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B oannoii pabome uccnedosanvt xapakmepucmuKky 2azo60i (hazvl U KUHEMUKA PEAKMUBHO-
uoHHo20 mpaesnenusn kpemuusn 6 niaazme CsF12,0 + Oz ¢ ucnonvzoseanuem cmecu CF4 + O3 6 kaue-
cmee cucmemul cpasnenus. Unmepec k CoF120 00ycnoenen nuskum nomenyuanom 2106a1bH020
nomennenus (IIT'll) u nedocmamounoll U3YUEHHOCMBIO 8 NAAHE CYX020 MPABIEHUL MAMEPUATINE
Ha ocHoee kpemnua. Cxema uccied06aHUA 6KAIOUANA OUAZHOCIUKY NIA3MbL C NOMOUbIO 30HO06
Jlenzmropa u onmuueckoil IMUCCUOHHOU cneKmpocKonuu, a maxoice 0-meproe (2nodanvroe) moode-
auposanue naasmol cmecu CF4 + Oz OcnogHoe 6HuManue yoenanocs napamempam 3NeKmpoHHOll
U UOHHOU KOMROHEHM N1a3mbl, KOHUenmpauuam amomoé F u O (Kak 0CHOGHBIX AKMUGHBIX ua-
CIuYy npu MpaeieHu 0CHOBHOZ0 MAMEPUALA U mopy2i1epooHoil RONUMEPHOU NIEHKU, COOMEEN-
CMBEHHO0), a maKice ckopocmu mpaenenus Si 6 3asucumocmu om oagnenusn 2aza (4—12 mTopp) u
exnaovieaemoit mougnocmu (200-600 Bm). Bvino nokaszano, umo ode cucmemsl 0eMOHCIMPUPYIOmM
00UHAK060€E NogedeHUe NIOMHOCIU NAA3Mbl, HOMOKA UOHO8 U IHEPZUU UOHHOI 0OMOAPOUPosKu,
npu 3mom ocnoeHoli ocovennocmoio naazmel CsF120 + Oz aenaemea cucmemamuuecku donee Hu3-
Kue konyenmpayuu amomog F u O. Ixkcnepumenmeol no mpaeieHuI0 ROKA3aau: a) He3Hawumens-
HbLIl 6K71a0 YU3UUECKO20 PACHBIIEHUA 8 00UWLYI0 CKOPOCMb npoyeccd; U 0) u0eHmuuHble USMEHEHUS
KUHEMUKU 2emepOoZeHHOll XUMUYECKOU PeaKyul 6 3a6UCUMOCHU OM RApamempos o0padomku.
ITnazma CeF120 + Oz xapakmepusyemca 60onee Hu3KUMU A6CONIOMHBIMU CKOPOCMAMU MPAGIEHUA
(umo Koppenupyem c paziuuuamu ¢ nomoxax amomoeé F), a makoice 6onee gpicokumu gpgexmue-
Hboimu gepoamuocmanu peaxyuu Si + F. Ilocneonuil yghghexm npeononorxcumenvno 00ycioenen
2€MepPOeHHBIMU RPOUECCAMU C YUACHIUEM AMOMOE KUCI0POOa.
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In this work, we investigated gas-phase plasma characteristics and reactive-ion etching ki-
netics of silicon in the CsF120 + O, gas mixture with using CF4 + O, as the reference system. An
interest to C¢F120 is due to its low global warming potential (GWP) and totally unknown dry etching
performance in respect to silicon-based materials. The research scheme included plasma diagnos-
tics by Langmuir probes and optical emission spectroscopy as well as the 0-dimensional (global)
modeling for CF4 + O, plasma. The main focus was on electrons- and ions-related plasma param-
eters, densities of F and O atoms (as main etchants for target materials and fluorocarbon polymer
film, respectively) as well as on Si etching rates vs. gas pressure (4—12 mTorr) and input power
(200-600 W). It was shown that both gas systems exhibit similar behaviors of plasma density, ion
flux and ion bombardment energy while the principal feature of the CsF120 + O, plasma is the
systematically lower density of both F and O atoms. Etching experiments indicated a) the negligible
contribution of sputter etching; and b) identical changes in the chemical etching kinetics vs. pro-
cessing parameters. The CsF120 + O; plasma is featured by lower absolute etching rates (that cor-
relates with differences in F atom fluxes) as well as by higher effective probabilities for Si + F
reaction. Perhaps, the last phenomenon is due to heterogeneous processes involving oxygen atoms.

