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The study of the parameters of capacitors with various working substances is of interest for the design
and creation of electronic elements, in particular for the development of high-frequency phase-shifting cir-
cuits.

The purpose of the work is to calculate the high-frequency capacitance of a capacitor with the working
substance “insulator—undoped silicon—insulator” at different applied to the capacitor direct current (DC)
voltages, measuring signal frequencies and temperatures.

A model of such the capacitor is proposed, in which 30 um thick layer of undoped (intrinsic) crystal-
line silicon (i-Si) is separated from each of the capacitor electrodes by 1 um thick insulator layer (silicon
dioxide).

The dependences of the capacitor capacitance on the DC electrical voltage U on metal electrodes at
zero frequency and at the measuring signal frequency of 1 MHz at absolute temperatures 7 =300 and
400 K are calculated. It is shown that the real part of the capacitor capacitance increases monotonically,
while the imaginary part is negative and non-monotonically depends on U at the temperature 7= 300 K. An
increase in the real part of the capacitor capacitance up to the geometric capacitance of oxide layers with
increasing temperature is due to a decrease in the electrical resistance of i-Si layer. As a result, with an in-
crease in temperature up to 400 K, the real and imaginary parts of the capacitance take constant values in-
dependent of U. The capacitance of i-Si layer with an increase in both temperature 7 and voltage U is
shunted by the electrical conductivity of this layer. The phase shift is determined for a sinusoidal electrical
signal with a frequency of 0.3, 1, 10, 30, 100, and 300 MHz applied to the capacitor at temperatures 300
and 400 K.

Keywords: undoped (intrinsic) crystalline silicon, silicon dioxide, capacitance, three-layer flat capacitor.
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BbICOKOYACTOTHBIN KOHIEHCATOP ¢ PA00YNM BeleCTBOM
«H30JITOP — HeJICTUPOBAHHBIN KPEMHHUH — U30JIATOP»

H.A. Ilokaonckuii, U.U. Auukeen, C.A. Bbipko

Benopycckuii cocyoapcmeennutii yHugeepcumemn,
np-m Hesagucumocmu, 4, 2. Munck 220030, Ferapycs

Hocmynuna 10.11.2022
Hpunama x newamu 14.12.2022

HccnenoBanue mapaMeTpoB IEKTPUYECKUX KOHIEHCATOPOB C Pa3lIWYHBIMU PabO4YMMHU BELIECTBAMH
MPEACTaBIAECT HHTEpEC IJIs1 MPOSKTUPOBAHUS U CO3JAHMUS 3JIEMEHTOB 3JICKTPOHUKH, B YACTHOCTHU IUIS Pa3-
pabOTKH BRICOKOYACTOTHBIX (Da30CIBUTAIONINX IICTICH.

Ilenp paboThl — paccunuTaTh BBICOKOYACTOTHYIO 3JIEKTPHUECKYI0 €MKOCTh KOHJIEHcaTopa ¢ pabouum
BEIIECTBOM «H30JITOP — HEJIETUPOBAHHBINA KPEMHHM — H30JISTOP» MPH Pa3IMYHBIX OAABaEMBbIX HA KOHJICH-
caTop MOCTOSHHBIX HAMPSDKEHUSIX, YaCTOTaX U3MEPUTEIHFHOTO CUTHAJA U TeMIIepaTypax.

[Ipenmoskera MOAEIb TaKOTO KOHACHCATOPA, B KOTOPOH CIION HEIETHPOBAHHOTO (COOCTBEHHOTO) KpH-
CTaJUTMYECKOro KpeMHus (i-Si) TommuHoi 30 MKM OTIENeH OT KaXKIO0ro U3 3JIEKTPOIOB KOHAEHCAaTopa CIo-
€M U30JIITOpa (IUOKCHUIA KPEMHHUS) TOIMIIUHON 1 MKM.

