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Film growth behavior of copper-phthalocyanine (CuPc) on rough graphene (RG) and smooth

graphene (SG) substrates was investigated experimentally. Both the RG and the SG are single layer

graphene on metal substrates. The RG samples were prepared on copper foils and show rough

surfaces; whereas, the SG samples prepared on Ni(111) substrates are characterized with much

smoother surfaces. While CuPc molecules deposited on the two graphene substrates show similar

molecular alignment, morphologies of the deposited films show considerable differences. On the

SG substrate, CuPc molecules form two-dimensional islands with large size and sharp edges.

While on the RG substrate, CuPc nucleates into particle-like grains without regular shapes. The

high density of topographical defects on the RG substrate is believed to be a primary factor which

leads to the formation of the smaller grains. The variation of thin film structures of CuPc with

respect to the substrate temperature was also studied. Films with good crystallinity can still be

obtained on the RG substrates when the substrate temperature is 80 �C or higher. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903294]

Graphene, the two-dimensional hexagonal arrangement

of sp2 hybridized carbon, has attracted intensive research in-

terest during the past decades.1–6 Its mechanical robustness,

optical transmittance, and electric conductivity have led it to

a broad range of applications including gas sensors, field-

effect transistors, optical modulators, and organic optoelec-

tronic devices.7–11 In particular, its high optical transparency

and charge-carrier mobility together with excellent flexibility

make it an ideal electrode material for various organic

optoelectronic devices such as organic light-emitting diode

(OLED),12 organic field-effect transistors (OFETs), and

organic photovoltaics (OPVs).13–15

Performance of organic electronic devices depends on

various properties of the employed organic thin-films (OTFs)

including their surface roughness, grain sizes, and molecular

arrangements.16–19 OTFs with single crystalline structures,

low densities of domain boundary, and pin-hole defect are

generally desirable. Therefore, it is essential to study the

growth behaviors of OTFs on conductive substrates. While

much attention has been paid to the growth of OTFs on metal

and conductive oxide substrates,20–26 only a few studies

were targeted to the growth behavior of OTFs on graphene

substrates.27–29 Compared with molecule-substrate (MS)

interaction between organic molecules and metal substrates,

the MS interaction between the organic molecules, especially

planar aromatic molecules such as pentacene and metal-

phthalocyanines (MPcs) and graphene, is weaker, which

usually leads to a weakly epitaxial growth (WEG) for

these organic films on graphene substrates. A thorough

understanding about such WEG behavior is need in order to

achieve controllable growth of organic single crystals on gra-

phene substrates.

Film growth behaviors of aromatic molecules such as

pentacene, phthalocyanine (Pc), and various Pc-derivatives

on graphene substrates have been investigated by several

groups.27–30 From these studies, one seemly can draw the

same conclusion that the planar molecules prefer to be

stacked with face-on geometry on graphene substrates,

namely, the planar aromatic ring is parallel to the graphene

sheets, due to the favorable p–p type MS interaction. They

also observed that the molecules prefer to nucleate at grain

boundaries or wrinkle positions of the graphene substrates

and then gradually grow into larger islands as the film thick-

ness increases. However, the molecular alignment may also

be tuned by modifying surface of graphene. For example,

edge-on packing mode of pentacene was observed on gra-

phene with polymer residues, indicating that the growth of

OTFs can be substantially influenced by the surface proper-

ties of graphene.28 More knowledge about the relation

between growth behaviors of OTFs and substrate properties

is needed for the fabrication of high performance graphene-

based organic devices. In this study, we compare the growth

properties of copper-phthalocyanine (CuPc) thin film on two

kinds of graphene substrates, namely, rough graphene (RG)

and smooth graphene (SG) substrates. Structures and grain

size of the CuPc films are studied as functions of surface

roughness and temperature. Graphene substrates induce

face-on stacking of CuPc which is in consistent with the lit-

eratures.30,31 Single crystal structure with (01�2) orientation

was observed for CuPc film on SG substrate. The stacking

ordering of CuPc is sensitive to the surface defect of gra-

phene. This observation is well agreed with a recent work of

CuPc on graphene transferred on Si wafer.32 The molecule

stacking of CuPc on RG substrate is disorder when CuPc
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film was prepared at room temperature (RT), while the qual-

ity of CuPc film can be substantially improved by annealing

graphene substrates during the organic deposition.

Both the RG and the SG are single layer graphene

(SLG), which were prepared by using chemical vapor depo-

sition (CVD) method. Two kinds of copper foils were used

as supports of graphene. RG was fabricated on the as

received Poly-Cu foils (from Nilaco, 99.96%) with thickness

of 100 lm. SG was grown on pre-treated Cu foils which

were annealed in ultra-high vacuum at 1050 �C for 5 min.

