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Проведено исследование электрофизических параметров плазмы, стационарного 
состава газовой фазы и кинетики реактивно-ионного травления SiO2 в смеси Cl2 + BCl3 + 
Ar в условиях индукционного ВЧ 13,56 МГц разряда. Схема исследования включала диагно-
стику плазмы зондами Лангмюра и 0-мерное (глобальное) моделирование кинетики плаз-
мохимических процессов. В качестве неизменных параметров выступали: доля аргона в 
плазмообразующей смеси (20%), общее давление газа (6 мтор) и мощность смещения (300 Вт). 
Было найдено, что замещение Cl2 на BCl3 при постоянной вкладываемой мощности: 
а) оказывает влияние на параметры электронной и ионной компонент плазмы; б) приво-
дит к снижению электроотрицательности плазмы; и в) сопровождается противопо-
ложными изменениями концентраций атомов хлора и радикалов BClx.Увеличение вкла-
дываемой мощности при любом фиксированном составе смеси вызывает увеличение сте-
пени диссоциации исходных молекул и концентраций продуктов диссоциации. Показано, 
что зависимость скорости травления SiO2 от соотношения Cl2/BCl3 имеет немонотон-
ный характер (максимум ~ 120 нм/мин в смеси состава 40% Cl2 + 40% BCl3 + 20% Ar), при 
этом увеличение доли BCl3 и вкладываемой мощности приводят к аналогичному измене-
нию эффективной вероятности взаимодействия в системе SiO2 + Cl. Это не согласуется 
с изменением плотности потока энергии ионов. Предположено, что в качестве химиче-
ски активных частиц плазмы выступают также радикалы ВСlx, вовлеченные в гетеро-
генные реакции вида SiOy + BClx → SiOy-1 + BClxO. Протекание таких реакций способ-
ствует увеличению числа центров адсорбции атомов хлора. 
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The investigation of electro-physical plasma parameters, steady-state gas phase composi-
tion and reactive-ion etching kinetics of silicon in Cl2 + BCl3 + Ar gas mixture under conditions of 
RF 13.56 MHz inductive discharge was carried out. The investigation procedure included plasma 
diagnostics by Langmuir probes as well as the 0-dimensional (global) modeling of plasma chemical 
kinetics. Fixed processing parameters were represented by the argon fraction in a feed gas (10%), 
total gas pressure (6 mTorr) and bias power (300 W). It was found that the substitution of Cl2 for 
BCl3 at constant input power a) does influence electrons- and ions-related plasma parameters; b) 
lowers plasma electronegativity; and c) causes opposite changes in densities of chlorine atoms and 
BClx radicals. An increase in input power at any fixed feed gas composition results in increasing 
both dissociation degrees for original molecules and densities of dissociation products. It was 
shown that the dependence of SiO2 etching rate on the Cl2/BCl3 mixing ratio exhibits the non-
monotonic shape (with a maximum of ~ 120 nm/min for Cl2 + 40% BCl3 + 20% Ar gas mixture), 
and an increase in both BCl3 fraction and input power caused the same effect for the SiO2 + Cl 
reaction probability. This contradicts with the change in ion energy flux. It was suggested that BClx 
radicals also play a role of chemically active species being involved in SiOy + BClx → SiOy-1 + BClxO 
heterogeneous reactions. Such reactions provide an increase in the amount of adsorption sites for 
chlorine atoms. 

Key words: Cl2, BCl3, plasma, parameters, active species, ionization, dissociation, etching 

Для цитирования: 
Ефремов А.М., Смирнов С.А., Бетелин В.Б., Kwon K.-H. Параметры плазмы и кинетика активных частиц в смеси 

Cl2 + BCl3 + Ar. Изв. вузов. Химия и хим. технология. 2022. Т. 65. Вып. 3. С. 1421 
For citation: 

Efremov A.M., Smirnov S.A., Betelin V.B., Kwon K.-H. Plasma parameters and active species kinetics in Cl2 + BCl3 + Ar 

gas mixture. ChemChemTech [Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2022. V. 65. N 3. P. 1421 
 

 

