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Abstract
The paper presents an analytical model for determining the resist contrast in electron lithography with
nonuniform deposited energy over the depth, which is typical for low-energy electron exposure. In the classical
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approach, the contrast is determined from the logarithmic dependence of the residual resist thickness on the exposure
dose and assumes the homogeneity of the deposited energy over the layer depth, which leads to an overestimation
of the contrast value in the presence of a gradient of the deposited energy. The proposed model takes into account
the linear change in the energy profile in the resist, which is neglected in existing generally accepted model, thus
allowing us to extract the "true" contrast value reflecting the resist properties under given development conditions.
To validate the model, experiments were carried out with an ELP-20 resist 200 nm thick on silicon substrates at an
electron beam energy of 5, 15 and 25 keV. Dose wedges were exposed for each energy, followed by development
and topography analysis by atomic force microscopy. By fitting the model curves to the experimental dependence
of the residual resist thickness on the exposure dose for each electron energy, the values of the contrast and the
parameter characterizing the gradient of the deposited energy by depth were calculated. In this case, the contrast
remains almost constant when varying the energy of incident electrons and has an average value of y = 1.67. Thus,
the increase in contrast with a decrease in the electron energy observed within the classical approach should be
considered as an artifact of the model used. The proposed model is applicable for precision calibration of the
processes of forming three-dimensional resist structures using the grayscale lithography.

Keywords: Electron beam lithography (EBL), Resist contrast, Nonuniform energy deposition, Analytical
modeling, Grayscale lithography.

Introduction

Electronbeam lithography is one of the most versatile and high-precision nanofabrication methods,
widely used in such fields as micro- and nanoelectronics [1, 2], photonics [3] and plasmonics [4]. This
method provides a resolution at the sub-10 nm level without the need for photomasks, which makes it
an indispensable tool for creating integrated circuits [5], quantum devices [6] and nanostructures [7].
Despite its advantages, EBL has not received widespread use in mass production due to its relatively
low productivity and high cost of equipment. However, it remains a key technology for prototyping
[8], preparing samples for academic research [9], creating templates used in photolithography [10]
and nanoimprint lithography [11]. Recently, special attention has been paid to the possibilities of
three-dimensional structuring realized using grayscale EBL [12], in which modulation of the exposure
dose allows the formation of continuous reliefs in the resist. This approach opens up prospects for the
creation of complex phase plates [ 13, 14], photonic nanostructures and other functional 3D structures
with micro- and nanometer accuracy [12, 15]. The implementation of such processes directly depends
on the lithographic properties of the resists used, in particular their sensitivity and contrast, which are
fundamental parameters determining the accuracy of creating a given profile, as well as the efficiency
and resolution of the EBL processes. The sensitivity of the resist in EBL, determined by the minimum
exposure dose required to completely remove the layer in a given development time, depends on the
chemical composition of the resist, its molecular structure, layer thickness, incident electron energy
and development time. In this case, a decrease in the incident electron energy, as a rule, leads to
an increase in the sensitivity of the resist, which makes the low-energy EBL region (5-15 keV)
especially attractive in terms of increasing the productivity of the process. This is due to the general
physical principle: as the energy decreases, the interaction intensity increases. During exposure, the
energy of penetrating electrons is spent on breaking molecular chains in the polymer matrix, which
determines the rate of dissolution of the exposed resist in the developer. The resist contrast, reflecting
the steepness of the transition from the undeveloped to the developed state, is determined not only by
the molecular properties of the resist, but also by the exposure and development conditions, which
significantly affect the clarity of the relief and the quality of the resulting structures. Knowledge of
both parameters is critically important for both classical binary and grayscale EBL, especially when
creating three-dimensional structures with high accuracy [16, 17]. It is generally accepted that under
fixed conditions of resist formation and development, its contrast remains a value that does not
depend on the energy of incident electrons. At the same time, the existing method for determining the
resist contrast is to estimate the slope of the contrast curve [18] (the dependence of the residual resist
thickness on the logarithm of the exposure dose). This approach is based on the assumption that the
rate of resist dissolution is determined by the exposure dose according to a power law:
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where y corresponds to the resist contrast. This is true in the case of electron exposure, when the
penetration depth of the electron beam significantly exceeds the resist layer thickness, and the
deposited energy is uniform across the resist thickness [16—19]. And since in real conditions there is
always, albeit not always pronounced, a gradient of the deposited energy across the resist thickness,
the determined contrast can be considered only a more or less effective estimate [20, 21]. However,
at relatively low electron energies (5—15 keV) and films with a thickness of about 200 nm and higher,
this assumption ceases to be valid, since the energy is deposited extremely nonuniformly across
the layer thickness. This is due to a decrease in the penetration depth of electrons into the material
and, thus, a shift in the maximum density of the absorbed energy to the surface, which leads to the
formation of a pronounced gradient across the resist depth. As a result, such inhomogeneity leads to
a significant distortion of the dose curve and, consequently, to a deviation of the measured contrast
from the "true" value. At the same time, it is known from the results of numerical modeling of energy
profiles using the Monte Carlo method that the growth of the deposited energy with depth can be
approximated with good accuracy by a linear law [22, 23]. Based on this, relying on the existing
development model and the results of Monte Carlo modeling, this paper proposes an analytical
model for determining the "true" contrast of the electron resist under low-energy electron lithography
conditions. The model is based on the assumption of a linear profile of the deposited energy with
depth, which allows adjusting the contrast calculation taking into account the inhomogeneity of
energy deposition with depth. This ensures obtaining a contrast value independent of the exposure
conditions: electron energy and substrate material. This eliminates the contradiction between the
overestimated contrast values obtained by the classical method and the "true" behavior of the resist,
determined by its own properties under specific development conditions. The model also contains a
parameter determined as a result of fitting, which characterizes the dose gradient by depth, i.e. the
sensitivity of the dissolution rate to the inhomogeneity of the deposited energy. This parameter has
both practical significance for optimizing development modes and scientific significance. The aim of
this work is to develop a physically justified method for evaluating resist contrast that accounts for
depth-dependent nonuniform energy deposition, thereby enabling the determination of the intrinsic
(“true”) contrast of the resist, as opposed to the conventionally defined effective contrast.

