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1. Bilayer and multilayer growth behavior of CuPc molecules on Au(111).

To compare the growth behavior of TiOPc molecules with the growth of planar metal
phthalocyanines, monolayers (“ML”) and bilayers (“BL”’) of CuPc are grown on Au(111). Fig.
S1(a) shows the molecular structure of CuPc. Similar to TiOPc molecules, four aromatic benzene
rings surround the central metal atom and N atoms.'” However, at the center of the CuPc, there
is only the Cu atom, resulting in a planar structure. Therefore, there is no difference in STM

observations between face up and down in the CuPc layer.

To deposit ML CuPc, thick overlayers are deposited on Au(l11); afterwards, the
CuPc/Au(111) sample is annealed at 573 K for 4 mins. For the ML CuPc deposited on Au(111),
the herringbone pattern of Au(111) is displayed through the CuPc ML (Fig. S1(b)). As shown in
the molecularly resolved STM image of Fig S1(c), four-fold symmetric ML CuPc is observed,
consistent with a previously reported result from Lu et al.' Unlike TiOPc molecules, the centers
of the CuPc molecules are observed as dark holes because the d-orbital of the Cu atom in the
CuPc molecule does not contribute to the tunneling process.'? The band structure of the center
CuPc is shown by scanning tunneling spectroscopy (STS), Fig. S1(d). The band gap is about

1.51 eV and the Fermi level of the Cu atom in CuPc is positioned in the near middle of band gap.

The additional deposition of CuPc molecules on the CuPc ML at 373 K results in BL and
third layer (TL) growth, consistent with previous results by Takada et al’ In Fig. S1(e), a large
size BL island is observed on the CuPc ML. While the growth of TiOPc BLs is initiated from
multiple adsorption sites to form coherent crystalline islands on the TiOPc ML, the growth of the
CuPc BL is initiated by the diffusion of newly absorbed CuPc molecules to the edge of a single

island on CuPc MLs. Moreover, the growth of the CuPc TL is initiated on the CuPc BL, even
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though the filling of the CuPc BL on the CuPc ML is not completed. As shown in the expanded
STM image of Fig. S1(f), the CuPc TL is observed on the CuPc BL without completion of BL
growth, similar to previous STM observations reported by Takada et al on CuPc/Au(111)**,
Even the CuPc forth layer (4-L) starts to grow on the CuPc TL before completion of the CuPc
BL. Conversely, the growth of TiOPc TL is not initiated on the TiOPc BL, unless the TiOPc BL
is nearly completely filled by TiOPc molecules. As shown by the yellow dash lines and arrows in
Fig. S1(f), the growth of the CuPc TL is initiated at the step edge of the CuPc BL, and the
growth of the CuPc 4-L also is initiated at the step edge of the CuPc TL, consistent with step

flowing mode, which can be observed in the growth of other organic molecules.””

In order to elucidate the adsorption configuration of CuPc molecules in the BL, a molecularly
resolved STM image is shown in Fig. S1(g). The CuPc molecules in the BL are placed exactly
on top of the CuPc molecules in the ML, in contrast to TiOPc molecules in the BL. This
adsorption configuration of CuPc molecules in Fig. S1(h) is consistent with previous STM

imaging of the CoPc BL and the CoPc ML on Au(111) by Takada et al.’
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Figure S1. Deposition of MLs and BLs of CuPc on Au(111). (Vs =+2.0 V, It = 20 pA). (a)
Molecular structure of CuPc. The center of the CuPc is assigned to the Cu atom shown as an
orange sphere. The bottom schematic shows the planar structure of the CuPc molecule in
contrast to the non-planar TiOPc. (b) Deposited ML CuPc on Au(111); the herringbone structure
of Au(111) appears through the CuPc ML. (c¢) Expanded, filled-state STM image of ML CuPc.
The center Cu atoms of CuPc are observed as dark holes. (d) STS taken at the center of the CuPc
molecule; the Fermi level is in middle of band gap. (¢) BL and third layer growth on CuPc ML at
373 K. (f) Expanded, empty state STM image of BL and TL growth on Au(111). (g) Molecularly

resolved STM image at the edge of BL CuPc. (h) Stacking configuration of BL CuPc.
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2. Multilayer growth behavior of CuPc molecules on Au(111).