INTRODUCTION 

Halogen-containing gases have found many 

applications in micro- and nano-electronics technology 

for the reactive-ion etching (RIE) of both silicon sub-

strates and various functional layers [1, 2]. Among 

those, Cl2 and BCl3 are often used for the dry patterning 

of metals (Cu, Al, Mo), metal oxides (Al2O3, TiO2, 

MgO) as well as semiconductor materials from A2B3 

and A3B5 groups [2]. The general mechanism of all 

these process is the ion-assisted chemical reaction, 

where Cl atoms work as chemically active species 

while the ion bombardment provides the desorption of 

reaction products and/or the destruction of chemical 

bonds between surface atoms [3]. Accordingly, the 

study of interconnections between gas-phase plasma 

parameters and heterogeneous process kinetics is the 

mandatory condition for obtaining an optimal set of 

output process characteristic. 

Until now, there are enough works dealt with 

both experimental and theoretical (model-based) in-

vestigations of Cl2- and BCl3-based plasmas [4-11]. 

Corresponding results may briefly be summarized as 

follows: 

- Under typical RIE conditions (gas pressure 

below 10 mTorr and input power density  0.1 W/cm3 

that yields plasma density above 1010 cm-3), the Cl2 

plasma is characterized by high dissociation degrees 

for chlorine molecules [6, 12, 13] resulting in [Cl] > 

[Cl2]. This produces high absolute etching rates but 

causes the nearly isotropic etching profiles due to 

high neutral/charged ratios. That is why one normally 

uses Cl2 + Ar mixtures in order to reduce the density 

of Cl atoms;  

- The BCl3 plasma exhibits lower Cl atom den-

sities [11] and thus, provides lower etching rates to-

gether with more anisotropic etch profiles. Another im-

portant feature is the effective etching of oxide materi-

als due to their interaction with BClx radicals [2, 3]. 

The reason is that the B-O bond is stronger than that 

for many other metals and semiconductors. As such, 

BClx species easily extract the oxygen from the surface 

oxide in a form of gaseous BClxO compounds while 

the remaining non-oxidized material is etched by Cl at-

oms. The negative consequence is the re-deposition of 

boron oxides, especially if the feed gas contains O2.  
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In our previous works [9-11, 14, 15], we ap-

plied a combination of plasma diagnostics and model-

ing techniques to study Cl2 + Ar and BCl3 + Ar plasmas 

in respect to RIE of several metal oxides. Results of 

these works allowed one a) to determine key chemical 

processes influencing steady-state densities of plasma 

active species; b) to understand how corresponding gas 

mixing ratios affect plasma chemistry through changes 

in both electron temperature and electron density; and 

c) to analyze etching mechanism in terms of effective 

reaction probability. The main idea of this work was to 

apply the same research scheme to the three-compo-

nent Cl2 + BCl3 + Ar gas system with SiO2 as the etched 

material. The motivation was that the Cl2/BCl3 mixing 

ratio may be an effective tool to adjust densities of 

plasma active species and thus, the overall etching re-

sult. The SiO2 was selected as the test material with the 

well-studied etching mechanism. In our opinion, such 

situation provides the better understanding of side fac-

tors influencing etching kinetics.  

EXPERIMENTAL AND MODELING DETAILS 

EXPERIMENTAL SETUP AND CONDITIONS 

All experiments (plasma diagnostics and etch-

ing rate measurements) were conducted in the planar 

inductively coupled plasma (ICP) reactor described in 

our previous works [9-11]. The low-pressure inductive 

discharge in the Cl2 + BCl3 + Ar gas mixture was pro-

duced using the rf 13.56 MHz power supply while the 

second 12.56 MHz rf generator was connected to the 

bottom electrode in order to control the ion bombard-

ment energy through the negative dc bias voltage, -Udc. 

Constant processing parameters were total gas flow 

rate (q = 50 sccm), gas pressure (p = 6 mTorr) and bias 

power (Wdc = 300 W). Variable parameters were input 

power (W = 500-800 W) and Cl2/BCl3 mixing ratio. 

The latter was adjusted by partial flow rates for Cl2 and 

BCl3 gases within q(Cl2) + q(BCl3) = 40 sccm at q(Ar) 

= 10 sccm. As such, the fraction of Ar in a feed gas was 

always 20% while an increase in q(BCl3) from 0-40 sccm 

corresponded to the full substitution of Cl2 by BCl3. 

