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Исследовано влияние соотношения компонентов в смеси HBr + Ar на электрофи-

зические параметры плазмы, стационарные концентрации активных частиц и кинетику 

реактивно-ионного травления (РИТ) SiO2 и Si3N4 в условиях индукционного ВЧ (13,56 МГц) 

разряда. Совместное использование методов зондовой диагностики и моделирования 

плазмы показало, что увеличение доли аргона при постоянном давлении газа и вкладыва-

емой мощности а) приводит к увеличению температуры электронов и концентраций за-

ряженных частиц; б) сопровождается увеличением интенсивности ионной бомбарди-

ровки обрабатываемой поверхности; и в) вызывает близкое к пропорциональному сниже-

ние концентрации и плотности потока атомов брома. Найдено, что изменения скоро-

стей травления SiO2 и Si3N4 от состава смеси являются качественно подобными, при 

этом максимальные различия их абсолютных величин имеют место в плазме чистого 

HBr. Проведен анализ механизмов РИТ с использованием расчетных данных по плотно-

стям потоков ионов и атомов брома. Установлено, что доминирующим механизмом 

травления SiO2 является ионно-стимулированная химическая реакция, скорость которой 

в диапазоне 0–80% Ar остается практически постоянной за счет увеличения эффектив-

ной вероятности взаимодействия. Соответственно, заметная интенсификация физиче-

ского распыления с ростом доли Ar в смеси вызывает лишь слабый рост наблюдаемой ско-

рости РИТ. Напротив, основной вклад в процесс травления Si3N4 вносит физическое рас-

пыление, при этом скорость ионно-стимулированной химической реакции ограничива-

ется низкой вероятностью взаимодействия. Это обеспечивает как меньшие абсолютные 

значения скоростей травления (особенно в области малых содержаний аргона), так и бо-

лее резкую зависимость скорости РИТ от состава смеси. 
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This work investigated the influence of component ratio in the HBr + Ar gas mixture on 
electro-physical plasma parameters, steady-state densities of active species and reactive-ion etching 
(RIE) kinetics for SiO2 and Si3N4 under conditions of inductive RF (13.56 MHz) discharge. The 
combination of plasma diagnostics by Langmuir probes and plasma modeling indicated that an 
increase in Ar content at constant gas pressure and input power a) caused an increase in electron 
temperature and densities of charged species; b) results in increasing ion bombardment intensity; 
and c) leads to the nearly proportional decrease in Br atoms density and flux. It was found that 
variations of SiO2 and Si3N4 etching rates vs. mixture composition are qualitatively similar while 
the maximum difference in corresponding absolute values takes place in pure HBr plasma. The 
analysis of RIE mechanisms was carried out using model-predicted data on fluxes of ions and 
bromine atoms. It was found that the dominant SiO2 etching mechanism is the ion-assisted chemi-
cal reaction which is characterized by the nearly-constant rate in the range of 0–80% Ar due to an 
increase in the effective reaction probability. That is why the noticeable intensification of physical 
sputtering with increasing Ar fraction in a feed gas causes the only weak growth of obtained SiO2 
RIE rate. Oppositely, the Si3N4 etching process is mainly contributed by the physical sputtering 
while the efficiency of ion-stimulated chemical reaction is limited by the low reaction probability. 
This provides both slower etching process (especially in Ar-poor plasmas) and stronger sensitivity 
of etching rate to the change in mixture composition. 
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INTRODUCTION 

In our days, the silicon-based electronics still 

occupies the dominant position in the world-wide pro-

duction of micro- and nano-electronic devices. Among 

many materials involved in the technology of silicon-

based integrated electronic circuits, a significant role 

belongs to silicon dioxide (SiO2) and/or silicon nitride 

(Si3N4). In particular, these two “workhorses” are used 

as gate dielectrics in field-effect transistors, inter-ele-

ment insulating spacers, planar insulating and passiv-

ating layers in multi-layer structures as well hard mask 

materials in some lithography applications [1]. Obvi-

ously, the most of above applications require the pre-

cision patterning (dimensional etching) of preliminary 

deposited SiO2 and Si3N4 layers with both keeping 

their original dielectric properties and satisfying the 

strong requirements to etching profile features. There-

fore, the development and optimization of correspond-

ing etching techniques is an important task to provide 

advanced device technologies and functional charac-

teristics.  