To grow multilayers of CuPc on Au(111), additional CuPc is deposited on the CuPc ML at
373 K, consistent with about 3 nm thickness. As shown in Fig. S2(a), a polycrystalline CuPc top
most surface is observed in STM, in contrast to a TiIOPc multilayer with equivalent thickness. In
the expanded STM image of Fig. S2(b), the heterogeneous stacking configuration of CuPc
molecules appears, consist with two different stacking configurations; the flat stacking
configuration dominates in CuPc multilayers, similar to BL, TL and 4-L of CuPc. However,
some of the domains possess a tilted stacking of CuPc molecules, which is not observed in BL,
TL and 4-L of CuPc. It can be hypothesized that as substrate-molecular interaction become
weaker by pre-deposited CuPc layers, molecular-molecular interaction between CuPc molecules
governs the growth behavior of the CuPc multilayer; therefore, the polymorphs of the crystal
structure in the CuPc multilayers are generated by tilted stacking, consistent with a
polycrystalline film.* The yellow box in Fig. S2(b) highlights the mixed stacking of tilted and

flat CuPc molecules.
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Figure S2. Deposition of Multilayer of CuPc on Au(111). (a) Large area empty state STM
image. (Vs =+2.0 V, It =20 pA). (b) Expanded STM image from the blue box in (a). (Vs =+1.2
V, It = 40 pA). Two different CuPc stackings can be observed. Yellow box displays local

disordering. (c) Schematic shows tilted stacking and flat stacking configurations.
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3. Bilayer growth of CuPc molecules on HOPG

The growth of CuPc BL on HOPG is similar growth to the growth of CuPc BL on Au(111).
In Fig. S3(a), a CuPc ML is deposited on the HOPG surface with an identical growth method to
CuPc ML on Au(111), forming four-fold, symmetric, molecular packing; the thick layer of CuPc
molecules are deposited on the HOPG at 373 K, afterwards CuPc/HOPG sample is annealed at
573 K . In the expanded STM image of Fig. S3(b), partial desorption of CuPc molecules from the
HOPG surface can be observed as shown by a white circle, resulting from post annealing at 573
K. Although both the CuPc ML on Au(111) and the CuPc ML on HOPG are annealed at 573 K
for 4 mins during deposition of the MLs, desorption of CuPc molecules occurs only on HOPG,

consistent the weaker interaction of CuPc-HOPG than the interaction of CuPc Au(111).

Similar electronic structures for CuPc ML/HOPG and CuPc ML/Au(111) are observed in
STS. As shown by STS in Fig. S3(c), the band gap is about 1.57 eV and the Fermi level is

positioned in the middle of band gap.

The additional deposition of CuPc molecules on CuPc ML/HOPG at 373 K results in the BL
with similar growth behavior to CuPc/Au(111). In Fig. S3(d), a large size BL island is grown on

CuPc ML/HOPG, even though CuPc ML is not filled fully.
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Figure S3. Deposition of ML and BL of CuPc on HOPG. (Vs =+2.0 V, It =20 pA). (a) ML
CuPc on HOPG deposited at 373 K. (b) Expanded empty state STM image of ML CuPc. A
region of missing CuPc molecules is indicated by the white circle. (¢) STS of CuPc/HOPG. The
Fermi level is positioned at the center of band gap. (d) Empty state STM of BL CuPc growth on

HOPG.
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4. Estimation of thickness of deposited TiOPc layer using STM image

The growth rate and thickness of deposited films were estimated by investigation of pinholes
in the TiOPc layers deposited for 1 min, as shown in Fig. S4. The rectangular shaped pinhole is
observed in the nearly completed filled TiOPc layer. Through this pinhole two step edges are
displayed; first step edge has about 3.2 A height (green mark), and second step edge has about
2.5 A height (red mark). The top layer has 6.1 A height (blue mark), consistent with the
formation of bilayer. Assuming the very bottom (yellow mark) is HOPG surface, the total
number of deposited layer is at least 4 ML for 1 min. Since the height of benzene ring in typical
MPc (metal Phthalocyanine) is about 2.5 — 3.0 A2, the estimated thickness of this layer is about

1.0-1.2 nm.
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Figure S4. Estimation of TiOPc layer thickness in the STM image. The large pinhole is

i

observed in TiOPc layer deposited for 1 min, as shown in STM image. About step edges of
four TiOPc ML are detected through the pinhole, consistent with 4 ML/min. Therefore, the
estimated thickness of this TiOPc layer (deposited for 1 min) are 1 — 1.2 nm following the 2.5 -

