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We analyze the electric potential and field, polarization and charge, and differential capacitance of a silicon
metal-oxide-ferroelectric field effect transistor (MOSFET), in which a gate insulator consists of thin layers of
dielectric SiO2 and weak ferroelectric HfO2. It appeared possible to achieve a quasi-steady-state negative
capacitance (NC) of the HfO2 layer, Cy¢o, < O, if the layer thickness is close to the critical thickness of the size-
induced ferroelectric-paraelectric phase transition. However, this effect disappears as the gate voltage increases
above a certain critical value, which can be explained by the nonlinearity of the ferroelectric permittivity. The
quasi-steady-state NC corresponds to a positive capacitance of the whole system. Implementation of the gate
insulator NC, C;,, can open the principal possibility to reduce the MOSFET subthreshold swing below the critical
value, and to decrease the gate voltage below the fundamental Boltzmann limit. However, we failed to found the
parameters for which C;, is negative in the quasi-steady states; and thus, the negative Cyso, cannot reduce the
subthreshold swing below the fundamental limit. Nevertheless, the increase in Cjs, related with Cyro, < 0, can
decrease the swing above the limit, reduce device heating during the operation cycles, and thus contribute to further

improvements of MOSFET performances.
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Introduction

In recent years, there have been intense attempts to
create devices that would use a negative capacitance (NC)
effect [1, 2, 3, 4] predicted by Rolf Landauer as early as
1976 [4]. If successful, such attempts would lead to a real
breakthrough in the scaling of modern electronic devices
[5, 6]. In particular, the use of thin ferroelectric films has
been proposed for this purpose, since they can maintain
ferroelectric properties at the thicknesses of 5 nm or even
less; are CMOS-compatible and thermally stable in
combination with silicon; allow deposition on 3D
substrates; have a wider band gap than silicon and form a
significant contact barrier for the electrons from the
silicon conduction band. The principal possibility of
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reduction (in case of success) the subthreshold swing and
supply voltage to the values below the fundamental limits
define the great interest in the creation of these systems
using ferroelectrics [7].

Thin films of a CMOS-compatible “weak”
ferroelectric HfO,, which spontaneous polarization,
depending on the conditions, is within the range 2 —
40 uC/cm?, band gap is equal to 5.8 eV, electron affinity
to vacuum ~2 eV, and relative dielectric permittivity is
about 25, are very promising candidates for metal-oxide-
ferroelectric field effect transistors (MOSFETS) [8, 9, 10,
11]. Below we consider a silicon MOSFET, in which the
gate insulator consists of thin layers of a dielectric SiO
and a weak ferroelectric HfO,. We study the possibility of
implementing a stable NC of the insulator in such a
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system, which would open the principal possibility to charge, created by the polarization P; in the ferroelectric
reduce the subthreshold swing to the values below the layer, which depends on the gate voltage, and neglect the
threshold, 60 mV/decade at room temperature, and supply charge on the electron traps at the interface. Thin dielectric
voltage to the values below the fundamental Boltzmann SiOy, ferroelectric HfO,, and p-type semiconductor silicon
limit, 0.5 V, which would be an important step towards layers have the thickness d, h and t, respectively. Their
further miniaturization of MOSFETS. relative dielectric permittivity are ¢,, &, ("background")
and &, respectively. Electric potentials are denoted as
d©, ¢ and ¢, respectively.

The ferroelectric film is regarded either paraelectric or
] . ) single-domain, that is a very probable assumption for thin
The scheme of the transistor in which the gate 150, films. For both cases it is characterized by an

I. Problem formulation

insulator is formed from thin layers of a passive dielectric  jnhomogeneous one-component spontaneous polarization,
Si0, a weak ferroelectric HfO,, and a p-type silicon  p_(y 7) perpendicular to film surfaces.
semiconducting channel is shown in Fig. 1(a). Figure 1(b) The spatial distribution and evolution of the

shows the heterostructure for the case of flat bands [12,  gpontaneous polarization is described using Landau-

13], when the gate voltage of flat bands (FB) is applied.  Gijnzpurg-Devonshire (LGD) approach and electrostatic

