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ABSTRACT: Several proposed beyond-CMOS devices based on two-dimen-
sional (2D) heterostructures require the deposition of thin dielectrics between
2D layers. However, the direct deposition of dielectrics on 2D materials is
challenging due to their inert surface chemistry. To deposit high-quality, thin
dielectrics on 2D materials, a flat lying titanyl phthalocyanine (TiOPc)
monolayer, deposited via the molecular beam epitaxy, was employed to create a
seed layer for atomic layer deposition (ALD) on 2D materials, and the initial
stage of growth was probed using in situ STM. ALD pulses of trimethyl
aluminum (TMA) and H2O resulted in the uniform deposition of AlOx on the
TiOPc/HOPG. The uniformity of the dielectric is consistent with DFT
calculations showing multiple reaction sites are available on the TiOPc molecule
for reaction with TMA. Capacitors prepared with 50 cycles of AlOx on TiOPc/
graphene display a capacitance greater than 1000 nF/cm2, and dual-gated
devices have current densities of 10−7A/cm2 with 40 cycles.
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Complementary metal−oxide−semiconductor (CMOS)
technology based on Si has been implemented for logic

devices due to its outstanding performance and low cost.
However, as CMOS devices are scaled down to a few
nanometers, the maximum density of devices is limited by
the power consumption of each device. To develop alternative,
low-voltage devices with steeper subthreshold swing than the
300 K thermodynamic limit of 60 mV/decade, devices with
graphene as the channel material are being explored.1,2

Graphene has high carrier mobility and stability; therefore,
most research has been focused on graphene devices based on
in-plane transport.1−4 However, due to the zero band gap of
graphene, such devices cannot be turned OFF and are hence
not directly useful for CMOS architectures.
An alternative approach uses vertical junctions in a 2D/

insulator/2D geometry, relying on charge transfer out of the
plane and offering potential for low OFF-state power
consumption. Device structures such as the bilayer pseudo-
spin field-effect transistor (BiSFET) and the interlayer
tunneling FET based on 2D materials have been proposed.5−16

16 Although the layout of each device is different, all device

models share a common vertical 2D/I/2D structure. In order to
fabricate these vertical junctions, a high quality ultrathin (1−2
nm) insulating layer must be inserted between two 2D
layers.6−10,12−14,17−19 Although graphene/insulator/graphene
junctions with mechanically exfoliated hexagonal boron nitride
have shown negative differential resistance (NDR) when
appropriately biased,11,18,20 there are still few reports of NDR
due to the poor reproducibility.8,9,12,18 Moreover, the
mechanical transfer of exfoliated layers and subsequent
assembly of stacks requiring rotational alignment are unrealistic
for large-scale device production.18 To overcome these
challenges, atomic layer deposition (ALD) has been proposed
to deposit a dielectric.12,13,19,21,22 However, most of the
previous research on ALD dielectrics on 2D materials has
focused on thick layers (>10 nm) because most 2D materials
do not have dangling bonds, and thin dielectrics give rise to
large pinhole densities.23−29 Although the initial growth stage is
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critical to deposit pinhole-free, thin dielectrics, the direct
observation of ALD nucleation on 2D materials has not yet
been reported at the atomic level because ALD precursors are
readily transformed into an oxide in ambient air and easily
transfer from 2D materials to STM tips even at low
temperatures.
To nucleate ultrathin dielectrics uniformly on 2D materials,

titanyl phthalocyanine (TiOPc) molecules are deposited on
graphite and graphene as a template for ALD dielectrics. Each
step of the deposition of both TiOPc and the dielectric are
observed at the molecular scale with in situ STM in ultrahigh
vacuum to overcome the extreme reactivity of the ALD
precursor in ambient air. Using the TiOPc seed layer, graphene
capacitors and FETs were fabricated to evaluate the electrical
properties of the deposited dielectrics. Combing in situ
observation, the growth of thin dielectrics on TiOPc/graphene
can be extended to interlayer FETs based on transition metal
dichalcogenides (TMD).15,30−33