Key words: CsF120, CF.4, plasma, parameters, active species, ionization, dissociation, etching
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INTRODUCTION

Fluorocarbon gases historically play an im-
portant role in the electronic device production indus-
try being used for dry patterning of silicon and silicon-
based compounds [1-4]. Numerous existing studies of
corresponding processes in conventional fluorocar-
bons (CF4, CHF3, CaFs and C4Fs) allow one to summa-
rize their basic features as follows:

1) All fluorocarbon-based plasmas always pro-
vide two parallel heterogeneous phenomena, such as
the etching itself (the gasification of surface atoms in a
form of volatile fluorides) and the polymerization (the
growth of fluorocarbon polymer film on any surface
exposed to plasma) [4-7]. The polymerization ability
increases with increasing z/x ratio in the CyHyF, mole-
cule [4, 5], and high-polymerizing fluorocarbons are
featured by a) lower etching rates; b) higher etching
residues; and c) better SiO/Si etching selectivities
and profile shapes [8, 9]. The latter is because the pol-
ymer film protects sidewalls from the reaction with F
atoms [7-9].

2) The effective method to adjust the etch-
ing/polymerization balance is to mix the fluorocarbon
gas with Ar and/or Oz [1, 4]. In particular, the fraction
of additive component influences steady-state densities
of both F atoms and polymerizing CFx (x = 1, 2) radi-
cals [6-8] as well as changes the polymer destruction
rate (and thus, the polymer film thickness) through the
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sputtering by Ar* ions or chemical etching by O atoms
[10]. Accordingly, all these have a reflection on output
process characteristics.

3) The interaction of F atoms with silicon has
the spontaneous nature and produces the highly vola-
tile SiF4[4]. As aresult, the corresponding etching rate
demonstrates both exponential (as it follows from Ar-
rhenius equation) growth with increasing surface tem-
perature and very weak sensitivity to the ion bombard-
ment intensity [1, 4].

The fundamental problem of all conventional
fluorocarbon gases is their high global warming poten-
tials (GWP). For instance, the GWP index (the value
demonstrating how much times the environmental im-
pact for given gas exceeds that for CO,) for CF4 is over
5000 [11, 12]. As such, the emission of gaseous fluo-
rocarbons from plasma etching equipment may influ-
ence the future climate change. The evident way to re-
duce the fluorocarbon-related environmental pollution
is to substitute conventional fluorocarbon gases for
low-GWP compounds [13]. According to several re-
cent studies [13, 14], the sufficient attention is attracted
to the perfluorooxepane (CsF120) which keeps the lig-
uid state at temperatures below 50 °C (that provides the
effective extraction of non-dissociated CgF120 from
the output gas) as well as has the GWP index of 1. At
the same time, unknown reaction pathways Cg¢F1,0
molecule under the low-pressure discharge conditions
do not allow one to evaluate the performance of this
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gas in respect to dry etching technology. Therefore, re-
search works focused on understanding of both plasma
chemistry and etching mechanisms in C¢F120 — based
plasmas are very important steps in the development of
eco-friendly dry etching technologies.

