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ABSTRACT

Background. Silicon-based Metal-Oxide-Semiconductor (MOS) structures with an SiO:
dielectric layer are widely used in various modern electronic devices. Therefore,
investigating the electrical properties of such structures remains a relevant task. Impedance
spectroscopy is particularly valuable for studying these properties, as it enables the
examination of charge transport mechanisms, interfacial properties, and the determination
of parameters for equivalent electrical circuits.

Materials and Methods. Samples of n-type monocrystalline silicon were investigated,
featuring the following characteristics: doping impurity — arsenic, resistivity -
o = 0.003 Ohm-cm, thickness — 0.5 mm, area — 30 mm?. A metal-semiconductor-metal type
structure (Ag-SiO2-Si-SiO2-Ag) was formed on the surface of such a sample.

To study the frequency dependencies of the impedance of the formed structure, a setup
based on the HIOKI IM3536 RLC meter was used.

Results and Discussion. The frequency dependencies of the real and imaginary
components of the impedance of the Ag-SiO2-Si-SiO2-Ag structure were investigated in the
frequency range from 4 Hz to 8 MHz at different excitation electric field amplitudes. It was
established that for all values of the excitation signal amplitude, the real component of the
impedance, Re(Z), decreases as the frequency and AC excitation amplitude increase. The
frequency dependencies of the imaginary component of the impedance, Im(Z), demonstrate
the presence of relaxation maxima. With an increase in the excitation signal amplitude, the
amplitude of these maxima decreases significantly. The observed changes in the impedance
of such a structure can be explained based on its multilayer nature and the properties of
highly-doped silicon and the thin layers of native silicon oxide.

Conclusion. The impedance spectroscopy study of Ag-SiO2-Si-SiO2-Ag structures with
native oxide layers revealed a strong non-linear dependence of electrical properties on the
AC signal amplitude. The results demonstrate that in MOS structures with ultra-thin oxides,
the “insulating” layer acts as a field-dependent tunneling resistor. Impedance spectroscopy
proves to be an effective method for distinguishing between capacitive accumulation and
tunneling leakage regimes in such highly doped semiconductor systems.

Keywords: silicon, impedance spectroscopy, MOS structure, Nyquist plot.

INTRODUCTION

Investigating the electrical properties of Metal-Oxide-Semiconductor (MOS) structures
is a highly relevant task in modern electronics. Such structures form the basis for a wide
range of devices, including memory elements, sensors, photovoltaic converters, and other
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components of integrated circuits [1-3]. Systems containing thin dielectric layers, such as
native silicon oxide, and highly-doped semiconductor substrates are of particular interest.
The properties of such structures are largely determined by the characteristics of the
dielectric layers and the dielectric-semiconductor and metal-dielectric interfaces, which
necessitate the use of comprehensive methodologies for their study.

Impedance spectroscopy is particularly valuable for studying these properties [4-6].
This technique allows for the investigation of charge transport mechanisms, polarization
phenomena, interfacial properties, and the determination of parameters for equivalent
electrical circuits. In the case of structures with ultra-thin dielectric layers (on the order of
several nanometers) and highly doped semiconductors, such as n*-Si, quantum-
mechanical effects, particularly the tunneling of charge carriers through the dielectric
barrier, may play a significant role [7, 8]. Understanding and controlling these processes
are critically important for the further development and miniaturization of electronic devices.

MATERIALS AND METHODS

In this work, a sample of monocrystalline silicon doped with an arsenic donor impurity
was used. The resistivity of the working surface with a (111) crystallographic orientation
was p = 0.003 Ohm-cm. The surface area of the experimental sample was 30 mm?, and
the thickness was 0.5 mm. The surface treatment was carried out using isopropyl alcohol
to remove physisorbed molecules. However, a native oxide (SiO2) remained on the silicon
surface, the thickness of which, according to experimental studies, can be several
nanometers [9].

The next stage involved forming the metal contact by applying a conductive paste
containing silver particles to both planes, followed by curing in air at room temperature.
Simultaneously, silver wires were attached to the film at the moment of application to serve
as lead contacts. Silver is often used in integrated electronics for the fabrication of silicon
structures and metallization in general, as it is resistant to oxidation and corrosion and is a
less expensive raw material compared to other noble metals [10].