From many published works (see, for example, 

Refs. [2-4]), it can be understood that the widely used 

tool for the patterning of silicon and silicon-containing 

compounds is the reactive-ion etching (RIE) with using 

low-pressure fluorocarbon gas plasmas. Up to now, all 

principal features of fluorine-based etching chemistry 

in respect to Si, SiO2 and Si3N4 have been studied with 

enough details, and corresponding etching mecha-

nisms are well-understood. In particular, it was shown 

that the heterogeneous reaction Si + xF → SiFx exhibits 

the spontaneous mechanism that produces both high 

etching rate and nearly isotropic etching profile [4, 5]. 

Oppositely, the interaction of fluorine atoms with SiO2 

and Si3N4 has the nature of ion-assisted process where 
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the ion bombardment initiates chemical reaction 

through the destruction of Si-O or Si-N bonds [5, 6]. 

On this background, the much less research attention 

was paid to alternate etching chemistries, and namely 

to the bromine-based chemistry provided by the HBr 

gas. At the same time, Refs. [7, 8] reported that the use 

of HBr-containing plasmas allows one to achieve the 

highly-anisotropic etching of both mono- and poly-Si 

due to the negligible spontaneous reaction between Si 

and Br atoms. The last effect is normally attributed to 

the bigger size of Br atom that retards its penetration 

into the Si lattice. As a result, the reaction Si + xBr → 

SiBrx involves the limited amount of Si atom bonds and 

thus, leads to the formation of non-saturated and low-

volatile reaction products which can be desorbed only 

by the ion bombardment. Another important feature is 

that the HBr-rich plasma provides the higher etching 

selectivity of silicon in respect to organic photoresist 

masks. The reason is that the ultra-violet (110-210 nm) 

irradiation from excited HBr molecules causes the 

hardening of the photoresist surface due to additional 

cross-linking and graphitization [9]. 

Unfortunately, the existing data on etching ki-

netics for both SiO2 and Si3N4 in HBr-containing plas-

mas are not enough to make an adequate conclusion 

concerning advantages and/or drawbacks of such gas 

systems in comparison with fluorocarbon plasmas. In 

order to improve the situation, we have compared RIE 

processes for SiO2 in CF4 + Ar and и HBr +Ar plasmas 

under identical processing conditions [10]. The most 

important findings were that a) the SiO2 etching rate in 

both gas systems is not limited by ion-driven process 

(at least at ion bombardment energies of  400 eV); 

b) the variations of Ar fraction in a feed gas produces sim-

ilar responses in densities of main active species and 

SiO2 etching rates; and c) the HBr + Ar plasma is fea-

tures by higher Br atom flux, but by slower SiO2 etch-

ing process. The aim of present work was the compare 

etching behaviors of SiO2 and Si3N4 in the HBr + Ar 

plasma with different HBr/Ar mixing ratios. The latter 

was chosen as a single variable parameter because it 

directly reflects the transition between physical and 

chemical etching pathways, and thus allows one the 

better understanding features of corresponding etching 

mechanisms.  Accordingly, main goals were a) to in-

vestigate the possibility of HBr/Ar mixing ratio to con-

trol SiO2 and Si3N4 etching rates and selectivities; b) to 

find relationships between feed gas composition, gas-

phases plasma characteristics and RIE kinetics; and 

c) to formulate both common features and differences 

in corresponding etching mechanisms. 

