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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 γ = 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

Electron beam 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:

					                                                            		      (1)
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where γ 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 ~25×25 mm², cut with a diamond cutter from a standard silicon 
wafer of 100 mm diameter (orientation (111), n-type, thickness 500 μm, 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 × 4 μm, with a total structure length of 
84 μm. 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. NSG01 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 × 95 μm 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]:

					                                                          		      (2)
 
where c is a coefficient reflecting the amount of substance, and γ 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 (ε):
		

					                                                        		      (3)

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:

				                                                                                   (4) 

where q is the electron charge, Eb is the electron energy, εp(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:

				                                                     		     (5) 

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:

				        		                                          (6) 
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Here const is a combination of the constants V0, ε0 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:

			 
					                                             		     (7)

where h0 is the initial resist thickness; for the full development (etching) of this thickness to the 
substrate, an exposure dose of D0 is required. The contrast γ and the parameter a are restored by 
numerically fitting the theoretical dependence (7) to the experimental curve Hexp(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 ₀ ∝ E. This explains the quasi-linear increase in the 
dose D ₀ 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 ₀ 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 γ* is defined as:

				                                                                  (8)

where h is the residual resist thickness, h0 is the initial thickness, D is the dose, D0 is the dose required 
to develop the resist to the substrate (sensitivity). The contrast γ is related to γ* by the relation  γ = 
γ*/ ln(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 R² (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 γ = 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.
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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 (γeff ) and the model proposed in this 
work (γ) are presented

Electron beam energy (in keV)
Lithographic parameters 5 15 25
D0, µC/cm2 9.1 22.8 41.2
γeff 2.61 1.85 1.65
γ 1.69 1.65 1.67
a, (10-3  nm-1) 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 3.55×10– ³ nm– ¹ at 5 keV 
to 0.10×10– ³ nm– ¹ 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 h0=200 nm, with gradient coefficient a=3.55×10-3 nm– ¹, the value of the 
product ah0 ≈ 0.71, according to expression (5), ah0 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=h0 
is 1.71. In contrast, at 25 keV energy, the value ah0 ≈ 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 γ ≈ 1.67, whereas the effective contrast γeff 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 μC/cm², in accordance with the dependence –
dE/dx ∝ 1/E. The parameter a, reflecting the degree of the dose gradient, decreases from 3.55×10– ³ to 
0.10×10– ³ nm– ¹ 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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ТЕРЕҢДІК БОЙЫМЕН ЭНЕРГИЯНЫҢ БІРКЕЛКІ БӨЛІНБЕУІ 
ЖАҒДАЙЫНДА ЭЛЕКТРОНДЫ-СӘУЛЕЛІК ЛИТОГРАФИЯДАҒЫ 

РЕЗИСТ КОНТРАСТЫН АНЫҚТАУ

Аңдатпа
Бұл жұмыста төмен энергиялы электрондық сәулемен экспонирлеу кезінде тереңдік бойымен энергияның 

біркелкі емес тұнуына тән жағдайларда резистің контрастын анықтауға арналған аналитикалық модель 
ұсынылған. Классикалық әдісте контраст экспонирлеу дозасына қатысты резистің қалдық қалыңдығының 
логарифмдік тәуелділігі арқылы анықталады және энергияның қабат тереңдігі бойынша біркелкі тұнады 
деп қарастырылады, бұл энергияның градиенті болған жағдайда контраст мәнін асыра бағалауға әкеледі. 
Ұсынылған модель резистегі энергия профилінің сызықты өзгерісін ескеруге мүмкіндік береді, осылайша 
берілген өңдеу жағдайларында резистің шынайы қасиеттерін бейнелейтін «нақты» контраст мәнін алуға 
жол ашады. Модельді тексеру мақсатында 5, 15 және 25 кэВ энергиялы электрондар шоғырымен кремний 
төсеніштеріне отырғызылған 200 нм қалыңдықтағы ЭЛП-20 резисті сынақтан өткізілді. Әрбір энергия 
үшін дозалық сынамалар экспонирленіп, кейін өңделіп, топографиясы атомдық-күштік микроскопия 
әдісімен зерттелді. Резистің қалдық қалыңдығының дозаға тәуелді эксперименттік деректеріне модельдік 
қисықтарды сәйкестендіру арқылы әрбір энергия үшін контраст мәндері және тереңдік бойымен энергия 
тұну градиентін сипаттайтын параметр есептелді. Нәтижесінде, электрондар энергиясы өзгергенімен 
контраст шамамен тұрақты болып қалып, орташа мәні γ = 1.67 болды. Осылайша, классикалық әдіс бойынша 
энергия төмендеген сайын байқалатын контрастың артуы модель артефактісі ретінде қарастырылуы тиіс. 
Ұсынылған модель сұр реңді литография әдісімен үш өлшемді резистік құрылымдарды дәл қалыптастыру 
процестерін калибрлеу үшін қолдануға жарамды.

Тірек сөздер: электронды-сәулелік литография, резист контрасты, тереңдік бойымен энергияның бір
келкі емес тұнуы, аналитикалық модель, сұр реңді литография.
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ОПРЕДЕЛЕНИЕ КОНТРАСТА РЕЗИСТА В ЭЛЕКТРОННО-ЛУЧЕВОЙ 
ЛИТОГРАФИИ ПРИ НЕОДНОРОДНО ОСАЖДЕННОЙ ЭНЕРГИИ ПО ГЛУБИНЕ

Аннотация
В работе представлена аналитическая модель определения контраста резиста в электронной литогра-

фии при неоднородно осажденной энергии по глубине, что характерно для низкоэнергетического электрон-
ного экспонирования. В классическом подходе контраст определяется из логарифмической зависимости 
остаточной толщины резиста от дозы экспонирования и предполагает однородность осажденной энергии по 
глубине слоя, что приводит к переоценке значения контраста при наличии градиента осажденной энергии. 
Предлагаемая модель учитывает в существующей модели линейное изменение энергетического профиля 
в резисте, позволяя извлечь «истинное» значение контраста, отражающее свойства резиста при заданных 
условиях проявления. Для валидации модели были проведены эксперименты с резистом ЭЛП-20 толщиной 
200 нм на кремниевых подложках при энергии электронов в пучке 5, 15 и 25 кэВ. Дозовые клинья экс-
понировались для каждой энергии с последующим проявлением и анализом топографии методом атомно-
силовой микроскопии. Путем подгонки модельных кривых к экспериментальной зависимости остаточной 
толщины резиста от дозы экспонирования для каждой энергии электронов были рассчитаны значения кон-
траста и параметра, характеризующего градиент осажденной энергии по глубине. При этом контраст оста-
ется практически постоянным при варьировании энергии падающих электронов и имеет среднее значение 
γ = 1.67. Таким образом, увеличение контраста при уменьшении энергии электронов, наблюдаемое в рамках 
классического подхода, следует рассматривать как артефакт используемой модели. Предложенная модель 
применима для прецизионной калибровки процессов формирования трехмерных резистных структур мето-
дом литографии серого тона.

Ключевые слова: электронно-лучевая литография, контраст резиста, неоднородное осаждение энергии 
по глубине, аналитическая модель, литография серого тона.
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