Paccuntanbl 3aBUCUMOCTH €MKOCTH KOHJICHCATOPa OT IOCTOSIHHOTO 3JIEKTPHUUYECKOro HampspkeHus U
Ha METAJUIMYECKHUX 3JIEKTPOAax Ha HYJEBOM 4acTOTE M Ha 4acTOTe M3MepuTesnbHoro curHana 1 MI'm mpu
abcomoTHbIX Temneparypax 7 =300 u 400 K. Iloka3aHo, 4To nefcTBUTEIbHAS YaCTh €MKOCTH KOHJEHCA-
TOpa MOHOTOHHO BO3PAacTaeT, @ MHUMasl 4acTh OTPHUIIATENIbHA 1 HEMOHOTOHHO 3aBUCUT 0T U Iipu Temiepa-
type T'= 300 K. YBenuuenue nelicTBUTENBHOM YacTH EMKOCTH KOHAEHCATOPA 10 TEOMETPUUECKOH EMKOCTHU
OKCH/IHBIX CJIO€B MPHU YBEIUUECHUH TEMIIEPATyphl 00YCIOBICHO YMEHBIIEHHEM AJIEKTPHIECKOTO COMPOTHB-
nmeHus cios i-Si. BeaenctBue aToro ¢ yBenmdeHueM Temmepatypsl 1o 400 K aeiicTBuTenbHAS M MHAMAS
YacTH €MKOCTH NPUHHUMAIOT MTOCTOSHHBIE 3HaYeHUs, He3aBucsmue oT U. EMKocTb crnos i-Si mpu yBennye-
HUU Kak Temneparypsl 7, Tak ¥ HanpspkeHus: U NIyHTHPYETCsl 3JIEKTPUYECKOM IIPOBOAMMOCTBIO 3TOTO CIIOSL.
Ompenenex caBur (a3 IIsI CHHYCOMAATLHOTO JIEKTPUIECKOTO cUTHanma ¢ yacroroit 0,3; 1; 10; 30; 100 u
300 MI'u, nogaBaemoro Ha KoHAeHcaTop npu Temmneparypax 300 u 400 K.

KuroueBble cjioBa: HEJICTUPOBAHHBIN (COOCTBEHHBIN) KPHUCTAUIMUECKHA KPEMHHM, THOKCHI KpPEMHUS,
SIEKTPUUECKasi eMKOCTh, TPEXCIONHBIN MIIOCKUH 3IEKTPUUECKUN KOHACHCATOP.
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Introduction

Nonlinear screening of an external stationary
electric field in materials occurs when the density of
the charge induced by the field in them is not pro-
portional to the total electrostatic potential of the
field and charges. An analytical and numerical so-
lution of the problem of nonlinear screening of an
impurity ion by a spherically symmetric cloud of
mobile charges of opposite sign in covalent crystal-
line semiconductors is given in [1]. It was also
noted there that the concept of nonlinear screening
can be justified only when the root-mean-square
fluctuations of the potential energy of mobile un-
compensated charges are less than the thermal en-
ergy for nondegenerate semiconductors and less
than the Fermi energy for degenerate semiconduc-
tors. With nonlinear screening of an external elec-
trostatic field, alternating layers with nonequilib-
rium (due to illumination) electrons and holes can
appear in a “semi-infinite” semiconductor [2]. It is
also possible that a three-layer structure “negatively
charged layer—electrically neutral layer—positively
charged layer” appears in a gas plasma located in a
strong electric field between metal electrodes (cath-
ode and anode) [3].

In work [4] low-frequency electrical losses in
n-type crystalline silicon placed in a capacitor with
deep impurity energy levels were studied. The low-
frequency admittance and the phase shift angle be-
tween the sinusoidal current and voltage in the ca-
pacitor with the working substance “insulator—par-
tially disordered silicon—insulator” were calculated
in [5]. The frequency dependence of the admittance
and the nonlinear capacitance on the voltage of the
“semiconductor—insulator—metal-insulator—semicon-
ductor” structure, which simulates semiconductor
materials with metallic nanosized inclusions, was
also theoretically studied [6]. However, the tem-
perature dependences of the admittance and capaci-
tance of such a structure were not calculated. The
influence of the process of formation of electrically
neutral pairs of defects from electrically charged
defects on the chaotic electrostatic potential on the
surface of a semiconductor was studied [7], and the
conditions for strong localization of a two-dimen-
sional electron gas on the surface in the presence of
this potential were determined [8].

