), and 8 T (blue); the inset of
(a) contains experimental results measuredat B=8 Tand T =2 K
including high-energy Landau levels. (c) Tight-binding calculation
results for Ag-adsorbed graphene at B = 50 T. The sample size for
theoretical calculation is 3200 x 3200 carbon atoms. The on-site
energy (¢4 = 0), energy-dependent effective potential (V = 0.08 1),
and impurity concentration (n; = 0.30%) are extracted from previous
theoretical simulations.

Landau-level quantization of graphene. As shown in the inset
of Fig. 4(a), high-energy Landau levels oscillate remarkably
in a magnetic field of strength B = 8 T, indicating that the Ag
resonant impurities serve as mild disorder and do not broaden
Landau levels seriously [6,8,17,33,57,60]. More interestingly,
as B increases, the zeroth Landau level gradually starts to
appear and play a dominant role; therefore, the central peak
(a combination of resonant peak and the zeroth Landau-level
peak) gradually moves away from the resonant peak measured
under B = 0 T [see Fig. 4(a)]. In comparison with the
central peak measured under B = 8 T, there is a relative
shift about 6 m eV for resonant states. Even though density
functional theory simulations yield the resonance energy E; =
0 for graphene adsorbed with Ag adatoms, the experimental
observation of E; = 46 meV is still reasonable due to
the doping effect inevitably introduced during the device
fabrication process. The tight-binding calculations with E; =
+6 meV theoretically verified the left shift of the central
peak as B increases [Fig. 4(b)]. Another important feature of
Landau-level quantization influenced by resonant impurities
is the splitting of the central peak, as shown by tight-binding
calculation results [Figs. 4(b) and 4(c)] [6,8,57,60]. Two
subbands grow from the zeroth Landau-level peak due to the
hybridization effect of Ag adatoms and graphene. Both of them
move away from CNP with increasing B, but the experimental
observation with B up to 8 T is not able to clearly show these
subbands as this feature could have been easily smeared by
small amounts of charged impurities and electron-hole puddles
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[Fig. 4(a)] [20,33,53-56]. The fluctuation of carrier density is
evidenced by the smearing feature at CNP and the broadening
effect of Landau levels. With a large enough magnetic field
(e.g. B =50T), it should be possible to observe the splitting
feature clearly, as our tight-binding calculations suggest.

Quantum capacitance measurement is a powerful method
to study the electronic behavior of the system containing
resonant impurities. This simple but effective method has
obvious advantages in studying the global behavior of various
disorders in graphene on a large scale. The investigation of
interaction effects among electrons and resonant impurities
or the multiple scattering between different types of resonant
impurities can be further realized experimentally using QC
methods. In fact, electron-electron interactions in graphene
have been well investigated by QC measurements [27,61-63].
Resonant impurities significantly modify the band structure
of graphene with the emergence of dispersionless bands.
By combining this exotic band dispersion with graphene’s
extraordinary properties, more interesting physical phenomena
are expected to come out.

IV. CONCLUSION

We demonstrated the direct experimental observation of
midgap states in graphene realized by QC measurements. The
Ag-adatom-induced resonant peak as measured by quantum
capacitance is mainly dependent on Ag-adatom concentrations
and magnetic fields, in good agreement with theoretical

PHYSICAL REVIEW B 89, 075410 (2014)

calculations based on density functional theory and tight-
binding methods. The resonant peak in ADOS and the splitting
of the zeroth Landau-level peak for Ag-adsorbed graphene are
manifestations of the formation of flat impurity bands near
the Dirac point, resulting in the resonant scattering near the
Dirac point but without significant changes far away from
the Dirac point. Ag adatoms induce midgap states but with
minimal structural changes and very weak localization effects,
as evidenced by our systematic studies including theoretical
calculations, Raman scattering, capacitance, and transport
measurements. The modification of electronic properties by
Ag adatoms occurring only at the Dirac point is useful
for designing new device structures particularly involving
band-structure engineering.
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