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Abstract In this article, we present orientation study of

metallophthalocyanine (MPcs) (CoPc, ZnPc, CuPc, and

MgPc) thin films deposited on silicon substrate. The MPc’s

thin layers were obtained by the quasi-molecular beam

evaporation. The micro-Raman scattering spectra of MPc’s

thin films were investigated in the spectral range

550–1650 cm-1 using 488 nm excitation wavelength.

Raman scattering studies were performed at room tem-

perature before and after annealing process. Annealing

process of thin layers was carried out at 200 �C for 6 h.

From polarized Raman spectra using surface Raman

mapping, the information on polymorphic phase of MPc’s

layers has been obtained. The chosen Raman modes A1g

and B1g are connected with different polymorphic phases

of MPc (a and b form) thin layers. Moreover, the obtained

results showed the influence of the annealing process on

the ordering of the molecular structure. Following the

annealing process, it was observed arrangement of the thin

layers structure being revealed in Raman spectra. The

obtained results indicate that the annealing process has a

significant influence on the structure of thin layers being

under study.

Introduction

In recent years, the organic thin layers play an important

role in finding new materials for optoelectronic applica-

tions and devices. One of them are the thin layers of

organic compound based on metallophthalocyanine (MPc)

(CoPc, ZnPc, CuPc, and MgPc) deposited on a solid state

substrate using different methods (quasi-molecular beam

evaporation, Langmuir–Blodgett, evaporation from solu-

tion, and spin-coating method). The MPc are the most

promising materials for future molecular devices such as

organic light emitting diodes (OLEDs), solar cells, organic

field-effect transistors, molecular gas sensors, memories,

optoelectronic device, and semiconductor junctions [1–5].

Metallophthalocyanines represent a large family of het-

erocyclic conjugated molecules with high chemical and

thermal stability [6, 7].

During last years, the thin films of phthalocyanines MPc

with different central metal atoms (CoPc, ZnPc, CuPc, and

MgPc) have been extensively studied due to their potential

properties as electronic or optoelectronic materials, gas

sensor, and possible application for fabrication of func-

tional low dimensional structures on solid surfaces. In the

case of MPc thin films, the knowledge of the surface

morphology and the preferred orientation of the crystallites

are essential for their successful applications. Within the

analysis of preferred orientation of molecules in MPc’s

layers, polymorphism of crystalline structure MPc’s layer

plays an important role and is related to their physical

properties (optical and electrical) [7, 8].

Metallophthalocyanines can occur in many polymorphic

phases a, b, v, and e connected with different crystalline

structure. The most popular is metastable a form and stable

b form [9, 10]. The main difference between both forms is

the tilt angle of the molecule within the columns and
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arrangement of the common columns in the crystalline

structure. These parameters play a significant role in

changes of conductivity along stacking molecules. Thus,

the obtained thin layers possessing different phases of MPc

molecules lead to different optical and electrical properties.

Therefore, during the deposition process (using the differ-

ent substrates and deposition methods) one can obtain

different heterogeneous polymorphic phase of MPc thin

layer.

Due to these exceptional properties, thin films of MPcs

have been recently intensively investigated using the

optical methods such as absorption ellipsometry, FTIR

absorption, Raman spectroscopy, X-ray diffraction, scan-

ning electron microscopy, and atomic force microscopy

[11–16]. The preferred orientation is usually determined by

sample preparation conditions such as the type of substrate

(amorphous or single crystalline), type of deposited layer

(different organic materials), temperature of substrate,

deposition rate, quality of the substrate surface, and method

of deposition.

Also the annealing processes of organic thin layers after

deposition on substrate are very important because in many

cases they can lead to changes in polymorphic forms and

arrangement of the structure [16, 17].

The influence of different deposition conditions on

both, the preferred orientation of MPc’s crystallites within

films and on the surface morphology were investigated

using different methods [15, 18]. In the investigations, we

used the orientation dependencies of polarized Raman

spectra. The main aim of this study was to determine the

molecular orientation and distribution of polymorphic

phase of MPc thin film deposited on silicon substrate and

to identify changes occurring as a result of annealing

process.

Experimental

Thin film preparation

The MPc (CoPc, ZnPc, CuPc, and MgPc) layers have been

prepared in vacuum chamber at pressure of about

p = 2 9 10-4 Pa. Purified CoPc, ZnPc, CuPc, and MgPc

powder (97% Sigma-Aldrich Co.) was loaded onto a

quartz effusion cell with a nozzle of 3 mm in diameter on

the top. The n-type (001) Si substrates were located 10 cm

away from the source of MPc which before loaded into

vacuum chamber were sonificated in acetone, distilled

water, isopropanol, and finally in distilled water. During

evaporation the substrates were held at room temperature.

