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A theoretical study of single-crystal silicon surface roughness induced by SF6 plasma has been carried 

out by means of atomic force microscopy. Plasma which contains the velocity shear instability has 

been used to study the relation between the plasma parameters and subsequent surface roughness. The 

surface roughness has been examined in the dependence on experimental parameters. The results ob-

tained by theoretical calculations are identical to the experimental ones. The present paper has quanti-

fied the influence of a DC electric field values on plasma parameters such as the ratio of ion flux to the 

neutral reactant flux (J
+
/JF), exposure time, DC electric field, magnetic field and inhomogeneity. Theo-

retical investigation shows that the roughness of silicon surface increases with the increase of the val-

ues of J
+
/JF, exposure time, of magnetic field, of inhomogeneity in a DC electric field and decreases 

through increasing the value of a DC electric field.     
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INTRODUCTION 
 

The understanding of the contact mechanism be-

tween surfaces is important for the study of both 

electrical and mechanical properties of bonded inter-

faces. Such mechanical and electrical properties in-

clude the true contact area, bond strength, contact 

resistance, i.e. conductivity and reliability. Surface 

roughness plays a crucial role in the contact and fric-

tion of surfaces. In order to describe the roughness 

of a surface, statistical parameters for the distribu-

tion function of the roughness height such as the root 

mean square (rms) height, slope and radius curvature 

of asperity, have been used in several works. Those 

parameters can be directly related to the density of 

asperity, forms of asperity, and the standard devia-

tion of the roughness height [1].   

According to P. Verdonck [2], in general, 

plasma etching is a chemical etching, not a physical 

etching. This means that a chemical reaction takes 

place between a solid atom (from the film to be 

etched) and gas atoms to form a molecule, which is 

removed from the substrate. Because of the existing 

DC bias, there is always some sputtering, which is 

insignificant and in most cases should not be taken 

into account. Nevertheless, the importance of other 

physical aspects of the etching is emphasized in the 

studies of other authors [Verdonck, 2006, and 

Flamm 1986]. As is noted in [2], the main steps in 

the etching process commented in more detail on the 

example of the etching of silicon using sulphur 

hexafluoride (SF6) are: 

i) Formation of the reactive particle; 

ii) Arrival of the reactive particle at the surface 

to be etched; 

iii) Adsorption of the reactive particle at the sur-

face; 

iv) Chemisorption of the reactive particle at the 

surface, i.e. a chemical bond is formed; 

v) Formation of the product molecule; 

vi) Desorption of the product molecule; 

vii) Removal of the product molecule from the 

reactor. 

For the similar idea regarding etching, see also 

[3]. 

As outlined in [4], the problem of interface 

roughness has received particular attention, espe-

cially the development of its theoretical base. This is 

due to its practical connection to the thin-film 

growth. However, rather little effort has been made 

so far to interpret experimental data in terms of ki-

netic roughening as can be done for the interaction 

of plasma with different materials. In this regard, it 

is worth noting here that an independent varying of 

plasma parameters is an advantage over conven-

tional machining process. As a major result from [4], 

an empirical analytical form describing the surface 

roughness as a function of plasma parameters has 

been established.  

As is known, for the integrated circuits with a 

decrease of their dimensions the roughness of com-

pound material layers deposited on silicon at differ-

ent steps of a device fabrication becomes so critical 

that it needs to be carefully assessed before and after 

etching. Thereby, it is evident that at such tiny di-

mensions the plasma etching of the surface cannot 

be considered being uniform. Thus, it is necessary to 

take into account roughness, which is closely 

connected with such plasma parameters as ion 

energy, ion current density, and the flow of the re-

acting species. As indicated in [5], the investigated 

range of roughness values is not amenable to con-

ventional surface metrology techniques such as the 

scanning electron microscopy (SEM), profilometry, 
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etc. The transmission electron microscopy (TEM) is 

quite a cumbersome technique to be routinely used 

since sample preparation takes up too much time. 

