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ABSTRACT: 15-Crown-5-ether-substituted cobalt(II) phthalocyanine (CoCrPc) is an atomically thin and ﬂat-laying,
electrically insulating molecule that can solvate ions; these
properties are desirable for nanoelectronic devices. A simple,
solution-phase deposition method is demonstrated to produce
a monolayer of CoCrPc on highly ordered pyrolytic graphite
(HOPG). A uniform and continuous CoCrPc layer is obtained
on freshly cleaved HOPG by solution drop casting, followed
by thermal annealing under ambient pressure in Ar in the
temperature range of 150−210 °C. While the quality of the
monolayer is independent of annealing time, the composition
of the annealing atmosphere is critical; exposure to ambient air
degrades the quality of the monolayer over the time scale of minutes. Using ultrahigh vacuum scanning tunneling microscopy, a
highly ordered and ﬂat CoCrPc layer with hexagonal symmetry and average spacing of 4.09 ± 0.2 nm is observed. The band gap
of the CoCrPc, measured by scanning tunneling spectroscopy, is 1.34 ± 0.07 eV. The ability to prepare uniform, ordered, and
conformal monolayers of CoCrPc molecules on HOPG represents the ﬁrst step toward using these materials to seed dielectric
growth on 2D crystals and provide a 2D electrolyte for the electrostatic gating of semiconductors at the ultimate limit of scaling.

1. INTRODUCTION
Two-dimensional (2D) crystals, such as graphene, hexagonal
boron nitride (h-BN), and transition metal dichalcogenides
(TMDs), such as MoTe2 and MoS2, are potential candidates for
future electronic devices, including TMD-based ﬁeld-eﬀect
transistors (FETs) and tunnel FETs (TFETs).1−4 High
performance transistors based on 2D crystals require thin and
defect-free gate dielectrics. However, due to the absence of
dangling bonds, 2D semiconductors are generally unreactive,
thereby making the deposition of dielectrics on the surface of
these materials challenging. One approach to address this
problem is the deposition of a seed layer onto which a gate
dielectric is deposited.5−12
In addition to gate dielectrics, electronic devices based on 2D
crystals also require doping methods. There are three common
approaches to doping: substitutional, charge transfer, and
electrostatic doping using either a metal gate or ions.
Substitutional doping changes the optical band gap and can
introduce defects that degrade electrical performance.13 Charge
transfer dopants, which rely on molecular physisorption,
including NOx,14 SiNx,15 K,16 and benzyl viologen,17 are
currently being explored. Similar to metal gates, ionic liquids
and solid polymer electrolytes do not involve charge transfer,
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but instead rely on electrostatics to induce image charge in the
semiconductor. Electrolytes such as DEME-TFSI (N,N-diethyl2-methoxy-N-methylethanaminium), EMIM-TFSI (1-ethyl-3methylimidazolium bis(triﬂuoromethylsulfonyl)imide), and
poly(ethylene oxide) with LiClO4 or CsClO4 have been used
extensively for reconﬁgurable doping of graphene18−20 and
TMDs.21−31 For basic research and development purposes,
ionic liquids and polymer electrolytes are easy to use and
enable higher capacitance density than a conventional oxide
gate dielectric. However, due to their poor scalability to
nanometer thicknesses and incompatibility with conventional
photolithography, liquid and polymer electrolytes are unsuitable for 2D devices at the limit of scaling. Therefore, a solid
electrolyte that is both 2D and can be deposited layer-by-layer
is highly desirable.
To address the needs for dielectric deposition and electrolyte
doping of 2D crystals, a ﬂat-lying and insulating molecule is
needed that can be deposited conformally with monolayer
precision and can solvate alkali cations, such as Li+. One such
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class of molecules is crown-ether-substituted phthalocyanine
(Pc). Among the various crown ether metal Pc (MPc)
molecules that can be obtained via peripheral substitution,
15-crown-5-ether-substituted cobalt(II) phthalocyanine
(CoCrPc), as shown in Figure 1, can solvate cations smaller

In this report, the solution phase deposition of a CoCrPc
monolayer on HOPG is presented. The monolayer was
prepared by solution drop casting, followed by annealing in
Ar at ambient pressure. Because both HOPG and graphene
share the same surface chemistry, originating from sp3
hybridization, it is reasonable to regard HOPG and graphene
as equivalent for the purposes of this study. The solution
deposition and annealing conditions were optimized by
characterizing the surfaces with atomic force microscopy
(AFM). Using UHV-STM, the surface morphology and the
packing structure of the monolayer were observed at the
molecular level, and scanning tunneling spectroscopy (STS)
was used to directly probe the band gap of the monolayer.43