Highly oriented pyrolytic graphite (HOPG) was purchased
from SPI supplies (Structure Probe, Inc.). TiOPc was
purchased from Sigma-Aldrich and purified by multiple
sublimations. To obtain a clean surface, HOPG samples were
exfoliated multiple times in air. Monolayer graphene films were
grown by chemical vapor deposition (CVD) and transferred
onto highly N-doped SiO2/Si substrates. After loading into the
UHV deposition chamber, both the HOPG and graphene
samples were heated to 750 K for 3 h to remove volatile organic
contaminants and other adsorbates. A thick overlayer of TiOPc
was deposited on clean HOPG or graphene at 373 K using
organic molecular beam epitaxy (MBE) with a differentially

pumped effusion cell (Eberl MBE-Komponenten) as shown in
Figure S1. Subsequently, the thick multilayer was heated to 523
K for 6 min, and a flat-lying TiOPc monolayer was formed. It is
noted the TiOPc monolayer also can be obtained by solution
dip coating, as shown in Figure S2, but more uniform, flat lying
domains were obtained by UHV MBE deposition. ALD
reactions on the TiOPc monolayer were performed with an
in situ ALD system attached to the UHV system to avoid air
exposure. The TiOPc/HOPG was transferred from the UHV
chamber to the ALD chamber via a load-lock chamber, without
breaking vacuum. After exposure to trimethyl aluminum
(TMA) of various pulse durations (70 to 360 ms) and H2O
pulses of 500 ms duration at 373 K, the samples were
transferred back to the STM stage, again without air exposure.
STM and STS were performed at 100 K with an Omicron VT
STM system with etched tungsten tips. Capacitors were
fabricated using CVD-grown graphene, while dual-gated FETs
were fabricated on exfoliated, monolayer graphene on Si/SiO2

using e-beam lithography (50 nm Ni top gate contacts). Both
the graphene capacitors and FETs were annealed at 623 K for 8
h in vacuum (∼1 × 10−6 Torr) to remove resist residue
remaining from device fabrication. The cleaned samples were
transferred into the UHV chamber to deposit a TiOPc seed
layer. Afterward, these samples were transferred in ambient air
to a commercial ALD reactor (Beneq) to form the AlOx/
TiOPc/graphene/SiO2/Si stack. After dielectric deposition, Ni
was deposited on AlOx/TiOPc graphene/SiO2/Si as the top-
gate using a thermal evaporator. All electrical measurements
were performed with a probe station in ambient conditions.

Figure 1. Empty state STM images of monolayer TiOPc on HOPG and band structure of graphene and TiOPc/graphene. STM images recorded
with VS = +2.0 V, IT = 20 pA at 100 K. (a) Schematic model for the molecular structure of TiOPc. (b) Bare TiOPc monolayer deposited by MBE on
HOPG. The inset shows the Fourier transform (FT) of the TiOPc monolayer. (c) Submolecular resolution of MBE TiOPc monolayer. The central
bright spot is assigned to O. (d) Schematic sketch of TiOPc monolayer, including the HOPG. (e) DFT band structure of graphene before (left) and
after (right) deposition of TiOP on graphene. The position of EF is shown with the blue dashed line.
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Density functional theory (DFT) calculations were carried out
using the Vienna ab initio simulation package (VASP).
A highly ordered TiOPc monolayer is deposited on HOPG

by UHV-MBE as confirmed by STM. A schematic diagram of
the TiOPc molecular structure is shown in Figure 1a, and
details explanation of structure are contained in Figure S3.
Figure 1b shows an empty-state STM image with a defect-free
monolayer of TiOPc deposited on HOPG with long-range
order. Although most of the STM experiments in this study
have been done on graphite, both graphite and graphene
surfaces are inert due to sp2 hybridization29 and can therefore
be considered equivalent for this study. The Fourier transform

(FT) of Figure 1b is provided in the inset, where a distinct set
of peaks is consistent with an array of single-phased crystalline
TiOPc. Figure 1c shows that the TiOPc molecules form a
square lattice; however, because of both thermal drift and piezo
creep, the STM and FT images are distorted from a square to a
rhombus. Each individual TiOPc molecule has a bright spot at
its center, assigned to O, and darker surrounding features
assigned to the aromatic rings, indicating that the TiOPc
molecules face vacuum to form a flat-lying monolayer as shown
in the schematic diagram of Figure 1d. In addition to graphite,
TiOPc monolayers can also be obtained on TMD surfaces, as
shown in Figure S7. As shown in previously reported DFT