In work [9], the differential capacitance of a
semiconductor film with an ohmic contact on the
back side was calculated. The distribution of the

electrostatic potential induced by an external sta-
tionary electric field over the thickness of a semi-
conductor film deposited on an insulator is consid-
ered in [10], and on a metal in [11]. In Refs. [12, 13],
the working substance “insulator—intrinsic semicon-
ductor—insulator” of a low-frequency capacitor was
considered, however, the calculation of the frequency
and temperature dependences of its capacitance was
not carried out. Thus, the calculation of the high-
frequency electrophysical characteristics of a capa-
citor with an undoped semiconductor separated by
insulating layers from its metal plates is still an ur-
gent task in electronics. This is important for build-
ing a theory of phase-shifting electrical circuits with
a nonlinear capacitor.

Here we note that in [14], the possibility of im-
plementing an electrical analogue of Rayleigh—Bé-
nard cells in a flat capacitor “insulator—-nondegene-
rate n-type semiconductor—insulator” by creating a
stationary electric potential difference between its
metal plates was theoretically studied. These cells
represent ring electron currents in the semiconductor
cross section, which seems important for the study of
synergistic electronic states and processes in device
structures.

The purpose of the work is to calculate the
high-frequency capacitance of a capacitor with the
working substance “insulator—undoped crystalline
silicon—insulator” at different applied to the ca-
pacitor direct current (DC) voltages, measuring sig-
nal frequencies and temperatures. Silicon dioxide is
considered as an insulator.

Equivalent circuit of three-layer capacitor

Let a layer of undoped (intrinsic) crystalline
semiconductor (i-Si) with thickness L and side sur-
face area A4 be located in the middle between metal
plates of a flat electric capacitor and separated from
them by insulator layers (SiO,); see Figure la. The
capacitor is connected to a DC voltage source U.
There is no electric charge at the SiO,/i-Si inter-
faces at U= 0. The x axis of the Cartesian coordi-
nate system is perpendicular to the surface of i-Si
layer occupying the space 0 <x <Lg; the y and z
axes are parallel to the layer surface. Let us assume
that in one part of i-Si layer the potential of the ex-
ternal stationary electric field on the surface is posi-
tive o(x=0)=+¢,/2, and in the other part it is
negative @(x=Ls) = —@/2. Then the electric poten-
tial difference applied to the semiconductor layer is
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Figure 1 — Cross section of a capacitor with a layer of
intrinsic crystalline semiconductor (i-Si) of thickness Lj
and area 4 in yz plane; semiconductor is separated from
metal plates (electrodes) by insulator layers (SiO,) of
thickness of L. Across the semiconductor layer (along x
axis), an electric potential difference is applied between
two electrodes (anode and cathode) parallel to yz plane (a).
Equivalent circuit of the device structure (b). Simplified
equivalent circuit of the device structure (c)

Us = o(x=0) — o(x=Ls) = ¢s. The electrodes are pa-
rallel to the yz plane, so that the electric potential ¢
depends only on x and is independent of y and z.
Screening of the external electrostatic field is due to
the redistribution of electrons in the c¢-band and
holes in the v-band inside i-Si layer.

The capacitor with the working substance “sili-
con dioxide—intrinsic silicon—silicon dioxide” con-
tains a parallel R Cg,-circuit of i-Si layer, connected
in series with the capacitances of the C,x insulating
layers (see Figure 1b). Here, the complex electrical
resistance of the semiconductor layer R, = Ry(Us, ) =
= R(Us,®)—1Rx(Us, ), 1= (—1)1/2 is the imaginary
unit, Cg, = Cs + C, is the electrical capacitance of the
semiconductor, Cox = A€ox/Lox and C, = Ag/L, are
the geometric capacitances of a single SiO, layer
and i-Si layer with static permittivities €ox = €:x€o
and & = &48p; €x and g are the relative permittivities
of Si0, and i-Si, respectively, gy = 8.85 pF/m is the
electrical constant, C,= Cy(U;) is the differential
capacitance of the semiconductor, U; is the voltage
across the semiconductor. In the equivalent circuit
(Figure 1c), the capacitance C = C(U,») of the ca-
pacitor depends on the DC voltage U and the angu-
lar frequency o of the measuring signal.