Moreover, a nondestructive sample analysis is not 

possible by the latter technique. The scanning tun-

neling microscopy (STM) and atomic force micros-

copy (AFM) have now become the up-to-date tools 

to carry out such measurements. The AFM provides 

a unique opportunity to study the extent of the sili-

con roughness produced at the SF6 plasma etched 

silicon surfaces [5]. 

The central goal of patterning by plasma pro-

cessing is to obtain any high rate, while preserving 

anisotropy, uniformity, and selectivity at the ob-

tained rate. Significant advances in fundamental un-

derstanding of plasma-assisted processes have been 

reported in the recent past, although engi-neering 

development of a new system continues to rely 

heavily upon trial and error procedures [6]. Using a 

one-dimensional radial dispersion model, the authors 

[6] examine the role of physical factors such as 

etchant convection and diffusion, which are deter-

mined by the concentration of the etchant, and also 

present a detailed study of the etch rate of a polymer 

in an oxygen plasma as a function of pressure, 

power, and flow rate. 

Further, mathematical model by Tyagi et al            

[7, 8] for the plasma containing velocity shear insta-

bility is presented and it is considered that the sur-

face roughness is formed by impacts of ions. To ana-

lyse the obtained results the phenomenological 

power law for the heights of surface roughness from 

[4] is used. 

MATHEMATICAL MODEL  

AND PLASMA GENERATION 

WHICH CONTAINS VELOCITY  

SHEAR INSTABILITY 
 

Plasma generated in laboratory conditions con-

tains both positive K
+ 

ions and negative 
−
6SF  ions. 

Potassium ions are produced by spraying potassium 

atoms onto a tungsten plate and 
−
6SF  ions are pro-

duced from the electrons released from another 

tungsten plate. The generation and control of the 

parallel velocity shear are achieved by individual 

biasing of each segment of the segmented ion 

source, i.e. a difference between voltages applied 

between two conjunctive segments. The generation 

of a parallel velocity shear instability can be 

achieved with an electrostatic energy analyzer and 

through the laser-induced florescence diagnostic 

technique. Negative ions are produced by introduc-

ing SF6 gas into the potassium plasma. An SF6 

molecule has a great electron attachment cross-

section for the electron energies less than 1 eV. This 

is why both negative and positive ions are formed in 

different layers, that have shear of velocity and den-

sity gradient in a respective layer. The detailed de-

scription of generation of velocity shear instability is 

described by the author of the present paper and his 

colleagues in [8]. 

Since ions are electrical charges, their trajec-

tories and velocities are influenced by electric and 

magnetic fields. Using our earlier results [8], it is 

easy to obtain the expression for the group velocity 

of an electrostatic ion-cyclotron wave by assuming 

small perturbations of the electric field E1, magnetic 

field B1, and distribution function fs1. For the per-

turbed values of the electric and magnetic fields the 

harmonic dependences as exp i(kr-ωt) are assumed. 

Considering the ion velocity v to be equal to the 

group velocity of the wave, i.e. to ∂ωr/∂k, and using 

the expression for the real frequency ωr 
of the wave 

incident on the workpiece surface, equation (15) 

from our earlier work [8] can be written as:  
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Here )(xE  is the inhomogeneous DC electric 

field that is perpendicular to the external magnetic 

field B0, which is parallel to ion flow. The detailed 

description of all variables, used in the given model, 

is considered in [8]. 

The dimensionless real frequency and ion ve-

locity have been calculated by computer technique 

with the help of equation (1) for an inhomogeneous 

DC electric field. For an inhomogeneous DC electric 

field, the condition x/a ≤ 1 has been taken. 

The kinetic energy of the charged particle under 

the action of voltage U is determined as: 
 

2

2

mv
E eU= =                               (2) 

 

Evidently, the metal removal rate is dependent upon 

the generated voltage U, which defines the depth of 

the ion penetration in the workpiece. The thickness 

of its surface layer (for the free penetration of elec-

trons) is defined by the Shenland’s relation [9]   
 

2
12δ 2.2 10

ρ
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 [cm]                (3) 

  

where ρ is the workpiece material density, in g/cm
3
 

and U is the acceleration voltage, in V. 