The study of the frequency dependencies of the impedance of the formed structure
was performed on an experimental setup using the HIOKI IM3536 RLC meter. During the
experiment, the real Re(Z) and imaginary Im(Z) components of the impedance were
measured in the frequency range from 4 Hz to 8 MHz. The amplitude of the alternating
electrical signal was 0.1 V, 0.5V, and 1.0 V. All measurements were carried out at room
temperature.

RESULTS AND DISCUSSION

Fig. 1 presents the frequency dependencies of the Real (a) and Imaginary (b)
components of the impedance for the Ag-SiO2-Si-SiO2-Ag structure at different excitation
electric field amplitudes: U=0.1V, 0.5V, and 1.0 V.

It is seen from Fig. 1a that for all values of the excitation signal amplitude, the Real
component of the impedance, Re(Z), decreases with increasing frequency. A significant
decrease in Re(Z) is also observed with an increase in the magnitude of the applied voltage
over the entire investigated frequency range. At low frequencies (around 10 Hz), Re(Z)
decreases by a factor of 13 (from approximately 2600 Ohm at U = 0.1 V to approximately
200 Ohm at U=1.0V. The frequency dependencies of the Imaginary component of
impedance (Im(Z)), shown in Fig. 1b, demonstrate the presence of relaxation maxima.
With an increase in the applied voltage, the amplitude of these maxima decreases by more
than 11 times (from ~ 1100 Ohm at U = 0.1 V to ~ 95 Ohm at U = 1.0 V), and their position
shifts toward the higher frequency region (from ~ 10 kHz at U= 0.1V to ~ 50-70 kHz at
Uu=1.0V).
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Fig. 1. Frequency dependencies of the Real (Re(Z)) (a) and Imaginary (/Im(Z)) (b) components of the impedance
of the Ag-SiO,-Si-SiO,-Ag structure at different excitation electric field amplitudes.

For an analysis of the impedance characteristics, impedance hodographs (Nyquist
plots) — the dependencies of Im(Z) on Re(Z) — were plotted. These diagrams are presented
in Fig. 2. A dominant, somewhat distorted semicircle is observed on all Nyquist plots. The
high-frequency intercept of the plot with the Re(Z) axis is close to zero for all voltages. The
most noticeable feature is the significant decrease in the diameter of this semicircle with
an increase in the amplitude of the electric field. At U = 0.1 V, the diameter of the semicircle
is approximately 2600 Ohm. When the voltage is increased to U =0.5V, the diameter
decreases to approximately 650-700 Ohm, and at U = 1.0 V, to approximately 200 Ohm.
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Fig. 2. Impedance hodographs (Nyquist plots) of the Ag-SiO,-Si-SiO,-Ag structure at excitation electric field

amplitudes of U=0.1V (a), 0.5V (b), and 1.0 V (c).
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The observed changes in the impedance of the investigated Ag-SiO2-Si-SiO2-Ag
structure can be explained based on the physical processes in the highly-doped
silicon, the thin layers of native oxide, and the interface under the influence of the
electric field.

The small value of the high-frequency series resistance, Rs (the high-frequency
intercept of the hodograph with the Re(Z) axis), is attributed to the low bulk resistance of
the highly-doped n+-silicon (resistivity p = 0.003 Ohm-cm), the resistance of the Ag metal
contacts, and the connecting wires. The relative stability of Rs under different AC excitation
amplitudes is expected, since it is primarily determined by the bulk resistance of the highly-
doped silicon substrate and the ohmic metallic contacts. Due to the high carrier
concentration in the n*-Si, the bulk conductivity remains constant and is not significantly
modulated by the applied electric field in the studied voltage range, unlike the barrier
resistance.

The presence of a single dominant semicircle on the Nyquist plot may indicate a single
primary relaxation process in the investigated frequency range. This semicircle can be
associated with a parallel connection of a resistance (Rp) and a capacitive element, which
reflects the charge transport efficiency (tunneling resistance) and the dielectric charge
storage capability (oxide capacitance) of the ultrathin SiO2 layers and the Si(n*)-SiO2
interfaces.