Both RG and SG samples were prepared using conventional

CVD method at temperature of 1000 �C with 200 SCCM of

H2 and annealed for 20 min. For growth, 30 SCCM of meth-

ane was fed for 30 min and then the sample was cooled

down to RT. A SG on Ni(111) substrate was also prepared

according to the procedure that is well documented in

Ref. 33. Briefly, a Ni(111) substrate was first cleaned by

cycles of Arþ sputtering followed by high temperature

annealing. Then, the Ni(111) substrate was then heated to

about 800–810 �C and quickly cooled down to 500 �C within

5 min in a C3H6 environment at a pressure of 5� 10�5

mbars, and then further cooled to RT in the absence of C3H6.

The quality of graphene was checked by using Raman

spectroscopy and atomic force microscopy (AFM). The

as-fabricated graphene substrates were used for organic dep-

osition to avoid potential damage and ex-contamination of

graphene. CuPc was deposited on graphene substrates via

thermal evaporation at a deposition rate of 0.05 nm min�1 as

described previously.34 The base pressure of the deposition

chamber is better than 5 � 10�9 mbars. A taping-mode AFM

and scanning electron microscopy (SEM) were used to study

morphologies of CuPc films at different thicknesses. X-ray

diffraction (XRD) measurements were conducted with a

Philips X’Pert XRD facility using Cu Ka emission.

Figures 1(a) and 1(b) show surface morphologies of a

SG and a RG substrates, respectively. The SG substrate

shows smooth surface and low density of topographical

defects of wrinkles and grain boundaries. While the RG

substrate has more irregular protrusions, grain boundaries,

and carbon contaminations (see the regions marked by the

circles in Fig. 1(a)), leading to a much rougher surface.

Figures 1(c) and 1(d) show typical Raman spectra of the SG

and the RG substrates, respectively. For both substrates, the

representative G (�1580 cm�1) and two-dimensional (2D)

(�2670 cm�1) peaks predominate, and the I2D/IG ratio is la-

ger than 1:3, indicating the single-layer nature for both the

RG and the SG substrates.35,36

Figs. 2(a) and 2(b) show typical AFM images of the

CuPc films grown on a SG and a RG substrates, respectively.

The lateral dimension is 2 lm� 2 lm for both figures. AFM

images of both samples with larger lateral dimensions are

shown as supplementary material [S1].37 Distinctive differ-

ences in morphology can be observed. On the SG substrate,

the CuPc molecules nucleate into 2D islands with large grain

size and smooth surface. Lateral extension of the 2D islands

is about 0.5 to 2 lm, which is roughly agreed with the size of

the wrinkle-encircled regions on graphene surfaces. This

indicates that the size of 2D islands of CuPc on the SG sub-

strate is likely to be determined by the density of topographi-

cal defect of graphene such as wrinkles and grain

boundaries. Low density of topographical defect leads to the

formation of large 2D organic islands on SG substrate as has

been described previously.38 This observation is also in good

consistent with studies on CuPc film growing on other gra-

phene substrates such as transferred graphene substrates.29,30

On the RG substrate, however, the morphology of CuPc film

differs considerably from that on the SG substrate. Shown in

Fig. 2(b) is a typical AFM image of a CuPc film on a RG

substrate. Particle-like grains with lateral extension smaller

than 100 nm dominate the film. These particle-like domains

are densely accumulated, while they seldom join each other

to form larger islands, suggesting that the packing of mole-

cule within the small grains is non-uniform thereby disorder.

However, CuPc film on the SG substrate is single crystalline

[see supplementary material S2].37 The lack of molecular

packing ordering for CuPc film on the RG substrate eviden-

ces that the growth behaviors of CuPc film are influenced by

the surface nature of the RG graphene substrate. These

observations highlight the importance of a smooth graphene

surface for the fabrication of the high quality organic film

with large domain size and single crystal structure.

It is known that underlying metal substrates of graphene

may also influence the film growth properties of MPcs espe-

cially the assembly structures of the first adlayer, since the

surface potential of underlying metal substrates may pene-

trate single layer graphene and therefore interact with the

organic adlayers.39,40 The intensity of the influence from the

underlying metal substrates depends on two factors, one is

the d-band filling nature of the central metal atom of MPc

molecule, and the other is the strength of graphene-metal

substrate coupling.34,41 It is reported that the MS interaction

is weak for MPcs with filled d-band structure, such as CuPc

and ZnPc.34 For CuPc film on graphene/Cu substrate, a neg-

ligible influence from metal substrate is expected. Based on

this knowledge, it is reasonable to suspect that the film prop-

erties of CuPc are determined mainly by the surface nature

of graphene rather than the underlying metal supports.