The detailed description of ion penetration and 

effect of plasma factors on ions penetration is de-

scribed by the author of the present paper and his 

colleagues in [7].  

Using an atomic force microscope, the topog-

raphical maps of the surface have been recor-ded. 

The root mean square value of the roughness height 

was found to obey a power law. The empirical law 

for surface roughness (rms) was found to obey the 

following phenomenological power law, in which          

β = 1
 
and  η = 0.45 [5]: 

 

1
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where J
+
 is the ion flux impinging on the substrate, 

E – the kinetic energy of the ion and JF – the SF6 

atom flux and t – the exposure time.    
 

RESULTS AND DISCUSSION 
 

Numerical investigation with the help of 

mathematical formulation and computer technique 

by using the experimental data from [5] has been 

performed on the base of equations (1), (2), and (4). 

The generated plasma contains the 
−
6SF  ions are in 

majority. The mathematical model has the plasma 

factors from [5, 7].   

Figure 1 shows the variations of surface rough-

ness (nm) versus k⊥ρi for different values of the ratio 

of the ion flux to the neutral reactant flux (J
+
/JF), 

with other fixed parameters listed in the  Fig. 1 cap-

tion. The surface roughness increases with the in-

crease of the ratio of the ion flux to the neutral reac-

tant flux (J
+
/JF). The maximum value of the surface 

roughness is 2.47 nm when the value of the ratio of 

the ion flux to the neutral reactant flux (J
+
/JF) is 60 

and the minimum value is 1.32 nm for 20, with other 

fixed parameters listed in the Fig. 1 caption. 

Figure 2 shows the variations of surface rough-

ness (nm) versus k⊥ρi for different values of the ex-

posure time, with other fixed parameters listed in the 

Fig. 2 caption, the value of surface roughness in-

creases with the increase of the exposure time. The 

maximum value of surface roughness is 4.03 nm 

when the value of the exposure time is 8 minutes 

and the minimum value is 1.87 nm for 4 minutes, 

with other fixed parameters listed in the Fig. 2 cap-

tion. 

Figure 3 shows the variations of surface rough-

ness (nm) versus k⊥ρi for different values of the in-

homogeneous DC electric field, with the value of 

surface roughness decreasing with the increase of 

the inhomogeneous DC electric field. The maximum 

value of surface roughness is 2.52 nm when the 

value of the inhomogeneous DC electric field is          

16 V and the minimum value is 1.59 nm for 20 V, 

with other fixed parameters listed in the Fig. 3 cap-

tion. 

Figure 4 shows the variations of surface rough-

ness (nm) versus k⊥ρi for different values of the 

magnetic field, with the value of surface roughness 

increasing with the increase of the value of the mag-

netic field. The maximum value of surface rough-

ness is 3.63 nm when the value of the magnetic field 

is 0.18 T and the minimum value is 1.87 nm for  

0.10 T, with other fixed parameters listed in the   

Fig. 4 caption. 

Figure 5 shows the variations of surface rough-

ness (nm) versus iρk⊥  for different values of the 

inhomogeneity (x/a) in a DC electric field, with the 

value of surface roughness increasing with the in-

crease of the value of inhomogeneity (x/a). The 

maximum value of surface roughness is 3.24 nm 

when the value of inhomogeneity (x/a) is 0.9 and the 

minimum value is 1.87 nm for 0.3, with other fixed 

parameters listed in the Fig. 5 caption. 

The value of surface roughness was experimen-

tally found out in [5]: the ratio of the ion flux to the 

neutral reactant flux (J
+
/JF) varied from 20 to 80, the  

exposure time varied from 2 minutes to 12 minutes,
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Fig. 1. Variations of surface roughness versus k⊥ρi for different 

values of J+/JF and other parameters: Ai = 0.5, Te/Ti = 1,            

E0  = 20 V/m, θ1 = 88.50, AT  = 1.5, εnρi  = 0, B0 = 0.10 T,              

time = 4 min, x/a = 0.3. 