EXPERIMENTAL AND MODELING DETAILS 

Experimental setup and procedures 

Both plasma diagnostics and etching experi-

ments were performed in the planar inductively cou-

pled plasma (ICP) reactor known from our previous 

works [6, 10, 11]. Plasma in the HBr + Ar gas mixture 

was excited using the 13.56 MHz power supply while 

another 13.56 MHz rf generator was powered the bot-

tom electrode (the substrate holder) to produce the neg-

ative bias potential, -Udc. The latter was measured us-

ing the high-voltage probe (AMN-CTR, Youngsin 

Eng.). Constant processing conditions were total gas 

flow rate (q = 40 sccm), gas pressure (p = 4 mtor), input 

power (W = 700 W, or 0.7 W/cm3) and bias power 

(Wbias = 300 W). Accordingly, the variable input pa-

rameter was the Ar fraction in a feed gas (yAr = 0-80%) 

adjusted through partial flow rates for component 

gases. 

Electro-physical plasma parameters were 

measured using the double Langmuir probe tool 

(DLP2000, Plasmart Inc.). The probe was installed 

through the special viewport on chamber wall as well 

as was centered in the radial position. The distance be-

tween the probe tip and the bottom electrode was  5 cm. 

The treatment of raw voltage-current (I-V) accounted 

for well-known statements of Langmuir probe theory 

in low pressure plasmas [5, 12]. As a result, we ob-

tained data on electron temperature (Te) and ion current 

density (J+). In preliminary experiments, it was found 

also that the presence of treated material in the reactor 

chamber (as well as an increase in the sample size up 

to 5 times compared with convenient ones) does not 

disturb the shape of I-V curves and thus, does not in-

fluence plasma parameters determining electron im-

pact kinetics. In fact, this allows one to neglect the ef-

fect of reaction products on the steady-state plasma 

condition and thus, to consider the gas phase as the un-

perturbed source of active species. Another important 

feature is that both I-V curves and related plasma pa-

rameters were not sensitive to changes in bias power. 

Therefore, our experimental setup and processing con-

ditions correspond to the “classical” ICP system with 

the independent adjustment of species densities (by the 

input power source, W) and ion bombardment energy 

(by the bias power source, Wbias). In addition, since the 

ion density at the plasma sheath edge for both 

plasma/probe and plasma/bottom electrode interfaces 

is controlled by identical chemical and transport pro-

cesses, one can roughly equalize ion fluxes passed 

through corresponding sheath regions [5]. Accordingly, 

the ion flux coming from a gas phase to the etched sur-

face may simply be evaluated as Г+ ≈ J+/e [6, 13-15]. 
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Etching kinetics of SiO2 and Si3N4 were stud-

ied using fragments of Si (111) wafer with an average 

size of  2×2 cm with preliminary deposited oxide and 

nitride layers. Deposition details may be found in Ref. 

[6]. The small sample size allowed one to exclude the 

loading effect and thus, to obtain etching rates which 

adequately reflects heterogeneous process kinetics. 

Etched samples were placed in the middle part of the 

bottom electrode while the temperature of electrode 

was stabilized at  17 C using the built-in water-flow 

cooling system. In order to determine etching rates, a 

part of each sample was covered by the photoresist 

mask (AZ1512, positive) with a thickness of  1.5 m. 

The last value was more than enough to provide the 

stable mask layer within typical processing times.  It 

should be mentioned also that the mask etching rate 

was very small, almost negligible. This fact evidently 

reflects the feature of HBr-containing plasmas dis-

cussed in Ref. [9]. After finishing the etching process, 

the mask was removed in organic solvents. Finally, we 

measured the step h between masked and non-

masked sample areas using the surface profiler Alpha-

Step 500 (Tencor) and then, calculated the etching rate 

as R = h/, where  = 5 min is the processing time. 

Preliminary experiments indicated that the condition 

 < 5 min surely provides nearly linear kinetic curves 

h = f() and thus, corresponds to the steady-state etch-

ing regime for both materials. In addition, nearly linear 

kinetic serve also as an indirect proof of the constant 

sample temperature. Otherwise, one could expect the 

faster-than-linear (the Arrhenius-like) growth of h to-

ward higher processing times due to an increase in 

sample temperature.  

