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We report the reaction dynamics of cobalt phthalocyanine (CoPc) molecules with Bi-line 

structures (BLSs) on a Si(100) surface, investigated using scanning tunneling microscopy 

(STM).  When CoPc molecules were deposited on a Si(100) surface with BLSs at room 

temperature, single-spot protrusions were observed in the STM image instead of four-spot 

images corresponding to CoPc’s flat molecular structure.  Moreover, domains with a c(4×4) 

periodicity appeared on the terraces of the Si(100) surface.  This indicates that CoPc molecules 

may have decomposed on the surface by catalytic reaction with Bi atoms. 
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1. Introduction 

There have been many reports of the formation of novel structures on semiconductor 

surfaces by atomic deposition.  Among these, the behavior of Bi atoms on a Si(100) surface 

has attracted much attention for the ability to form a one-dimensional structure [1-8] and to act 

as a surfactant in hetero-epitaxial systems such as Ge/Si(100) [9].  Bi atoms adsorbed on a 

Si(100) surface form a one-dimensional belt-like structure, which has been named the Bi-line 

structure (BLS).  The BLS consists of two neighboring chains of Bi dimers in the topmost 

layer, and stretches parallel to the ×2 direction of the terraces of the Si(100)(2×1) surface.  To 

apply the BLS to templates in the manufacture of atomic-scale devices, one should understand 

not only the formation process, but also the reaction dynamics. 

Naitoh et al. observed surface structure changes in BLS at relatively low hydrogen 

exposures, where they showed that Bi-Si bonds in the BLS can be broken by the attack of 

hydrogen atoms [5].  Itoh et al. found that Ag atoms are preferentially adsorbed on the Si 

terraces, rather than on the BLS [10].  The BLS is stable over a wide range of surface 

temperatures under interaction with Ag atoms.  However, the effects of hydrogen and metal 

atoms in co-adsorbed states have not yet been clarified. 

In a previous paper [11], we investigated the processes of adsorption and dissociation of 

copper-phthalocyanine (CuPc) on a Si(100) surface containing BLSs by scanning tunneling 

microscopy (STM).  Metal phthalocyanine molecules have attracted great technological 

interest in a wide variety of fields such as chemical sensors, optoelectronic devices, and solar 

cells [12].  These are organic semiconductors that can be used in well-behaved field effect 

transistors [13].  They are even expected to serve as two-dimensional insulated quantum wires 

with a central atomic conductor sheathed in a molecular insulator [13].  If the above-mentioned 

BLS can be used as a “template” during the formation of one-dimensional structures of organic 

molecules such as metal phthalocyanine, they would provide a foundation for a very interesting 
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new device manufacturing technology. 

In this paper, we studied the adsorption and dissociation of cobalt-phthalocyanine (CoPc) 

on a Si(100) surface containing BLSs.  CoPc has also attracted much attention for potential 

application as a low-dimensional molecular magnet due to the magnetic properties of Co atoms 

[14].  Moreover, it is expected to be useful for the formation of carbon nanotubes [15].  We 

discuss the effects of CoPc adsorption on a Si(100) surface structure involving BLSs. 

 

2. Experimental 

The experiments were carried out in an ultra-high vacuum chamber under a base pressure 

of 1×10-8 Pa.  The chamber was equipped with an STM (JEOL JSTM-4500XT), a rear-view 

low energy electron diffraction (LEED) (VG RVL-900), and sample-preparation facilities 

including heating and deposition of Bi and CoPc.  Si(100) samples of size 1×7×0.38 mm3 were 

cut from an n-type wafer (P-doped, 0.02 Ωcm), cleaned in-situ by direct-current heating at 

900oC, followed by a brief flashing at 1200oC.  After the cleaning procedure, well-developed 

STM images and clear (2×1) LEED patterns were observed.  The sample temperatures were 

measured with an optical pyrometer in the range of 200-2000oC.  Tips for STM observation 

were made from tungsten wire (0.3 mm in diameter), etched using 2N NaOH in a Pt loop 

electrode in direct-current mode.  The tips were baked out before being used for scanning.  Bi 

(99.999 % purity) or CoPc was deposited from a crucible made of thin Ta foil.  The rates of Bi 

and CoPc deposition were approximately 0.1 and 0.05 ML/min, respectively, where 1 ML was 

defined as the Si density on the ideal (100) plane. 