Fig. 2. Variations of surface roughness versus k⊥ρi for dif-

ferent values of time and other parameters: Ai = 0.5,               

Te/Ti = 1, E0 = 20 V/m, θ1 = 88.50, AT = 1.5, εnρi = 0,                      

B0 = 0.10 T, x/a = 0.3,  J+/JF = 40. 
 

  
Fig. 3. Variations of surface roughness versus k⊥ρi for different 

values of electric fields and other parameters: Ai = 0.5, Te/Ti = 1, 

θ1 = 88.50, AT  = 1.5, εnρi  = 0, B0 = 0.10 T, x/a = 0.3,              

time = 4 min, J+/JF = 40.  

Fig. 4. Variations of surface roughness versus k⊥ρi for dif-

ferent values of magnetic  field and other parameters:               

Ai = 0.5, Te/Ti  = 1, E0 = 20 V/m , θ1 = 88.50, AT  = 1.5,                

εnρi  = 0, x/a = 0.3, time = 4 min, J+/JF = 40. 
 

 
 

Fig. 5. Variations of surface roughness versus k⊥ρi for different values of inhomogeneity in DC electric field and other parameters: 

Ai  = 0.5, Te/Ti  = 1, E0  = 20 V/m, B0 = 0.10 T, θ1 = 88.50, AT  = 1.5, εnρi  = 0, time = 4 min, J+/JF = 40.  
 

the magnetic field was 0.10 T, the homogeneous DC 

electric field was 15 V, with other parameters also 

described in [5]. The value of the silicon surface 

roughness varied from 2 to 20 nm. The theoretical 

results obtained with the cited mathematical model 

and computer technique fit into the range of experi-

mental results from [5]. 
 

CONCLUSIONS 
 

This paper describes a mathematical model for 

valuation of the silicon surface roughness. In the 

framework of the given model for plasma with ve-

locity shear instability, the ion velocity is obtained 

(and hence the ion kinetic energy). Then, using the 

pheno-menological power law for surface roughness 

heights from [4, 5], the dependences of the rms ver-

sus k⊥ρi for different parameters of the plasma model 

(magnitudes of electric and magnetic fields, inho-

mogeneity, etc.) were calculated and graphically 

plotted. The analysis carried out here shows the 

flexibility of using a magnetic field, an electric field 

and its inhomogeneity, the ratio of the ion flux to the 

neutral reactant flux (J
+
/JF), exposure time, as well 

as other parameters, so as to control the silicon sur-

face roughness. The present study clarifies the mi-

croscopic mechanism of etching. The results of the 
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present study can be useful for the design of a new 

silicon etching machine, which will work on the 

principle of velocity shear instability in plasma, or 

for increasing the effectiveness of existing machines.  
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Реферат  
 

Теоретическое исследование поверхности моно-

кристаллического кремния c индуцированными SF6 

плазмой шероховатостями осуществлено с помощью 

атомно-силовой микроскопии. Плазма, содержащая 

неустойчивость сдвига скорости, была использована 

для изучения связи между параметрами плазмы и со-

ответственно параметрами шероховатой поверх-

ности. Шероховатость поверхности была исследована 

в зависимости от параметров эксперимента. Результа-

ты, полученные в теоретических расчетах, совпадают 

с экспериментальными результатами. Количественно 

выполнен учет влияния таких параметров плазмы, как 

отношение потока ионов к нейтральному потоку реа-

гента (J
+
/JF), время экспозиции, постоянное электри-

ческое поле, магнитное поле и неустойчивость в DC 

электрическом поле. Теоретическое исследование 

показывает, что шероховатость поверхности кремния 

увеличивается при увеличении значения J
+
/JF, време-

ни экспозиции, магнитного поля, неоднородности в 

постоянном электрическом поле и уменьшается при 

увеличении  величины постоянного электрического 

поля. 
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