Figure 2. Topographic and electronic transitions for exposure of TMA and 1 cycle of ALD on TiOPc/HOPG. (a) TiOPc monolayer exposed to
TMA for 70 mS at 373 K. STM images recorded with VS = +2 V, IT = 20 pA at 100 K. The inset shows the Fourier transform (FT) of the DMA/
TiOPc. (b) Three-dimensional STM image with molecular resolution. Upper, bare TiOPc monolayer; lower, TMA exposed surface on TiOPc/
HOPG from enlarged rectangular area from panel (a). (c) TiOPc/HOPG monolayer exposed to 1 cycle of ALD at 373 K with TMA for 360 ms and
H2O for 500 ms. STM images recorded with VS = +3 V, IT = 20 pA at 100 K. The inset shows the FT of the AlOx/TiOPc. The right image shows a
3D expanded STM image of the one cycle of ALD on the TiOPc/HOPG. (d) STS dI/dV/I/V spectrum of bare, exposed TMA, and one cycle of
ALD pulse (TMA + H2O) on TiOPc monolayer. On the right, the close up view of STS from −2.1 to 0.1 V shows band gap states corresponded C1
and C2. (e,f) DFT projected density of states (PDOS) of a TiOPc molecule and a DMA/TiOPc molecule on graphene, respectively, assuming a
single DMA molecule reacts only with the O of the TiOPc molecule. (g) Proposed schematic diagram for growth of AlOx on TiOPc/graphene. (h)
AFM images after five cycles of ALD pulse on TiOPc/single layer graphene/SiO2/Si.
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calculations, the outer benzene rings of TiOPc molecules
provide weak π−π* interaction with the substrate, while the
central O and N are negatively charged, thereby providing
potential binding sites for polar adsorbates.34

DFT calculations show that TiOPc on graphene does not
induce major electronic perturbation in the band structure of
graphene close to the Dirac point. Figure 1e shows the band
structures of both graphene (left) and TiOPc/graphene (right)
with the position of the Fermi level marked by a blue dashed
line. The details of the DFT calculations are include in the
Supporting Information. After deposition of the TiOPc
monolayer on graphene, new band states corresponding to
TiOPc are generated; however, the symmetric linear dispersion
of the graphene band structure, which is critical for a vertical
junction, are nearly unchanged.10 The band-decomposed
charge density near the Dirac point of TiOPc/graphene is
shown in Figure S8, providing further confirmation of
unchanged band structure of graphene.
After verifying the deposition of an ordered seed layer of

TiOPc, AlOx dielectric was deposited using ALD. TMA
exposure to TiOPc/HOPG for 70 ms at 373 K induces
chemisorbate islands, as illustrated in the empty state STM
image in Figure 2a consistent with the dissociation of TMA into
dimethyl aluminum (DMA). Note, the dissociation of TMA
can occur even at 300 K, indicating that there are dissociated
chemisorbates on the TiOPc/HOPG after exposure to TMA at
373 K.35,36 Figure 2b shows a three-dimensionally (3D)
rendered, high-resolution STM image of the TiOPc/HOPG
surface before and after exposure to TMA. Before TMA
exposure, each TiOPc molecule has a uniform appearance in
the STM image, with an average spacing of 1.6 ± 0.02 nm in a
periodic array. However, after TMA exposure, there is no
apparent periodicity, and the surface comprising an adsorbate/
TiOPc complex has features of varying height and spacing. As
shown in the inset of Figure 2a, the FT of the STM image
shows diminished peak intensity compared to the FT of
unreacted TiOPc/HOPG of Figure 1a. The chemisorbate/
TiOPc complexes have an average spacing of 1.25 ± 0.05 nm,
which is less than the spacing between bare TiOPc molecules
on HOPG, consistent with multiple binding states for the ALD
precursor on a single TiOPc molecule. The schematic diagram
for the proposed process of forming amorphous TMA/TiOPc/
HOPG surface is shown in Figure S12 in the Supporting
Information.
Because the TiOPc monolayer is highly reactive to TMA,

high-density AlOx nucleation on TiOPc/HOPG results even
after just one pulse of TMA and H2O. Formation of
stoichiometric Al2O3 requires a postannealing step, and
therefore, the aluminum oxide formed on the surface is
denoted as AlOx.