The deposition rate was 0.2 nm/s. We obtained thin layers

CoPc, ZnPc, CuPc, and MgPc about the thickness of

400 nm.

Characterization of thin films

The Raman scattering spectra of MPc’s layers were

investigated in the spectral range of 550–1650 cm-1. The

nonpolarized and two type of polarized (VV and VH)

Raman spectra were recorded in the backscattering geom-

etry using inVia Renishaw micro-Raman system. As an

excitation light we used the blue line of argon laser oper-

ating at 488 nm. The same laser as a source of exciting

light was used to study Raman surface mapping. The laser

beam was tightly focused on the sample surface through a

Leica 509 LWD microscope objective (LWD—long

working distance) with numerical aperture equal to 0.5

leading to a laser beam diameter about 2 lm. To determine

orientation of the MPc’s thin layer the polarized (VV and

VH) Raman spectra were recorded. To prevent any dam-

ages of the sample an excitation power was fixed at 5 mW.

The inVia Raman spectrometer allowed for recording the

Raman spectra with the spatial resolution of about 1 lm.

Because all measurements were recorded in backscattering

geometry we could neglect the angle dependence of

reflection coefficients of thin layer and substrate for dif-

ferent polarization of the incident light. The position of the

microscope objective with respect to the thin layer was

piezoelectrically controlled during surface mapping (XY

position). The reference position (level 0) was assumed for

the laser spot focused on the surface of sample. The

obtained Raman maps of surface of the thin layer covered

an area 20 9 20 lm with the step of 2 lm.

Results and discussion

The determination of molecular orientation of thin layer

from Raman scattering studies was based on the analysis of

external molecular vibrations. The molecular orientation

of thin film is connected with the elements of matrix of

scattering tensors for individual type of vibrations.

In order to obtain information on the components of

Raman tensor for appropriate type of vibration the diagonal

and nondiagonal elements of the Raman tensor have been

determined. Determination of these elements was per-

formed using polarized Raman spectra, VV—in parallel

polarization of incident and scattered light and VH—in

cross polarization of incident and scattered light.

The vibrations of the CoPc, ZnPc, CuPc, and MgPc

planar molecules which consist of 57 atoms and possess

D4h point group symmetry can be classified into following

irreducible representation (taking into account only internal

vibrations) [19, 20]:

Cvib ¼ 14A1g þ 13A2g þ 14B1g þ 14B2g þ 13Eg

þ 6A1u þ 8A2u þ 7B1u þ 7B2u þ 28Eu ð1Þ
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where A1g, B1g, B2g, and Eg modes are Raman-active. The

nondegenerate A1g, B1g, and B2g modes are in-plane

vibrations, and double degenerate Eg are the out-of-plane

vibrations. In the case of symmetry D4h, the Raman tensors

for each modes Raman-active (A1g, B2g, and Eg) can be

described [19, 21].

As it is known the Raman intensities of the bands are

proportional to the square of matrix elements. Thus, aver-

age intensity of the band in parallel polarization incident

and scattered light (VV) and in cross polarization incident

and scattered light (VH) is described by following formulas

[20]:

IVV ¼
2

p

Zp=2

0

k2 cos4 bd/ ¼ k2 cos4 b; ð2Þ

IVH ¼
2

p

Zp=2

0

k2 sin2 / cos2 b sin2 bd/ ¼ k2

2
cos2 b sin2 b;

ð3Þ

where b is the angle between molecule and substrate. The b
angle is calculated from the ratio intensities (IVV/IVH) for

A1g and B1g Raman modes of MPcs deposited on solid

state substrate. Detailed informations concerning the des-

ignation of the orientation of the MPc thin layers using

polarized Raman spectra we concluded in the previous

works [21, 22].

The orientation of MPc’s thin layers is closely con-

nected with parameters of the deposition process such as:

temperature of the substrate, deposition rate, method of

evaporation, and thickness of the obtained thin layers.

Annealing process of the obtained thin films also plays a

very important role, which can cause transformation of

molecular structure and change of polymorphic phase. This

leads to the structure arrangement and ordering of thin

layer.