The real C, and imaginary C, parts of the com-
plex capacitance C = C(U,®) = C{(U,®) + 1C5(U, )
of the equivalent circuit (see Figure 1¢) are [15-17]:

C,=ReC= ; [1+ 0Ru(Coy/2 +2C) +
+ 0’ (RS + R)Co(Co/2+ C)l, (D)
~0R(Cox /2)

C,=ImC= M <0,

—
—

where
E=[1+ 0Ry(Cox/2 + Cop)]’ + 0°RI(Cor /2 + Cip)’,

U (= Uy) is the stationary electric voltage on metal
plates of the capacitor, ® is the angular frequency of
the alternating current (AC) component of the
measuring signal with the amplitude |U,.|<< Uy;
Ry > 0 and Ry, > 0; see Eq. (13) below.

The real Y, and imaginary Y, parts of the com-
plex admittance Y=Y (U,») =Y+ 1Y, of the capaci-
tor equivalent circuit (Figure 1¢) are:

Y]ZRCX:_(DCQ,
Y,=ImY= (.

From Eq. (2) we find the phase shift 8 = 0(U, ®)
between the alternating current and the voltage on
the capacitor with the working substance “insulator—
intrincis silicon—insulator” as

0 = arctan(—Y,/Y,) = arctan(C,/C). 3)

Formulas (1)—(3) are transformed into formulas
from Refs. [5, 18] if R, does not depend on the
measuring signal frequency o.

Since the capacitances of the insulator layers
(Cox) and i-Si layer (C,) are connected in series (see
Figure 1), the charge on each of the layers is equal
to 0. Then the complex voltage drops on the insu-
lators U,x = O/Cox and on the intrinsic silicon U=
= 0/(Cy+1/i0R;) are related to the complex ca-
pacitor voltage U as U=2U + Us;. To find the
value of U, we substitute the charge O on the ca-
pacitor, expressed in terms of Us and (Cy,+ 1/i®R;),
into U, and take the modulus of the complex volt-
age U=|U|=|2U,+ U|. As a result, we obtain the
ratio of the voltage across the entire capacitor U to
the voltage across the semiconductor U = | Us| as

U_2 G R (Ra)']”
US COX [(ng—‘r 2 &) + % ’

where & = o(RqT + Rg).

Let us consider a layer of undoped (intrinsic)
crystalline silicon with volume V= AL, which con-
tains equal concentrations of c-band electrons (sym-
bol and index n) and v-band holes (symbol and in-
dex p) with bulk concentrations (see, e.g., [19, 20]):

1 0 ()
n:7f gnﬁrdEn:n(rFl/Z(
SY0

2

+ “

E
)= neFintno)
©) ©)

| e E
p= 75 fo gp.fp dEp :pUFl/Z(kBLT) :val/Z(nU)’

where the energy densities of states of electrons in
the c-band and holes in the v-band are
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g, = V.2m,)""E) )21,
g, = Vi2m,a)E)? )21 R,

my4, E, and m,q, E, are the effective masses of the
density of states and the kinetic energy of c-band
electron and v-band hole; 4= h/2n is the Planck
constant; the Fermi—Dirac distribution functions for
electrons and holes are

Jo= {1+ exp[(E, — E{)/ksT1} ",

fo= {1+ expl(E” ~ E)/ksT1} s

EY <0 and E” <0 are the positions of the Fermi
level counted from the bottom of the c-band and the
top of the v-band; —(E{” + E{")=E,>0 is the
width of the energy gap (i-Si band gap); kg is the
Boltzmann constant; 7T is the absolute temperature;

ne=2Q2um,eksT)*"*/2nh)’;
Po = 2Q2mm,aks 7Y /(21h)’;

Fermi—Dirac integral (of index 1/2):

2 © _
Fintn) =2 f I + exp( = nee)] ™ dy.
0

Distribution of space charge density p(x) of v-
band holes with concentration p(x) and c-band
electrons with concentration n(x) along x axis when
an external DC voltage U (= Uy.) is applied to metal
electrodes (plates) of the capacitor taking into ac-
count Eq. (5) is given by the expression:

p(x) = e[p(x) —n(x)] =

E9(x E9(x
o)),

where e is the elementary charge, E{”(x)=E" —
—e(x) and Ef(x) = —[Eg+E§”)(x)] are the positions
of the Fermi level relative to the top of the v-band
and the bottom of the c¢-band in an electric field
with potential ¢(x).