37,38 As shown in STM and 3D rendered STM
images of Figure 2c, after one ALD cycle with a TMA pulse of
360 ms on TiOPc/HOPG at 373 K, AlOx appears as a cluster
on each unit cell, without noticeable pinholes. The inset FT in
Figure 2c shows only a bright contour around the center
indicating an amorphous structure for AlOx/TiOPc/HOPG.
The monolayer of AlOx appears as a nearly continuous film
with no discernible pinholes in the STM images. This coverage
indicates that the TMA reacts with each TiOPc molecule, and
further addition of H2O induces transformation of the
adsorbates to AlOx.
Scanning tunneling spectroscopy (STS) was employed to

determine the transitions in electronic structure induced by
sequential ALD pulses, as shown in Figure 2d. A variable tip−

surface STS method was employed to collect a larger tunneling
signal during STS measurements.39 The TiOPc monolayer on
HOPG has a band gap of about 1.7 eV and an almost
symmetric density of states (DOS). After exposing TiOPc to
TMA, the DOS in the valence and conduction bands
significantly decreased and the band gap increased to about
2.5 eV. However, in the right, expanded STS of Figure 2d, two
band gap states (s1 and s2) still remain at −0.5 and −1.2 V,
which are below the EF, indicating charge trapping in DMA/
TiOPc/graphene. DFT was used to model possible charge
movements as shown in Figure 2e,f. A simplified DFT model is
employed in which the TMA dissociatively chemisorbs as DMA
at the O atom of TiOPc/graphene because this is the strongest
chemisorption site for the simplest TMA dissociation product,
as discussed in the Supporting Information (Figure S9). As
DMA reacts with the central O of TiOPc, a large change in the
DFT PDOS of DMA/TiOPc is observed. The new states are
generated near the Fermi level at −0.1 and +0.75 eV (red bars
and arrows), while there is a decrease of preexisting states at −1
and +0.35 eV (blue bars and arrows). Therefore, this transition
of DOS in DMA/TiOPc is consistent with the experimental
observation of trap states below the Fermi level, as shown in
the STS measurements. In STS, these band gap states are
diminished by the following H2O pulse. After one cycle of ALD
at 373 K, the band gap increased to about 3.4 eV, and most of
the states within the band gap are removed.
DFT calculations suggest the existence of multiple stable

binding sites (O, N, and C) for DMA on TiOPc molecules,
which is required for high nucleation density after one ALD
cycle as shown in Figures S9 and S11; all sites can bond DMA
at 373 K to convert into AlOx during ALD. Combining STM
images of Figure 2, a simplified model is proposed in Figure 2g.
Initially, TMA dissociates into DMA and chemisorbs onto
TiOPc, bonding to O, N, or C sites at 373 K. Therefore,
multiple DMA molecules coexist on each TiOPc molecule after
the first TMA pulse. Subsequently, the H2O pulse transforms
the Al(CH3)2 into Al(OH)2 and induces cross-linking of Al−
O−Al similar to what is observed on Si(100).35 Finally, after
exposing the TiOPc/HOPG to multiple cycles of ALD, AlOx
begins to grow between the TiOPc molecules, consistent with
the AFM images in Figures 2h and S13.
The deposition of a subnanometer dielectric on TiOPc/

HOPG significantly decreases the surface tunneling conduc-
tance between the STM tip and the sample. A schematic of the
tunneling junction between the metal STM tip and AlOx/
TiOPc/HOPG is displayed in Figure 3a. The tunneling current
measured as a function of sample bias for both TiOPc/HOPG
and ALD deposited TiOPc/HOPG (one and five ALD cycles)
are shown in Figure 3b, and nine different STS IV curves after
one and five cycles of ALD are included in Figure 3c. For
TiOPc/HOPG, an increasing current is measured for both
positive and negative sample biases, producing a V-shaped I−V
plot with high currents. In contrast, after one cycle of TMA/
H2O, the tunneling current decreases throughout the bias range
by more than 1 order of magnitude compared to the bare
TiOPc/HOPG, while the offset position is shifted to a positive
bias. The reduced tunneling current is attributed to the energy
barrier introduced by the subnanometer AlOx layer, resulting in
a decreased probability of tunneling electrons, as depicted in
Figure 3d. It is noted that the shift of the offset bias in STS
results from trap or fixed charge states in dielectric or at the
interface of dielectric−TiOPc because these dielectrics were
processed without postdeposition annealing. Therefore, it is
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possible there are excess oxygen or defects states in dielectric,
as shown in Figure S14.37,38 The tunneling current further
decreases by an order of magnitude after 5-cycles of ALD in
Figure 3b. In this case, the low current regime expands to a
larger voltage range. As the thickness of the insulating dielectric
increased due to additional ALD cycles on TiOPc/HOPG,
increasing the tunnel barrier width, the tunneling of charge
carriers from the metal tip (sample) to sample (tip) requires
applying higher bias thereby the onset bias is pushed to a higher
voltage range, as shown by an orange arrow in Figure 3b. This
shift of onset bias is more prominently shown in the nine
different IV curves taken after one and five cycles ALD/TiOPc/
HOPG in Figure 3c. It is noted that although the current of one
cycle ALD/TiOPc/HOPG (1.4 × 10−4 to 1.87 × 10−4 nA) is
slightly lower in the flat regions of the I−V curves than the
current of five cycles ALD/TiOPc/HOPG (1.5 × 10−4 to 2.5 ×
10−4 nA) in Figure 3b, the current levels of both samples are
very low in the flat regions of the I−V curves; therefore, this
difference is within the noise level of the measurement. As
shown in Figure 3c, both one and five cycles ALD/TiOPc/
HOPG possess the similar variation of current levels (from 1 ×
10−4 to 3 × 10−4 nA) in the flat region of the I−V curves as
displayed by the red bars.
Figure 4a shows the schematic of Ni/AlOx/TiOPc/graphene