In our previous work [15], we attempted the
study of CgF120 + Ar plasma with using the CF4 + Ar
one as the reference system. As the latter has been stud-
ied in details by many authors (for example, Refs. [16-18]),
the comparison of two data sets obtained under identi-
cal processing conditions clearly illustrates the features
of the less-studied system. It was shown that both plas-
mas a) produce similar changes of F atoms density and
ion flux; b) exhibit no principal difference in polymer-
izing abilities; and c) provide neutral-flux-limited etch-
ing regime for both Si and SiO; under typical reactive-
ion etching conditions. The main idea of given study
was to reproduce the comparative research scheme for
CeéF120 + Oz and CF4 + O gas systems. Similarly to
Ref. [15], main goals were to compare etching kinetics
for Si, to determine differences in etching mechanisms
(if those do exist) as well as to correlate all these with
gas-phase plasma characteristics.

EXPERIMENTAL AND MODELING DETAILS

Experiments were conducted in the inductively
coupled plasma (ICP) reactor known from our previous
works [17-20]. Plasma was excited using the 13.56 MHz
power supply while another 13.56 MHz rf generator pow-
ered the bottom electrode with a constant Wqc = 200 W to
produce the negative dc bias voltage, -Uqc. Initial com-
positions of CF4 + Oz and C¢F120 + O gas mixtures
were represented by equal amounts of corresponding
components while variable parameters were input
power (200-600 W) and gas pressure (4-12 mTorr).

Etching kinetics of silicon studied using frag-
ments of Si (111) wafers without or with thermal oxide
layer. Treated samples with an average size of ~ 2x2
cm were placed in the middle part of the bottom elec-
trode. The latter has the built-in water-flow cooling
system which allows one to maintain the nearly con-
stant temperature of about ~ 17 °C. In order to deter-
mine silicon etching rate, we masked a part of sample
surface by the photoresist and then, measured the step
Ah between masked and non-masked areas using the
surface profiler Alpha-Step 500 (Tencor). Correspond-
ing etching rates were simply calculated as R = Ah/r,
where T = 1 min is the processing time.

Electrons- and ions-related plasma parameters
were monitored using the double Langmuir probe
(DLP2000, Plasmart Inc.) and the high-voltage probe
(AMN-CTR, Youngsin Eng.). In the first case, the
treatment of measured I-V curves provided data on

32

electron temperature (T¢) and ion current density (J+).
In order to reduce experimental errors due to the depo-
sition of fluorocarbon polymer on probe tips, these
were exposed by 50% Ar + 50% O, plasma for ~5 min
before and after each experiment. As a result, the con-
tinuously recording 1-V curves exhibited no principal
differences within at least 5 min after plasma was turn-
ing on.

Steady-state densities of F and O atoms were
determined using a combination of plasma diagnostics
by the optical emission spectroscopy (OES) (AvaSpec-
3648, JinYoung Tech) and plasma modeling. For this
purpose, we selected a couple of actinometrical lines F
703.8 nm and O 777.2 nm which are featured by a) di-
rect electron impact excitation mechanisms with
known process cross-sections [21]; and b) low radia-
tional lifetimes. Therefore, according to the well-
known actinometrical approach, one can suggest
|1(X)/|2(X) = A12[X]1/[X]z, where X = F or O, | is the
measured emission intensity while subscripts «1» and
«2» point out on CFs- and CgF120-based plasmas, re-
spectively. The coefficient Ai; is the ratio of corre-
sponding excitation functions as (KexNe)1/(KexNe)2,
where kex = f(Te) is the excitation rate coefficient, and
Nne is the electron density. As such, if T, and nin both
gas systems are known, the independent determination
of [F] and [O] the CF4 + O2 plasma (in particular, from
plasma modeling) provides the ability to estimate these
values in the CsF120 + O, plasma.

In order to determine the effect of processing
conditions on steady-state densities of F and O atoms
in the CF.4 + O plasma, we applied a simplified 0-di-
mensional kinetic model [10, 22, 23]. The kinetic
scheme (set of chemical reactions with related rate co-
efficients) was taken from our previous work [22]. As
follows from Ref. [23], the given model approaches
and algorithm provides the good agreement between
mode-predicted and measured F atom density. Accord-
ingly, as the F atom kinetics in the CF4 + O, plasma is
closely connected with the oxygen-containing species
[22, 23, 24], the good correlation between model
and experiment for [F] surely assumes the same sit-
uation for [O].