Materials and methods

The substrate was a square of ~25x25 mm?, cut with a diamond cutter from a standard silicon
wafer of 100 mm diameter (orientation (111), n-type, thickness 500 pm, specific resistance 1-10
Ohm cm). Before use, it was cleaned in an ultrasonic bath: successively in acetone (purity 99.99%)
and isopropyl alcohol (purity 99.8%), 10 minutes in each solution. The final stage of preparation was
annealing at 200 °C for 5 minutes. The commercial positive resist ELP-20, intended for electron-beam
lithography (JSC "NIOPIK"), was used as an electron-sensitive material, applied in the form of a 6%
solution in chlorobenzene. The resist with a thickness of 200 nm was applied to the substrate by spin
coating using an INSTRAS SCIENTIFIC spin coater in two stages: preliminary droplet spreading
at 500 rpm for 5 seconds, followed by the main spin process at 3500 rpm for 60 seconds. After
application, the resist films were subjected to heat treatment on a hot plate (FOUR E'S SCIENTIFIC)
at 180°C for 15 minutes to remove residual solvent and impart the required hardness. Exposure of
the resist with electrons was carried out on the basis of a Quanta 3D 200i (FEI company) scanning
electron microscope under the control of the NanoMaker hardware and software complex, in the
software environment of which structures were created and data for exposure were prepared. For the
study of the resist sensitivity and contrast, a “dose wedge” test structure was used. It consisted of a
sequential array of identical rectangles, each measuring 20 x 4 pm, with a total structure length of
84 um. The exposure dose increased linearly from left to right along the wedge with a specified step
within the required range. This approach made it possible to evaluate the dependence of the resist
development on the received dose. Exposure was carried out at accelerating voltages of 5, 15, and
25 keV. After exposure, the samples were developed in a mixture of methyl isobutyl ketone (MIBK,
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purity 99.0%) and isopropyl alcohol (IPA, purity 99.8%) in a ratio of 1:3 at a temperature of 25 °C
for 20 seconds. Development was stopped by rinsing in deionized water for 5-10 seconds. The
thickness of the resist film and the topography of the fabricated structures were studied by atomic
force microscopy using a combined AFM-Raman Solver Spectrum system (NT-MDT, Russia) in the
semi-contact scanning mode at a speed of 0.1 Hz to follow sharp thickness steps. NSGO1 cantilevers
from TipsNano with a tip curvature radius of less than 10 nm (resonance frequency ~170 kHz, typical
stiffness 1.45—-15.1 N/m) were used. Initial AFM scans with a typical scan area of 95 x 95 pm were
processed in specialized Nova Px software, with data averaging performed over 10 profiles, and
height profiles were constructed based on the processed data.