The key feature of the obtained results is the strong dependence of the semicircle
diameter, Rp (which corresponds to the low-frequency value of Re(Z) minus Rs), on the
applied excitation signal amplitude. The significant decrease in Rp (from ~ 2600 Ohm at
U=0.1V to~2000hm at U=1.0V) indicates a substantial increase in the efficiency of
charge transport through the Ag-SiO2-Si structure. Considering the use of highly-doped n*-
silicon (high carrier concentration) and the presence of very thin native SiO2 oxide layers
(usually several nanometers), the most probable mechanism explaining such behavior is
the quantum-mechanical tunneling of charge carriers through the SiO:2 dielectric barriers
[7, 8]. With an increase in the applied voltage, the electric field in the oxide layers increases,
which leads to an exponential increase in the probability of electron tunneling (e.g., by direct
tunneling or Fowler-Nordheim tunneling mechanisms). This effectively reduces the
resistance of the dielectric layers. Although the applied voltage also modulates the Space-
Charge Region (SCR) in silicon at the SiOz interface, for highly-doped n*-Si, this region is
extremely thin, and its modulation likely cannot significantly impact the large changes in Rp
compared to the tunneling effect [8].

The decrease in the amplitude of the maxima on the frequency dependencies of
Im(Z) (Fig. 1b) and their shift toward the higher frequency region with increasing AC
excitation signal amplitude also aligns with the described model. The relaxation frequency,
freak, which corresponds to the apex of the semicircle on the Nyquist plot or the maximum
on the Im(Z) curve, is approximately determined by feeax/(21-Rp-Cerr), Where Cerr is the
effective capacitance of the structure (mainly determined by the capacitance of the SiO:
layers). Since Rp sharply decreases with increasing voltage, while Cerr changes much less,
freak increases. The decrease in the Im(Z) peak height is also a consequence of the
decrease in Rp. According to the interpretation proposed above, the total impedance of the
Ag-SiO2-Si-SiO,-Ag structure will consist of the interface impedance and the bulk silicon
resistance:

Ztotal (w) = Zint(w) + Rs;, (1)

where Z;,:(w) is the complex interface impedance, and Rg; is the real-valued bulk
resistance of silicon.

The interface impedance (Z;,,;(w)) is the most complex component, as it describes
the characteristics of the Ag-SiO2-Si(n*) structure. The presence of a thin SiO2 dielectric

174 Electronics and Information Technologies ¢ 2025 ¢ Issue 32



The Electrical Impedance of a Metal-Silicon Structure...

layer introduces capacitive and tunneling effects, which are particularly noticeable during
AC impedance measurements [11]. The interface impedance model (Zi) is represented as
a parallel combination of elements that model physical processes such as the oxide layer
capacitance (Cpx) and the tunneling resistance through the oxide (Rwn), and a series
combination of the SCR (Space-Charge Region) impedance element in silicon (Zsc). Let's
consider this in more detail.

The capacitance of the thin SiO2 layer is defined as:

COX = y (2)

gox — the dielectric permittivity of SiO2 (~ 3.9), &y — the electric constant, S — the contact
area, dpy — the oxide thickness (a few nm). Due to the small thickness of dyy, this
capacitance will be quite significant [12, 13].

Since the SiO:z layer is very thin (several nanometers), electrons can tunnel through it
[14]. This process provides a conductive path characterized by a tunneling resistance
(Rwn), which is effectively parallel to Cox. It is the presence of this tunneling current that
ensures the DC conductivity of the contact. As established in theory and confirmed by our
voltage-dependence results, Run is strongly dependent on the electric field, oxide
thickness, and barrier height.