Plasma modeling  

In order to obtain densities and fluxes of 

plasma active species, we applied 0-dimensional 

(global) plasma model. The model content, approaches 

and kinetic scheme (the set of chemical reactions with 

corresponding rate coefficients) were the same as have 

been used in our previous works dealt with HBr + Ar 

plasmas under typical RIE conditions [13, 14]. Basic 

assumptions were as follows: 

1) The electron energy distribution function 

(EEDF) has the nearly Maxwellian shape. Such an ap-

proach is widely used for the modeling of low-pressure 

(p < 20 mtor) high-density (n+ > 1010 cm-3, where n+ is 

the total positive ion density) plasmas in different mo-

lecular gases [5]. The reason is that the high ionization 

degree for gas species (n+/N > 10-4, where N = p/kBTgas 

is the gas density at the gas temperature of Tgas) pro-

vides the sufficient contribution of equilibrium elec-

tron-electron collisions to the overall electron energy 

loss. Though this fact has no direct confirmation for 

HBr + Ar gas system, we can simply refer for the quite 

good agreement between measured and model-pre-

dicted ion current densities obtained in Ref. [13] with 

Maxwellian EEDF. Since the measured J+ is contrib-

uted by partial currents (and thus, by partial densities) 

of several molecular and atomic ions, one can surely 

assume the correct description of electron-impact ki-

netics for basic processes, such as dissociation and ion-

ization. That is why we determined corresponding rate 

coefficients using fitting expressions k = f(Te) [14] ob-

tained after the integration of Maxwellian EEDF with 

corresponding process cross-section. 

2) The total density of positive ions is con-

nected with the measured ion current density as J+   

0.61en+B [5], where B = (eTe/mi)1/2 is the ion Bohm 

velocity, and mi is the effective ion mass. The latter 

may be estimated assuming that the fraction of each ion 

inside n+ is proportional to the ionization rate for cor-

responding neutral component.  

3) The electron density is connected with n+ 

through the kinetic equation for negative ions and 

quasi-neutrality condition. This allows one to obtain 

ne  k3n+
2/(k3n+ + k1[HBr] + k2[Br2]), where rate coef-

ficients k1, k2 and k3 are for R1: HBr + e → H + Br-; 

R2: Br2 + e → Br + Br- and R3: Br- + X+ → neutral 

products.  

4) The heterogeneous recombination of Br and 

H atoms appears as the first-order chemical reaction in 

respect to their gas-phase densities. Corresponding rate 

coefficients are k  (r+l)T/2rl [15], where r and l are 

inner sizes of the cylindrical reactor chamber, T is the 

thermal velocity, and  is the recombination probability 

[13, 14]. 

5) The gas temperature was assumed be equal 

to 600 K and independent on the HBr/Ar mixing ratio 

[10, 13, 14]. The absolute value was derived from Ref. 

[16], where Tgas was measured in pure HBr plasma as 

a function of gas pressure and input power. In fact, it 

looks quite typical for the reactor of given geometry 

and input power density. The condition Tgas ≈ const 

follows from the nearly constant temperature of ex-

ternal chamber wall. As the latter adequately traces 

changes in the input power, the above suggestion 

seems to be correct. 

RESULTS AND DISCUSSION 

From plasma diagnostics using by Langmuir 

probes, it was found that that an increase in Ar mixing 

ratio results in increasing both electron temperature 

(Te = 3.1-3.5 eV for 0-80% Ar) and ion current density 

(J+ = 1.7-5.0 mA/cm2 for 0-80% Ar) (Fig. 1(a)).  

The mentioned change in Te is surely con-

nected with a decrease in the overall electron energy 
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loss during the substitution of molecular gas for the 

atomic one. Obviously, since the first excitation poten-

tial for Ar atoms exceeds 11 eV [17, 18], an increase in 

yAr cannot compensate for decreasing energy losses in 

low-threshold vibrational and electronic excitations of 

HBr molecules. The growth of J+ traces same changes 

in both ion Bohm velocity and total density of positive 

ions (n+ = 9.21010-1.91011 cm-3 for 0-80% Ar, see 

Fig. 1(b)). The latter reflects the behavior of the total 

ionization rate that is provided by increasing ionization 

rate coefficients for neutral species and electron den-

sity (ne = 5.11010-1.71011 cm-3 for 0-80% Ar, see 

Fig. 1(b)). Accordingly, the growth of electron density 

is provided by decreasing rates of R1 and R2 (that is 

also reflected on decreasing plasma electronegativity) 

under the condition of the nearly constant total ioniza-

tion frequency. From Fig. 1(c), it can be seen also that 

an increase in yAr lowers the negative bias potential  

(-Udc = 385-286 V for 0-80% Ar), in spite of Wdc = const. 