Proposed Method for Resist Contrast Determination

In positive resists, the primary mechanism responsible for the difference in solubility between
exposed and unexposed regions is the radiation-induced scission of polymer chains [24, 25]. Irradiated
chains, having a lower molecular weight, are less entangled and, accordingly, dissolve faster than
unirradiated ones. The dependence of the dissolution rate V on the molecular weight M is described
by a power law [25-28]:

V=cM? 2)

where c is a coefficient reflecting the amount of substance, and vy is the contrast [18]. The molecular
weight M of the irradiated resist is inversely proportional to the average number of breaks in the
polymer chain [29] and, therefore, is inversely proportional to the density of absorbed energy.
This allows us to establish a relationship between the dissolution rate and the density of absorbed

energy (g):
=) G)

When measuring the contrast curve, relatively large (compared to the beam size) areas of the
resist are exposed uniformly, then the etch depth is measured for each area at a given dose. Thus,
the absorbed energy density can be considered as dependent only on the depth z and related to the
exposure dose D by the expression:

g(z) = E E,e,(z) 4)

where q is the electron charge, E, is the electron energy, € (z) is the fraction of energy absorbed at
depth z. The expression describing the fraction of deposited energy as a function of the resist depth
during electron exposure was proposed based on the analysis of numerical modeling data presented
in [22, 23], and has the following analytical form:

£,(z) = A(1 + az) Q)

where a is a parameter that depends on the accelerating voltage and the nature of the substrate; A is
the normalization coefficient.

The model based on equations (3)—(5) allows us to derive the dependence of the resist development
depth h on the exposure dose D from the equation:

J-h (DY d=

0 Tizagy = const(D)” (6)
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Here const is a combination of the constants V, ¢ and A. In practice, however, it is more
convenient to use not the absolute etching depth, but the normalized remaining resist thickness H(D),
defined as:

R(D)

H(D) =1— (7)

o
where h is the initial resist thickness; for the full development (etching) of this thickness to the
substrate, an exposure dose of D, is required. The contrast y and the parameter a are restored by
numerically fitting the theoretical dependence (7) to the experimental curve H_ (D), measured using
atomic force microscopy.

Results and discussion

Figure 1 shows the experimental dose dependences of the ELP-20 resist thickness at different
electron energies. The resist thickness is shown in relative units, and the dose axis is presented in a
logarithmic scale. As can be seen from the presented data, with an increase in the electron energy,
an increase in the dose required for complete development of the resist to the substrate is observed,
since the value of this dose is determined by the specific energy losses of electrons in the material,
described by the Bethe equation. In the energy range of 5-25 keV, and for a sufficiently thin resist,
the specific energy losses of electrons in the resist can be considered inversely proportional to the
energy of incident electrons — dE/dx « 1/E. In this case, the dose required to develop the resist to the
substrate increases proportionally to the energy D , o E. This explains the quasi-linear increase in the
dose D , with increasing electron energy observed in the experiment: at high energies, electrons lose
less energy in the resist per unit length and penetrate deeper, which requires a higher dose to achieve
an equivalent level of change as under low-energy conditions. The corresponding values of D , for
different electron energies are given in Table 1.

The contrast calculation performed using the classical model according to [18, 27] is based on
a quantitative analysis of the slope of the linear region of the dose curve on a logarithmic scale. The
contrast y* is defined as:

®)

where h is the residual resist thickness, h, is the initial thickness, D is the dose, D is the dose required
to develop the resist to the substrate (sensitivity). The contrast vy is related to y* by the relation y =
v*/ In(10); the corresponding values are given in Table 1. As can be seen from the presented data, the
contrast value increases with decreasing incident electron energy. Since all dose wedges were formed
on the same substrate and developed under identical conditions, with the exception of the electron
energy of the exposure beam, differences in the measured contrast values can be due to a change
in the nature of energy deposition across the resist depth. Since the calculations were performed
assuming a uniform energy distribution across the layer thickness, the obtained contrast values should
be interpreted as effective, reflecting the combined effect of the dose gradient in the resist. Then, the
contrast curves were fitted to the experimentally obtained dependences of the residual thickness on
the exposure dose for different electron energies in accordance with formula (7). In addition to the
contrast, the parameter a served as a fitting parameter. The fitting was performed individually for
each energy, and in all cases the value of the determination coefficient R? (quantifying the fraction of
the experimental data variance accounted for by the model) exceeded 0.97. The results of fitting the
model curve to the experimental dependence of the residual resist thickness on the dose for different
electron energies are given in Table 1. As can be seen, the calculations performed on the basis of the
proposed model give an average contrast value of y = 1.67. In addition, at high energies of incident
electrons, the contrast values obtained both in the classical approximation and within the framework
of the proposed model converge to the same limiting value.