capacitors fabricated on SiO2/Si, with 50 cycles of ALD. The V-
shape of the CV curves in Figure 4b is due to the effect of the

quantum capacitance of graphene.40,41 CV curves with variable
frequencies (from 1 kHz to 1 MHz) are included in Figure S15
of the Supporting Information. Previous reports have mostly
employed thick dielectric layers (8−20 nm) to measure CV due
to limitations imposed by large pinhole densities in thin
layers.27 However, since the AlOx/TiOPc/graphene has a very
low pinhole density compared to previous reports, thinner
capacitors could be fabricated even with conventional thermal
metal gate deposition. At −3 V, the maximum capacitance
(Cmax) is over 1000 nF/cm

2 at 1 kHz, which is larger than prior
reported values on graphene.25,27,28 Instead Cmax reported here
is consistent with InGaAs with 4.7 nm of Al2O3.

42 The contact
resistance between graphene and the Au contact is manifest by
the difference of Cmax between 1 and 2 kHz.

43,44 Moreover, near
zero capacitance is observed at 0 V, which results from low
minority carriers at the interface, indicating the full modulated
capacitance by gate bias. The leakage current in the capacitor is
shown in Figure 4c to be around 0.02 A/cm2 at a gate bias of
±3 V. As shown below, small area devices have a lower leakage
current per unit area, which is consistent with leakage being
limited by particulate-induced pinholes resulting from graphene
grain boundaries.45

To further evaluate the quality of the 4 nm dielectric, dual-
gated, exfoliated graphene FETs were fabricated as shown in
Figure 4d. In this case, 40 cycles of AlOx/TiOPc were
deposited. A Ni top gate was deposited on AlOx/TiOPc/

Figure 3. Scanning tunneling characterization of deposited subnanometer dielectric layers. (a) Schematic of tunnel junction in metal tip/vacuum/
AlOx(purple)/TiOPc(sky blue)/HOPG(gray) on the STM stage. (b) Log scaled tunneling current of a TiOPc monolayer, AlOx deposited by one
and five cycles of TMA/H2O pulses on TiOPc/HOPG. All STS were taken by sweeping from negative to positive bias. (c) Nine different STS IV
curves taken after one and five cycles of ALD/TiOPc/HOPG. (d) Simplified model of tunneling conductance through deposited subnanometer
dielectric under negative (left) and positive (right) sample bias. Electrostatic potential profiling modulated by sample bias is shown as black solid line.
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graphene/SiO2/Si, and a highly N-doped Si substrate was used
as a back gate, allowing dual-gate control of the carrier
concentration in graphene. The leakage current of the FET is
below 10−7A/cm2 within a top gate bias range of −1 to +1 V, as
shown in Figure 4e. This leakage current is much smaller than
previous leakage values in thicker ALD-deposited Al2O3 on
graphene (previous leakage value: about 2.2 × 10−6 A/cm2 in
4.5 nm Al2O3 and 1.9 × 10−7 A/cm2 in 15 nm Al2O3).

