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The work presents the concept of a microstrip resonant sensor designed for non-destructive monitoring of 

dopant concentration in semiconductor structures. The sensor architecture is based on two coupled microstrip 

lines with a localized electric field in a narrow slot, which ensures high sensitivity to variations in effective 

permittivity and intrinsic material losses. A full-wave simulation was performed in Ansys HFSS to analyze 

the device operation, accurately reproducing the actual geometry and physical parameters of the sensor, the 

properties of the Rogers RO3003 substrate, and the characteristics of the inserted sample. 

Three slot-filling conditions were investigated: air, monocrystalline silicon, and doped silicon with an in-

creased concentration of free carriers. It is shown that introducing silicon shifts the resonance frequency to-

ward lower values due to the increased effective permittivity, while doping further reduces the quality factor 

and broadens the |S₁₂| (|S₂₁|) resonance dip as a result of higher electromagnetic losses. The obtained S-

parameter responses confirm the capability of the sensor to distinguish materials with closely spaced parame-

ters and to determine the doping level based on frequency shift and quality-factor degradation. The proposed 

structure demonstrates high sensitivity and reproducibility and can be employed for rapid non-destructive 

testing of silicon materials in the gigahertz range as well as for further integration into mass production. 
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1. INTRODUCTION 
 

Assessing the concentration of impurities in semi-

conductor materials is a critically important step in 

controlling technological processes and forming the 

electrical parameters of devices. Traditional analysis 

methods, in particular SIMS and C-V profiling, provide 

high accuracy in determining the impurity profile, but 

SIMS remains destructive and requires complex labor-

atory infrastructure, while C-V methods, although less 

demanding, they are only applicable to specially pre-

pared test structures [1-3]. This has led to growing in-

terest in non-destructive, non-contact approaches ca-

pable of establishing a connection between the dielec-

tric properties of a material and its doping level in the 

microwave range, where changes in electrophysical 

parameters are most sensitive [4, 5]. 

In this context, microstrip resonant structures are a 

promising platform for local assessment In this context, 

microstrip resonant structures are a promising platform 

for local assessment of complex dielectric permittivity 

 and related impurity concentrations. The concen-

tration of free carriers N directly affects the resonance 

frequency and quality factor, which allows obtaining in-

formative parameters without disturbing the integrity of 

the sample. Recent studies demonstrate the effectiveness 

of dielectric spectroscopy and S- parameter analysis 

methods for determining material parameters [6-9], as 

well as the success of various types of microstrip and pla-

nar sensors – based on coupled resonators, split-ring 

structures, and their modifications – for highly sensitive 

measurement of  and anisotropy [4, 5, 10-16]. 

Despite significant progress, most approaches re-

quire complex numerical modeling, multi-step calibra-

tion, or precise specification of geometric and material 

parameters. This limits the ability to quickly and accu-

rately determine dielectric characteristics related to 

the concentration of dopant impurities. Therefore, 

there is a pressing need to develop a microstrip micro-

wave sensor that allows for the interpretation of meas-

ured S11 and S21 values while maintaining high sensi-

tivity to changes in doping parameters. 

 

2. SENSOR DESIGN 
 

The proposed sensor structure is implemented in the 

form of two parallel microstrip lines on a low-loss dielec-

tric substrate. The conductors form a system of coupled 

lines, the parameters of which are selected so as to en-

sure the excitation of a paired resonant mode when en-

ergy is supplied through external ports. This approach 

allows the formation of stable resonance characteristics 

that are sensitive to changes in effective electromagnetic 

parameters in the interaction zone [5, 15]. 

An elongated slit is formed between the microstrip 

conductors, which serves as a landing place for the 
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semiconductor material under study. The geometric 

dimensions of the slit are selected so as to ensure a 

fixed and reproducible position of the sample, since the 

gap extends along the entire central part of the sensor 

and has no pronounced geometric restrictions in the 

longitudinal direction, the position of the sample is 

determined mainly by its transverse dimensions and 

the electrodynamic conditions of interaction with the 

field, rather than by mechanical fixation. The thickness 

of the sample must correspond to the width of the slit, 

which ensures the placement of the material in the 

area of maximum electric field concentration and the 

reproducibility of measurements. 