284



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 3(74) 2025

1.0

——Exp. data
- ---Fitted curve

0.8 -

0.6-

0.4-

0.2 -

Normalized resist thickness

0.0

4

T

1 10 100
Exposure dose, pl'.?a'cm2

Figure 1 — Dependence of the residual thickness of ELP-20 resist
on the exposure dose at electron energies of 5, 15, and 25 keV.
The model curves were obtained by parametric fitting
to the experimental data using the proposed approach

Table 1 — Lithographic parameters of the ELP-20 resist determined as a function of electron energy.
For comparison, the values calculated using the classical model (y ;) and the model proposed in this
work (y) are presented

Electron beam energy (in keV)
Lithographic parameters 5 15 25
D,, nC/em? 9.1 22.8 41.2
Yor 2.61 1.85 1.65
Y 1.69 1.65 1.67
a, (10° nm™) 3.55 0.45 0.10

The behavior of the parameter a, which characterizes the gradient of the deposited energy, deserves
special attention in Table 1. Its sharp decrease with increasing energy (from 3.55x10 3 nm ' at 5 keV
to 0.10x10°3 nm ! at 25 keV) reflects a physically justified weakening of the inhomogeneity of the
energy profile. This behavior is generally consistent with the calculations performed by the Monte
Carlo method in [22, 23] and indicates an increase in the density of the deposited energy from the
surface to the substrate, which is especially pronounced with a decrease in the electron beam energy.
The exact degree of agreement depends on the chosen calculation model, including the description
of the braking and the parameters of the interaction of electrons with matter. For the case of 5 keV
energy and resist thickness h =200 nm, with gradient coefficient a=3.55x10~* nm" ', the value of the
product ah = 0.71, according to expression (5), ah, shows a pronounced increase in the deposited
dose from the surface to the substrate and the ratio of the absorbed energy values at z=0 and z=h,
is 1.71. In contrast, at 25 keV energy, the value ah = 0.02, which indicates a virtually uniform dose
distribution across the layer thickness. Thus, the introduced parameter a has not only an adjustable
meaning, but also a physical interpretation, characterizing the degree of exposure inhomogeneity.
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Conclusion

A 200 nm thick ELP-20 resist layer on a silicon substrate was exposed using low-energy electrons
in the range of 5-25 keV. The deposited dose distribution was modeled using a semi-analytical
approach, assuming a linear increase in absorbed energy density with depth, which is consistent
with Monte Carlo simulation results. The resist contrast was determined by numerically fitting the
development depth as a function of dose, taking into account the dose gradient characterized by the
parameter a. This approach eliminates the contrast overestimation inherent in the classical model,
which assumes uniform energy deposition. It was shown that the true resist contrast remains nearly
constant with varying energy y = 1.67, whereas the effective contrast y . increases from 1.65 to 2.61
as the energy decreases, due to the nonuniform dose distribution. The dose required for complete
development increases quasi-linear from 9.1 to 41.2 pC/cm?, in accordance with the dependence —
dE/dx o< 1/E. The parameter a, reflecting the degree of the dose gradient, decreases from 3.55x103 to
0.10%10* nm™ ' with increasing energy, indicating a reduction in the inhomogeneity of the deposition
profile. The developed model is a physically grounded method for contrast determination, suitable
for three-dimensional resist structuring using grayscale lithography. It eliminates the influence of
exposure parameters and substrate properties, extends the classical approach to contrast evaluation,
and is easily integrated into standard dose-response analysis techniques.
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'On-Papabu arbiHgarbl Kasak yJITTEIK yHUBEpCUTETI, AMartsl K., Kazakcran
MUKpPOAJIEKTPOHUKA TEXHOJIOTHSCHI J)KOHE JKOFAPhl Ta3aJbIKTaFbl MaTepraiap HHCTUTYThI PFA,
YepHoronoBka, Mackey o6mbichl, Peceii

TEPEHJIK BOMBIMEH SHEPI'USIHBIH BIPKEJIKI BOJIIHBEYI
KAFJAUBIHAA JIEKTPOHABI-COVJEJIK JINTOT PA®UA AT BI
PE3UCT KOHTPACTBIH AHBIKTAY