RESULTS AND DISCUSSION

Fig. 1 illustrates the influence of gas pressure
and input power on Si etching rate in C¢F120 + O, and
CF4 + O, plasmas. From Refs. [4, 25], it can be under-
stood that the overall etching rate under typical reac-
tive-ion etching conditions (i.e. when the ion bombard-
ment energy exceeds the sputtering threshold for target
material) may be represented as the superposition of
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partial rates for physical sputtering (Rpnys) and chemi-
cal reaction (Rchem). The latter may exhibit either spon-
taneous (thermally-activated) or ion-assisted nature de-
pending on the type of etched material and volatility of
reaction products. In order to divide contributions of
Rphys and Renem to measured Si etching rate Rsi, we per-
formed etching experiment in pure Ar and O, plasmas
under the same set of operating conditions. Corre-
sponding etching rates were found to be very close one
to each other as well as did not exceed 5 nm/min. Since
this value is much lower than those shown in Fig. 1,
the condition Rpnys << Rchem is surely valid. For more
accurate estimation of Rpnys/Rchem ratio, one can refer
for plasma diagnostics data represented in Tab. 1. The
necessary steps are a) to determine the ion bombard-
ment energy as &i = e(-Us-Uqc), where U = f(Te) [4] is
the floating potential; b) to take the known dependence
of Si sputtering yield Y's on the ion energy [26] (with
correction according to an actual effective ion mass);
and c) to evaluate the ion flux as T+~ J+/e. Then, Rpnys =
YsI+, and Rerem = Rsi - Rpnys. From Fig. 1, it can be
understood that the real contribution of Rpnys to the
overall etching rate in both gas systems does not ex-
ceed 12% at lowest gas pressure of 4 mTorr and high-
est input power of 600 W. As such, the chemical etch-
ing pathway surely dominates over the physical one
while the obtained etching kinetics reflects the rate of
heterogeneous chemical reaction. In addition, when
analyzing data of Fig. 1 with accounting for the previ-
ous etching experience of Si in fluorocarbon-based
plasmas [1-4], following conclusions can be made:

1) Similar changes of Si etching rate in both gas
systems surely point out on similar etching regimes.
The latter means, in fact, that etching processes in
CeF120- and CFs-based plasmas are driven by identical
active species and have one and the same limiting
stage. As such, the difference between these gas sys-
tems is only that the first one provides the systemati-
cally lower absolute etching rates. The low polymeriz-
ing ability of CF4 plasma at ion energies above 200 eV
[4] as well as the presence of O in a feed gas allows one
to neglect the polymer-thickness-controlled etching pro-
cess. Therefore, the subject for further discussions is
only the regime of an ion-assisted chemical reaction.

2) An increase in Si etching rate vs. gas pressure
(for example, 76-85 nm/min in CsF120 + Oz and 105-
121 nm/min in CF4 + O, for p = 4-12 mTorr at 400 W) is
typical for either the spontaneous or the ion-assisted
chemical reaction in the neutral-flux-limited mode.
Otherwise, one can expect an opposite tendency accord-
ing to decreases in both ion flux I'+ and the parameter
&i?I"s characterizing the ion bombardment intensity.
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Fig.1. Silicon etching rates in CsF120 + Oz (a, b) and CF4 + O2 (c,
d) plasmas as functions of input power at p =4 mTorr (a, ¢) and
12 mTorr (b, d). Dashed lines illustrate partial rates of physical
(1) and chemical (2) etching pathways
Puc. 1. Cxopocrtu Tpasnenus kpemuus B miasme CsF120 + O2 (a,
b) u CF4 + O2 (¢, d) B 3aBMCMMOCTH OT BKJIabIBAEMON MOLIHOCTH
mipu p =4 mTop (8, ¢) u 12 mTop (b, d). [TyHKTHpHBIE JTUHUH TIO-
Ka3bIBAIOT MaplualbHbIe CKOPOCTH (przndeckoro pacmpuieHus (1)
U XMMUYECKOH peakiuu (2)
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Therefore, all Rsi = f(W) curves from Fig. 1 di-
rectly reflect the Si(s.) + xF — SiFx reaction kinetics,
and the R/Tk ratio, where I'r ~ 0.25[F](8RTgas/tM) 2 iis
the fluorine atom flux, gives the effective reaction
probability yr. Accordingly, yr = f(p, W) dependencies