The voltage is determined by the difference between the  aqyations. The system of electrostatic equations governing
work-function of the gate and the semiconductor channel, the potential distribution have the following form:

as well as by the surface charge at the HfO, — Si interface.
We regard that the surface charge is due to the bound

a2 a2
eote (g +25) 6@ =0, ~h—d<z<~h, (1a)
8% | 9?2 ;) _ OP
2 42 VD =2
oty (574 532) 90 =55 ~h <z =0, (16)
8% | 92 _
£0Es (ﬁ +2) 9 = —e(ZuNf —n—Z,N; +p),0<z<t. (1c)
The dielectric permittivities are ¢, = 3.9, &, =7, (b) The electric potential is continuous at the HfO, -
&, = 11.8. Concentrations of the immobile ionized donors p-Si and SiO,-HfO; interfaces, z=—h and 2z =0,
and acceptors inside the channel are N7 and Ng, respectively (see e.g. [16]):

respectively; the charge densities of mobile free electrons
and holes, are n and p, respectively. When the electric (¢ — ¢(i))|2=_h =0and (¢® — <;>(5))|Z=0 =0 (2b)
current is absent, the charge densities depend on the
electric potential ¢*) in the conventional way [14] (see The bottom surface of the channel is grounded,
Appendix A in [15] for details). To model the ¢|__, = 0. The electric current in the channel of length

?gIrrc:\c/\(/)i:gucungargr:lgte;? Ofazréeepfgfnnelcxf:eﬁtsfatitgﬁ L is controlled by the source-drain potential difference,
: ¢ (x = 0) = pO(x = L) = Vas.

Ngo = 10%* m3, their ionization degree Z, =1 and L i .
energy level E, = —1.05eV; donor concentration . I(Ct) Tf_]etelictrlc dlsElzf:;lzmegt ls_all(s)9 continuous at the
Ngo < 10%° m?, band gap E; = 1.1 eV. The bottom of Insufator interfaces, z = —r and z = ©:

the conduction band is selected as zero energy. The

ap® agp©

boundary conditions to Egs.(1) are itemized below. (—Sosb >, 7 P; + g¢, ?) =0,
(a). The potential ¢(© at the top of is poly-Si gate is z==h
equal to the applied potential, V;, ¢©(—H) = V;, where 2p® 26®
H > h. The potential ¢(© at the n* poly-Si gate — SiO» (_Soeb? +Ps + &8s ) o 0. (2¢)

interface, z = —h — d, is equal to the potential difference:
(d) It should be noted that the edges of conduction and
¢(e)|z=_h_d =V — Vg =V, (2a) valence bands must have jumps related with the
differences of corresponding Fermi levels and electron
where Vi is equal to the flat-band potential, and we  affinities at the HfO, - p-Si and SiO.-HfO. interfaces,
regard that Vy5 =~ 1eV for estimates. Below, for the sake respectively:
of simplicity we recall V; as a reduced gate voltage,
keeping in mind that it is differs from the potential V;
applied to the top surface of the n* poly-Si gate. The
introduction of I, in Eq.(2a) allows us to model the three-
layer structure, consisting of SiO2, HfO, layers, and p-Si
channel, instead of the realistic four-layer structure, shown
in Fig. 1(b).

Xi—Xs = 1.05eV, y;—xs = —2.05eV. (2d)

These conditions influence the breaks of carrier
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Fig. 1. The geometry and band diagram of the considered FET, consisting of the n* poly-Si gate, dielectric SiO;
layer, ferroelectric HfO, film, and the p-type Si channel.

concentrations at the interfaces. In the absence of currents, The LGD equation governing the polarization
these conditions follow from the conditions of local distribution has the form:
electrochemical potential (Fermi quasi-levels) continuity.

82p; L02Ps _ 39W

9P
at

F=2+aP;+pP; +yP§—g -h<z<0, (3a)

9z2 ax2 oz ' -

Here I" is the Khalatnikov kinetic coefficient [17], and electrode as an ideal metal.

the corresponding Landau-Khalatnikov relaxation time 7 Formally, the differential capacitance of the
of polarization reversal can be introduced as 7, = I'/|«a|. considered heterostructure is given by expression

The coefficient « = a (T — T;). The switching time

can be estimated as 1072 — 10719 seconds far from the c =22 (4a)

Curie temperature T,. However, this estimate works for a g
single-domain defect-free ferroelectric HfO,. Due to the
different pinning mechanisms the defect-limited switching
Kinetics is determined by much higher switching times,
e.g., microseconds. Thus, below we analyze the quasi-
static polarization response, when the period of applied
voltage is much higher than 7.

