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Abstract Thin silicon phthalocyanine dichloride films on HOPG were prepared and the sample was heated
in the vacuum with laser. The thickness of the thin sample on HOPG was checked by X-ray photoemission
spectroscopy. The orientation of the molecules in respect to the substrate plane was investigated by measuring
the silicon K-edge near edge X-ray absorption fine structure (NEXAFS). In the NEXAFS spectra of the thin
sample, two clear peaks which were assigned to 1s — 0§;_ and 1s — 0§;_¢; appeared around 1847.2 eV and
1843.1 eV respectively. The intensities of the resonance peaks showed strong polarization dependence. A
quantitative analysis of the polarization dependence revealed that the Si—N bond tended to lie down while the
Si—ClI bond was out of the molecular plane.
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1 Introduction

In recent years, organic semiconducting thin films
have become increasingly important for the possi-
ble application of these films in several fields such
as electronics, opto-electronics and gas sensing!™ 2.
The family of the phthlocyanines (Pcs) represents
one of the most promising candidates for ordered or-
ganic thin films in organic electronics, as these sys-
tems possess advantageous attributes such as chem-
ical stability, excellent film growth and electronic
properties™ 4. It has been already concluded that
the ordering and orientation of the Pcs represents
one of the most promising candidates for organic thin
films?®. Anisotropic electrical transport properties
are often observed in these materials; they are caused
by the preferred orientation of the molecules!® .
Especially for Pcs, a very high degree of orienta-

tion in evaporated films was observed on several
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substrates'” ', But very few studies have attempted

to clarify the ordering and orientation of silicon ph-
thalocyanine dichloride (SiPcCly).

Fig. 1. Molecular structure of SiPcCls.

In the present work, therefore, we investigated
the electronic structure and orientation nature of

* Supported by Nuclear Researchers Exchange Program 2005 and Photon Factory Program Advisory Committee (2004G340)

1) E-mail: jzdeng73@yahoo.com.cn

769 — 772



770 Chinese Physics C (HEP & NP)

Vol. 32

SiPcCl, molecular films on highly oriented pyrolitic
graphite (HOPG) substrate using polarization de-
pendent near-edge X-ray absorption fine-structure
(NEXAFS).

In the molecular structure of SiPcCl, (Fig. 1), a
Si atom is located in the center of the planar phthalo-
cyanine (Pc) ring, with two Cl atoms attached to the
Si atom above and below the SiPc plane.

2 Experiments

The experiments were performed at the end sta-
tion of the beam line BL27A of the photon factory
in the High Energy Accelerator Research Organiza-
tion (KEK-PF), Tsukuba, Japan. The beam line was
equipped with an InSb(111) double crystal monochro-
mator. The energy resolution from the monochroma-
tor was 0.85 eV at 1.84 keV (Si K-edge). The syn-
chrotron beam was generated in the bending mag-
net, and it was linearly polarized in the horizontal
direction. The end station has two vacuum cham-
bers: (1) the main chamber and (2) the preparation
chamber: the base pressure of both chambers is in
the order of 1078 Pa. The main chamber consists of
a hemispherical electron energy analyzer (VSW Co.
Class-100) for XPS measurements, a manipulator and
a laser annealing system. The preparation chamber is
equipped with thin film evaporators, thickness moni-
tor and transfer system!"

Powder samples of SiPcCl, and 12 mmx12 mm
HOPG were purchased from Sigma-Aldrich Co. and
Tomoe Co. respectively. The HOPG substrates were
cleaned with acetone by ultrasonication before use.
A 100 mM SiPcCl, solution was made by dissolving
SiPcCl, powder in hexane. A little amount of the
solution was dropped homogeneously on the HOPG
surface. In addition, the sample was heated at 345 °C
for 5 minutes in the vacuum with laser after the so-
lution was dried naturally in the vacuum.

The NEXAFS spectra were taken by the total
electron yields, which were monitored by sample
drain current. Si K-edge NEXAF'S spectra were mea-
sured for the thin SiPcCl, film on HOPG after heat-
ing in the vacuum. In order to compare the spec-
tral features, the NEXAFS spectra of SiPcCl, with-
out heating were also taken for the reference.

