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Abstract 

In this work, the optoelectronic properties of flame-formed carbon particles at the 

initial stages of formation and growth was investigated. To this aim, Scanning 

Tunneling Spectroscopy technique was implemented and applied for the first time 

to characterize soot particles. Two classes of particles, that can be defined as 

incipient soot and primary soot particles, have been selectively collected on the 

basis of their size distribution. Scanning Tunneling Spectroscopy measurements 

was performed to evaluate the energy band gap and the density of states of flame-

formed soot nanoparticles and to compare them to those of reference materials, 

namely coronene and HOPG. The results obtained showed that Scanning 

Tunneling Spectroscopy is a powerful tool to investigate the optoelectronic 

properties of nanomaterials, with possible application in combustion science and 

technology as well as in material science field. 

 

Introduction 

In the last decades, carbon-based nanomaterials have attracted considerable interest 

from the scientific community because of their unique electronic, optical and 

mechanical properties [1]. A wide set of studies indicates that the constituents of 

nascent soot particles are mainly PAHs of moderately size (about the size of 

ovalene). This was further experimentally determined using high-resolution atomic 

force microscopy for the visualization of the molecular building blocks of incipient 

soot particles [2]. Many theoretical and experimental works have been devoted to 

evaluating the optical properties of flame-formed soot nanoparticles [3]. There is a 

large body of evidence indicating a change in the electronic band gap of soot CNPs 

during their early stages of transformation dominated by nucleation and growth 

processes [4, 5]. More recently, Liu et al. [6] demonstrated quantum dots behavior 

of the soot CNPs, in the particle range 4-23 nm, directly produced and collected 

from flames. 

Among the experimental methods to study topographic and electronic properties of 

nanometric samples a powerful technique with atomic resolution is scanning 

tunneling microscopy (STM). STM is a tool belonging to the family of scanning 

probe microscopies, which is effectively used to retrieve information about the 

structural and electronic properties of semiconductors [7]. The working principle of 

STM is based on the quantum-mechanical phenomenon of electron tunneling 
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through a narrow potential barrier between a metal tip and a conducting sample in 

an external electric field. The exponential dependence of tunneling current on the 

tip-sample distance is the key element of the STM and allows acquiring well-

resolved topographic images with a resolution in the order of 1 Angstrom. 

Moreover, the STM can be operated in scanning tunneling spectroscopy mode that 

reveals important information about the spatially resolved electronic structure of 

surfaces [8]. Particularly, STS measurements provide the current-voltage (I/V) 

characteristics and the differential conductance characteristics (dI/dV) of 

investigated samples, which in turn provide information about the local density of 

states, as well as the edges of the conduction and valence band [9]. In this work we 

performed for the first time scanning tunneling microscopy/spectroscopy 

(STM/STS) for probing opto-electronic properties, i.e., the energy band gap and 

density of states, of flame-formed soot nanoparticles. 

 

Experimental 

Soot CNPs were generated in a laminar premixed flame stabilized on a water-

cooled McKenna burner. The burning mixture was composed by ethylene and air 

fed to the burner by two mass-flow controller and mixed together before entering 

into the burner. The cold gas velocity was set at 9.8 cm/s and the carbon to oxygen 

(C/O) atomic ratio was 0.67, corresponding to a flame equivalence ratio Ф of 2.03. 

In this configuration, the flame has a slightly yellow color and is low-sooting. Such 

a flame configuration was selected to improve the spatial resolution in the soot 

evolution process and to tune particle size.  

STM analyses were performed on soot particles extracted from the flame and 

deposited on substrates by thermophoretic-sampling. This sampling method 

consists in the rapid insertion of a substrate in flame by means of a pneumatic 

actuator. Particles are driven by the thermophoretic force from the flame toward 

the substrate where they impact and deposit, which is constituted by a mica 

substrates coated with a submicron gold layer by vapor deposition. 

Characterizations were also performed on reference materials, i.e., graphite and 

coronene. A freshly cleaved highly-oriented pyrolytic graphite piece (HOPG, SPI 

Grade 1, 10x10x1 mm) was used. Coronene powder (Aldrich, 97%) was 

homogenously suspended into chloroform anhydrous (Aldrich, ≥99%) to obtain a 1 

mM suspension. The suspension was deposited dropwise on a mica substrate 

coated with a submicron gold layer by vapor deposition, and then the solvent was 

evaporated by means of a hot plate. STM measurements were performed with a 

scanning probe microscope (NT-MDT NTEGRA), at room temperature and 30% 

relative humidity on particles collected on mica substrates coated with a submicron 

gold layer by vapor deposition. Tips for the microscope were obtained by 

mechanically cutting Pt/Ir (80:20%) wires with a diameter of 0.25 mm. STM 

topographic images were acquired in constant current mode. The differential 

conductance spectra (dI/dV vs Bias Voltage) were then measured in STS mode on 

points selected in the obtained STM images. The tip-sample separation during the 
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I–V data collection was fixed using the same set-point tunneling current and bias 

voltage for each investigated material.  