LGD coefficients of HfO,:Si were determined from

where @ is the charge of the top electrode. This charge,
taken with the opposite sign, is equal to the sum of the
bottom electrode charge Q,,, and total space charge in the
channel Q;, Q = —Q, — Q,. Assuming that the serial
expression for the capacitance is valid:

experimental data, as described in Appendix B in Ref. %= C;S +Cis (4b)
[15]. They are: a; = 1.72 x 10°m/(F K), T, = 334 K,
B =1.013 x 10*° C*-m°), y =0, and  where C;,, is the differential capacitance of the insulator,

g =5x1071 m*/F. We vary thicknesses in the range  consisting of the ferroelectric and dielectric layers, and C,
d =(5-10) nm, h =(10 — 100) nm, ¢=30 nm and regard s the differential capacitance of the channel. The serial

that T=300 K. expression for the capacitance,
We use the so-called natural conditions for the 1/ _ 1/ +1/
ferroelectric polarization, Cins Csio, Curo,’

is not rigorous if domains are present due to the non-local

(aﬁ) -0 (3b) permittivity of the ferroelectric layer, which characterizes

0z /lz=—n,0 ' the whole system, but not its separate parts [18]. However,

we can use the expression as the upper estimate of the

that support a single-domain state in the HfO> film, and ferroelectric layer differential capacitance, Cyo,, and put

neglect the carrier presence inside the dielectric and Csio, = 252 for the dielectric layer. The channel
ferroelectric layers, while considering the top gate 5102 d
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capacitance is Cy = %, where ¢ is the potential drop,
S

and Q, is the total space charge of the channel. Roughly,

the channel capacitance can be estimated as C; = S:fs,

where w is the voltage-dependent thickness of the space-

_

Cufo, Cins Csio, C GCs

The effect of the negative ferroelectric capacitance
means that C o, < 0, meanwhile the total capacitance C
must be positive in the thermodynamic equilibrium,
because the stable NC of the system part can be achieved
only consistently with positive electrostatic energy and
capacity of the entire system [19]. For the same reasons
Cins Must be positive in a steady-state regime of a two-
layer capacitor structure (see e.g., Ref. [20] and refs
therein), while any thermodynamic limitations on its sign
is absent in the considered three-layer structure, and so the
situation Cy,s < 0 is not excluded.
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S
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-40 -20 0
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charge screening layer.

From the above estimates, the differential
capacitances Ciys and Cy o, are
c
= o (40)
Cs
Chro, ¥ ——r (4d)
Csio, Hf027, L €

Il. Results of the finite-element modelling
for zero source-drain voltage

Typical results of the self-consistent finite-element
modelling (FEM) of the electric potential, ferroelectric
polarization, and space charge density in the considered
system under the absence of source-drain voltage,
Vsqa = 0, are shown in Figs. 2-3. The figures are calculated
for an ultra-thin SiO; layer with thickness
d = (1 —-2) nm, room temperature, T=300 K, variable
film thicknesses h = (5 - 50) nm and channel width
t = (10 - 30) nm[21].

1026

1025

1 024

1023

Hole density (1/m?)

10%
)

20

—_
(9]

10
Coordinate z (nm)
1026. I

1025

1 024

1023

Acceptor density (1/m?)

1022 ‘ -
0 10 20
(d) Coordinate z (nm)

Fig. 2. The effect of electric potential inversion at the dielectric/ferroelectric interface. The distribution of an electric
potential in the SiO,-HfO,-p-Si heterostructure (a), electric polarization in the HfO, layer (b), holes density (c), and
ionized acceptors concentration (d) in the p-Si channel calculated for V;, = 0 and different reduced gate voltages:
V, = -1V (dark-green curves), -0.5 V (dark-blue curves), -0.1 V (light-blue curves), 0 (black curves), +0.1 V
(magenta curves) and +1 V (red curves). The HfO, thickness h=50 nm and the p-Si thickness t=30 nm.