Such situation is because increasing ion flux +  J+/e 

partially compensates for the negative charge produced 

by the bias power source. At the same time, the de-

creasing tendency for the ion bombardment energy ap-

pears to be weaker compared with the growth of ion 

flux. As results, one can obtain an increase in the ion 

bombardment intensity toward Ar-rich plasmas, as it 

follows from the change of (Mii)1/2+ [10, 11, 19] 

(Fig. 1(c)). 
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Fig. 1. Measured (solid lines + symbols) and model-predicted (dashed lines) plasma parameters as functions of Ar fraction in HBr + Ar 

mixtures at p = 4 mtor, W = 700 W and Wdc = 300 W: 1 – electron temperature; 2 – ion current density; 3 – total positive ion density; 4 – elec-

tron density; 5 – negative dc bias on the lower electrode; 6 – parameter (Miεi)1/2Г+ characterizing the ion bombardment intensity; and 

7 – Br atom flux 

Рис. 1. Измеренные (сплошная линия + точки) и расчетные (пунктирная линия) параметры плазмы в зависимости от доли Ar в 

смеси HBr + Ar при p = 4 мтор, W = 700 Вт и Wdc = 300 Вт: 1 – температура электронов; 2 – плотность ионного тока; 3 – сум-

марная концентрация положительных ионов; 4 – концентрация электронов; 5 – отрицательное смещение на нижнем электроде; 

6 – параметр (Miεi)1/2Г+ характеризующий интенсивность ионной бомбардировки; и 7 – плотность потока атомов Br 

 

The model-based analysis of neutral species 

kinetics confirms basic features of HBr plasma known 

from previous studies [13, 14, 20, 21]. These are as fol-

lows: 

1) The formation of Br atoms is provided by 

R4: HBr + e  H + Br + e and R5: Br2 + e  2Br + e 

with nearly equal rates. The principal role of R5 is due to 

both k4 < k5 ( 2.810-9 cm3/s for k4 vs.  1.610-8 cm3/s 
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for k5 at Te = 4 eV) and quite high density of Br2 mol-

ecules. The latter is maintained by the effective recom-

bination of Br atoms on chamber walls as R7: Br + Br  

 Br2 [13, 14]. Accordingly, heterogeneous processes 

R7 and R8: Br + H  HBr represent the dominant loss 

mechanism for bromine atoms. 

2) The total H atom loss rate in gas-phase re-

actions R9: H + HBr → H2 + Br (k9 ~ 6.5·10-12 cm3/s) 

and R10: H + Br2 → HBr + Br (k10 ~ 6.0·10-11 cm3/s) 

exceeds the rate of their heterogeneous recombination 

in R11: H + H → H2 and R12: H + Br → HBr. Taking 

into account that both R6 and R7 represent additional 

sources of Br atoms, the condition [H] << [Br] surely 

takes place. 

3) The effective reproduction of HBr mole-

cules in R8 and R10 causes the quite low dissociation 

degree of these species. That is why HBr remains to be 

the dominant gas-phase component. 

As the HBr/Ar mixing ratio changes toward 

Ar-rich plasmas, the Br atom density decreases slower 

(by  2.5 times for 0-80% Ar) than it can be expected 

from the change of (1-yAr). Such situation results from 

increasing efficiency of R4 and R5 ((k4 + k5)ne = 99-

431 s-1 for 0-80% Ar) due to the simultaneous change 

in electron temperature and electron density. Accord-

ingly, the same behavior is also for the Br atom flux, 

as shown in Fig. 1(d). Therefore, the brief summary 

from data of Fig. 1 is that an increase in yAr intensifies 

the ion bombardment, suppresses the chemical etching 

pathway through decreasing flux of etchant species as 

well as results in increasing neutral/charged ratio 

(Br/+ = 14.4-4.6 for 0-80% Ar). The latter means that 

increasing contribution of directional etching compo-

nent creates the favorable condition for achieving the 

more anisotropic etching profile. 