Placing the sample in the gap allows it to be posi-

tioned at the maximum of the electric field. This, in 

turn, allows significant local sensitivity to be achieved 

even to minor changes in the permeability or internal 

losses of the semiconductor. [4, 11]. 

Two TEM-type microwave ports connected to the 

ends of microstrip lines are used to input the signal. 

This configuration of connection lines ensures symmet-

rical excitation of the structure and minimizes parasit-

ic modes, allowing for a clear resonant response. The 

ports are located on the extension of the microstrip 

lines, which ensures symmetrical excitation of the 

structure and reproducibility of results when analyzing 

its frequency characteristics. 

The microstrip design of the sensor ensures its com-

patibility with standard printed circuit board technolo-

gies, high accuracy of geometry reproduction, and the 

ability to scale parameters for different frequency ranges. 

The resonant properties of the structure are determined 

by the configuration of the connected lines and the dielec-

tric characteristics of the substrate, so the sensor does not 

require additional tuning after manufacture. 

Optimization of the geometry of all elements –

connected lines, sample slots, and input ports – is 

aimed at obtaining the maximum difference in reso-

nance characteristics when changing the parameters of 

the material placed in the slot. This makes the sensor 

an effective tool for non-destructive analysis of semi-

conductor structures in the gigahertz range [10]. 

 

3. SENSOR OPERATING PRINCIPLE 
 

The sensor operates based on the excitation of a 

paired mode in a system of two connected microstrip 

lines [4]. In this mode, the currents in the conductors 

are symmetrical, resulting in the dominance of the 

normal component of the electric field relative to the 

substrate. It is this field region that determines the 

sensitivity of the structure to changes in the electro-

magnetic parameters of the material placed in the gap. 

In the absence of a sample, the resonant frequency 

and quality factor of the resonator are determined by 

the geometry of the connected lines and the properties 

of the substrate. After introducing a semiconductor 

material into the gap, interaction with the vertical field 

occurs, which changes the conditions for energy accu-

mulation in the resonant volume and the level of inter-

nal losses in the sample [5]. This leads to a shift in the 

resonant frequency and a change in the quality factor, 

which serve as informative parameters for evaluating 

the electromagnetic characteristics of the sample. 

Thus, the properties of the material are determined by 

changes in the position and shape of the resonance dip in 

the S-parameters, which allows analyzing both polariza-

tion and dissipative processes in the gigahertz range [16]. 

The theory of the dependence of these parameters on the 

doping concentration is being studied separately. 

 

4. MODELING METHODOLOGY 
 

To verify the proposed method, a full-wave model of 

a microstrip sensor was created in the Ansys HFSS 

(High Frequency Structure Simulator) software envi-

ronment. The substrate was made of Rogers RO3003 

[17] material with a thickness of 0.5 mm, and the con-

ductors were made of copper. The overall dimensions of 

the sensor were 21  32 mm. The microstrip lines were 

1.27 mm wide and 12.725 mm long, and the port con-

nection lines were 8.44 mm long with a 0.3 mm gap 

between the port and the line. The slot for installing 

the sample was 1 mm wide, 0.17 mm deep, and 32 mm 

long. Samples of semiconductor materials were speci-

fied in the form of parallelepipeds with dimensions 

32  0,8  3 mm. The external appearance of the sensor 

is shown in Fig. 1. 
 

 
 

Fig. 1 – Sensor model 
 

The model included two coupled microstrip lines 

and a slot for material placement, and the excitation 

ports were tuned as ideal TEM inputs with a wave im-

pedance of 50 ohms. In HFSS, the frequency depend-

ence of the S-parameters was calculated in the range 

covering the resonant modes of the sensor.  

The resonance perturbation method [6] was used 

for measurements, which allows determining the 

complex dielectric permeability of the material 

through the shift of the resonance frequency and qual-

ity factor. The main measured parameters are fre-

quency  and quality factor . Complex permeability 

is described as: , де  – real 

component (dielectric constant), and  – imaginary 

component (electrical absorption). 