708



Could the negative capacitance effect be used in field-effect transistors with a ferroelectric gate?

The electric potential “inversion” at the
dielectric/ferroelectric interface is seen in Fig. 2(a), where
the sign of the voltage drop in the ferroelectric film is
opposite to the signs of the potential drop in the dielectric
layer and in the semiconductor channel. That say,
potential drops inside the dielectric and ferroelectric layers
have different signs, and the local potential is inverted in
some cases. Note that the inversion effect is absent at the
ferroelectric-channel interface.

Exactly the inversion effect in a ferroelectric layer is
treated by many authors as a manifestation of the NC
effect [22, 23, 24]. At that the local electric field, as a z-
derivative of the potential, is directed against the average
field in the HfO,, while the direction of the field in the
dielectric and semiconductor coincides with the direction
of the average field. When the ferroelectric film is thin
enough (h < 50 nm), and the dielectric layer is enough
thick (d = 1 nm), the paraelectric phase is either stable or
metastable, and so the spontaneous polarization is
virtually absent in the static case [see the black curve,
P;=0, at ;=0 in Fig.2(b)]. The field-induced
polarization, shown by colored curves in Fig. 2(b), is
proportional to the local electric field in the HfO, film.
Under the favorable conditions, the field-induced
polarization contributes to the NC effect due to the
negative local susceptibility. Free carriers in the channel
screen the polarization bound charge and electric field;
corresponding distribution of holes density is shown in
Fig. 2(c). For the band structure parameters, shown in
Fig. 1(b), the calculated electron density appeared
negligibly small in comparison with the hole density in the
channel. For the same reasons one can neglect the
concentration of ionized donors in comparison with the
concentration of ionized acceptors, shown in Fig. 2(d).

The NC effect is observed in a ferroelectric layer at
moderate gate voltages, |V;| < 1V, as shown in Fig. 2(a).
The NC disappears with increasing the gate voltage above
1.5 V. The disappearance can be explained by the
influence of the ferroelectric and/or semiconductor
nonlinearity, because the susceptibility of the ferroelectric

B [Vw=0,t=20nm

£ 10}

O

= st

C

e

T Of

N

‘_g -5} h=5nm

o h=10nm
-10¢ h=25nm

h=50 nm
-15
3 2 1 0 1 2 3
(@) Voltage Vg (V)

layer decreases with the electric field increase; and the
electric field penetration into the channel (i.e., the
effective thickness w of the depletion layer) depends
nonlinearly on the potential difference.

The distribution of an electric potential in the SiO,-
HfO,-p-Si heterostructure (a), electric polarization in the
HfO, layer (b), holes density (c) and ionized acceptors
concentration (d) in the p-Si channel calculated for
Vas = 0 and different reduced gate voltages: 1, = -1 V
(dark green curves), -0.5 V (deep blue curves), -0.1 V
(blue curves), 0 (black curves), +0.1 V (magenta curves)
and +1 V (red curves). The HfO, thickness h=50 nm and
the p-Si thickness t=30 nm.

Quasi-static  dependences of the HfO, film
polarization, P;, on the gate voltage 1}, is shown in
Fig. 3(a). The dependences are calculated either for
different film thicknesses h. Polarization curves
demonstrate a paraelectric-like dependence on I, for HfO
films with h <25 nm independently on the channel
widths. The height and slope of very thin ferroelectric
hysteresis loops, which appear for thicker films with
h > 25 nm (e.g., for h = 50 nm), depends on the channel
width ¢t in a complex way. Note that the thickness for
h =50 nm is very close to the critical thickness of the
size-induced ferroelectric-paraelectric phase transition.
The loops are asymmetric with respect to the gate voltage,
and this asymmetry is related with the asymmetry of the
electric boundary conditions, because the top surface of
HfO, film contacts with the dielectric SiO- layer, and the
bottom surface contacts with the semiconductor p-Si.