Figure 1 presents the polarized Raman spectra (VV and

VH) obtained at room temperature (before annealing pro-

cedure) for ZnPc/Si (a), CuPc/Si (b), CoPc/Si (c), MgPc/Si

(d), respectively. As it is shown in Fig. 1 we recoded bands

of A1g symmetry of 592 cm-1 band (benzene ring defor-

mation), B1g at 684 cm-1 (macrocycle breathing), and B1g

connected with pyrrole stretch. The position of the last

band is closely linked to metal ion adapted to phthalocy-

anine molecule. The major changes in Raman spectra for

different MPc thin layers are observed in the spectral range

Fig. 1 Polarized Raman spectra MPc deposited on silicon substrate: ZnPc (a), CuPc (b), CoPc (c), MgPc (d)
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from 1350 to 1550 cm-1. This region corresponds to heavy

atom-nitrogen (M-nitrogen) in-plane stretching and bend-

ing vibrations as well as displacements on the C–N–C

bridge bond of the phthalocyanine molecule. The change of

position of pyrrole stretch band is presented in Fig. 2. As it

can be seen from this figure, the position of this band

changes from 1544 cm-1 for CoPc, 1525 cm-1 for CuPc,

1509 cm-1 for ZnPc to 1499 cm-1 for MgPc thin layers.

This vibration is characterized by the displacement of

C–N–C bridge bonds of the phthalocyanine macrocycle.

We have observed shift up to 45 cm-1 (5.58 meV)

depending on the metal ion. This effect is probably caused

by the metal ion size and cavity diameter of MPc.

Therefore, this band allows us for easy identification of

adopted metal ion. Because this band is most intense in the

Raman spectrum we have used it to determine the orien-

tation of the investigated thin layers. Using integral

intensity of this band obtained from polarized Raman

spectra (VV and VH), we can estimate the angle between

molecule and substrate.

We have also performed surface Raman mapping (area

20 9 20 lm) before and after annealing procedure in order

to obtain information on distribution of polymorphic form

of MPc thin layer. The annealing process was carried out in

temperature cell at temperature equals to 200 �C by 6 h.

Raman mapping spectra were measured with the step of

2 lm. The full Raman map consisted of 121 Raman

spectra. We have recorded two types of polarized Raman

map for VV and VH polarization. Using numerical pro-

cedure, each spectrum was fitted to the theoretical Lorentz

curve (using Wire 3.0 inVia software) to obtain integral

intensity of B1g pyrrole stretch Raman mode. Using rela-

tion (1) and (2) for IVV and IVH intensity (described above)

of Raman mode we have calculated the ratio intensities and

then the angle between molecule and substrate. The same

maps have been measured in the same area after the

annealing process using the markers placed on the sub-

strate. Using a microscope, it was possible to identify

markers of the same investigated area.

Figure 3 presents maps of angle between molecule and

substrate estimated from polarized Raman spectra for ZnPc

thin layer deposited on silicon substrate before (a) and after

annealing (b) procedure, respectively. In the case of the

map obtained before annealing process (Fig. 3a), we

observe the disordered surface with different orientation of

the deposited ZnPc thin layer. The angle between molecule

and substrate changes from 33� to 49�. In the a- and b-form

this angle is 25�–35� and 40�–49�, respectively [19, 23].

This proves that in the case of ZnPc thin layer there are two

types of polymorphic phase: a and b form, respectively.

We also observed additional phase of ZnPc (angle between

36� and 39�), which is between a and b form. Figure 3b

shows the same map obtained after annealing process. As it

can be seen from this figure, the annealing process (6 h at

200 �C) caused reorientation of the deposited molecules.

We have observed in the investigated area the molecular

arrangement caused by changes of the angle between

molecules and substrate. The estimated angle changes from

39� to 50�. This means that annealing process leads to

existence only one of polymorphic form, namely stable b
form.

Figure 4 shows polarized Raman spectra for ZnPc thin

layer recorded before and after annealing procedure. We

observe the change of intensity ratio of pyrrole stretch band

at 1509 cm-1 to macrocycle breathing vibration at

677 cm-1 before and after annealing process. Before

annealing procedure the intensity ratio equals to 3.6 but

after annealing process it decreases to 2.5. This effect is

probably connected with the change of molecular structure

of the ZnPc thin layer. This phenomenon was observed in

the case of temperature measurements of ZnPc thin layer

during phase transition from a to b phase [17].

The same investigations and analysis were performed

for CuPc, CoPc, and MgPc thin layers deposited on silicon

substrate. Figures 5, 6, and 7 illustrate maps of angles

between molecules and substrate obtained before and after

annealing process for CuPc, CoPc, and MgPc thin layer,

respectively. As it is seen in Fig. 5a, the orientation of

CuPc molecules before annealing changes in the range

from 35� to 39�. It is intermediate phase between a and b
form. However, after annealing process (Fig. 5b) the angle

increases and changes from 45� to 47�.