Note that for a nondegenerate gas of c-band
electrons and v-band holes the following inequali-
ties hold: EX(x) <0, |E{(x)| > 3ksT and E{(x) <0,
|E{”(x)| > 3k T. Under these conditions, the Fermi—
Dirac energy distribution functions of electrons and
holes transform into the Maxwell-Boltzmann dis-
tribution functions [20, 21]. In this case, the space
charge density distribution (6) over the thickness of
i-Si layer takes the form (see, e.g., [22, 23]):

p(x) = —2en; sinh(eq(x)/ksT),

where n; = p; is the concentration of c-band elec-
trons (equal to the concentration of v-band holes) in
i-Si layer at U= 0.

(6)

The electrical neutrality condition for i-type sili-
con in the absence of an external field (U = 0), when
EX and EY do not depend on x coordinate, has the
form:

1= pi = [n.p,exp(—E, /ksT)]"". (7)

The electrostatic potential ¢(x) at the point with
coordinate x inside i-Si with the volume density of
the induced charge p(x) satisfies the Poisson equa-
tion [19, 20]:

Fo_ p®) _ plok)
dx’ & €s€0

where the charge density p(x) = p(¢(x)) is determined
by Eq. (6), the value of the potential on the semi-
conductor surface is determined by the boundary
conditions: ¢(x = 0) = +@,/2 and @(x = L) = —¢s /2.

From the solution of the Poisson equation (8),
we obtain the charge O induced by the external
electric field per unit area 4 of the flat surface of
i-Si layer:

®)

&_ ("
7] pecoax ©

The differential capacitance per unit area 4 of
i-Si surface, taking into account Eqs. (6)—(9), is

Q __ dQ; _ 8sp(_([)s/z)
A A d(Ps QS(_(PS/z) ’
where the volume charge density p(—@;/2) is deter-
mined by Eq. (6), and the charge Qy(—¢;/2) is de-
termined by Eq. (9).

Stationary (DC) electrical conductivity of i-Si
layer, due to the migration of electrons and holes
across the layer thickness, is

(10)

Odc = Oden + Gdcpa

ew, (L 1
Oden = Li f n(x) dxa csdcp
s Y0

1)

_e

Ly
2 | o

where 64., and oq., are the electron and hole DC
electrical conductivities, n(x) and p(x) are the con-
centrations of c-band electrons and v-band holes
given by Egs. (5), w, and p, are the drift mobilities
of electrons and holes.

Here we note that the drift mobilities of elec-
trons and holes in undoped silicon are limited by
phonon scattering and, under isothermal conditions,
do not depend on the coordinate.

AC electrical conductivity of i-type crystalline
silicon according to the Drude—Lorentz model, tak-
ing into account Eq. (11), is (see, e.g., [19, 20]):
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Table
Parameters of intrinsic (undoped) crystalline silicon
T,K Eg eV my/my mpa/mg myue/mo mye/myg szi’}’—l‘ g1 e mzi’}’—l, g1 M cm° g, Reference
300 1.12 1.062 - 0.259 — 1750 450 - 11.6 [24]
1.1242  1.062 1.161 0259  0.708 1450 505 1.02:10"° 11.9 [25]
1.12 1.08 0.81 0.26 - 1400 450 1-10" 11.7 [26]
.12 1.09  1.001 - - - - 9.6510° - [27]
.12 1.09 - - - 1430 480 1.07-10" - [28]
400 1.095 - - - - - 251 - - [24]
1.098 - 1.239 - 0.746 722 251 - - [25]
1.097 - - - - 759 263 1.65-102 - [26]
— 1109  1.068 - - - - 1.87-102 - [27]
1.0968  1.11 - - - 697 234 6.00102 - [28]

Note: E, is the band gap, m,q and m,4 are the effective masses of the density of states of c-band electrons and v-band
holes, m,, and m,, are the effective masses of the electrical conductivity of electrons and holes, p, and p,, are the drift
mobilities of electrons and holes, #; is the intrinsic electron concentration equal to the intrinsic hole concentration p;,
& 18 the relative permittivity of intrinsic silicon at absolute temperatures 7 = 300 and 400 K; here my is the electron

mass in vacuum.