Quasi-static dependences of the total differential
capacitance, C, on the reduced gate voltage V; is shown in
Fig. 3(b). The capacitance curves rarely demonstrate a
paraelectric-like dependence on V, for considered range of
channel widths (one asymmetric maxima located near
V, = 0). More often, the curves are ferroelectric-like with
two asymmetric maximums. The asymmetry is related
with the asymmetry of the polarization curves. The height
and separation of these maximums become more
pronounced for thicker films with A > 25 nm and depend

__ 60}

E

T 50}

E

o 40f

(&)

c

83 30}

S h=5nm

& 20f h =10 nm

O h=25nm
10¢ h=50nm
koo
-3 -2 -1 0 1

(b) Voltage Vg (V)

Fig.3. Quasi-static dependences of the HfO, film polarization (a) and total differential capacitance (b) vs. the
reduced gate voltage V; calculated for different thickness of HfO, film h=5, 10, 25 and 50 nm (blue, black, magenta

and red curves. respectivelv). The channel width t=20 nm.
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on the channel width t in a complex way. The total
capacitance is positive, and depends on V, due to the
paraelectric or/and ferroelectric nonlinearity in the HfO;
layer. The capacitance is maximal in the vicinity of
V, = 0, because the dielectric susceptibility of the HfO
layer is maximal in the voltage range, and decreases
significantly with the voltage increase.

I11.The influence of the ferroelectric
capacitance the MOSFET
performances

The source-drain current I, as a function of the gate
and source-drain voltages, 1, and V,, can be
approximately described by a phenomenological
analytical expression:

Vs e(Vg—Ven)
las ~ %< F (T, (5)

R(1+Vv—is) kpT

where the effective resistance R and the saturation voltage
V, are fitting parameters, and the function F is given by
expression:

The threshold voltage can be estimated as:

(s)
Ps( ¢;
Vin = Vg — ¢L(;3, - (#i)

- (6b)

Cins

where C;,, is the total capacitance of the ferroelectric and
dielectric layers, introduced in Eq.(4b); ¢(S) is a potential

mv
at the semiconductor surface, z = 0, corresponding the
inversion of conductivity type in the channel (see e.g.,
[12]). The NC of a ferroelectric layer, Cyro, < 0, can be
reached in the considered heterostructure, because the
curves with inverted slope exist inside the ferroelectric

layer [see Fig. 2(a)]. In dependence on Cyfo, Sign, the
inverse capacitances, L and—

, either sum or extract

CHfo, Sio,

in order to form the inverse total capacitance, %ns

Several cases, Cyro, < 0, are shown by blue curves
in Fig. 4(a, ¢) and 4(b, d) for HfO, film of thickness
h=5nm and h=50 nm, respectively. A possible physical
origin of the observed NC is the situation when the quasi-
static charge at the heterostructure top and bottom
electrodes increases more slowly than the ferroelectric

B (1+67) (exp(®), &« -1, polarization. Nevertheless Cyr, < 0, the ca_pacnan_ce
F(®) = R el 2Y £ 1. (6a) Cims, Calculated for the voltage-dependent differential
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Fig. 4. Quasi-static gate voltage dependence of the direct (a, b) and inverse (c, d) differential capacitances C, C;ys,
Cs, Cyro, and Cg;o, (solid red, magenta, black, blue and green curves, respectively) on the reduced gate voltage V.
The HfO; film thickness h=5 nm in the plot (a, c) and h=50 nm in the plots (b, d), the channel width t=20 nm.
Dashed black, blue and magenta curves are calculated for the constant width of the space-charge layer, w = 12 nm.
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~ 405
:d_(ps,
black, blue and magenta curves in Fig. 4). The NC,
Cins <0, was calculated for the voltage-independent

channel capacitance C; = g“fs, when the space-charge

layer has a constant width w = 12 nm (see dashed black,
blue and magenta curves in Fig. 4). This example shows
that the approximation of the space-charge layer with a
constant width can lead to a critical mistake in the
evaluation of the channel and insulator capacitances.