Anjgarna

ByJ1)yMbIcTa TOMEH SHEPI USUIBI IEKTPOH/IBIK COYJIeMEH SKCIIOHUPJIEY Ke3iH 1€ TEPEHIIK OOMbIMEH DHEPT HSHBIH
OipKenKi eMec TYHYbIHA TOH JKarJaiiapia pe3HCTiH KOHTPACTBHIH aHBIKTAYFa apHAJIFaH aHAJIUTHKAIBIK MOJEIh
ychIHbITFaH. Kitaccukaiblk 9icTe KOHTpAcT SKCIIOHMPIIEY 103aChIHA KATBICTBl PE3UCTIH KAJIIBIK KAJIbIHIBIFBIHBIH
JorapudMIiK TOYEJIIIIri apKbUIBI aHBIKTAIAAbI JKOHE DHEPTUSHBIH KabaT TepeHiri OoWbIHIIa OipKeIKi TYHaIbI
JIeTl KapacThIpbUIaIbl, OYJI SHEPTUsSHBIH IpaJMeHTI OOJFaH JKaFaaii/ia KOHTPAcT MOHIH achlpa OaranayFa OKeJesi.
Y ChIHBUTFAH MOJICNIb PE3UCTET SHEPTHs MPOMUIIHIH CHI3BIKTHI ©3rEPICiH €CKepyre MYMKIHIIK Oeperi, ochlIanina
OepiireH eHJey jKarAdalIapblHAA PE3HUCTIH LIBIHAWBI KaCHETTEPiH OeHHENIeHTIH «HAaKThD» KOHTPACT MOHIH aiyFra
oI ammaael. Mozienb/ii Tekcepy MakcaTbiHaa S5, 15 skoHe 25 k9B sHeprusiibl 31eKTpoHap MIOFBIPEIMEH KpeMHHH
TeceHimTepine OTBIpFeI3bUTFaH 200 HM KambHABIKTaFel DJI[1-20 pe3ucTi ChIHAKTAaH OTKI3LImi. OpOip HEPTHs
YmiH JI03aJIBIK - ChIHAMAJIAP SKCTIOHUPJICHIN, KeHiH eHJemir, Tonorpaq)mlcm ATOMIBIK-KYIITIK MHKPOCKOTIHSI
o/iciMeH 3epTTelifi. Pe3ucTiH KalbIK KaJIBIHBIFBIHBIH J03aFa TIYeIIl 3KC1‘IepI/IMeHTT1K nepemepme MOJIEIBIIK
KUCBIKTap/Ibl cenKeCTeHmpy apKbLIBI 9pOip dHEPrHs YIHIH KOHTPAaCT MOHJAEPI KoHE TEPeHJIIK OOWbIMEH SHEprus
TYHY TpaJMEHTIH CHIATTAHTBIH mapamerp ecenrtenii. HoTwmwkecinae, »IEKTpOHIAp SHEPrHsCHl ©3repreHiMeH
KOHTPACT [IaMaMeH TYPaKTHI OOJIBIN KaJIbI, opTaiia MoHi y = 1.67 6ombl. Ocbutaiiiia, KITacCUKabIK 9/1ic OOHbIHIIA
SHEpTUsi TOMEHJIETEH CaliblH OalKamaThlH KOHTPACTBIH apTybl MOZIENb apTedakTici peTiHae KapacThIPbUTYbI THIC.
Y CBIHBITFaH MOJIETb CYP PEHMl JTUTOTpadst 9ICIMEH YIII OIIIeM i PE3UCTIK KYPBUIBIMAAP/IBI TOJT KAJBIITACTRIPY
MPOLIECTEPIH KAIKOpJIIey YIIH KOJIIaHyFa Kapam/Ibl.

TlpeK ce31ep: ICKTPOHIBI-CIYIICIIK nmorpa(bm PE3UCT KOHTPACTHI, TEPCHIIK OONMBIMEH SHEPTUSHBIH Oip-
KEJIKI eMeC TYHYbI, aHAJTUTUKAIIBIK MOJIEITb, CYP PEHJII JIUTOrpadusi.
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'Kazaxckuif HaMOHAIBHBIA YHUBEPCHTET MM. alb-Dapadwu, . Anmarsl, Kazaxcran
2MHCTHUTYT IPOOIIEM TEXHOJIOTHH MUKPOJIEKTPOHUKH U 0000 YMCTHIX MarepuanoB PAH,
r. YepHoronoBka, MockoBckast 061actb, Poccus

