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Hccneoosano enuanue coomuoweHus komnonenmos 6 cmecu HBr + Ar na anexkmpodghu-
3uuecKue napamempul naa3mol, CMAYUOHAPHbIE KOHUEHMPAUUU AKMUGHBIX YACUY U KUHEMUKY
peaxkmusno-uonnozo mpasienus (PUT) SiO> u SizN4 6 ycnosusx unoyxyuonnozo B4 (13,56 MI'y)
paspada. Coemecmnoe ucnoib3oeanue Memooo8 30H0080U OUAZHOCMUKU U MOOCTUPOBAHUSA
nIa3Mbl NOKA3A10, YMO yeeauieHue 001U ap2oHa NPU NOCMOAHHOM OA6/IeHUU 2a3d U 6K1A0bléa-
eMOoll MOWHOCIU @) NPUGOOUM K YEESIUYEHUI0 MEeMREPAMYPbL I1EKMPOHOE U KOHUEHMPauuii 3a-
DANCEHHBIX Yacmuy; 6) conpogorcoaemcsa yeeaudeHuem UHMEHCUGHOCMU UOHHOU dombapou-
POBKU 00padamvléaemoii HOGEPXHOCHU; U 6) 8bI3bléden ONIU3KOE K NPONOPUUOHATILHOMY CHUJiCE-
HUe KOHUEeHmpayuu u nAOMHOCMU ROMoKa amomog opoma. Haitoeno, umo usmenenun cxkopo-
cmeiit mpagaenusn SiOz u SizNs om cocmasa cmecu a6AAI0OMCA KAUECMEEHHO NOOOOHBIMU, NPU
IMOM MAKCUMAIbHBIE PA3IUYUA UX AOCOIIOMHDBIX 6eIUYUH UMEIOM MECHO 8 nld3me YUCHO20
HByr. IlIposeoen ananusz mexanuszmoe PUT c ucnonvzosanuem pacuemnplix OaGHHbIX RO N1OMHO-
CmAM NOMOKO8 UOHO8 U amomo8 0poma. Ycmanoeneno, Yumo OOMUHUPYIOUWUM MEXAHUZMOM
mpaenenun SiO; A611eMCA UOHHO-CHIUMYTIUPOSAHHAA XUMUYUECKAA PEAKYUA, CKOPOCHb KOMOPOIi
6 ouanaszone 0-80% Ar ocmaemca npakmuyecku ROCMOAHHOIL 3 cuem yeeaudenus IPphexmus-
Holl éepoamuocmu e3aumooeiicmeusn. CoomeemcmeeHHO, 3aMemMHAs UHMEeHCUpuKayus uzuye-
CK020 PACNBLAEHUSA C POCHIOM 00U A¥ 6 cMecU 6bl3bléaem UL C1AObLIL POCH HAOII00AEMOTL CKO-
pocmu PUT. Hanpomue, ocnoenoii éxnaod é npouecc mpaesienusn SisN4s énocum ¢puszuueckoe pac-
novlieHue, npu IMOM CKOPOCHb UOHHO-CIHUMYIUPOCAHHOU XUMUYECKOU PeaKuyuu 0ZpaHuiusd-
emcs HU3KOIl 6ePOAMHOCHbIO 83aUMOOelicheusn. Imo odecneuugaem KaKk meHvuile adconomusle
3HAUeHUA CKopocmell mpasnenus (0COOeHHO 6 001ACmU MATIBIX COOEPIHCAHUIL ap2OHa), MAK U 6o-
nee pe3kyio 3asucumocms ckopocmu PUT om cocmaea cmecu.