under the condition of the nearly constant sample tem-
perature illustrate what kinds of side factors, except the
density of active species and the sample temperature,
do influence the etching kinetics.

Table

Electrons- and ions-related plasma parameters
Taéauya. IlapameTpbl 3JIEKTPOHHONH U MOHHOH KOMIIOHEHT IJIa3Mbl

Input T, eV Ji, mA/cm? n., 102 cm -Uge, V
power, W | 4mTorr | 12mTorr | 4mTorr | 12mTorr | 4 mTorr [ 12mTorr | 4 mTorr | 12 mTorr
CeF120 + O,

200 3.3 3.1 0.05 0.04 0.22 0.20 436 445

400 3.6 3.5 0.14 0.10 0.65 0.46 412 424

600 4.1 3.7 0.45 0.38 1.93 1.70 342 360
CFs+ Oy

200 3.0 2.7 0.07 0.05 0.31 0.24 440 456

400 3.3 3.1 0.21 0.14 0.86 0.59 411 433

600 4.0 3.6 0.58 0.41 2.11 1.60 356 369

From plasma diagnostics by Langmuir probes
(Table), it was found that C¢F120 + O, and CF4 + O;
gas systems exhibit no principal differences in plasma
parameters determining the electron-impact kinetics
and the ion bombardment intensity. In particular, both
Te and J+ always demonstrate an increase toward
higher input powers as well as decrease toward higher
gas pressures. The behavior of T, = f(W) is connected
with increasing dissociation degrees for multi-atomic
species that enriches the gas-phase by less saturated
CF radicals and atomic components. As a result, a de-
crease in electron energy losses for vibrational and
electronic excitations takes place. The decreasing ten-
dency for T = f(p) reasonably reflects the growth in
the electron-neutral collision frequency. The change in
J: follow the behavior of the total positive ion density
n. while n. itself is mainly controlled by the ionization
rate. Accordingly, and increase in input power in-
creases the total ionization rate due to the growth of
electron density (as follows from the power balance
equation [4]) while the transition toward higher pres-
sures suppresses the ionization through decreases in
both Te and corresponding rate coefficients. In addi-
tion, the negative dc bias voltage always changes op-
positely to J.. This is because the flux of positive ion
coming to the plasma/surface interface partly compen-
sates for the negative charge produced by the bias
source. In our opinion, systematically higher T values
in the CsF120 + O, plasma may be connected with
higher fractions of less saturated CFy radicals. Accord-
ingly, the domination of smaller species with lower
ionization rate coefficients provides lower total ioniza-
tion rate and thus, explains the lower plasma density.
Another important thing is that opposite differences in
electron temperatures and electron densities (assuming
N+ ~ ne that is surely valid for the low-pressure CF4 + O
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plasma [22, 23]) produce quite close dissociation fre-
guencies Kqishe, Where Kyis is the dissociation rate coef-
ficient, for the given particle existing in various gas
mixtures. In such situation, features of CsF1,0 + O, and
CF4 + O3 plasmas in respect to F and O atom densities
mainly reflect those in dissociation pathways for
CeF120 and CF4 molecules.