Three states of the gap were considered, which 

made it possible to evaluate the influence of the mate-

rial without additional parameter variations: 

• air – reference configuration. 

• silicon – basic dielectric state. 

• doped silicon – material with modified elec-

tromagnetic properties. 

For each state in HFSS, frequency dependencies are 

formed |S21|, which were used to determine the reso-

nance parameters. This made it possible to evaluate 
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the sensor's response to changes in material properties 

and confirmed the suitability of the structure for study-

ing semiconductors in the gigahertz range. 

During modeling, the impact of concentration pro-

file variations was assessed. N(x) resonant frequencies 

and quality factors. The actual dielectric properties of 

the substrate and conductors, as well as the geometry 

of the gap, were taken into account. 

 

5. RESULTS 
 

During modeling, the sensor was studied in three 

main states: in the reference version without a sample, 

when the gap between the microstrip lines is filled with 

air; in a configuration with a single-crystal silicon sam-

ple; and in conditions when silicon with an increased 

concentration of free carriers is located in the gap. This 

approach made it possible to consistently evaluate the 

influence of the material on the resonance characteris-

tics and determine the degree of sensitivity of the sensor 

to changes in dielectric and dissipative properties. 

1. Air (reference condition) 

Filling the gap with air (Table 1) ensured a stable 

resonance response, which was determined only by the 

parameters of the substrate and conductors. At the 

resonance point, the minimum |S21| was accompanied 

by a high resonance response quality factor of 

. This state was used as a reference for 

further comparison. 
 

 
 

Fig. 2 – |S11|and |S21|for a sensor without a sample 
 

 
 

Fig. 3 – Distribution of electric field intensity for the sensor 

when the gap is filled with air 
 

 

Table 1 – Basic parameters of samples in Ansys HFSS environment 
 

                      Sample 

 

 

Parameters  

Ansys HFSS A
ir

 

S
il

ic
o
n

 

D
o
p
e
d
  

S
il

ic
o
n

 

Relative Permittivity 1.0006 11.9 11.9 

Relative Permeability 1.0000004 1 1 

Bulk Conductivity 0 0 1 
 

2. Silicon (undoped) 

The introduction of single-crystal silicon (Table 1) 

led to a shift in the resonance frequency toward lower 

values from 16,023 GHz to 15.365 GHz which is due to 

an increase in the effective dielectric permeability in 

the gap region. The change in resonance quality factor, 

which was , reflects a decrease in effective 

dielectric losses in the material.  
 

 
 

Fig. 4 – |S11|and |S21|for a sensor with a gap filled with a 

sample of its own silicon 
 

 
 

Fig. 5 – Distribution of electric field intensity for the sensor 

when filling the gap with a sample of pure silicon 
 

3. Doped silicon 

In the presence of free charge carriers, a change in 

the resonant response of the sensor was observed with-

out a shift in the resonant frequency, as well as a change 

in the width of the minimum of the transmission coeffi-
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cient modulus. |S21|. The resonance quality factor de-

creased and amounted to , which is associat-

ed with an increase in conduction losses in doped silicon 

(Table 1). The magnitude of the decrease in quality fac-

tor exceeded the corresponding changes for undoped 

silicon, indicating the sensitivity of the sensor structure 

to variations in electromagnetic parameters caused by 

the presence of free charge carriers. 
 

 
 

Fig. 6 – |S11|and |S21| for a sensor with a doped cream sample 
 

 
 

Fig. 7 – Electric field distribution for a sensor with a doped 

silicon sample 
 

A comparison of the three states considered showed a 

consistent increase in the influence of the material on the 

resonance characteristics during the transition from air 

filling to single-crystal silicon and the subsequent use of 

doped silicon, which corresponds to an increase in effec-

tive dielectric permeability and total electromagnetic loss-

es in the field localization zone. This behavior indicates 

the sensor's ability to distinguish between materials with 

similar electrophysical parameters and respond to chang-

es in charge carrier concentration, which is a necessary 

condition for the implementation of non-destructive anal-

ysis of semiconductor structures. 