2. EXPERIMENTAL DETAILS
CoCrPc was synthesized following a previously published
procedure.33 Because the crown ether ligands make the
molecule hygroscopic,44 monolayer deposition and AFM
characterization were performed inside an Ar-ﬁlled glovebox
(O2 and water < 0.1 ppm) and anhydrous solvents were used. A
total of 1.3 mg CoCrPc was dissolved in a 100 mL mixture of
anhydrous benzene−ethanol (9:1 v/v, Sigma-Aldrich: 99.8%
anhydrous benzene, 99.5% anhydrous ethanol). To improve
CoCrPc dispersion in the solvent, the solution was enclosed in
a glass vial with a screw-top lid, removed from the glovebox,
and sonicated for 60 min at 40 kHz (Branson Sonicator 2510).
The solution was returned to the glovebox for sample
preparation.
CoCrPc monolayers were deposited onto HOPG by drop
casting from solution followed by thermal annealing in an Arﬁlled glovebox. The CoCrPc solution was deposited onto 1.2 ×
1.2 cm pieces of HOPG (2 mm thick, ZYB grade, Bruker) using
a micropipettor with a drop volume of 25 μL. Scotch tape (3M)
was used to cleave the HOPG. Subsequent drops were applied
after the previous drop evaporated and the sample surface
appeared dry. After drop casting, the sample was transferred
onto a hot plate and annealed in the temperature range of 120−
500 °C in an Ar ambient. After 30 min of annealing, the
samples were transferred through an airlock into the second bay
of the glovebox for atomic force microscopy (AFM) measurements without air exposure.
To determine how the quality of the CoCrPc monolayer
depends on air exposure, the solution was drop cast onto a
freshly cleaved HOPG surface, dried in the glovebox, and then
brought into air for annealing. The same sample was annealed
on the hot plate at 150 °C for 5, 10, 15, and 35 min, and after
each annealing period, the sample was returned to the glovebox
for AFM measurements.
The topography of CoCrPc monolayer was characterized
using AFM (Dimension Icon Scanning Probe Microscope,
Bruker) in ScanAsyst/PeakForce Tapping mode with silicon
nitride ScanAsyst-air probes (Bruker). During the characterization, the box light and glovebox circulation were turned oﬀ
to minimize noise. Line proﬁles were used to measure the
thickness of a CoCrPc monolayer on a sample prepared with
partial surface coverage.
Monolayer formation of CoCrPc was conﬁrmed by STM.
After drop casting 2 drops on freshly cleaved HOPG, the
sample was annealed in a N2-ﬁlled convection oven (Carbolite
301) for 20 min at 180 °C at ambient pressure. The sample was
immediately loaded into an Omicron multichamber ultrahigh
vacuum system with base pressure less than 1 × 10−10 Torr.
The sample topography was observed with a VT-STM

Figure 1. (a) Schematic diagram of the chemical structure of 15crown-5-ether-substituted cobalt(II) phthalocyanine (CoCrPc) and
(b) schematic side view of CoCrPc on HOPG.