Karuessle cioBa: HBr, mia3zma, mapamMeTphl, akTUBHBIC YaCTUIIBI, MOHU3AITUS, JUCCOIIHUAIINS, TPaBJIe-
HHE, KHHETHKA, MEXaHU3M
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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 SiO, and SisN4 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 SiO; and SisN4 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 SiO;, 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 SiO,
RIE rate. Oppositely, the SisN4 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 (SiO) and/or silicon nitride
(SizNa). 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 SiO, and SisN4 layers with both keeping
their original dielectric properties and satisfying the
strong requirements to etching profile features. There-
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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, SiO and SizN4 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 — SiFy exhibits
the spontaneous mechanism that produces both high
etching rate and nearly isotropic etching profile [4, 5].
Oppositely, the interaction of fluorine atoms with SiO-
and SisN. 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 —
SiBryinvolves 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 SiO and SizN4 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 SiO, in CF4 + Ar and u HBr +Ar plasmas
under identical processing conditions [10]. The most
important findings were that a) the SiO; 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
Si0O; etching rates; and c) the HBr + Ar plasma is fea-
tures by higher Br atom flux, but by slower SiO; etch-
ing process. The aim of present work was the compare
etching behaviors of SiO; and SisN4 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 SiO, and SisNa4etching rates and selectivities; b) to
find relationships between feed gas composition, gas-
phases plasma characteristics and RIE kinetics; and
¢) to formulate both common features and differences
in corresponding etching mechanisms.
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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, -Uqc. The latter was measured us-
ing the high-voltage probe (AMN-CTR, Youngsin
Eng.). Constant processing conditions were total gas
flow rate (g =40 sccm), gas pressure (p =4 mtor), input
power (W = 700 W, or 0.7 W/cm®) and bias power
(Whiass = 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 (T.) 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, Whis). 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 Ty = J./e [6, 13-15].
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Etching kinetics of SiO, and SisN4 were stud-
ied using fragments of Si (111) wafer with an average
size of ~ 2x2 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 um.
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 Ah between masked and non-
masked sample areas using the surface profiler Alpha-
Step 500 (Tencor) and then, calculated the etching rate
as R = Ah/t, where T = 5 min is the processing time.
Preliminary experiments indicated that the condition
T < 5 min surely provides nearly linear kinetic curves
Ah =1f(t) 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 Ah 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 O-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. > 10%° cm=, 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, where N = p/kg T gas
is the gas density at the gas temperature of Tg.s) 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
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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.vg [5], where vg = (eTe/m;i)? is the ion Bohm
velocity, and m; 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 ~ ksn+?/(ksn+ + ki[HBr] + ko[Br2]), where rate coef-
ficients ki, k> and ks are for R1: HBr + e — H + Br;
R2: Br, + 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)yvr/2rl [15], where r and | are
inner sizes of the cylindrical reactor chamber, vr is the
thermal velocity, and y 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 Tgs 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 Tgs =~ 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/cm? for 0-80% Ar) (Fig. 1(a)).

The mentioned change in T 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: = 9.2:101°-1.9-10* c¢m 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 = 5.1-10%0-1.7-10'! cm 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
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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
(-Uqc = 385-286 V for 0-80% Ar), in spite of W = 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 (Miei)¥2I"s [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 Wq: = 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 (Mici)Y/2T"+ characterizing the ion bombardment intensity; and
7 — Br atom flux
Puc. 1. M3mepeHHBIe (CIUIONIHAS TMHUS + TOYKH) U pacdeTHbIC (ITyHKTHPHAS JIMHKS) TApaMeTpPhI IUTa3Mbl B 3aBHCUMOCTH OT 07U Al B
cmecu HBr + Ar ipu p = 4 mrop, W = 700 Bt 1 Wac = 300 Bt: 1 — Temnepatypa 351eKTpOHOB; 2 — INIOTHOCTh HOHHOTO TOKa; 3 — CyM-
MapHasi KOHHEHTPpalHus MOJIOKUTEIIbHBIX HOHOB, 4— KOHICHTpaUs 3JICKTPOHOB; 5— OTPULIATCIBPHOC CMCIICHNE HAa HUKHEM DJIEKTPOJAC,
6 — mapameTp (Miei)Y?I"+ XapaKkTepu3yIoIMii HHTEHCUBHOCTH HOHHOH 6OMOAPAUPOBKY; U 7 — IIIOTHOCTH MOTOKA aTOMOB 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+eand R5: Br, +e — 2Br +e
with nearly equal rates. The principal role of R5 is due to
both ks < ks (~ 2.8:10° cm¥/s for ks vs. ~ 1.6-108 cm?/s
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for ks at Te = 4 eV) and quite high density of Br, mol-
ecules. The latter is maintained by the effective recom-
bination of Br atoms on chamber walls as R7: Br + Br —
— Br, [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 — Hy + Br (ke ~ 6.5-10"*2 cm?¥/s)
and R10: H + Br, — HBr + Br (kio ~ 6.0-10t cm?/s)
exceeds the rate of their heterogeneous recombination
in R11: H+ H — H; 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 ((ks4 + ks)ne = 99-
431 s 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
(TedT's = 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 SiO; and SisN4etching 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 Renem [10, 11, 22]. In order to evaluate contri-
butions of these etching pathways, we measured SiO»
and SisN. etching rates in pure Ar plasma Rpnys.ar, Cal-
culate corresponding sputtering yields as Ysar =
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= Rphys,adT'+ (~ 0.03 for both SiO; and SisNj at ion en-
ergy of 230 eV) and then, determined actual sputtering
yields for HBr + Ar plasma as Ys= Ysad(mi/ma)*2.
Accordingly, these allow one to obtain Rphys = YsI+
and Rehem = R - Rpnys [10].