Accordingly, the fraction of BCl3 in a feed gas, 

y(BCl3), was varied from 0-80%. In fact, this range 

corresponded to the transition between 80% Cl2 + 20% 

Ar and 80% BCl3 + 20% Ar gas systems. 

Electro-physical plasma parameters were ex-

amined by the double Langmuir probe tool DLP2000 

(Plasmart Inc.). Data on electron temperature (Te) and 

ion current density (J+) were extracted from measured 

voltage-current curves using well-known statements of 

the double Langmuir probe theory [16]. 

Etched samples were fragments of the ther-

mally oxidized Si(100) wafer with an average size of 

2×2 cm. The thickness of oxide layer was  2 m. Sam-

ples were placed in the middle part of the bottom elec-

trode, and their temperature was stabilized at  17 °C 

using the built-in water-flow cooling system. The 

small sample size allowed one to neglect the loading 

effect as well as to provide the etching regime con-

trolled by heterogeneous process kinetics. Etching 

rates, R, were determined from corresponding etched 

depths h. These values were measured using the sur-

face profiler Alpha-step 500 (Tencor) for the pro-

cessing time  = 1 min. As preliminary experiments in-

dicated quasi-linear shapes for h = f() curves, we 

simply accounted for R = h/.  

PLASMA MODELING 

In order to obtain volume-averaged densities 

of plasma active species, we used the global (0-dimen-

sional) model [4]. Input model parameters were exper-

imental data on Te and J+. The kinetic scheme (the list 

of plasma chemical reactions with corresponding ki-

netic coefficients) was composed according to our pre-

vious works dealt with the modeling of BCl3 + Ar [9, 10] 

and Cl2+Ar [4, 5] plasmas. The computational proce-

dure accounted for following assumptions: 

- The electron energy distribution function 

(EEDF) has the nearly Maxwellian shape [7, 8]. This 

allows one to obtain rate coefficients for electron-im-

pact processes using Arrhenius-like fitting expressions 

k = f(Te) [8]. 

- The loss of atoms and radicals on chamber 

walls can be described by the first-order (Eley-Redeal) 

recombination kinetics [9, 10]. Corresponding rate co-

efficients are k  T/2r, where  is the recombination 

probability, T = (8RTgas/M)1/2 is the thermal velocity 

for the given particle with the molar mass of M, and r 

is the inner radius of reactor chamber. Recombination 

probabilities for Cl atoms and BClx (x = 1, 2) radicals 

were taken from published works [8-10]. Correspond-

ing values were either determined by experiments or 

adjusted using the plasma modeling procedure accord-

ing to the agreement between measured and model-

predicted densities of corresponding species. 

- Gas temperature, Tgas, was assumed to be a) 

independent on Cl2/BCl3 mixing ratio; and b) the linear 

function of input power.  Based on previous works [4-6], 

we suggested Tgas = 650-750 K for W = 500–800 W. 

Preliminary model runs indicated that the uncertainity 

in Tgas of  50 K has no principal impact on modeling 

results. 

- The electronegativity of Cl2 + BCl3 + Ar 

plasma under the given set of processing conditions is 

high enough to assume n-/ne > 1 and ne < n+, where low-
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case indexes “+”, “-“ and “e” relate to positive ions, 

negative ions and electrons, respectively. As such, af-

ter the extraction of n+ from measured J+ [4], we solved 

the kinetic equation for negative ions together with the 

plasma quasi-neutrality equation [4, 9] in order to ob-

tain the electron density. 
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Fig. 1. Electrons- and ions-related plasma parameters as functions of Cl2/BCl3 mixing ratio (1, at 700 W) and input power (2 at 20% 

BCl3 and 3 at 60% BCl3): a) electron temperature; b) total positive ion density; c) ion current density; and d) electron density 

Рис. 1. Параметры электронной и ионной компонент плазмы в зависимости от соотношения Cl2/BCl3 (1, при 700 Вт) и вклады-

ваемой мощности (2 при 20% BCl3 и 3 при 60% BCl3): а) температура электронов; b) суммарная концентрация положительных 