than the cavity size of the crown ethers and can lay ﬂat on the
substrate.32,33 The metal atom of the MPc interacts strongly
with the substrate,32,33 enabling the use of MPcs to seed atomic
layer deposition (ALD) growth of high-κ dielectrics.34,35 When
the MPc molecule is functionalized with crown ethers, such as
CoCrPc, the molecule can solvate various alkali cations,33,36
providing a potential doping strategy for 2D crystals.
MPcs and their derivatives can be deposited in an ultrahigh
vacuum (UHV) by molecular beam epitaxy (MBE) onto
Au(111),37 graphene,38−40 and TMDs34 to form perfectly
ordered monolayers. Because of their excellent ﬁlm growth and
electronic properties,41 an MPc monolayer can be used to
nucleate ALD of wide band gap oxides, such as Al2O3.34,35
Although MBE deposition of MPcs allows for precise control of
layer thickness for use as a crystalline multilayer, a monolayer of
MPcs also can be prepared by simple solution phase deposition,
which is more practical for commercial application compared to
MBE, because solution deposition can be done at atmospheric
pressure. For example, Kong et al. prepared a monolayer of
TiOPc by drop casting from solution (1 μM TiOPc in toluene)
onto freshly cleaved, highly ordered pyrolytic graphite (HOPG)
and Au(111) under ambient conditions and performed
scanning tunneling microscopy (STM) measurements.42
Their STM observations revealed that TiOPc molecules form
a hexagonally packed monolayer on both substrates.
Previously, Yoshimoto and co-workers prepared a CoCrPc
monolayer on both Au(100) and (111) and characterized the
surfaces with STM.32,33 The CoCrPc monolayer was formed by
immersing the Au substrate for 5 min in a benzene−ethanol
(9:1 v/v) solution saturated with CoCrPc, followed by an
ultrapure water rinse. STM measurements of the CoCrPc,
made in 0.05 M HClO4, conﬁrmed that the molecules form an
ordered, ﬂat-lying array parallel to the Au surface and the
CoCrPc layer had 4-fold symmetry, with spacing of 2.5 nm.32,33
They also showed that the crown ether moieties of CoCrPc can
trap Ca2+ by making molecule−ion pairs. The imaging was
performed in solution, where solvent−CoCrPc interactions
may help stabilize the CoCrPc and facilitate the formation of a
monolayer. In addition, strong interactions between the Au
substrate and the phthalocyanine molecules may help to
promote monolayer formation more than phthalocyanine
deposited on a graphene substrate.39
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Figure 2. AFM images of a 15-crown-5-ether-substituted cobalt(II) phthalocyanine (CoCrPc) monolayer on HOPG prepared by drop casting 34
μL/cm2 of 13 mg/L CoCrPc benzene−ethanol (9:1 v/v) solution: (a) As-deposited ﬁlm, (b) annealed in Ar for 30 min at 120, (c) 150, (d) 180, (e)
210, and (f) 220 °C. All images are 2 × 2 μm2. The white particles are likely CoCrPc aggregates. Line scans of (a)−(c) are shown in Figures S1−S3
in the Supporting Information.

continuity of the CoCrPc ﬁlm is broken along the mesa edges
and near the particles. The dose of CoCrPc was optimized to
provide the minimum amount of material required to cover the
area of the HOPG substrate without observable CoCrPc
vacancy islands (i.e., a single monolayer). When the dose of
CoCrPc is insuﬃcient to cover the entire area of the HOPG
substrate, discontinuous islands are formed with veins joining
them. Figure 3 represents an extreme case for which the dose is

(Omicron Nanotechnology) with tungsten tips made by
electrochemically etching a tungsten wire. All STM images
were acquired in constant current mode (I = 0.2 nA) with a
sample bias of −1.8 V. STS was used to measure the band gap
of monolayer CoCrPc using a variable z-mode with external
lock-in ampliﬁer in the sample bias range from −1.5 to 1.5 V. In
addition, a bare HOPG surface was measured as a control.

3. RESULTS AND DISCUSSION
3.1. Surface Morphology of the CoCrPc Monolayer
and Annealing Temperature Window. After drop casting
and solvent evaporation, the annealing temperature was varied
between 120 and 500 °C to determine the optimum
temperature range for obtaining a CoCrPc monolayer. The
annealing time was ﬁxed at 30 min; however, the quality of the
CoCrPc monolayer was insensitive to annealing time in the
range of 5 to 60 min. A total of two 25 μL drops (34 μL/cm2)
provide full coverage on a 1.44 cm2 HOPG surface. AFM
images of the CoCrPc, as deposited on HOPG and after 30 min
of annealing at ﬁve temperatures between 120−220 °C, are
shown in Figure 2. Large particles line the step edges of the
HOPG and are scattered randomly on the mesas. The lateral
particle size and height vary between 10−100 nm and 1−10
nm, respectively. The particles are either impurities or
undissolved CoCrPc aggregates; it is more likely that the
particles are aggregates because their size and density decrease
with annealing temperature.
The as-deposited ﬁlm (Figure 2a) shows uneven coverage of
CoCrPc. After annealing at 120 °C, full coverage is not
achieved (Figure 2b); however, the CoCrPc thickness is at least
one monolayer, as shown by line scans in Figure S2 with step
heights of ∼0.5 nm. Note that the shape of the large particles
changes from irregular to spherical after annealing at 120 °C.
Annealing in the temperature range of 150−210 °C (Figure
2c−e) yields nearly complete CoCrPc coverage on the mesas as
the CoCrPc ﬁlm becomes continuous and uniform. The