ONPEJEJIEHUE KOHTPACTA PE3UCTA B 3ﬂEETPOHHO-JIY‘IEBOI71
JIUTOTPA®UU TP HEOAHOPOJAHO OCA’KAEHHOMU DHEPI'MH IO IVNTYBUHE

AHHOTAHUA

B pabore npescTapieHa aHaIUTHYECKass MOJIEIb ONPEEICHUsI KOHTpAacTa PE3NCTa B AIIEKTPOHHOM JIMTOrpa-
(huu pu HEOAHOPOIHO OCAKACHHOW YHEPTUH 10 IyOHUHE, YTO XaPAKTEPHO IJISl HU3KOOHEPTETHYCCKOTO JICKTPOH-
HOTO KCHOHHPOBaHMs. B KilacCHUECKOM IMOJXO/ie KOHTPACT OMPEICIsieTCs] U3 JorapupMUIeckold 3aBUCHMOCTH
OCTATOYHOM TOJIMHBI PE3UCTA OT J03bI IKCIIOHUPOBAHUS U MIPEAIONAraeT OHOPOIHOCTh OCAKICHHON YHEPTHH 110
[IyOUHE CJIOSI, YTO MPUBOJUT K MEPEOIICHKE 3HAUYCHUSI KOHTPACTA MPH HAIMYUY TPAJAUEHTa OCAKICHHOU YHEPTHH.
[Ipemmaraemast MOIeh YYUTHIBACT B CYIICCTBYIONICH MOICIH JHHEHHOE M3MCHCHUE YHEPTETHUYCCKOTO MPO(HIIsL
B PE3HCTE, MO3BOJISISI U3BJICYh KUCTUHHOE) 3HAUCHUE KOHTPACTA, OTPAXKAIONICE CBOMCTBA PE3KCTa TPHU 3aIaHHBIX
YCIOBHSX MPOsABICHUS. [ Banuaanuy Moaeau ObUIH MPOBEIEHBI SKCTIepUMEHTHI ¢ pe3uctoM JJIIT-20 TonmuHoi
200 HM Ha KPEeMHHEBBIX MOMJIOXKKAX IMPH SHEPTHH 3JICKTPOHOB B myuke 5, 15 u 25 k3B. J[030BbIe KIMHBS SKC-
MMOHUPOBAIUCH JUISI KOXKIOH SHEPIUU € MOCICAYIONUM MPOSIBICHUEM M aHAIN30M TONOrpaduu MeToaoM aTOMHO-
CHJIOBOU MHUKpOCKONHUU. [lyTeM MOATOHKH MOJEIbHBIX KPUBBIX K IKCIIEPUMEHTAIBHOM 3aBUCUMOCTH OCTATOUHOMN
TOJIIIUHBI PE3KCTa OT O3Bl SKCIIOHUPOBAHMUS TS KAXKI0H SHEPTUH ICKTPOHOB OBLTH PACCUYUTAHBI 3HAYCHUS KOH-
TpacTa U mapamerpa, XapaKTepU3YIOIIero rpaJueHT 0CaXICHHON YHePTruu 1o rryouHe. [Ipu 3ToM KOHTpacT ocra-
€TCA MPAKTUYCCKH IMOCTOSHHBIM IIPHU BAapbUPOBAHUHN SHEPTUHN MaJA0OMUX DJICKTPOHOB U UMECT CPCAHEC 3HAYCHUC
vy = 1.67. Takum 06pa3om, yBeTHUeHIE KOHTPACTa IPH YMEHBIIICHUH SHEPTHH 3IEKTPOHOB, HAOMOMAEMOe B paMKax
KJIACCHYECKOTO TTOJIX0/1a, CIIEAYET paccMaTpuBarh Kak apreakT UCIOab3yeMoi Mojenu. [IpeioxkenHas Moienb
MIPUMEHUMA JIJISI IPEIM3UOHHON KaTHOPOBKH MPOIIECCOB (POPMHUPOBAHMUS TPEXMEPHBIX PE3UCTHBIX CTPYKTYP METO-
JIOM JINTOTpa(puu CEPOro TOHA.

KurwueBsble ciioBa: QJICKTPOHHO-IyUCBast J'IPITOFpa(i)I/IH, KOHTPACT pe€3ucTa, HECOAHOPOJHOC OCAKIACHUC SHCPTUU
1o FJ'Iy6I/IH€, aHaJIUTUYCCKasg MOJEIIb, J'II/ITOFpa(I)I/ISI CEpOro ToHa.
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