The BLSs were produced by bismuth deposition of ~0.1 ML at 500oC on the Si(100) 

surface.  The STM revealed that the lines consisted of two atomic chains in the topmost layer.  

The LEED pattern for the Si(100) surface with BLSs still showed (2×1) periodicity. 
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3. Results and discussion 

We present the reaction dynamics induced by adsorbed CoPc on a Si(100) surface 

containing BLSs at room temperature.  When CoPc molecules were deposited for 30 s on this 

surface, the LEED pattern of the surface changed from (2×1) to (1×1).  Fig. 1(a) shows an 

STM image of this surface.  The BLSs are indicated by white arrows.  We observed many 

bright protrusions in Fig. 1(a), indicated by white squares.  The amount of protrusions 

increased for a CoPc deposition of 60 s, as shown in Fig. 1(b).  There were several previous 

reports that a Co atom located in the center of a CoPc molecule manifests itself as a bright 

protrusion in STM images, resulting from the relation between the density of states of the STM 

tips and the electron density in the Co-d orbital [16-18].  The electronic structure and the 

distribution of spin density for CoPc were found from band structure calculations [19].  Thus, 

each protrusion with a single bright spot corresponded to a CoPc molecule deposited on the 

surface.  As the sharpness of our STM tips was insufficient, we obtained no five-spot 

protrusions like those seen in ref. [18] but instead observed protrusions having one bright spot 

in the STM images. 

In Figs. 1(a) and 1(b), there are many protrusions on the Si(100) terrace compared with on 

the BLSs.  This indicates that the sticking coefficient of CoPc molecules on the BLSs is low, or 

that CoPc molecules decomposed on BLSs.  In Figs. 1(a) and 1(b), we see that the Si terraces 

became disordered.  The adsorption of CoPc on the Si(100) surface containing BLSs at room 

temperature induced the formation of defects in the BLSs, and c(4×4) structures on the Si 

terrace, indicated by a black arrow and white ovals, respectively.  We suppose that the CoPc 

molecules combined with dangling bonds of the Si(100) terrace atoms after the decomposition 

of some of the atoms in the CoPc molecules on the Si(100) surface.  The decomposition of the 

BLS arose from the breaking of Bi-Si bonds due to the attack of atomic hydrogen [5].  It is 

likely that the defects originated with hydrogen atoms from the decomposition of the CoPc 
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molecules. 

Fig. 2 shows an STM image taken after annealing the specimen from Fig. 1(a) for 120 s at 

200oC.  The amount of defects in the BLSs increased.  The defects in the BLSs are probably 

caused by hydrogen atoms originating from the decomposition of CoPc molecules during the 

annealing process.  In such a process, the top of the BLSs would disintegrate.  The number of 

protrusions in Fig. 2 was about the same order as in Fig. 1(a), because the shape of protrusions 

in the STM image did not vary with desorption of the outermost atoms in the CoPc molecules. 

Fig. 3 shows an STM image taken after annealing the specimen shown in Fig. 2 for 120 s 

at 400oC.  Large protrusions were observed, and the area having c(4×4) structure grew larger in 

the Si(100) terrace.  Palasantzas et al. reported an STM experiment on the behavior of 

deposited Co atoms on H-terminated Si(100)-(2×1) surface at room temperature and during 

annealing [20].  According to their observations, adsorbed Co atoms on a H/Si(100)-(2×1) 

surface are imaged as bright spots, and Co atoms deposited on the surface and held at 405oC 

diffused and assembled to form large islands on the surface.  Under our conditions, the CoPc 

molecules may decompose into several-atoms clusters at 400oC.  Then, Co atoms would 

agglomerate on the surface, which would explain the large protrusions observed in Fig. 3 to be 

Co islands. 