3.0 A thickness of benzene ring.

5. Filling process of TiOPc during growth.
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During the growth of TiOPc thin multilayers, back-to-back pairing of TiOPc molecules is
initiated, after nearly completion of face-to-face pair pairing. In the TiOPc multilayer (about 2
nm), different coverage of face down oriented layers can be observed; the coverage is sorted
from lower to higher in Fig. S4, consistent with the filling process of the face-down oriented
layer. In Fig. S5(a), a few face-down oriented molecules adsorbed on the face-up oriented layer,
and are dispersed uniformly. The region in the white box is expanded as an inset; the bright
protrusion can be observed at the center of every molecule, consistent with the face-up

orientation.

Figure S5(b) displays the intermediate coverage of the face-down oriented layer. If additional
TiOPc molecules are adsorbed on the face-up oriented layer, a nearly full-coverage, face-down
oriented layer is formed, as shown in Fig. S5(c). As shown by the white arrows, a few face-up
oriented TiOPc molecules start to adsorb on the face-down oriented layer. Therefore, it can be
concluded that during the growth of thin TiOPc multilayers, the formation of the face-up

oriented layer is initiated, after near completion of face-down oriented layer filling.
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Figure S5. Filling process of TiOPc thin multilayer (about 2 nm) at 373 K. (Vs =+2.0 V, It
= 20 pA). (a) Initial adsorption of face-down oriented molecules on a face-up oriented TiOPc
layer. Insert shows the expanded image of white box. (b) Additional adsorption of face down
oriented molecules. (c) Near fully filled, face-down oriented layer. The next face-up oriented

molecules start to adsorb on the face-down oriented layer, as shown by the white arrows.
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6. Large area STM image (250 nm x 250 nm) of thin TiOPc layer (about 2 nm)

Although both partially filled coverage and nearly fully filled coverage coexist in the single
TiOPc layer, both areas have identical orientation, consistent with formation of large domains.
As shown in the large area STM image in Fig. S6(a) 250 nm x 250 nm), two areas which have
different coverage are observed. In the expanded STM image in Fig. S6(b), both the partially
filled area and the nearly fully filled area have identical orientation. It can be hypothesized that
stacking of sequent face up and down oriented TiOPc layer occurs coherently; consequently,
even though there is coexistence of different coverage in a TiOPc layer, domain boundaries are
not observed in 250 nm x 250 nm, consistent with the growth of large domains. It is noted that a
few topmost TiOPc molecules are displayed as white spots in Fig. S6(b). The isolated
molecularly adsorbed TiOPc molecules readily diffuse because of the absence of locking within
close pack structures; therefore, the orientation of each TiOPc molecule cannot be estimated.
Conversely, as shown by the yellow arrows, the clustered TiOPc molecules form a row and are
aligned to substrate row of TiOPc, consistent with nearly identical orientation with the substrate

layer.
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Figure S6. Large area STM image of TiOPc thin multilayer (about 2 nm). (Vs =+2.0 V, It =
20 pA). (a) 250 nm x 250 nm size STM image shown about 2 nm thick TiOPc layer. (b)
Expanded STM image from white box in (a) shown both nearly fully filled area and partially

filled area.

7. STS of TiOPc molecules in the multilayer (about 5 nm thickness)

In the multilayer of TiOPc, the Fermi level closer to the LUMO is still observed in STS,
consistent with pervious TiOPc transistors fabricated in ultrahigh vacuum'®. As shown by the
STS of Fig. S7, the HOMO onset is located at -1.44 = 0.01 V, while the LUMO onset is obtained
at 1.04 £ 0.01 V, consistent with a 2.44 + 0.02 eV band gap. Comparing the onset bias of HOMO
and LUMO, the Fermi level is at 0.4 + 0.02 V, closer to the LUMO than the HOMO, although

the Fermi level is still located in the band gap.
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Figure S7. STS obtained on the center of TiOPc molecule in the BL and multilayer (about 5

nm thickness). The location of STS is marked as “X” in the superimposed STM image.