Next, we estimate the subthreshold swing, S, which
characterizes the gate voltage increase to achieve a tenfold
increase in the drain current, as [3]:

(1 +%)

For positive C;,,s the minimum value of S, achieved at
Cs << Cins, 1S 60 mV/decade at room temperature. A
possible transition to the NC of the insulator part of the
heterostructure, C;,c < 0, would reduce the S value below
this limit, which means that the current flow in the “ON”
mode will correspond to a lower source-drain voltage Vy;.
This would reduce the voltage below the fundamental
Boltzmann limit of 0.5 V, which would open the possi-
bility of further miniaturization of the MOSFET, currently
operating at threshold voltages not less than 0.7 V.

The capacitance C;,,; must be positive in a steady-state
regime, while any thermodynamic limitations on the
capacitance C,, of transient states are absent. However,
we failed to found the conditions for which C;,,s < 0 either
in the steady-state or in the quasi-steady-state (see e.g., the
solid magenta curves in Fig. 4). Instead, we obtained the
increase of C;, and the decrease of C; under the
simultaneous validity of the conditions Cysp, < 0 and
Csio, > 0 inthe vicinity of I, ~ 0 [see the wide maximum
at the violet curves and the sharp minima at the black solid
curves at I, ~ 0 in Fig. 4]. Since Cj,s is maximal and C

is minimal in the vicinity of I}, ~ 0, the ratio Cs

capacitance of the channel, C; is positive (see solid

™

-1
a(lo 1 kpT
S = (logioIds) — 23k
Vg e

is

ins

minimal in the vicinity of I, ~ 0, and the condition
0<% « 1, which decreases S, can be valid at small V7.

Since the capacitance C;,;, but not the NC of the
ferroelectric layer itself, determines the FET working
performances, and, in particular, the subthreshold swing
S, the steady-state NC of a ferroelectric layer cannot
reduce S below the fundamental limit. Nevertheless, the
increase of C;,, can decrease S above the fundamental

limit in the case i « 1; also, it can significantly reduce
ms

the transient losses and MOSFETSs heating during the

operation cycles.

Conclusions

We analyze the distributions of electric potential and
field, polarization and charge, and the differential capacitance
of a silicon MOSFET, in which a gate insulator consists of
thin layers of a dielectric SiO. and a weak ferroelectric HfO.
It appeared possible to achieve a quasi-steady-state NC of a
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ferroelectric layer if its thick-ness is close to the critical
thickness of the size-induced ferroelectric-paraelectric phase
transition. The quasi-steady-state NC of the ferroelectric, that
is very slow-varying transient state, corresponds to a positive
capacitance of the whole system, and so it does not break any
thermodynamic principle. Moreover, we have shown that the
ferroelectric capacitance becomes positive as the gate voltage
increases above a certain critical value, which can be
explained by the nonlinearity of the permittivity of
ferroelectrics, as well as by the decrease of semiconductor
capacitance with the increase of the voltage absolute value.

Since the capacitance of the gate insulator, Cy,s, but
not the NC of the ferroelectric layer itself, determines the
FET working performances, implementation of the quasi-
steady-state NC C;,,; can open the principal possibility to
reduce the subthreshold swing S below the critical value,
and to decrease the gate voltage below the fundamental
Boltzmann limit. However, our general conclusion is that
Cins > 0 in the quasi-steady states, meaning that the NC
does not penetrate "outside” the ferroelectric layer of
MOSFET, and so it cannot reduce subthreshold swing
below the fundamental limit, 60 mV/dec at room
temperature. This conclusion agrees with Ref.[19], where
it was obtained in the framework of general
thermodynamic principles.

Instead, we obtained the increase of C;,s under the
simultaneous validity of the conditions Cysp, < 0 and
Csio, > 0 at small gate voltages. The increase of C;,s can
decrease S above the fundamental limit; also, it can
significantly reduce the transient losses and MOSFETS
heating during the operation cycles.
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Could the negative capacitance effect be used in field-effect transistors with a ferroelectric gate?
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Yu MOKHA BUKOPHCTOBYBATH e(peKT HEraTUBHOI EMHOCTI Y NOJIbOBHX
TPAH3UCTOPAX i3 CerHeTOeJIeKTPUYHUM 3aTBOPOM?