After further annealing the surface of Fig. 3 for 120 s at 500oC, we obtained the STM 

image shown in Fig. 4.  We could not find BLS anywhere on the Si surface.  As Bi atoms, 

either adsorbed or embedded in c(4×4) structures, desorbed from the Si surface, Si (2×1) 

structures reappeared in the Si terraces.  The surface shown in Fig. 4 exhibited a novel c(4×4) 

structure extending over wide regions of the Si terrace, which was different from the c(4×4) 

structures of Figs. 1-3.  According to the observation by J.Y. Maeng et al., a c(4×4) unit cell is 

oriented perpendicular to the underlying Si dimer rows [21].  The c(4×4) structure in Fig. 4 is 

similar to the model proposed by J.Y. Maeng.  At a substrate temperature of 500oC, hydrogen 
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atoms desorbed from the surface, but carbon atoms did not.  We suggest that the novel c(4×4) 

structure contains carbon atoms supplied by the decomposition of CoPc molecules.  The 

quantitative measurement of the amount of carbon atoms would be necessary to fully discuss 

this c(4×4) structure. 

When we adsorbed CoPc molecules on a clean (2×1) Si(100) surface, we did not observe 

c(4×4) structures in the STM images.  CoPc molecules may be partly decomposed by catalytic 

behavior of Bi atoms.  A single CoPc molecule could provide several carbon atoms, and then 

only small regions with c(4×4) periodicity would be formed on the surface.  We think that the 

catalytic reaction of CoPc decomposition is enhanced by the annealing process. 

There are larger protrusions in Fig. 4 than in Fig. 3.  Thus, the number of decomposed 

CoPc molecules increased with annealing temperature.  The Co atoms supplied by the 

decomposition of CoPc molecules easily migrate on the surface, and agglomerate to form the 

clusters. 

 

4. Conclusions 

We investigated the reaction dynamics of CoPc molecules with the BLS by STM.  When 

CoPc molecules were deposited on a Si(100) surface containing BLSs at room temperature, 

single-spot protrusions corresponding to Co atoms located in the middle of CoPc molecules 

were observed.  When the CoPc-deposited surface with BLSs was annealed at 200-400oC, the 

CoPc molecules decomposed, and Co atoms from decomposed CoPc molecules agglomerated 

on the surface. 
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Figure Captions 

 

Fig. 1.      STM images taken after CoPc deposition (a) for 30 s and (b) for 60 s on a Si(100) 

surface containing BLSs at room temperature.  The images were taken sample bias Vs = 

－2.0 V, tunneling current It = 0.3 nA, and image area S = 44×44 nm2. 

 

Fig. 2.      STM image taken after annealing the specimen from Fig. 1 at 200oC for 120 s.  The 

image was taken with a sample bias Vs = －2.0 V, tunneling current It = 0.3 nA, and 

image area S = 44×44 nm2. 

 

Fig. 3.      STM image taken after annealing the specimen from Fig. 2 at 400oC for 120 s.  The 

image was taken with a sample bias Vs = －2.0 V, tunneling current It = 0.3 nA, and 

image area S = 44×44 nm2. 

 

Fig. 4.     STM image taken after annealing the specimen from Fig.3 at 500oC for 120 s.  The 

image was taken with a sample bias Vs = －2.0 V, tunneling current It = 0.3 nA, and 

image area S = 66×66 nm2. 

 

 

 

 

 

 

 

 



9 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  Ikari et al. 
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Fig. 2.  Ikari et al. 
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Fig. 3.  Ikari et al. 
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Fig. 4.  Ikari et al. 

 