In order to compare absolute [F] and [O] val-
ues in CeF120 + Oz and CF4 + O plasmas, we used a
combination of plasma modeling and plasma diagnos-
tics by OES. The first method provided data on densi-
ties of atomic species in the CF4 + O2 plasma as well
as on excitation functions for F 703.8 nmand O 777.2 nm
emission lines (Fig. 2(a, b)). The latter are necessary to
obtain the Ay, coefficient, as described in Section 2.
The role of OES was to measure corresponding emis-
sion intensities in both gas systems (Fig. 2(c, d)).

From Fig. 3(a), it can be understood that the
CsF120 + O plasma provides the systematically lower
[F] and [O] values compared with the CFs + O,. The
similar difference in fluorine atom densities has been
detected in Ref. [15] for C¢F120 + Ar and CF4 + Ar
plasmas using the actinometrical approach. As such,
this should be a kind of fundamental rule which works
independently on the type of additive gas. The situation
with O atoms looks a bit surprisingly, since the
CeF120-based gas system carries additional oxygen
within original fluorocarbon molecules. Unfortunately,
the unknown reaction scheme for the CsF120 plasma
does not allow one to analyze the kinetics of O atoms
in detail. Instead, one can simply suggest that electron-
impact decomposition pathways for both CgF120 itself
and first-step dissociation products do not liberate “na-
tive” oxygen atoms, but keep these ones inside hardly
dissociated CO species.
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Fig. 2. Excitation functions (a, b) and emission intensities (c, d) for F 703.8 nm (marked as “F”) and O 777.2 nm (marked as “O”) lines
in CeF120 + O2 (a, ¢) and CF4 + O2 (b, d) plasmas. Solid lines correspond to p = 4 mTorr while dashed lines are for p = 12 mTorr
Puc. 2. ®ynkimn Bo30yxaenus (a, b) 1 nHTeHCUBHOCTH M3ny4deHus (c, d) aust muuuit F 703,8 HM (0603Hauenue cumbosioM “F”) u O
777,2 um (o603HaueHue cumBosioM “0”) B miazme CeF120 + O2 (a, ¢) u CF4 + O2 (b, d). Crutoninbie TuHUA COOTBETCTBYIOT P = 4 MTop,
nyHKTUp - P = 12 MmTop

We would like to note also that the effect of
gas pressure and input power on densities of atomic
species is quite typical for low-pressure molecular gas
plasmas [4]. In particular, an increase in both [F] and
[O] values vs. input power results from the same
change in dissociation frequencies kaisne for corre-
sponding source species. The reason is the simultane-
ous increase in electron temperature and plasma den-
sity. Accordingly, the similar effect of gas pressure is
because a weak decrease in Kqishe is overcompensated
by increasing amounts of fluorine- and oxygen-con-
taining species coming with a feed gas.

The comparison of Figs. 1 and 3(a) clearly in-
dicates that a) the change in Si etching rate in each gas
system follows corresponding changes both fluorine
atom density and flux; and b) differences in absolute
etching rates correspond to those for [F] and T'r. From
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Fig. 3(b), it can be seen that the parameter yr demon-
strates monotonic decrease toward higher input powers
and gas pressures. Obviously, this cannot be a result of
ion-driven heterogeneous process due to the domina-
tion of spontaneous Si(s.) + XF — SiFy reaction mech-
anism [4] as well as an increase in the ion bombard-
ment intensity with input power (Tab. 1). In addition,
we also do not think that decreasing yr is connected
with increasing polymer film thickness, as it was re-
peatedly mentioned for high-polymerizing fluorocar-
bon gas plasmas [5-8]. The arguments are a) the low
polymerizing ability for the CF, gas in the presence of
oxygen [4]; and b) increasing polymer decomposition
rate toward higher input powers due to changes in ion
flux (Tab. 1) and oxygen atom flux (Fig. 3(a)). In such
situation, one can suggest only the competitive adsorp-
tion of O atoms that results in the formation of oxide
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bonds Si(s.) + O — SiO(s.) and thus, reduces the frac-
tion of vacant adsorption sites for etchant species. Ac-
cordingly, as can be seen from Fig. 3, the correlation
“the higher O atom density, the lower effective reac-
tion probability” is always valid. At the same time, the
given interpretation of etching mechanism is only a