Ynemumym npobaem mamepianosnascmea in. M. @panyesuua HAH Yipainu, Kuis, Yxpaina
2Iucmumym ¢pisuxu HAH Yipainu, Kuis, Yrpaiua,
3Kuigcoxuii nayionanonuii ynisepcumem im. Tapaca Lleguenxa, @axynomem padiogizuku,
enexmponixu ma komn omeprux cucmem, Kuis, Yxkpaina, maksym.strikha@gmail.com,
Anemumym gisuxu nanienposionuxie im. B. Jlawxapvoea, Kuis, Yipaina

[IpoananizoBaHO pO3MOII ENEKTPUYHOrO IOTEHLIiaNy Ta TMoJs, MOoJApH3alii Ta 3apsay, a TaKoX
IudepeHIiianbHy €MHICTh  KPEMHIEBOTO  METal-OKCHAHO-CETHETOCNEKTPHYHOIO  II0JbOBOIO  TPaH3UCTOPA
(MOSFET), B sikoMy MiZ3aTBOPHHUH 130JITOP CKJIAAETHCS 3 TOHKUX IIapiB mienekTpuka SiO2 Ta «craOKoro»
cerneroenexTpuka HfO2. BusBuiocs MOXIMBUM JOCATTH KBa3icTallioHapHOI HeraTuBHOI eMHocTi mapy HfOqz,
Chfo, <0, 3a yMOBH, AKIIO TOBIIMHA LHOTO WAy ONM3bKa N0 KPUTUYHOI TOBIIMHH (Da30BOTO TEPEXOILY
CErHEeTOCIEeKTPUK-TIapaeNeKTPHK, IHAYKOBaHOro po3MipoM. OJHAaK Takox 3’acCyBanocs, IO el edeKT 3HHKae,
KOJM Hampyra Ha 3aTBOpi IIJBUIIYETbCS BHILE IEBHOIO KPUTHYHOTO 3HAYEHHS, IO MOXXHA HOSCHHUTH
HEJHIHHICTIO CeTHETOSNEeKTPUIHOI NpoHUKHOCTI. KBasicranionapHa HeraTHBHA €MHICTB, SIKa € YK€ IOBUILHUM
MePEeXiTHUM CTaHOM CETHETOCNEKTPHKA, BIJNOBigae MO3UTUBHIII €MHOCTI BCi€l cucTeMmu, i TOMy Ii mosBa He
MOPYIIye >KOTHOTO TEPMOAWHAMIYHOTO TpHUHIUMY. Peamizamis kBasicramioHapHoi HeraTHBHOI e€MHOCTi Cins
i3oiaTOpa (mienexrpuka SiO2 Ta «cnabkoroy» ceraeroenekrpuka HfO2) Moxke BIAKPUTH IPUHIUIIOBY MOXIUBICTh
3MeHUTH minnoporose konuBaHHA MOSFET Himkue KpUTHYHOrO 3HA4YEHHS Ta 3MEHLIMTH HANpYyTry 3aTBOpa
HIDKYe GyHIaMeHTaIbHOI MexXi BombiMana. OiHaK HaM He BIAJOCs 3HAWTH MapaMeTpu, s sIKUX eMHICTh Cins €
HEraTUBHOIO y KBa3iCTalliOHApHUX CTaHaX; i, TAKUM YMHOM, HETraTHUBHA €MHIiCTh Cyrp, HE MOXKeE 3MEHUIUTH
MiANOPOroBe KOJMMBaHHS HWKYe (yHIaMeHTanbHOI Mexi. Tum He MeHu, 30utbiieHHs Cins, MOB’s3aHE 3
Crfo, < 0, MOXe 3MEHIINTH KOJMBAHHS BUILE MEX], 3MEHIINTH HATPiBaHHS NPUCTPOIO Mijl 4aC POGOUMX HHUKIIIB
i, TAKMM YMHOM, CIIPUSITH NMOJAIBIIOMY IOKpamieHHIo npoxyktuBHocti MOSFET

KuarodoBi ciioBa: Bifi’eMHa €MHICTh, CETHETOCNEKTPUYHA IUTiBKA, po3MipHuil (a3zoBuil mepexin, monboBHit
TPaH3UCTOP METaJI-OKCHJI-CETHETOCNEKTPHK.
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