ионов; c) плотность ионного тока; d) концентрация электронов 

 
RESULTS AND DISCUSSION 

Fig. 1 illustrates the influence of Cl2/BCl3 mix-

ing ratio and input power on electrons- and ions-related 

plasma parameters. Corresponding results may briefly 

be commented as follows: 
- Electron temperature (Fig. 1(a)) shows an in-

crease with increasing both BCl3 fraction in a feed gas 
and input power. The effect of Cl2/BCl3 mixing ratio 
results from lower electron energy losses for the elec-
tronic excitation of BClx species compared with those 
for Cl2. Corresponding cross-section for chlorine mol-
ecules cover the wider energy range (due to lower 
threshold energies, as follows from Ref. [8]) as well as 
appear to be higher at electron energies below 20 eV 
[17]. As such, the substitution of Cl2 for BCl3 increases 

the fraction of “fast” electrons in the EEDF and shifts 
mean electron energy toward higher values. The effect 
of input power is surely connected with increasing dis-
sociation degrees for Cl2 and BCl3 molecules that pro-
duce higher fractions of atomic species at higher input 
powers. This also results in decreasing electron energy 
losses, since Cl atoms are characterized by higher ex-
citation thresholds and lower cross-sections compared 
with parent molecules [17]. 

- Total density of positive ions (Fig. 1(b)) 
keeps the nearly constant value vs. Cl2/BCl3 mixing ra-
tio as well as shows the monotonic growth with in-
creasing input power. The first phenomenon is due to 
the nearly constant total ionization frequency. The rea-
son is that a bit lower rate coefficients for R1: BClx + 



 

А.М. Ефремов и др. 

 

18   Изв. вузов. Химия и хим. технология. 2022. Т. 65. Вып. 3 

 

 

+e  BClx-1
+ + Cl + 2e (max. k1 = 2.2·10-9 cm3/s for  

x = 3 at 4 eV) and R2: BClx + e  BClx
+ + 2e (max.  

k2 = 1.8·10-9 cm3/s for x = 3 at 4 eV) compared with 

R3: Cl2 + e  Cl2
+ + 2e (k3 = 3.7·10-9 cm3/s at 4 eV) 

and R4: Cl + e  Cl+ + 2e (k4 = 2.4·10-9 cm3/s at 4 eV) 
are compensated by an increase in Te. Accordingly, an 
increase in W accelerates the ionization through an in-
crease in both Te and ne. 

- Ion current density (Fig. 1(c)) (and thus, the 

ion flux, since +  J+/e) decreases with increasing 
BCl3 fraction in a feed gas as well as increases with 
input power. The formal disagreement between n+ and 
J+ vs. Cl2/BCl3 mixing ratio is due to sufficiently in-
creasing effective ion mass that traces the change of the 
dominant positive ion from Cl+ to BCl2

+. 

- Electron density (Fig. 1(d)) demonstrates the 

nearly linear increase with both BCl3 fraction in a feed 

gas and input power. In the case of Cl2/BCl3 mixing 

ratio, the reason is a decrease in the total attachment 

frequency due to k5 ( 2.4·10-10 cm3/s at 4 eV) >> k6  

( 7.3·10-11 cm3/s at 4 eV), where R5: Cl2 + e  Cl + 

Cl- and R6: BClx + e  BClx-1+ Cl-. That is why, an 

increase in y(BCl3) also causes the fall in both relative 

(n-/ne = 0.76-0.38 for 0-80% BCl3) and absolute  

(n- = 2.7·1010-1.7·1010 cm-3 for 0-80% BCl3) density of 

negative ions. The effect of input power directly fol-

lows from the power balance equation, as shown in 

Refs. [3, 5]. 
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Fig. 2. Densities of neutral species as functions of Cl2/BCl3 mixing ratio (1, at 700 W) and input power (2 at 20% BCl3 and 3 at 60% 

BCl3) 

Рис. 2. Концентрации нейтральных частиц в зависимости от соотношения Cl2/BCl3 (1, при 700 Вт) и вкладываемой мощности 

(2 при 20% BCl3 и 3 при 60% BCl3) 
 

From plasma modeling, it was found that, un-

der the given set of processing conditions, 80% Cl2 + 

20% Ar plasma surely exhibits the condition of [Cl] >> 

[Cl2] (Figs. 3(a, b)). Such situation results from high rate 

coefficient for R7: Cl2 + e  2Cl + e (k7  3.8·10-8 cm3/s 

at 4 eV) due to the low dissociation threshold of about 

3 eV. The substitution of Cl2 for BCl3 lowers the rate 

of R7, but introduces new formation pathways for chlo-

rine atoms, such as R1 and R8: BClx + e  BClx-1 + Cl + 

e (k8 = 1.6·10-9 cm3/s for x = 2, 3 and 7.3·10-10 cm3/s for 
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x = 1 at 4 eV). The condition k1, k8 << k7 limits the total 