Fig. 2(c) shows the film morphology of CuPc on smooth
FIG. 1. AFM images ((a) and (b)) and Raman spectroscopy ((c) and (d)) of a

SG/copper foil ((a) and (c)) and a RG/copper foil ((b) and (d)) substrate.
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graphene on the Ni(111) substrate. Large islands with single

crystalline structure are dominated, which are closely similar

to the case of CuPc on graphene on copper substrate (see

supplementary material S2).37 In addition, the electronic

structures of CuPc on SG/Cu and SG/Ni(111) substrates

were studied by using ultra-violet photoelectron spectros-

copy (UPS). In both cases, no obvious shifting in either

workfunction or occupied valance states of CuPc was

observed (see supplementary material S3).37 All of the meas-

urements demonstrate that the underlying metal substrate has

no obvious effect on either the growth of CuPc film or its

electronic structures. Fig. 2(d) shows the morphology of

CuPc film on bare copper foil substrate which has a rough

surface. Particle-like grains resemble the case of CuPc on

RG on copper substrate, but with much smaller grain

size. XRD measurement reveals a very weak peak at

2h¼ 27.7�(see supplementary material S2),37 indicating the

lying-down geometry of CuPc on bare copper foil. These

observations clearly show the degradation of CuPc film

caused by the rough nature of graphene.

A diffusion barrier of 0.16 eV for CuPc on graphene has

been reported.42,43 This diffusion barrier is smaller enough

for CuPc to move freely on graphene surface until finding a

stable adsorption position at initial deposition stage. It has

been reported that defects of graphene such as vacancies,

wrinkles, and grain boundaries usually induce enhanced MS

interaction, leading to the preferential nucleation of CuPc

close to these positions.38 Therefore, CuPc on SG substrate

can form large 2D islands whose edges are shaped by the

wrinkles and grain boundaries of graphene. While on the RG

substrate, only small grains are formed due to high density

of topographical defects. The diffusion barrier of CuPc on

RG is obviously higher than that of on SG substrate.

Therefore, extra energy is needed for CuPc to overcome the

high diffusion barrier in order to form 2D islands with larger

size. Fig. 3 shows the variation of CuPc grain size with the

increasing of substrate temperatures during the deposition

process of the organic material. Small CuPc islands already

begin to be formed when the substrate temperature is just

above RT, evidencing again the rather weak MS interaction

between CuPc and graphene even at the defect positions of

graphene. These islands continue to grow larger with the

increase of substrate temperatures. Simultaneously, the gaps

between neighboring islands are broadened as the substrate

temperature increases, indicating a more condensed packing

mode for CuPc film prepared at higher temperatures. This

phenomenon becomes more obvious when the substrate tem-

perature reaches 150 �C. Similar large 2D islands can also be

observed when the substrate temperature was raised to

180 �C. However, further increase the substrate temperature

leads to the preferential stacking of CuPc in the normal

direction of substrate surface, resulting in the degradation of

2D islands.

Fig. 4 shows XRD patterns of 30 nm thick CuPc films

grown at different temperatures on a RG substrate. We notice

that a weak and broad peak can be observed at 2h¼ 36.5� for

all samples including bare graphene substrate and CuPc films

deposited on graphene at various substrate temperatures. This

peak matches well with those of monoclinic CuO.44 It is rea-

sonable to suggest its origination from the underneath Cu

support of graphene substrates since this peak can also be

observed in the case of bare graphene/Cu substrate. For CuPc

film deposited at RT, two weak peaks are observed at 26.6�

and 27.7�, which correspond to diffraction from the a–CuPc

(11�2) and (01�2) Bragg planes, respectively. The existence of

these peaks indicates molecular stacking in the direction of

(11�2) and (01�2) Bragg planes, corresponding a nearly

“lying–down” geometry with the molecular plane of CuPc

parallel to the substrate surface.43 However, these diffraction

peaks are very weak in intensity, indicating a nearly amor-

phous nature of the CuPc film deposited on RG substrate at

RT. For the films prepared at elevated substrate temperatures,

XRD peak from (01�2) Bragg plane is enhanced, while the

peak from (11�2) Bragg plane is gradually weakened and

FIG. 2. AFM images showing the morphology of CuPc films on SG/copper

foil (a), RG/copper foil (b), SG/Ni(111) (c), and bare copper foil (d) sub-

strates, respectively. The film thickness is 30 nm for both samples.