From etching experiments, it was found that 

both SiO2 and Si3N4 etching rates demonstrate the mon-

otonic growth with increasing Ar fraction in a feed gas, 

and their absolute values became to be closer in Ar-

rich plasma (Figs. 2(a,b)). Therefore, the difference be-

tween corresponding sputtering yields seems to be 

lower than that for effective reaction probabilities.  In 

earlier works, it was shown that the experimentally ob-

tained RIE rate, R, represents the combination of two 

summands, such as the rate of physical sputtering Rphys 

(since under typical RIE conditions the ion bombard-

ment energy exceeds the sputtering threshold for 

etched material) and the rate of ion-assisted chemical 

reaction Rchem [10, 11, 22]. In order to evaluate contri-

butions of these etching pathways, we measured SiO2 

and Si3N4 etching rates in pure Ar plasma Rphys,Ar, cal-

culate corresponding sputtering yields as YS,Ar =  

= Rphys,Ar/+ ( 0.03 for both SiO2 and Si3N4 at ion en-

ergy of 230 eV) and then, determined actual sputtering 

yields for HBr + Ar plasma as YS = YS,Ar(mi/mAr)1/2. 

Accordingly, these allow one to obtain Rphys = YS+ 

and Rchem = R - Rphys [10]. 

Data of Fig. 2(a) clearly indicate that, in the 

case of SiO2, the condition Rchem > Rphys surely takes 

place. In fact, this means that the dominant etching 

mechanism is the ion-assisted chemical reaction, but 

the reaction rate keeps the nearly constant value in the 

range of 0-80% Ar. The latter is because a decrease in 

Br atom flux is compensated by the growth of effective 

reaction probability R = Rchem/Br (Fig. 2(c)). As a re-

sult, the acceleration of physical sputtering with in-

creasing Ar fraction in a feed gas (6.1-17.8 nm/min, or 

by  3 times for 0-80% Ar) has the only weak influence 

on the overall SiO2 etching rate (40.0-54.6 nm/min for 

0-80% Ar). From the comparison of Figs. 1(c) and 2(c), 

it can be seen also that the change of R toward Ar-rich 

plasmas correlates with increasing ion bombardment 

intensity. In our opinion, such situation reflects the ac-

tivation of chemical reaction through oxide bond 

breaking. In addition, since behaviors of both Rchem and 

R contradict to Br, but follows the change of 

(Mii)1/2+, the ion-flux-limited etching regime does 

work. In the case of Si3N4, one can obtain Rchem < Rphys 

(Fig. 2(b)) as well as the almost identical changes of R 

and Rphys with increasing Ar fraction in a feed gas. 

Therefore, the dominant etching mechanism is the 

physical sputtering while the efficiency of chemical 

etching pathway is limited by the low (by more than 10 

times less compared with R for SiO2, see Fig. 2(d)) re-

action probability. In our opinion, the last effect may 

be connected with a) the lower sticking probability of 

Br atoms to Si3N4 surface; and/or b) the denser struc-

ture of Si3N4 material that causes the worse penetration 

of etchant species inside the bulk material. As a result, 

Si3N4 demonstrates lower, compared to SiO2, absolute 

etching rates (especially in HBr-rich plasmas) as well 

as the stronger sensitivity to the change in mixture 

composition through the ion bombardment intensity. 

Finally, we would like to note that the parameter R de-

scribes only formal relationships between etching rate 

and the flux of etchant species. Actually, the depend-

ence of R on processing conditions represents the over-

all effect from various plasma-related factors which ac-

celerate or retard the etching process. Except the ion 

bombardment, these may be, for example, the ultra-vi-

olet radiation from excited particles, the adsorption of 

non-reactive species that passivates the surface, chem-

ical reactions with components of etched material (in 

our case, with O and N atoms) as well as many other 
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ones which can only be suggested, but not known ex-

actly. That is why the above discussion around Figs. 