Cl atom formation rate toward BCl3-rich plasmas and 

causes the monotonic decrease in the Cl atom density, 

as shown in Fig. 3(b). The 80% BCl3 + 20% Ar gas 

system is characterized by nearly equal densities of Cl 

atoms and BClx radicals as well as by the essential 

amount of Cl2. The last feature is provided by R9: 2Cl 

 Cl2 on chamber walls. The domination of BCl2 over 

BCl ([BCl2]/[BCl] = 19.2–9.3 for 20-80% BCl3) is be-

cause of their  stepwise formation in R8 as well as due 

to R10: BCl + Cl2  BCl2 + Cl (k10  1.0·10-10 cm3/s). 

Accordingly, since the last process is more effective in 

Cl2-rich plasmas, the [BCl2]/[BCl] ratio shows a de-

crease with increasing BCl3 fraction in a feed gas. 

From Fig. 3, it can be seen also that an increase in input 

power always lowers densities of original molecules as 

well as increases densities of dissociation products. 

This phenomenon simply follows from increasing rates 

for R1, R7 and R8 due to the same change in ne. In Cl2-

rich plasmas, the effect of input power on the Cl atom 

density (by  1.1 times for 500–800 W) is weaker com-

pared with those for BCl2 (by  1.4 times) and BCl 

(by  1.7 times). This is because the acceleration of 

R7 (which is the dominant formation pathway for Cl 

atoms) is devaluated by the condition [Cl] >> [Cl2]. In 

BCl3-rich plasmas, the effect of input power is quanti-

tatively similar for Cl and BCl2 (by  1.2 times for 

500–800 W) but appears to be stronger for BCl (by  

1.5 times). Such situation reflects the multi-step for-

mation process for BCl radicals in R8. 

Etching experiments indicated that SiO2 etch-

ing rates in pure Ar plasma (in fact, rates of physical 

sputtering) for input powers of 500-800 W do not ex-

ceed 5 nm/min. As can be seen from Fig. 3(a), corre-

sponding values obtained in Cl2- and BCl3- containing 

plasmas occupy the range of 50-120 nm/min. There-

fore, it can be assumed that the overall etching mecha-

nism is the ion-assisted chemical reaction with a dom-

ination of the chemical etching pathway. Another im-

portant feature is that the transition toward BCl3-rich 

plasmas causes the non-monotonic (with a maximum 

of  120 nm/min at 40% BCl3) change in the SiO2 etch-

ing rate. This  contradicts with the monotonic change 

in Cl atom flux, Cl (as follows from the change in the 

Cl atom density) as well as corresponds to increasing 

effective reaction probability R = R/Cl in the SiO2 + 

Cl system (Fig. 3(b)). The change of SiO2 etching rates 

with input power in both Cl2-rich and BCl3-rich plas-

mas formally corresponds with that for Cl, but appears 

to be faster in the quantitative scale. Such situation also 

corresponds to increasing R values, as shown in Fig. 3(b). 

Normally, the behavior of R follows the change of ion 

bombardment intensity through the fraction of free ad-

sorption sites for main etchant species. Corresponding 

mechanisms are connected with the ion-stimulated de-

sorption (sputtering) of reaction products and/or the 

destruction of chemical bonds between surface atoms 

[3]. According to Figs. 3(c), an increase in y(BCl3) re-

sults in increasing negative dc bias voltage at Wdc = 

const and thus, causes the same change in the ion bom-

bardment energy (i = 311-404 eV at 0-80% BCl3). To-

gether with increasing effective ion molar mass Mi, this 

overcompensates the decreasing tendency for + and 

produces a growth of the parameter (Mii)1/2+ (Fig. 3(d)) 

characterizing the ion bombardment intensity [5, 9-11, 19]. 

An increase in input power causes either the weak 

growth (in the case of Cl2-rich plasma) or the weak fall 

(in the case of BCl3-rich plasma) of (Mii)1/2+ values. 