8. Suppressing the growth-mode transition of TiOPc¢ from ML-by-ML to BL-by-BL at

lower temperature, 343 K

The growth-mode transition from monolayer by monolayer (ML-by-ML) to bilayer by bilayer
(BL-to-BL) can be suppressed by decreasing the deposition temperature. As shown in Fig. S8,
multilayers of TiOPc are grown on HOPG at 343 K; the ML-by-ML growth mode can be
observed in an STM image and a line trace of Fig. S8(a). After deposition of the TiOPc for an
additional 3 mins on the multilayer of (a) at 343 K (estimated thickness: 5 nm), the ML-by-ML
growth behavior still persists in Fig. S8(b). Conversely, the deposition of TiOPc multilayers at

373 K results in a growth-mode transition from ML-by-ML to BL-by-BL in TiOPc multilayers
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deposited for equivalent times. Because the growth mode transition from ML-by-ML to BL-by-
BL results from activating diffusion of face-up TiOPc molecules on a face-down TiOPc layer, it
can be hypothesized that diffusion of TiOPc molecules is suppressed by the decreased deposition
temperature.“ However, even at the lower 373K temperature, additional deposition of
multilayers to 10 nm thickness induced a transition in the growth mode to BL-by-BL as shown in
Fig. S8(c), a large single BL is formed at the top most surface, consistent with about 0.6 nm
height. Therefore, even for the lower deposition temperature, as the TiOPc film reaches a
thickness that is sufficient to screen substrate-molecular interactions with pre-deposited TiOPc
molecules, BL growth is observed for thick multilayer growth. It is noted that phthalocyanine has
very high thermal stability, and decomposition only occurs above 923 K.'* Therefore at 300 —
373 K, temperature range employed during deposition, the decomposition of TiOPc can be ruled
out; however, the TiOPc molecule might be able to flip from face up to face down through a

rotational motion.
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Figure S8. Deposition TiOPc layer on HOPG at 343 K. (Vs =+2.0 V, It = 40 pA). (a) After
deposition of TiOPc for 2 min on ML TiOPc at 343 K. (b) After deposition of TiOPc for 5 min

on ML TiOPc at 343 K. (c) After deposition of TiOPc for 10 min on ML TiOPc at 343 K.

9. Atomic force microscopy (AFM) image of TiOPc multilayer on HOPG.

To investigate the large area of the 10 nm TiOPc thick film across the multiple HOPG steps,
ambient atomic force microscopy (AFM) is performed in the tapping mode, as shown in Fig. S9.
Although the growth mode transitions from ML-by-ML to BL-by-BL, molecularly flat TiOPc
multilayers are observed by AFM on the HOPG surface after deposition of TiOPc molecules for
10 mins at 373 K. As shown in AFM image of Fig. S9(a), uniform deposition of TiOPc
multilayers is observed with large domains. In the expanded AFM image of Fig. S9(b), most of
the edges in the top most layer of TiOPc have near identical orientation, as shown by yellow
dash lines. It is noted that because of resolution limitation in ambient AFM, some edges of

TiOPc layers are not visible as a square. Although some pinholes can be observed in the topmost
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layer, these pinholes can be filled by additional deposition of TiOPc. Because of the molecularly
flat growth of TiOPc multilayer, the root mean square roughness is only 0.273 — 0.345 nm,
consistent with 2 dimensional growth as shown in the line trace of Fig. S9(c). Conversely, other
organic molecules mostly grow via layer plus islands or islands growth modes thereby forming

truncated pyramidal islands with irregular size consistent with 3D growth and polycrystalline

6-7,9, 13-18

films.

00 02 0.4 0.6 08 10
Position (um)

Figure S9. Atomic force microscopy image of TiOPc multilayer (~ 5 nm) deposited on
HOPG at 373 K (about 10 nm thickness). (a), Large area AFM image of TiOPc multilayer on

HOPG. (b) Expanded AFM image. (c) The line trace profiling of the white dash line of (b).
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10. Computational Methods

Density functional theory (DFT) calculations were carried out using the Vienna ab-initio
Simulation Package (VASP).”?' The projector augmented wave method was applied to
describe the interactions between valence electrons and frozen cores.”” An energy cutoff of 400
eV was used. All calculations used spin-polarized DFT. The Perdew—Burke—Ernzerhof (PBE)
forms of the generalized gradient approximation (GGA) was used to describe the exchange and
correlation interactions.”> An efficient semi-empirical scheme proposed by Grimme* to account
for long-range dispersion (van der Waals interactions) corrections was used in all of the
calculations. The Gaussian smearing method with a width of 0.1 eV around the Fermi level was
applied to facilitate convergence. The electronic energies were converged to 10> eV. Ionic
relaxations were performed until the residual forces on ions were less than 0.02 eV/A.