26,46 The
resistance is measured at VBG = 0 V over a top gate range of ±1
V in Figure 4f. The position of maximum resistance (Dirac
point) of the device is at VTG = 0.17 V for the forward sweep,
while the reverse sweep shifts the Dirac point to 0.05 V, giving
rise to a 0.12 V hysteresis. Compared to previous reports, the
positions of the Dirac points are closer to 0 V and the hysteresis
is smaller3,26,46 suggesting the TiOPc seed layer and subsequent
dielectric deposition does not induce a significant amount of

chemical doping or interfacial trap defects. Integrating of
TiOPc seedling layer into ALD process, the MoS2-ALD
dielectric-TiOPc-graphene interlayer device also was fabricated
and characterized, as displayed in Figure S16.
Figure 4g shows resistance as a function of back gate bias

(−50 to 50 V) for varying top gate biases in the range of −0.3
to 0.3 V. From the device schematic in Figure 4d, it can be seen
that while the back-gate can modulate the entire graphene
channel, the top-gate can only modulate the local channel
region under the top-gate. Therefore, the modulation of the top
and bottom gates induce shifts of Dirac point originating from
the graphene channel, as shown in Figure 4g. As VTG is varied,
the carrier density in the top-gated region changes and can be
neutralized by applying an appropriate VBG.

26,47 At 0, VTG are
detected: one at VBg = 0 V, which is the primary Dirac point,
and a second at VBg ≈ 40 V. These two “Dirac points” results

Figure 4. Electrical characterization of deposited ∼4 nm dielectric layer. (a) Schematic of metal−oxide−graphene capacitor with TiOPc seed
monolayer. (b) Capacitance−voltage data for 50 ALD cycle dielectric layer on TiOPc/graphene/SiO2/Si. (c) Leakage current density−voltage data
of same capacitor; IV reported at 1 MHz. (d) Schematic of dual gate 40 cycles dielectric-graphene FET and corresponding optical image. (e)
Leakage current density-top gate bias of graphene FET. (f) Resistance versus top gate bias at 0 V back gate bias. The hysteresis between forward and
backward sweeps is 0.12 V. (g) Resistance versus back gate bias at different top gate bias from −0.3 to 0.3 V. (h) Two-dimensional resistance plot as
a function of top-gate voltage and back-gate voltage for a graphene FET.
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from the coexistence of a top gated dielectric/graphene region
(A) and an open dielectric/graphene region (B) as shown in
Figure 4d. Since only region A is affected by the top-gate, the
primary Dirac point corresponding to this region would shift
when the top-gate voltage is changed, while the secondary
Dirac point remains at 40 V. At VTG = −0.3 V, the large peak
located at VBG = 40 V is when the top-gate is biased in such a
way that the primary Dirac point overlaps with the secondary
Dirac point and causes a “series addition” of the two
resistances, leading to a large peak, which appears as a single
Dirac point.
Figure 4h shows a two-dimensional plot of the channel

resistance as a function of the back-gate bias (VBG), and top-
gate bias (VTG). The variation of both Primary and Secondary
Dirac point is displayed in Figure 4h. The slope along the
variation of Primary Dirac points represents the ratio of
capacitances of the top-gate and back-gate as shown dashed
line. From the slope of the VBG vs VTG for channel resistance
(Figure 4h), the capacitance ratio is calculated as 105 from the
equation slope = VTG/VBG = CTG/CBG. The back-gate
capacitance is ∼11 nF/cm2 for a 300 nm back-gate SiO2
oxide; therefore, the top-gate capacitance is calculated as
1155 nF/cm2.
The deposition of a dielectric layer with a high nucleation

density was demonstrated by using a TiOPc seed layer prior to
ALD. In situ STM was employed to image each step of the
process with molecular resolution. The TiOPc layer has long-
range order and shows high reactivity with TMA; after exposure
to TMA for 70 ms at 373 K, TMA dissociatively chemisorbs on
TiOPc/HOPG resulting in multiple chemisorption sites. After
exposure to 1 cycle ALD pulse, the high coverage of AlOx is
obtained without noticeable pinholes. STS measurements show
that one cycle of ALD on TiOPc/HOPG increases the band
gap from 1.7 to 3.4 eV, while the tunneling current is decreased
by one order of magnitude. These results are consistent with
the formation of a subnanometer oxide. DFT calculations show
that O, N, and C sites of the TiOPc molecules have high
binding energy with DMA, consistent with the existence of
multiple reaction sites per single TiOPc molecule. With
capacitor and dual-gated devices, the dielectric shows insulating
properties with high-quality CV and RV characteristics. The
combination of high-quality subnanometer dielectric deposition
and in situ measurements provides a pathway for large-scale
fabrication of 2D interlayer devices, which can be extended to
other 2D crystals and devices.
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