Such situation is because an increase in ion flux meets 

the opposite tendency of ion bombardment energy, as 

follows from the change in –Udc (Fig. 3(c)).  Therefore, 

when making a comparison between Figs. 3(b) and 

3(d), following conclusions can be made: 

- In cases of Cl2/BCl3 mixing ratio and input 

power in the Cl2-rich plasma, an increase in R formally 

correspond to that for (Mii)1/2+. At the same time, the 

last parameter always changes much weaker compared 

with the first one. 

- In the case of input power in the BCl3-rich 

plasma, an increase in R contradict with the change in 

(Mii)1/2+. 

In our opinion, all these suggest that the ion 

bombardment is not only one and not the main factor 

influencing the effective reaction probability. Proba-

bly, the formation of adsorption sites for Cl atoms is 

provided by both ion-driven process R11: SiOx → 

SiOx-1 + O and chemical reaction R12: SiOx + BClx → 

SiOx-1 + BClxO. Since the Si-O bond ( 800 kJ/mol) is a 

bit weaker compared with the B-O one ( 810 kJ/mol) 

[20], R12 has no energy threshold and can occur spon-

taneously even at nearly room temperatures. As such, 

it seems to be more effective compared with R11 due 

to the higher radical flux compared with the ion flux. 

One should mention also that  a) the rule the more BClx 

radical flux, the higher R does work in all investigated 

range of processing condition; and b) the stronger sen-

sitivity of  R  to input power takes place in the BCl3-

rich plasma which is characterized by the stronger 

change in the BClx radical density. All these confirm 

the reasonability of suggested etching mechanism. At 

the same time, an exact conclusion requires the addi-

tional study with including surface diagnostics meth-

ods. These are to check the correlation between BClx 

flux and oxygen content on the etched surface. 
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Fig. 3. Parameters characterizing plasma-surface interaction kinetics as functions of Cl2/BCl3 mixing ratio (1, at 700 W) and input power 

(2 at 20% BCl3 and 3 at 60% BCl3): a) SiO2 etching rate; b) effective reaction probability; c) negative dc bias; and d) parameter 

(Miεi)1/2Г+ characterizing the ion bombardment intensity 

Рис. 3. Параметры, характеризующие кинетику взаимодействия плазмы с поверхностью в зависимости от соотношения 

Cl2/BCl3 (1, при 700 Вт) и вкладываемой мощности (2 при 20% BCl3 и 3 при 60% BCl3): а) скорость травления SiO2; b) эффек-

тивная вероятность взаимодействия; c) отрицательное смещение на нижнем электроде; d) параметр (Miεi)1/2Г+, характеризую-

щий интенсивность ионной бомбардировки 

 

CONCLUSIONS 

In this work, we investigated plasma chemistry 

and SiO2 etching kinetics in the Cl2 + BCl3 + Ar gas 

mixture. Variable processing parameters were 

Cl2/BCl3 mixing ratio and input power. It was found 

that the substitution of Cl2 for BCl3 increases electron 

density, reduces plasma electronegativity, enforces ion 

bombardment as well as lowers both formation rate and 

density of Cl atoms. A growth of input power leads to 

the nearly constant ion bombardment intensity (due to 

opposite changes in ion flux and ion energy), but in-

creases densities of both Cl atoms and BClx radicals. It 

was shown that the change in Cl2/BCl3 mixing ratio 

causes the non-monotonic behavior of SiO2 etching 

rate while an increase in both BCl3 fraction in a feed 

gas and input power enlarges the effective probability 

for the SiO2 + Cl reaction. It was suggested that the last 

phenomenon is mainly contributed by heterogeneous 

reactions SiOy + BClx → SiOy-1 + BClxO which in-

crease the amount of adsorption sites for chlorine 

atoms. 

The publication was carried out within the 

framework of the state assignment of the Federal State 

Institution «Scientific Research Institute for System 

Analysis of the Russian Academy of Sciences» (funda-

mental research) on subject No. 0580-2021-0006 

“Fundamental and applied research in the field of li-

thography limits in semiconductor technologies as well 

as physical and chemical etching processes for 3D na-

nometer dielectric structures for the development of 

critical technologies for the production of ECB. Inves-

tigations and developments of both models and con-

structions for microelectronic elements in the extended 

temperature range (from -60С to +300С)”. 
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