 

Results and discussion 

The flame used to generate carbon nanoparticles (CNPs) has been already 

characterized in term of particle size distributions as a function of the height above 

from the burner surface (HAB), which in such flame reactor directly corresponds to 

a change in residence time [10]. Taking advantage from such previous 

measurements, performed with the aim of a Scanning Mobility Particle Sizer, two 

flame conditions were selected to produce two classes of size selected particles: 

just nucleated CNPs and growth CNPs. The first flame condition selected is 

HAB=8 mm, corresponding to the early zone of the soot formation process in our 

reactor configuration, in which particles are characterized by monomodal volume 

distribution with a mean size <Dm,v> = 3.0 nm. The second flame condition selected 

is HAB=14 mm, corresponding to a higher particle residence times in the reactor. 

In this flame point, the mean particle size is larger, <Dm,v> = 18.5 nm as growth 

reaction pathways have become important.  

The electronic properties of the just nucleated CNPs and growth CNPs were 

investigated by STS. The differential conductance spectra (dI/dV) measured as a 

function of bias voltage, which also correspond to the energy difference with 

respect to the Fermi level of the substrate expressed in eV, are approximately 

proportional to the local density of states [11]. The positions of the valence and 

conduction bands, which are the edges of the energy band gap of the material, were 

thus determined from the position of the abrupt change in the slop of dI/dV curve 

[12]. 

STS measurements were preliminarily performed on two reference materials: 

HOPG and coronene, which are representative of the two extremes of a carbon 

material, a perfect graphite crystal and a molecular crystal. The results are shown 

in Figure 1. HOPG, as every metal do not possess a gap between the occupied 

states (valence band) and the unoccupied states (conduction band) and the variation 

in DOS is relatively small. The bang gap derived from differential conductance 

spectrum (Fig. 3b) is equal to 0.02 ± 0.01 eV, which is close to the well-known 

zero bang gap of graphite. On the other hand, coronene is a large band gap 

semiconductor materials. The measured energy gap obtained from dI/dV spectrum 

is approximatively equal to 3.5 ± 0.5 eV, thus in good agreement with previous 

measurements reported in the literature for coronene films [13]. 
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Figure 1. Typical STS conductance spectra measured on HOPG (left) and 

coronene (right). Vertical dashed lines locate the position of conduction band and 

valence band edges. 

 

STS spectra measured on CNPs are reported in Figure 2. From the position of the 

valence and conduction band edges in the differential conductance spectra, the STS 

band gap was measured to be 1.6 ± 0.4 eV for <Dm,v> = 3.0 nm CNPs and 0.65 ± 

0.2 eV for <Dm,v> = 18.5 nm CNPs. It is worth to note that for both CNPs, dI/dV 

curves exhibit some peaks at energy values between the valence band and the 

conduction band edges, thus inside the energy band gap. Such energy bands can be 

attributed to intra-gap states [14], which are intrinsic surface states possibly 

associated to the presence of surface defects or to the presence of disorder inside 

the CNPs, like chain-like bridges, dangling bonds and lattice distortion. Further 

investigations need to be performed in order to achieve a more precise 

interpretation concerning the nature of those intra-gap states and to exclude surface 

impurities. 

 

 
Figure 2. Typical STS conductance spectra measured on 3.0 nm CNPs (left) and 

18.5 nm CNPs (right). Vertical dashed lines locate the position of conduction band 

and valence band edges. 

 

Figure 3 contains a summary of the electronic band gap obtained by STS analysis 

for the flame formed CNPs and the two reference materials, coronene and HOPG. 

The mean values of the edges of the conduction and valence band, i.e., HOMO and 

LUMO levels, measured by STS are reported with respect to the Fermi energy of 
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gold, which is equal to 5.5 eV [15]. From Figure 3 it is possible to state that 18.5 

nm CNPs possess optoelectronic properties similar to the features of graphitic 

nanomaterials. On the other hand, incipient soot, <Dm,v> = 3.0 nm CNPs, have a 

much larger band gap value, which is consistent with a lower graphitization due to 

a lower size and a lower stacking order of the aromatic domains composing the 

particles. The optoelectronic characteristics of 3.0 nm CNPs are in the middle 

between that of graphitic nanomaterials and that of layers of large polycyclic 

aromatic hydrocarbons. 

 

 
 

Figure 3. Mean values of CB and VB edges measured by STS on coronene, 3.0 nm 

CNPs, 18.5 nm CNPs and HOPG with respect to gold Fermi energy (5.5 eV). 

 

Conclusions 

In this work, scanning tunneling spectroscopy measurements were implemented 

with the aim to probe the energy band gap and the density of states of flame-

formed soot nanoparticles. Two different types of CNPs were produced, i.e., just 

nucleated CNPs, characterized by a mean volume diameter of 3.0 nm, and growth 

CNPs, characterized by a mean volume diameter of 18.5 nm. STS measurements 

were performed also on HOPG and coronene as reference materials. The results 

obtained by STS analysis showed that growth CNPs possess optoelectronic 

properties similar to the features of graphitic nanomaterials, while just nucleated 

CNPs have a much larger band gap value, in the middle between that of graphitic 

nanomaterials and that of layers of large polycyclic aromatic hydrocarbons. The 

results herein presented suggest that STS is certainly a powerful and reliable tool to 

deeply investigate the optoelectronic properties of flame-formed carbon 

nanoparticles. 
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