The HFSS results confirmed the high sensitivity of 

the sensor to local changes in permeability and its 

suitability for reconstructing the N(x) profile in semi-

conductor materials with a spatial impurity gradient. 

 

6. CONCLUSIONS 
 

During the study, frequency characteristics of the 

microstrip sensor were obtained, which demonstrate a 

clear dependence on the electrophysical parameters of 

the material in the gap area. The transition from air to 

silicon is accompanied by a shift of the resonance fre-

quency to the lower part of the spectrum, which con-

firms the ability of the structure to respond accurately 

to changes in dielectric permeability. 

Analysis of the sensor behavior with silicon samples 

of different doping levels showed a significant differ-

ence in the shape of the spectral curve. Doped silicon 

causes an increase in electromagnetic losses, which 

manifests itself in a decrease in quality factor and a 

broadening of the resonance peak. As the carrier con-

centration increases, additional suppression of the res-

onance amplitude is observed, which is due to an in-

crease in the conductivity of the material and increased 

losses in the substrate. This effect allows materials to 

be distinguished not only by their dielectric constant, 

but also by their level of internal conductivity, which is 

critically important for assessing the degree of doping. 

The sensor demonstrates stability and reproducibil-

ity of response for all considered sample variants, con-

firming the effectiveness of the resonant approach for 

non-destructive diagnostics of semiconductor struc-

tures. The sensitivity of the design to the parameters of 

the analyzed sample opens up the possibility of its use 

in technological control, quality monitoring, and re-

search of heterogeneous materials. 

The configuration based on two connected open mi-

crostrip lines provides effective localization of the elec-

tric field and a high degree of interaction with the 

sample, which makes such a structure promising for 

practical implementation of research in the gigahertz 

range. The set of results obtained forms the scientific 

basis for the development of microstrip sensor systems 

for fast and accurate control of the doping level of semi-

conductor structures. 
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Створення мікросмужкового сенсора гігагерцового діапазону для контролю легування 

напівпровідникових структур 
 

Р.С. Чикун, І.М. Бондаренко, О.В. Глухов, В.А. Чекубашева 
 

Харківський національний університет радіоелектроніки, 61166 Харків, Україна 

 
У роботі представлено концепцію мікросмужкового резонансного сенсора, який призначений для 

неруйнівного контролю концентрації домішок у напівпровідникових структурах. Конструкція сенсора 

побудована на двох зв’язаних мікросмужкових лініях з локалізованим електричним полем у вузькій 

щілині, що забезпечує високу чутливість до зміни ефективної діелектричної проникності та внутріш-

ніх втрат матеріалу. Для аналізу роботи пристрою виконано повнохвильове моделювання в програм-

ному середовищі Ansys HFSS, у якому відтворено реальну геометрію та фізичні параметри сенсора, 

параметри підкладки Rogers RO3003 та характеристики введеного зразка. 

Досліджено три стани заповнення щілини: повітрям, монокристалічним кремнієм та легованим 

кремнієм з підвищеною концентрацією вільних носіїв. Показано, що введення кремнію спричиняє 

зсув резонансної частоти у нижчу область спектра через збільшення ефективної проникності, а прису-

тність легування додатково знижує добротність та розширює резонансний провал |S21| внаслідок зро-

стання електромагнітних втрат. Отримані залежності S-параметрів підтверджують здатність викори-

стання сенсора для розрізнення матеріали з близькими параметрами та визначення рівню легування 

за характером зміщення частоти й зміною добротності. Запропонована структура демонструє високу 

чутливість та відтворюваність і може бути використана для швидкого неруйнівного контролю кремні-

євих матеріалів у гігагерцовому діапазоні а також бути впроваджена в серійне виробництво. 
 

Ключові слова: Мікросмужкові лінії, Діелектрична проникність, Леговані напівпровідники,  

Щілини, Резонанс, Діелектричні підкладки. 
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