2(c, d) provides the simplest (though quite reasonable) 

explanation for experimentally obtained effects. 

The alternate approach to the analysis of 

plasma etching kinetics assumes RIE process as the 

chemically-assisted physical sputtering [23, 24]. In 

particular, it is believed that the interaction of etchant 

species with surface atom reduces the number of chem-

ical bonds with its neighborhood and thus, lowers the 

sputtering threshold. The kinetic characteristic of 

such process is the etching yield, YR = R/+ [23]. 

From Fig. 2(c), it can be understood that the parameter 

YR for SiO2 is much higher than the experimentally ob-

tained sputter yield in the Ar plasma. As such, one can 

suggest that ions really sputter not the original SiO2 

surface, but partially brominated Si atoms (in fact, non-

saturated SiBrx compounds). A decrease in YR toward 

Ar-rich plasmas is associated with the change in the ion 

bombardment energy, as it follows from the behavior 

of -Udc (Fig. 1(c)). In the case of Si3N4, the lower reac-

tion probability limits the surface bromination rate and, 

probably, reduces the fraction of etched surface cov-

ered by reaction products. That is why ions impact 

mostly the original Si3N4 material while the parameter 

YR reaches typical sputter yield values (Fig. 2(d)). A 

constancy of YR in the range of 0-80% Ar is because a 

decrease in the ion bombardment energy is compen-

sated by an increase in R. This causes an increase in 

the surface bromination rate (see the behavior of Rchem 

in Fig. 2(b)) even under the condition of decreasing Br 

atom flux. 
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Fig. 2. Etching rates (a, b) and kinetic characteristics of heterogeneous processes (c, d) for SiO2 (a, c) and Si3N4 (b, d) in HBr + Ar mix-

tures at p = 4 mtor, W = 700 W and Wdc = 300 W.  In Figs. a) and b): 1 – rate of physical sputtering (Rphys); and 2 – rate of ion-assisted 

chemical reaction (Rchem). In Figs. c) and d): 1 – effective reaction probability (γR); 2 – etching yield (YR) 

Рис. 2. Скорости травления (a, b) и кинетические характеристики гетерогенных процессов (c, d) для SiO2 (a, c) и Si3N4 (b, d) в 

смеси HBr + Ar при p = 4 мтор, W = 700 Вт и Wdc = 300 Вт. На рис. a) и b): 1 – скорость физического распыления (Rphys); и 2 – скорость 

ионно-стимулированной химической реакции (Rchem). На рис. c) и d): 1 – эффективная вероятность взаимодействия (γR); 2 – выход 

травления (YR) 

 

CONCLUSIONS 

In this work, we compared reactive-ion etching 

kinetics as well as attempted to determine features of 

etching mechanisms for SiO2 and Si3N4 in the HBr + Ar 

plasma. The use of HBr/Ar mixing ratio as the variable 

parameter was because it directly reflects the transition 

between chemical and physical etching pathways. The 
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combination of plasma diagnostics by Langmuir 

probes with the 0-dimensional plasma model provided 

data on steady-state plasma parameters and densities of 

active species. It was found that the transition toward 

Ar-rich plasmas increases both electron temperature 

and plasma density, intensifies the ion bombardment as 

well as suppresses the Br atom density proportionally 

to the change in yAr. The analysis of etching kinetics 

indicated that the dominant SiO2 etching mechanism is 

the ion-assisted chemical reaction with the nearly-con-

stant rate in the range of 0-80% Ar. The latter is be-

cause a decrease in Br atom flux is compensated by in-

creasing reaction probability. As a result, the accelera-

tion of physical sputtering with increasing Ar fraction 

in a feed gas causes the only weak growth of the overall 

SiO2 etching rate. Oppositely, the Si3N4 etching pro-

cess is mainly contributed by the physical sputtering 

while the efficiency of chemical etching pathway is 

limited by the low reaction probability. As a result, 

one can obtain lower, compared to SiO2, absolute 

etching rates as well as the stronger sensitivity to the 

change in mixture composition through the ion bom-

bardment intensity. 
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