10 -
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1011 i . i N i L i L i
200 300 400 500 600
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a

suggestion which requires additional confirmations.
This may be, for example, the analysis of plasma-
treated surfaces by the X-ray photoelectron spectros-
copy in order to compare amounts of the surface-
bonded oxygen.
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Fig. 3. Densities of atomic species (a) and effective reaction probabilities for F atoms (b) in CsF120 + O2 (1) and CF4 + O2 (2) plasmas.
Solid lines correspond to p = 4 mTorr while dashed lines are for p = 12 mTorr

Puc. 3. Konnenrparuu atomMoB (a) 1 3 (heKTuBHas BEpOSITHOCTH B3auMo/ieicTBYs aToMoB (ropa (b) B rutasme CeF120 + O2 (1) u CF4 +
02 (2). Crutomasle THHAN cOOTBETCTBYIOT P = 4 MTop, mynkTHp - P = 12 MTop

As a final remark, we would like to note that
all our findings and related explanations are in princi-
pal agreement with previously published data as well
as do not contradict with general regularities of plasma
chemistry. Therefore, the used comparative research
scheme seems to be an adequate tool to investigate
plasma parameters and etching kinetics in weakly-
studied plasma systems.

CONCLUSIONS

In this work, we performed the comparative
study of C¢F1,0 + Oz and CF4 + O, plasmas where the
latter played the role of reference system. The main fo-
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cus was on gas-phase plasma characteristics and reac-
tive-ion etching kinetics of silicon. It was shown that
given gas systems are characterized by quite similar ef-
fects of processing conditions on electrons- and ions-
related plasma parameters, densities of F and O atoms and
Si etching rates. The notable feature of the CsF1,0 + O-
plasma is only the systematically lower absolute etch-
ing rates that correlated with differences in F atom den-
sities. The analysis of etching mechanism pointed out
on a) similar etching regimes provided by the domi-
nation of chemical etching pathway; and b) the oxy-
gen-flux-dependent effective probabilities for F at-
oms. The principal finding is that the low-GWP
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CeF120 is the real candidate to replace CF. in the dry
etching of silicon.
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[TyOnukarusi BHIITOTHEHA B paMKax Tocynap-
ctBeHHoro 3amanus OI'Y OHI[ HUMCHU PAH (IIpo-
BeJieHrne (DYHIaMEHTAIBHBIX HAyYHBIX HCCIIETOBAHUIMA
(47 I'TD)) mo reme HUP «11021060909091-4-1.2.1 Oyn-
JAaMCHTAJIBHBIC U MPHUKIIAAHBIE UCCICAOBAaHUS B o0na-
CTH IUTOrpaUIecKuX MPEIeNIOB MOIYIPOBOIHUKO-
BBIX TE€XHOJIOTHH U (I)I/ISI/IKO-XI/IMI/I‘IGCKI/IX IIpO1LECCOB
TpaBiaeHUsT 3D HaHOMETPOBBIX AUAIEKTPUUYECKUX
CTPYKTYp IJisl Pa3BUTUA KPUTUYECKUX TEXHOJIOTH
npousBoacta DKb. MccnegoBanue u mocTpoeHUE MO-
/:[eneﬁ u KOHCTPYKI_IHﬁ QJICMCHTOB MUKPOJJICKTPOHHUKHU
B pacIIMpeHHOM Juara3zone temneparyp (ot -60C no
+300C) (FNEF-2022-0006)».

Aemopbl 3asaensaiom 00 omcymcmeuu KOH-
Gauxma unmepecos, mpedyouie2o pacKkpolmus 8 OaH-
HOU cmambve.
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