Figure 3. AFM of CoCrPc monolayer with partial coverage: (a) 2 × 2
μm2 AFM image of CoCrPc monolayer with partial surface coverage
by depositing 8 μL/cm2 of 13 mg/L CoCrPc benzene−ethanol (9:1 v/
v) solution and Ar annealing at 150 °C for 30 min and (b) line scan
corresponding to the yellow line in part (a).
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Figure 4. AFM images of degrading CoCrPc monolayer on HOPG. The CoCrPc monolayer was prepared by drop casting 34 μL/cm2 of 13 mg/L
CoCrPc benzene−ethanol (9:1 v/v) and (a) annealed in Ar for 30 min at 230, (b) 240, (c) 300, and (d) 500 °C. All images are 2 × 2 μm2. A line
scan of (d) is shown in Figure S3 in the Supporting Information.

Figure 5. Statistical analysis of as-deposited and annealed CoCrPc from AFM scans in Figures 2 and 4. (a) Root mean squared roughness (Rq) of
bare HOPG and as-deposited and annealed CoCrPc within the temperature range of 120−500 °C (n = 5). The roughness data is taken on the mesa
where a continuous CoCrPc monolayer is formed. (b) Particle height, (c) area, and (d) diameter of CoCrPc annealed within the temperature range
of 120−300 °C. All errors are standard errors.

Within the annealing window of 150−210 °C, the quality of
the coverage and the layer thickness are insensitive to
temperature. However, as mentioned above, at an annealing
temperature of 220 °C, the CoCrPc monolayer becomes
inhomogeneous. The monolayer continues to degrade with
increasing temperature, as shown by the AFM scans in Figure 4,
where the annealing temperature is varied from 230 to 500 °C.
Speciﬁcally, the presence of large, nonspherical aggregates is
observed at T > 300 °C. It is expected that the ether bonds in
the crowns of the CoCrPc decompose at T > 300 °C, further
contributing to the signiﬁcant change in the surface
morphology at T = 500 °C.
The surface roughness is quantiﬁed as a function of
temperature in Figure 5a by averaging over ﬁve area scans of
size 0.3 × 0.3 μm2. At temperatures below 210 °C, the surface
roughness decreases with increasing annealing temperature by a
factor of ∼4; however, at temperatures larger than 240 °C,
surface roughness increases by a factor of ∼6 as the CoCrPc

so small that isolated CoCrPc patches are formed. When the
dose of CoCrPc exceeds that needed for a single monolayer, a
second layer of islands start to form, nucleating primarily at the
step edges of the HOPG substrate. When the annealing
temperature increases beyond 210 °C, the upper bound of the
optimal annealing temperature window is reached, and the
quality of the CoCrPc ﬁlm starts to deteriorate (Figure 2f).
To measure the thickness of a single CoCrPc layer after 150
°C anneal, 12 μL of CoCrPc solution (8 μL/cm2) was used to
intentionally provide incomplete coverage (Figure 3a). The
thickness of the layer, 0.46 ± 0.01, nm is quantiﬁed by
averaging 10 line scan over a large CoCrPc island (Figure 3b).
This agrees with the thickness of an individual CoCrPc
molecule measured by STM (0.42 nm),33 indicating that the
CoCrPc molecules lie ﬂat on the HOPG surface. The line scan
also indicates that the CoCrPc forms a uniform monolayer over
the distance of the line scan.
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Figure 6. AFM images of a CoCrPc monolayer after air anneal. A thin CoCrPc ﬁlm was prepared on HOPG by drop casting 34 μL/cm2 of 13 mg/L
CCP benzene−ethanol (9:1 v/v) solution and (a) annealed in air at 150 °C for 5 min, (b) an additional 5 min, (c) an additional 5 min, and (d) an
additional 20 min. The total annealing time is 5, 10, 15, and 35 min. (e) Line scan following the yellow line in AFM image (b), and (f) line scan
following the yellow line in image (d). All AFM images are 2 × 2 μm2.