3 Results and discussion

3.1 X-ray photoelectron spectra

Figure 2 shows the XPS wide scan excited by
3200 eV photons for the sample. First, we will esti-
mate the thickness d of the sample'®. The intensity

of the Si 1s photoelectron I (Si 1s) is expressed as
I(SllS) = KO'(SilS))\SiPCCl2 (SilS)TLSich12 (Sl) X

ety O

where K is constant depending in the detection ef-
ficiency and X-ray flux, o(Sils) is photo ioniza-
tion cross section of Si 1s at 3200 eV photons,
Asipeal, (Sils) is inelastic mean free path (IMFP) of Si
1s photoelectron in SiPcCl, and n(Si) is the atomic
concentration of silicon in the SiPcCl, sample. For
carbon, the C 1s photoelectrons are emitted from
both the substrate and SiPcCl, sample, so the inten-
sity of the C 1s photoelectron I(C 1s) is calculated
as

I(Cls) = Ko (C1s)Ac(Cls)ng(Si) x

—d
expd —— L+
P { /\Sipc012 (015) }
,K'O'((]ls))\Sipc(jl2 (ClS)TLSipC012 (C) X

oo o ) @

where all the parameters are the same as those in
Eq. (1). For o, the reported values were used™?.
Using the TTP-2M equation[14], the values Asipco,
(Sils) and Asipec, (C1s) were estimated to be 36.556
and 68.18A respectively. The I(Si)/I(C) ratio as a
function of d is shown in the upper side of Fig. 2.
The calculated thickness of this sample is 4.287 nm
(about five layers molecule).

0.5
- @ z\® Cls
=04} E |
o >
< 03 £
=z 02 z Si s
@ 2
2 01 2 w il
0 2 4 6 &8 10 30 25 20 15 10 5 O
thickness/nm binding energy/eV (X 10%)
Fig. 2. XPS wide scans exited by 3200eV pho-

tons for silicon phthalocyanine dichloride thin
sample on HOPG. The relation between film
thickness and peak intensity calculated by
Egs. (1) and (2) are shown in the upper side.
The thickness of the thin sample obtained
from this curve is 4.287 nm.

3.2 Si K-shell NEXAFS spectra

Figure 3 shows the polarization-angle dependence
of the Silicon K-edge NEXAFS spectra for the pow-
dered SiPcCl, sample without heating (marked A)
and the thin SiPcCl, film on HOPG after heating
in the vacuum (marked B). The spectra are nor-
malized to the edge jump at the continuum region
around 1860 eV where they should show no polariza-
tion dependence™®.
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Fig. 3. NEXAFS spectra at the silicon K-edge

taken by the total electron yield. (a) thin
SiPcCl; film before heating. (b) polarization
dependence for thin SiPcCly on HOPG after
heating in the vacuum. FE is the electric field
vector of synchrotron beam and 6 is the inci-
dent angle defined by the angle between sam-
ple surface and synchrotron beam.

For the spectra of the sample without heating,
there is no polarization dependence. That is, all of
the spectra are the same in different incident angles.
While it is noteworthy for the heated sample that a
new clear peak is observed at 1843.1 eV (peak B) in
addition to a strong feature at 1847.2 eV (peak A),
and also that the spectra noticeably depend on the
polarization angles. We inferred that the bonding
between the substrate and molecules becomes tight-
ened due to the annealing process in the vacuum and
this process makes the molecules became oriented.

In order to assign those peaks to correlative chem-
ical bonds, we calculated the unoccupied molecular
orbital in the core excited states (Equivalent core
approximation)[w] for SiPcCl, molecule using the self-
consistent field molecular orbital (SCF-MO) method
with 3-21G basis set. Most stable molecular struc-
tures were obtained by optimizing the total potential
energy. Based on the calculations, we assign peak A
and peak B to in-plane and out-of-plane transitions
respectively.

The evidence agrees with the fact that peak A and
peak B in Fig. 3(b) can be assigned to Si 1s — 0§,
(in-plane) and 1s — o o, (out-of-plane) transitions,
respectively”.