Gac = 61 +102 =61, + G T 1(02s T 62),
C1n=0qen/[1+ ((Dtn)z]a G20 = Ggen®T,/[1 + ((DTn)ZL (12)
Glp = Gdcp/[l + ((’)Tp)z]a GZp = Gdcp(’)rp/[l + ((Drp)z]a
where 1, = W,m,/e and 1, = w,m, /e are the quasi-
momentum relaxation times of average c-band elec-
tron and average v-band hole when they scatter on
phonons of i-type silicon crystal lattice, m,, and m,
are the effective masses of the electrical conductivity
of c-band electrons and v-band holes, ® is the angu-
lar frequency of the measuring signal.

From Eq. (12) we obtain the complex electrical
resistance of undoped silicon in the form:

Ls 1 .
Eﬁzc—ac:Rn—lez, N
o Lo Lo (13)
sl A012+(522, s2 A012+022a

where 6, = 61, + 61, and 6, = 6, + G2,

Calculation results and discussion

The calculations of capacitances C; and C, were
performed for the parameters [24—28] of undoped
silicon (i-Si) indicated in Table for its thickness
Ls=30 um and measuring signal frequencies w/2m =
=0.3, 1, 30, 100, and 300 MHz. Relative permittivity
of silicon dioxide (Si0,) &0x = 3.9 and its thickness
Lox = 1 um. In the calculations it was assumed that
the capacitor is under isothermal conditions.

The electrical voltage of the external field on
the whole structure should not exceed breakdown
field voltage of silicon dioxide (SiO;) U,q, where

U 1s the experimentally measured threshold break-
down voltage of SiO, of thickness L.x. Thus, the
voltage U must satisfy the condition U < Uy, where
Upa = 0.4-1kV for silicon dioxide of thickness L., =
=1 um at a stationary external breakdown electric
field strength Eyg = 4-10 MV/cm [29-31].

Figure 2 shows the dependence of the voltage Us
across i-Si layer of thickness Ls =30 um according to
Eq. (4) on the voltage U (created by metal electrodes
of the capacitor on the surface of each of two SiO,
interlayers of thickness L., =1 um) for measuring

0.6
/1
> 04 I
~ 3

2
02

3’ 2!

0 /‘—kJr/I_
0 0.5 1 1.5
U,v

Figure 2 — Dependence of electrical voltage Us across
i-Si of thickness L; =30 um on stationary voltage U on
the capacitor electrodes for L,y = 1 um according Eq. (4),
at frequency ®/2n, MHz: 0 (curves 7, 1'), 0.3 (2, 2') and
1(3,3") at T, K: 300 (blue lines /-3) and 400 (red lines
1-3")
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Figure 3 — Dependence of decimal logarithm of real
lg(Rs14, Ohm-cmz) (curves 1, 1") and imaginary 1g(Ry'4,
Ohm-cm?) (curves 2, 2") parts of complex resistance of
i-Si layer at frequency ®/2m = 1 MHz on electrical voltage
Uj across the layer; calculation by Egs. (13) for Ly =30 pm
at 7, K: 300 (blue lines /, 2) and 400 (red lines /', 2")

signal frequencies w/2x = 0, 0.3, and 1 MHz at
temperatures 7= 300 and 400 K. It is seen that at
constant voltage across the capacitor contacts
(U= const), the voltage drop Us across i-Si layer
decreases with temperature.

Figure 3 shows the dependences of the real Ry,
and imaginary Ry, parts of the electrical resistance
of i-Si layer according to Egs. (13) on the DC volt-
age Us across this layer for measuring signal fre-
quency ®/2n =1 MHz at temperatures 7= 300 and
400 K. It is seen that the electrical resistance of i-Si
layer decreases with temperature and voltage.