Figure 7. Statistical analysis of particle density and size observed in Figure 6 as a function of annealing time in air: (a) particle density, (b) height, (c)
area, and (d) diameter of CoCrPc annealed in air at 150 °C. All errors are standard errors.

temperature, the molecules acquire suﬃcient thermal energy
that they aggregate into nonspherical clusters that are
signiﬁcantly larger than the size of the original aggregates
observed at T ≤ 300 °C.
3.2. Eﬀect of Air Exposure. To characterize the stability of
the CoCrPc ﬁlms in air, samples were prepared in Ar by drop
casting without annealing, then transferred from the glovebox
and annealed in air at 150 °C for varying amounts of time. As
shown in Figure 6, the quality of the CoCrPc monolayer
degrades signiﬁcantly compared to samples prepared under Ar

molecules rearrange and aggregate. It is possible that the
CoCrPc molecules are partially desorbing from the surface at T
≥ 240 °C, contributing to the increased surface roughness.
In addition to surface roughness, the height, area, and
diameter of the spherical particles observed at T ≤ 300 °C are
quantiﬁed in Figure 5b−d by averaging over all particles in the
AFM images in Figures 2 and 4a−c. Generally, the size of the
spherical particles decreases with increasing temperature,
suggesting that they are aggregates of CoCrPc. The scan at
500 °C is excluded from the analysis because, at high
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Figure 8. STM and STS of HOPG and drop cast and annealed CoCrPc on HOPG. (a) STM image of a bare HOPG surface with lattice parameters
a = 0.22 ± 0.07 nm, b = 0.21 ± 0.1 nm, and α = 58 ± 2°. STM was measured with Vsample = −1.8 V and It = 0.2 nA at −180 °C. (b) STS dI/dV/(I/
V) spectra (average of 20 measurements) of a bare HOPG sample showing no apparent energy gap. (c) Filled-state STM image of a CoCrPc
monolayer on HOPG with lattice parameters a = b = 4.08 ± 0.2 nm, α = 59 ± 1°. A highly ordered and ﬂat CoCrPc layer with hexagonal lattice
structure is observed. (d) STS dI/dV/(I/V) spectra of a CoCrPc layer on HOPG. STS curve shows that the CoCrPc layer has a 1.34 ± 0.07 eV band
gap. EF is the position of Fermi energy level, located at 0 V.

factor of 2 between annealing stage 1 and stage 2. In addition,
the particles in annealing stage 2 are smaller in height, area, and
diameter than those in annealing stage 1. Even when a sample is
deposited and annealed in the glovebox, postannealing air
exposure at room temperature will degrade the quality of the
CoCrPc monolayer (Figure S4 in Supporting Information),
consistent with metal phthalocyanines ability of bond oxidizing
molecules.45
3.3. STM and STS. UHV STM was employed to conﬁrm
that CoCrPc lies ﬂat on HOPG. As mentioned above, a ﬂatlying CoCrPc molecule is required for both seeding ALD
growth of high-κ gate dielectrics and electrostatic doping via
ions located in the crowns. Using the same method as described
in the above AFM studies, 2 drops of 10 mg/L CoCrPc in
anhydrous benzene−ethanol (9:1 v/v) were drop cast onto
freshly cleaved HOPG and annealed in 1 atm of N2 at 180 °C
for 20 min. Note that the samples were transferred in air to the
STM and outgassed in UHV at 3 × 10−10 Torr for 10 min. In
addition, a bare HOPG surface was measured as a control.
Figure 8a shows a topographic STM image of bare HOPG, with
lattice parameters a = 0.22 ± 0.07 nm, b = 0.21 ± 0.1 nm, and
α = 58 ± 2°; the typical hexagonal symmetry of carbon atoms is

annealing. The morphology of the CoCrPc monolayer changes
dramatically when the annealing time increases from 5−10 min
to 15−35 min. Because of the morphological similarity of the
images before 10 min and after, Figure 5a and b are denoted as
annealing stage 1, and Figure 5c and d are denoted as annealing
stage 2. In annealing stage 1, instead of forming a continuous
monolayer, the CoCrPc molecules form clusters, some of which
have small spacing, ∼10 nm, and some large spacing, ∼50−100
nm. In annealing stage 2, the CoCrPc clusters form a ﬁlm that
is more continuous, but rough. As a result, large areas (∼0.5
μm) with less CoCrPc coverage are created. As shown in the
line scans in Figure 6e and f, the thickness of CoCrPc ﬁlm is
measured as 0.46 ± 0.03 nm (stage 1) and 0.46 ± 0.12 nm
(stage 2) by averaging ﬁve line scans. The standard error of the
measured thickness of CoCrPc ﬁlm annealed in air is 3 to 12
times larger than those annealed in Ar, further indicating that
the quality of the monolayer has degraded.
The size and density of the spherical particles also change
signiﬁcantly upon exposure to air while annealing. Based on the
AFM scans in Figure 6, the particle density, height, area and
diameter are quantiﬁed in Figure 7 by averaging over all
particles in Figure 6a−d. The particle density decreases by a
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the temperature range of 150−210 °C, nearly independent of
annealing time. However, the quality and coverage of the
CoCrPc layer degraded over time by air annealing, and when
the sample was exposed to air after argon annealing. Therefore,
an inert environment is needed to maintain the quality of the
monolayer on HOPG. STM shows that the CoCrPc monolayer
lays ﬂat on the HOPG surface with hexagonal symmetry, and
for the ﬁrst time, the band gap of the CoCrPc monolayer was
measured by STS. This study lays the groundwork for using a
monolayer of CoCrPc molecules in nanoelectronic devices as
an ion conductor or as a seeding layer for ALD growth on 2D
crystals. When complexed with alkali cations, the CoCrPc
molecules could be used as a 2D electrolyte for electrostatic
doping or memory in 2D crystals.