To determine the average polar angle of Si—Cl
bond and the average tilt angle of Si—N bond, the in-
tegrated intensities of the of;  resonance and of;
resonance were obtained quantitatively by curve-
fitting technique. Using a nonlinear least-square rou-
tine, the NEXAFS curves were fitted with a linear
combination consisting of four symmetrically broad-
ened Gaussian functions for the resonant features and

of a Gaussian-broadened step function for the edge
umpl®!

. Typical spectral deconvolution is shown in
Fig. 4.
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Fig. 4. Spectral deconvolution for the SiPcCls

on HOPG. The incident angle (0) was written
on the right side of the spectrum. The NEX-
AFS curves were fitted with linear combina-
tion of four symmetrically broadened Gaus-
sian functions for resonant features and a
Gaussian-broadened step function for the edge
jump.

The remarkable feature observed in peak A and
B is the clear polarization dependence of their in-
tensity. The intensity of the peak A increases with
the increase in the incident angles of the synchrotron
beam. While the intensity of the peak B decreases
with the increase in the incident angles of the syn-
chrotron beam. The peak intensity I of the NEXAFS
spectra using the synchrotron beam of electric field E
is expressed as follows!"':

I |E-O| o« cos?§ (3)

where O is the direction of the final state orbital and
0 is the angle between E and O. Considering the
polarization dependences in Fig. 2, we can suppose
that the final state orbital represented by the peak A
is parallel to the basal plane of graphite sheet, while
that represented by the peak B is perpendicular to
the basal plane of graphite. In order to certify those
speculations more quantitatively, we will next esti-
mate the angle of Si—N and Si—Cl ¢ bonds.

For the HOPG substrate, the multilayer films are
most unlikely to tend azimuth symmetry, the angle-
dependent intensities for of; \ and o§; o, can be ex-
pressed by Eqs. (4) and (5) respectively!'?.

I1(0,7) = A[Psin®0cos*y— % sin® @sin® y +
1
5(1—P)(1+c0527)], (4)

1
I1(0,0) = A[Pcos2900s204+§sin205m2a+
1 L,
5(1—P)(1+51n a)l, (5)

where A is the normalization factor and P(=0.9)™*

is the degree of linear polarization of X-rays and the



772 Chinese Physics C (HEP & NP)

Vol. 32

tilt angle represents the polar angle of o%; -, orbital,
namely the angle between the surface normal (n) and
the 0%, , orbital. v is the tilt angle of molecular plane
which contains o  orbital.

normalized intensity/
(arb. units)
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Fig. 5. Plots of intensities, () as a function of
X-ray incidence (polarization) angle 6. Also
shown are the best-fit curves (solid lines) and
the hypothetical curves calculated for the an-
gle 0° (chain lines) and 90° (dotted lines) with
respect to the surface normal.
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Figure 5 shows the of,  and 0%, resonance
intensities as a function of the polarization angles,
0. The results of curve-fit analysis using plane-type
(Eq. (2)) and vector-type equations (Eq. (3)) are also
shown. The plane type equation is used for analyzing
the in-plane orbital, i.e., o§;_y in our case. The vector
equation is adopted for the out-of-plane orbital, i.e.,
0% o™, The average tilted angles of the molecular
plane (0%; ) and the Si—Cl bond axis were found to

be roughly 43° and 36° to the surface respectively.
The average tilted angles deviate from the magic an-
gle (54.7°), which means compared with the randomly
oriented molecules, the Si—N bonds tend to lie down
on the surface on average. The consistency also cor-
roborates the validity of our resonance assignments.

4 Conclusions

We have prepared thin films sample of SiPcCl, by
dropping the molecular solution on HOPG and heat-
ing the sample in the vacuum at ~345°C. We have
investigated the orientation and electronic structure
of those films on HOPG using polarization depen-
dent NEXAFS. In the Si K-edge NEXAFS spectra
for thin film sample, two clear peaks that were as-
signed to 1s — 0§; y and 1s — 0%, o, appeared around
1847.2 eV and 1843.1 eV. The intensities of the reso-
nance peaks showed strong polarization dependence.
The quantities analysis of the polarization depen-
dence revealed that on average the Si—N bond tend
to lie down on the surface compared with the ran-
domly oriented molecules, while the Si—CI bond tends
to perpendicular to the molecular plane.

The authors would like to express their gratitude
to the staff of the Photon Factory (KEK-PF) for their

assistance throughout the experiments.
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