Data of Fig. 2(a) clearly indicate that, in the
case of SiO;, the condition Rcrem > Rpnys 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 yr = Renem/T'sr (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 SiO; 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 yr 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 Rchemand
R contradict to I's;,, but follows the change of
(Migi)Y2T'+, the ion-flux-limited etching regime does
work. In the case of SizN4, one can obtain Rehem < Rpnys
(Fig. 2(b)) as well as the almost identical changes of R
and Rpnys 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 yr for SiO», 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 SisNa4 surface; and/or b) the denser struc-
ture of SisN, material that causes the worse penetration
of etchant species inside the bulk material. As a result,
SizN4 demonstrates lower, compared to SiO», 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 yr de-
scribes only formal relationships between etching rate
and the flux of etchant species. Actually, the depend-
ence of yr 0n 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/T+ [23].
From Fig. 2(c), it can be understood that the parameter
Yr for SiO; 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 SiO-
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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 -Ugc (Fig. 1(c)). In the case of SisNa, 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 SisN4 material while the parameter
Yr reaches typical sputter yield values (Fig. 2(d)). A
constancy of Yrin the range of 0-80% Ar is because a
decrease in the ion bombardment energy is compen-
sated by an increase in ygr. This causes an increase in
the surface bromination rate (see the behavior of Rehem
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 SiOz (a, ¢) and SisNa (b, d) in HBr + Ar mix-
tures at p = 4 mtor, W = 700 W and Wac = 300 W. In Figs. a) and b): 1 — rate of physical sputtering (Rphys); and 2 — rate of ion-assisted
chemical reaction (Rcrem). In Figs. ¢) and d): 1 — effective reaction probability (yr); 2 — etching yield (Yr)

Puc. 2. Ckopoctu TpaBnenust (a, b) ¥ KHHETHYIECKHE XapaKTePHUCTHKN TeTepOreHHbIX mporeccos (¢, d) mst SiO2 (a, ¢) u SisN4 (b, d) B
cmecu HBr + Ar nipu p =4 mtop, W =700 Bt 1 Wee =300 BT. Ha puc. a) u b): 1 — ckopocts dznueckoro pacmbuieHus (Rphys); 1 2 — cKOpocTh
HOHHO-CTUMYJIMPOBAHHOM XuMH4ecKoi peakimi (Rehem). Ha puc. ¢) u d): 1 — sdpdextrBHAs BEPOSITHOCTS B3aUMOACHCTBHSI (YR); 2 — BBIXOJ
tpasieHust (YR)

CONCLUSIONS

In this work, we compared reactive-ion etching
kinetics as well as attempted to determine features of

ChemChemTech. 2023. V. 66. N 6

etching mechanisms for SiOzand SisN4in 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 SiO; 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
SiO; etching rate. Oppositely, the SisN4 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 SiO,, 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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