An SCR is formed in the silicon under the oxide. For n+-silicon, this region will be very
thin. Depending on the applied voltage and the metal work function, the silicon under the
oxide can be in a state of accumulation or weak depletion. In nt-silicon, where the carrier
concentration is very high, the SCR capacitance Csc is usually very large (especially in the
accumulation regime). For the studied silicon with p = 0.003 Ohm-cm (corresponding to a
doping concentration of N = 10'% cm3), the estimated bulk and SCR resistance is less than
102 Ohm, which is negligible compared to the interface resistance (102- 103 Ohm).
Similarly, due to the extremely thin depletion width in degenerate semiconductors, the SCR
capacitance Csc is sufficiently large compared to the oxide capacitance Cox, making the
contribution of the SCR to the total impedance negligible.

Since the capacitance Csc is very large and the resistance Rsc is small, the SCR
impedance (Zsc) can be negligible compared to the impedance of the oxide layer (Zox),
especially at non-high frequencies. In this case, the interface impedance can be
approximately described only by the oxide components:

-1

L
Zint(w) = Zox(w) = (R +]wC0X) - (3)
tun
Then the impedance model is defined as:
Ry
Zotar(®) = Rs; + - (4)

1+ ijtunCOX.

Thus, according to the physical interpretation, the equivalent circuit of the impedance
is a series connection of a resistor with a parallel RC circuit.

However, the experimental results of impedance hodographs of the Ag-SiO2-Si-SiO-2-
Ag structure (Fig. 2) show a slightly deformed (depressed) character of the semicircles,
indicating the necessity of replacing the capacitor with a Constant Phase Element (CPE)
and requiring consideration of more complex models to explain the obtained results [15].
Detailed equivalent circuit modeling and parameter determination will be the subject of a
future study.
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CONCLUSION

The impedance spectroscopy study of Ag-SiO2-Si-SiO2-Ag structures with native oxide
layers revealed a strong non-linear dependence of electrical properties on the AC signal
amplitude. The following key results were obtained.

Increasing the excitation signal amplitude from 0.1V to 1.0V leads to a drastic
reduction in the real component of impedance (Re(Z)) by more than 10 times. This confirms
that charge transport is governed by field-enhanced tunneling through the ultra-thin SiO2
barriers rather than by simple dielectric polarization.

The imaginary impedance component (/Im(Z)) exhibits relaxation maxima that
decrease in amplitude and shift toward higher frequencies with increasing electric field.
This behavior indicates a reduction in the effective parallel resistance of the structure,
consistent with the tunneling model.

The Nyquist plots appear as depressed semicircles, indicating a deviation from ideal
Debye relaxation. This suggests a distribution of relaxation times caused by the
inhomogeneity of the native oxide interface and necessitates the use of non-ideal circuit
elements (CPE) for accurate modeling.

The results demonstrate that in MOS structures with ultra-thin (native) oxides, the
“insulating” layer acts as a field-dependent tunneling resistor. Impedance spectroscopy
proves to be an effective method for distinguishing between capacitive accumulation and
tunneling leakage regimes in such highly doped semiconductor systems.
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ENEKTPUYHUN IMNEOAHC CTPYKTYPU METAJ-KPEMHIA 3 TOHKUM
LLUAPOM SiO;

Amumpo Cno6od3saH ©0* MapkisHu Kywnuk ©©, Sipocnae Lnomrok
Powmat Jluc ©, AHOApili Jly4eqko

H

KagpeOpa ceHcopHOI ma HanigrnpogiOHUKO8OI efleKmMpPOHIKU,
JIbsiecbkuli HayioHanbHUl yHieepcumem iMeHi IeaHa ®paHka,
8yn. TapHaecbkozo, 107, 79017 Jlbsis, YkpaiHa

AHOTALIA

Bctyn. Crpyktypn wmeTan-okcua-HanienposigHuk (MOH) Ha oOCHOBi  KpemHilo 3
AdienekTpuyHum wapom SiOz LWIMPOKO BMKOPUCTOBYHOTLCS B PiZHOMAHITHUX NPUCTPOSIX
Cy4acHOi enekTpoHikn. ToMy AOCMIAXEHHS eNeKTPUYHNX BNacTUBOCTEN TakUX CTPYKTYp €
aktyanbHumn. OcobnmBy LiHHICTb NpW BUBYEHHI LMX BNacTMBOCTEN 3avMae imnegaHcHa
CMEeKTPOCKONid, WO A03BOMSE AOCNIMXYBATU MeXaHi3Mu nepeHocy 3apsigy, BracTUBOCTI
MiKa3HMX rpaHnub Ta BU3HA4YaTM MapaMeTpu eKBiBaNEeHTHUX ENeKTPUYHUX CXeM

3aMilLleHHS.