Figure 4 shows the results of calculating the ra-
tio of the real C(U,®) and imaginary C,(U,®) parts
of the complex capacitance to the capacitance of the
insulating layers C,/2 according to Eq. (1). The cal-
culation was performed for different values of volt-
age U (created by metal electrodes of the capacitor
on the surface of SiO, insulating interlayers, each of
thickness Lo, =1 um) for semiconductor of thick-
ness Ly=30 um at absolute temperatures 7= 300
and 400 K and measuring signal frequencies /21 =
=0 and 1 MHz. As the temperature T increases, the
concentrations of electrons and holes increase (see
Table), which leads to a decrease in the electrical
resistance of i-Si layer and, as a result, to an increase
in capacitances C; and C,. As the voltage U in-
creases, the capacitance C; increases monotonically,
while the capacitance C, changes non-monotonically.
This is due to the displacement of the majority of

0 0.5 1 1.5
U, v

Figure 4 — Dependence of real 2C,/Cy (curves I, 1, 3)
and imaginary 2C,/Cy (2, 2') parts of complex capaci-
tance on voltage U at the capacitor electrodes, calculated
by Egs. (1) for Ly =30 um and L, = 1 um at 7, K: 300
(blue lines 7, 2) and 400 (red lines /', 2') and ®/2%, MHz:
0 (curve 3) and 1 (curves 1, 1, 2, 2")

2'
2
3 1
75+
8 4
& 3
o 2
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Figure 5 — Dependence of measuring signal phase shift
angle 0 at frequency ®/2m on stationary voltage U at the
capacitor electrodes, calculated by Eq. (3) for L; = 30 um
and Ly =1 um at 7= 300 K (blue lines); o/2n (MHz) =
=0.3 (curve 1), 1 (2), 10 (3), 30 (4), 100 (5), 300 (6) and
at temperature 7 =400 K (red line 2’ for o/2n = 1 MHz)

electrons to SiO, insulating layer adjacent to the
anode, and the majority of holes to SiO, insulating
layer adjacent to the cathode.

Figure 5 shows the results of calculating the
dependences of the phase shift angle 0 between the
alternating current and measuring signal voltage
according to Eq. (3) on the constant voltage U (cre-
ated by metal electrodes of the capacitor on the sur-
face of Si0, interlayers) at the absolute temperature
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T'=300K for frequencies o/2x = 0.3, 1, 10, 30,
100, and 300 MHz and at 7=400K for o/2n=
=1 MHz. It is seen that with an increase in tem-
perature 7T, other things being equal, the phase shift
angle modulus |0| increases. With an increase in the
voltage U on metal electrodes, the calculation gives
a non-monotonic dependence of the phase shift an-
gleon U.

Note that, according to Eq. (3), the maximum
value of —n/4 (= —45°) is reached by the quantity
—n/2 < 0 <0 at such an angular frequency ® when
the equality ¥, = Y; (or C, = —(,) is satisfied.

Conclusion

A theoretical model of high-frequency capacitor
with the working substance “silicon dioxide—intrinsic
silicon—silicon dioxide” is developed. A 30 um thick
semiconductor layer of i-type crystalline silicon is
separated on both sides from metal plates of the ca-
pacitor by 1 um thick insulating layers of silicon
dioxide.

The numerical calculation shows that the real
part of the capacitance increases monotonically with
voltage at the capacitor electrodes while the imagi-
nary part is negative and non-monotonically de-
pends on the voltage at measuring signal frequency
of w/2n =1 MHz at the temperature 7= 300 K. It is
shown that at the temperature 7=400 K the real
and imaginary parts of the capacitance of the ca-
pacitor take constant values, independent of voltage,
which is due to a decrease in the electrical resistance
of i-Si layer. The capacitance of i-Si layer with an
increase in both the temperature 7 and the DC volt-
age U for frequencies ®/2n <1 MHz is shunted by
the electrical conductivity of this layer.

The dependence of the phase shift angle on the
voltage of a sinusoidal electrical signal applied to
the capacitor for frequencies of 0.3, 1, 10, 30, 100,
and 300 MHz at temperatures 300 and 400 K is cal-
culated. It is shown that as the signal frequency in-
creases, the minimum of the phase shift angle
modulus shift towards higher voltages, and at a fre-
quency of 1 MHz, with an increase in temperature
to 400 K, it reaches a constant value. Note that if a
narrow-gap I-InSb is used as an undoped (intrinsic)
semiconductor, then such a capacitor will operate at
cryogenic temperatures.
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