We observed very well ordered structure of the almost

homogeneous b phase. Figure 6 shows maps obtained for

MgPc thin layer. As it can be seen in Fig. 6a, we observe

only metastable a form (angle 26�–36�). However,

annealing process causes phase transformation from a to b
form. After annealing procedure, the angle varies from 39�

Fig. 2 The polarized (VV) Raman spectra of CoPc, CuPc, ZnPc, and

MgPc thin layer
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to 48�. We have observed in the whole investigated area

the presence of one form—b. The best results we have

obtained for annealed of CoPc thin layer deposited on

silicon substrate (see Fig. 7). In this case, annealing

process has causes total arrangement of CoPc thin layer

and leads to homogeneous structure with angle between

molecule and substrate equals to 48� and homogeneous b
phase of cobalt phthalocyanine.

As it is seen from Figs. 3, 5, 6, and 7, the higher disorder

of molecules is observed for ZnPc thin layer both, before

and after annealing process. Admittedly, annealing process

improves the structure of the thin layer, which possesses a

homogeneous phase (phase transition from a to b phase

during annealing process) but does not show a high

molecular arrangement. This is probably connected with

the symmetry of deposited molecule.

According to the literature data and theoretical calcu-

lations using density functional theory method in the case

of ZnPc molecule, we have observed the differences in

symmetry of ZnPc and CuPc or CoPc molecules. Adoption

of the copper and cobalt by phthalocyanine molecule cre-

ates the planar MPc molecule of symmetry D4h. For CuPc

and CoPc ionic diameter is smaller than the cavity diameter

Fig. 3 Maps of angles between molecule ZnPc and substrate

estimated from polarized Raman spectra: before (a) and after

(b) annealing procedure

Fig. 4 The polarized (VV) Raman spectra of ZnPc thin layer

obtained before and after annealing procedure

Fig. 5 Maps of angles between molecule CuPc and substrate

estimated from polarized Raman spectra: before (a) and after

(b) annealing procedure
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of H2Pc molecule. In the case of Zn atom ionic diameter is

higher than cavity diameter of H2Pc by about 0.075 Å. This

means that we can observe nonplanarity of MPc for large

metal ions [24, 25]. Thus, for the ZnPc thin layer the

molecular arrangement is more complicated assuming

distortion of planarity with different symmetry of molecule

than D4h. In the previous studies, we have reported the

change of symmetry of molecule in high temperature from

D4h (planar molecule) to C4v (distortion molecule) [26].

This transformation has an influence on the orientation of

the organic thin layers. Moreover, it is connected with the

increase of the average M–N distance in the MPc molecule

and thereby changes of planarity of the molecule (change

of molecular symmetry).

In Fig. 8 we present average angle between molecule

and silicon substrate for ZnPc, CuPc, CoPc, and MgPc

estimated both, before and after annealing procedure. In all

cases, we observe increase of the angle between molecule

and substrate and change of polymorphic phase caused by

annealing process. These results are in good agreement

with results obtained by Tackley et al. in [24]. For CuPc

and CoPc ionic diameter is smaller than cavity diameter of

Fig. 6 Maps of angles between molecule MgPc and substrate

estimated from polarized Raman spectra: before (a) and after

(b) annealing procedure

Fig. 7 Maps of angles between molecule CoPc and substrate

estimated from polarized Raman spectra: before (a) and after

(b) annealing procedure

Fig. 8 Angle (average) between molecule MPc and substrate (filled
square before annealing, open square after annealing)
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H2Pc molecule but for Zn atom ionic diameter is higher

than cavity diameter of H2Pc causing the increase of the

angle between substrate and plane of molecule. The layer

annealed in higher temperature causes smaller difference in

the angles between different phthalocyanines.

Conclusions

It has been revealed, that micro-Raman scattering spec-

troscopy is very useful to investigate molecular orientation

of the ZnPc, CuPc, CoPc, and MgPc thin layers deposited

on solid state substrate.

In this article, we report orientation study of ZnPc,

CuPc, CoPc, and MgPc thin layers deposited on silicon

substrate using micro-Raman scattering method. The

polymorphic phase, temperature stability, symmetry of

molecules, and preferred arrangement of MPc thin layer is

closely related to the physical (optical and electrical)

properties. The obtained results indicate a significant

influence of the annealing process on the preferred

molecular orientation and distribution of polymorphic

phase of MPc thin film deposited on silicon substrate.
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