FIG. 3. SEM images showing the variation of grain size of CuPc on RG/cop-

per foil substrates as the function of substrate temperatures. The film thick-

ness is 30 nm for each sample. The temperatures and scale bars are labeled

on each figure.
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completely disappeared when the substrate temperature was

raised to 80 �C, indicating the formation of single crystalline

domain for CuPc film on RG prepared at substrate tempera-

tures over 80 �C. The peak intensity of XRD peak with

2h¼ 27.7� further increases with the raise of substrate tem-

perature, which is in consistence with the size increase of

CuPc islands at higher temperatures.

It has been reported that the intermolecular p–p interac-

tion for the edge-on geometry (i.e., the molecular plane is

perpendicular to the substrate surface) is much smaller than

the intermolecular p–p interaction energy and adsorption

energy of CuPc on graphene.46,47 In addition, the CuPc-

graphene interaction used to be enhanced by the defects on

graphene like wrinkles, vacancies, and domain boundaries.36

Therefore, CuPc prefers to be orientated with “lying-down”

geometry on a RG substrate just like the case on a SG sub-

strate, since this geometry is energetically more stable than

the “edge-on” mode. The preferred parallel orientation of

CuPc on graphene is in consistent with that of CuPc on

highly orientated pyrolytic graphite (HOPG), evidencing the

similar MS interaction for CuPc adsorbed on both sub-

strates.47 It has been reported that the lateral corrugation bar-

rier for CuPc on HOPG is as low as 8.7 meV/molecule.48

Although the MS interaction likely changes for CuPc on sin-

gle layer of graphene because of the incomplete screening of

the underlying substrate by graphene, it is reasonable to

believe that the surface energies are nonetheless similar.

Thus, on a SG substrate, CuPc molecules prefer to form uni-

form monolayer at initial deposition stage,45 then the subse-

quent layers are grown layer-by-layer driving by the

intermolecular p–p interaction, leading to the formation of

large aggregating islands with layered molecular packing ge-

ometry. On a RG substrate, the lateral corrugation barrier is

believed to be increased due to the enhanced MS interaction

at defect positions of graphene. The larger lateral corrugation

barrier as well as the high density of defect hinder the diffu-

sion of CuPc on the RG substrates, leading to the reduction

of the diffusion rate of CuPc and thereby the formation of

particle-like grains with small domain size. The diffusion

rate can be increased by raising the substrate temperature

during the deposition process. The higher diffusion rate will

reduce the nucleation density, resulting in grain size

increase. Thereby, as expected, higher growth temperature

and the resulting enhanced molecular mobility of CuPc on

RG substrate lead to the preferential face-to-face column

growth of lager 2D crystals.

It is known that the long-term reliability of the OTFs is

vital for the corresponding organic electronic devices. To

investigate the long-term stability of the CuPc film on gra-

phene, two samples were prepared. One is CuPc film(15 nm)

on SG on Cu foil substrate, and the other is CuPc

film(15 nm) on RG on Cu foil substrate. The samples were

kept in air for seven months. The morphology of these sam-

ples was measured just after the fabrication and then meas-

ured again seven months later. No obvious variations of

morphology were observed (see supplementary material

S4),37 evidencing the long-term stability of CuPc films on

graphene substrate. The long-term stability of OTFs on gra-

phene substrate ensures the long lifetime performance of or-

ganic electronic devices based on graphene electrodes.

In summary, film growth behaviors of CuPc on rough

graphene and smooth graphene substrates were comparatively

studied with AFM, SEM, and XRD. On the SG substrates,

CuPc molecules nucleate into 2D islands with regular shapes

and large domain sizes, owing to the small lateral corrugation

barrier thereby high molecular mobility. On the contrary,

CuPc molecules on the RG substrates aggregate into small

particle-like grains due to the high density of defects like

wrinkles and boundaries on rough graphene surface. These

defects on graphene enhance the CuPc-graphene interaction

and thereby lead to the increment of lateral corrugation

barrier, resulting in the creation of small grain of CuPc on RG

substrate. This observation is contrary to the general believe

that a single graphene layer can always template the highly

crystalline growth of organic thin film. Our observation indi-

cates that carefully prepared defect-free graphene is needed

for the growth of highly crystalline organic thin film at RT.

On the other hand, single crystalline CuPc film on the RG

substrates can be achieved by keeping the substrate at high

temperatures during the deposition process. This observation

is beneficial for improving performance of organic devises

with vertical device architectures, such as OLED and OPV.

C.-S.L. would like to thank support from the City

University of Hong Kong via a strategic Grant No. 7004008.

FIG. 4. (a) XRD spectra of CuPc films on RG/copper foil substrates pre-

pared at various substrate temperatures. (b) XRD spectra of selected 2h
region of (a) showing the details of peak at 2h¼ 26.6� and 27.7�. The film

thickness is 30 nm for each sample.
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