Matepianu Tta metoamu. [ocnigXeHO 3paskym MOHOKPUCTanIYHOro KpeMHilo Nn-tuny
NPOBIAHOCTI 3 TaKMMW XapakTepuCTMKaMu: nerywya JoMillKka — apceH, NMTOMUI onip — p =
0,003 Om-cm, ToBWMHA — 0,5mm, nnowa — 30 MmM2. Ha noBepxHi Takoro 3paska

dopmyBanacs cTpyktypa Tvny meTtan-HanisnposigHuk-meTtan (Ag-SiO2-Si-SiO2-Ag).

[Ona pocnigxeHHst 4acTOTHUX 3aneXHocTen iMnegaHcy cdhopMOoBaHOi CTPYKTypu Oyno

BMKOPUCTaHO ycTaHOBKY Ha ocHoBi RLC meTpa HIOKI IM3536.

Pesynbtatn. [ocnigkeHo 4acTOTHIi 3anexHOCTi AOINCHOI Ta YsIBHOI CKNagoBUX
iMnenaHcy B giana3oHi YacToT Big 4 Ny go 8 My ctpyktypu Ag-SiO2-Si-SiO2-Ag 3a pisHUx
amnnitTyg 30yaXyl4doro enekTpuyHoro nons. BcTaHoBneHo, WO Ans BCiX 3HaYeHb
amnnitTyan curHany 30y[pkeHHs JificHa cknagoBa iMneaaHcy Re(Z) 3MeHwyeTbest 3i
36iMbLUEHHSIM 4acTOTM Ta Hanpyry 3MmilleHHsi. YacToTHI 3anexHoCTi ysBHOI CKNaaoBOi
iMnegaHcy Im(Z) oeMoHCTpYIOTb HaABHICTb penakcauiiinx makcumymis. 3i 36inbLIEeHHAM
aMnniTyan enekTpMYHOro Mons BenuuMHa UMX MaKCUMMYMIB 3HAYHO 3MEHLUYEThCS.
CnocTepexyBaHi 3MiHM iMNegaHCy Takoi CTPYKTYpU MOXyTb OyTW MOACHEHi Ha OCHOBI il
faraTtowapoBoi NpuUpoan Ta BNACTUBOCTEN BMCOKONErOBAHOIO KPEMHIiO i TOHKUX LuapiB

NPUPOOHOrO OKCUAY KPEMHILO.

BucHoBku. JocnimxkeHHs cTpykTyp Ag-SiOz2-Si-SiO2-Ag 3 Wwapammn NpupogHOro okcmay
3a [JOMOMOrol iMMNedaHCHOT CMEeKTPOCKONiiT BUSBUNO CWUMbHY HEMiHIMHY 3anexHicTb
€MeKTPUYHMX BNacTMBOCTEN BiA amnniTyamn 36ymkyro4voro curHany. Pesynbtati nokasyoTb,
wo B MOH-cTpykTypax 3 HagTOHKMMMW OKCMOHUMW Luapamu, «i3onsauinHWny wap Aie siK
nonesanexHuin TyHenbHUA pes3ncTop. IMnegaHcHa CcnekTpockonist € ePeKTBHUM METOAOM
ONs BUSIBNEHHS Ta PO3AiNeHHs NpoLeciB EMHICHOMO HAKOMWYEHHS Ta TYHENbHOro BUTOKY B

TakKnX CUNbHO NeroBaHnx HaI'IiBI'IpOBi,EI,HI/IKOBI/IX cuctemax.

Knroyoei cnoea: kpemHin, imnegaHcHa cnektpockonis, MOH-cTpykTypa, giarpama

HanksicTa.
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