The TiOPc-functionalized graphene surface is periodic in the x and y directions, and in z
dimension, a minimum vacuum layer of ~10 A was added to avoid spurious interaction through
periodic boundary conditions. The periodic x and y dimensions of supercell were 17.07 x 17.24
A% A1 x 1 x 1 Monkhorst-Pack k-point mesh was chosen to reduce the computational cost.
The bonding energy of the TiOPc to the graphene (G) layer was calculated as follows:

Ebing = Eioun Tiore + ) — Etoriore) — Etot(in—1) TioPe + G)

where Ejp;yq 1s the bonding energy of n TiOPc on the surface, Eoriope) 18 the total energy of
TiOPc in the gas phase, Eym-1) riore + 6 15 the total energy of the (n—1) TiOPc functionalized
graphene surface, and Eyu riore + 6) 15 the total energy of the n TiOPc adsorbed on graphene

surface. Note that bonding energy with a negative value being thermodynamically favorable.
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11. Decrease of intermolecular distance of TiOPc films as deposition of multilayer.

As substrate-TiOPc molecule interactions become weaker in TiOPc multilayers,
intermolecular interactions dominate the growth of the TiOPc films, resulting in decreased
spacing between TiOPc molecules. Fig. S10 displays the center-to-center distance in TiOPc
layers versus deposition time of TiOPc ML. Each displayed center-to-center distance is averaged
with 60 line traces obtained from five different STM images. As shown in Fig. S8, the ML
TiOPc has 1.60 = 0.02 nm center to center distance, while BL possesses 1.57 + 0.02 distance,
consistent with a reduction of 0.03 nm. As the thickness of TiOPc increases to about 5 nm (total
deposition time on ML TiOPc: 5 min), the center-to-center distance in the TiOPc layers
decreases additionally to 1.48 + 0.02 nm. This gradual inverse relation of center-to-center
distance versus thickness of the TiOPc film can be explained by the weakened substrate-
molecule interactions and enhanced intermolecular interactions.”>° In the thin TiOPc film, the
substrate-molecule interaction is dominants in the growth of TiOPc; therefore, each TiOPc
molecule adsorbs flatly on the TIOPc/HOPG surface. Conversely, in the thick TiOPc film, the
substrate-molecular interaction is screened by the pre-deposited TiOPc layer, thereby the
intermolecular interaction starts to govern the growth behavior. Therefore, the adjacent
molecules in thick TiOPc film layer can be closer laterally than the TiOPc molecules in thin
films, because of enhanced intermolecular interaction. It is noted that in most films, this
substantial change in lattice constant would induce strain resulting in island growth, but the
back-to-back pairs between layer 2 and3, 4 and 5, etc ensure the TiOPc have only Van-der-

Waals interactions and no steric hindrance to lattice constant changes.
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Figure S10. Decreasing center-to-center distance in TiOPc layer with increasing TiOPc

layer thickness; linear fit is shown as a red dash line.

12. Vertical intermolecular distance with substrates.

In previous published DFT calculations,”” FTF pairs in gas phase had shorter intermolecular
distance than BTB pairs in gas phase. However, the intermolecular distances in thin layers can be
altered by the substrate. As shown in Fig. S11, the intermolecular distances of layers 1, 2, 3 and
4 are calculated with graphene substrates. It is noted that the average distance is calculated from
the difference between average z-value of C in graphene and average z-value of C in the
respective TiOPc layers. For a single monolayer of TiOPc, TiOPc has a 3.26 A distance from the
graphene substrate. With the adsorption of layer 2, layer 2 has a 3.30 A distance from the layer 1
after forming a FTF pair, while the distance between the layer 1 and the substrate is constant.
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After adsorption of layer 3, a BTB pair is formed between the layer 2 and 3 with a 3.22 A
distance, and the distance between the substrate and layer 1 and the distance between the layer 1
and 2 are slightly decreased. After layer 4 is deposited, another FTF pair is formed between the
layer 3 and 4 with a 3.29 A distance. Comparing this distance of FTF pair to the distance of BTB
pair between the layer 1 and 2, the FTF distance between layers 3 and 4 is longer by about 0.1 A.
Consequently, it can be concluded that the intermolecular distance between TiOPc layers are

governed by strong interaction with substrates when forming the thin films.

Layer 2

3.24A

Figure S11. Calculated intermolecular distance between TiOPc layers, with an increase of

thickness from monolayer to four layers.
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