observed. Figure 8c is a STM image of a solution casted
CoCrPc layer on HOPG, where a highly ordered and ﬂat
CoCrPc layer is observed with hexagonal symmetry. This
packing arrangement is diﬀerent from the quadratic packing
geometry of CoCrPc deposited on Au(100) and (111),32,33
consistent with the substrate controlling the packing geometry
of MPc molecules. However, in contrast to CoCrPc, TiOPc
packs hexagonally on both HOPG and Au(111), indicating that
both the identity of the MPc and the substrate control packing
geometry.42 Kong et al. showed that unit cell parameters of
TiOPc on HOPG and Au(111) substrates are similar: a = b =
1.3 ± 0.1 nm, α = 60 ± 1°; and a = b = 1.0 ± 0.2 nm, α = 60 ±
2°, respectively.42 In the present study, the unit cell length of
CoCrPc on HOPG is signiﬁcantly larger, a = b = 4.08 ± 0.2
nm, α = 59 ± 1°, than TiOPc on HOPG. This is due, in part, to
the larger size of CoCrPc; however, the CoCrPc spacing is also
larger than the previously reported spacing of CoCrPc on
Au(111), 2.5 nm.33 The lower packing density of CoCrPC on
HOPG compared to Au(111) is attributed to weaker binding
between CoCrPC and HOPG due to the lower electron density
of HOPG compared to Au.39 In contrast, the negligible spacing
change for TiOPc on both HOPG and Au is likely the
consequence of a much stronger molecule−substrate binding
interaction due to the large dipole of TiOPc.46
Using STS, the normalized diﬀerential conductivity (dI/dV/
(I/V)) of the bare HOPG and CoCrPc layer are measured as a
function of scan voltage (V), as shown in Figures 8b and d. For
the sample covered in CoCrPc, the STS data were measured on
the center of the CoCrPc molecules. The scan bias was swept
from −1.5 to 1.5 V. A total of 20 STS curves were obtained
from diﬀerent points and averaged to estimate the band gap.
The dI/dV/(I/V) curve obtained on the bare HOPG surface is
shown in Figure 8b. The curve has a parabolic shape, indicating
there is no apparent energy gap due to the high conductivity of
the HOPG sample. In contrast, the energy band gap is clearly
observed in the sample covered by CoCrPc (Figure 8d). The
locations of the valence-band maximum (EV) and conductionband minimum (EC) are determined by assuming linear onsets
in the diﬀerential conductance in Figure 8d. Straight lines are
drawn through the spectra on either side of an onset, and the
band edge onset position is obtained by the intersection of the
lines and horizontal axis. The data indicate a valence band edge
(left) and conduction band edge (right) at −0.58 ± 0.04 and
0.76 ± 0.03 eV, respectively, giving a band gap of 1.34 ± 0.07
eV.
To our knowledge, this is the ﬁrst reported measurement of
the band gap of CoCrPc with STS. This small band gap is
similar to previously reported values for other metal
phthalocyanines on an HOPG substrate.39,47,48 For example,
Park et al. reported a band gap of 1.75 eV for single layer
copper phthalocyanine (CuPc) on HOPG.39 They also show
that the band gap depends on the number of layers: multilayer
CuPc ﬁlm has a band gap of 2.3 eV. The fact that the STS
measurements in Figure 8d are uniform across the entire scan
area also supports the assertion that the CoCrPc coverage is a
single monolayer.
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