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Abstract—Extensive investigations of frequency dependent MOSFET amplifier parameters are performed.
For the first time gigantic very-low-frequency resonances are found with the bound values of the simple
series resonant circuil C,=35216 % 107'F, Ly, =7.407 = 10" H and e, = 5088 rad/s . Analytical con-
tinuation of the MOSFET experimentally determined characteristic impedances p{ L, ) have given the wave

vacuum value p, =/

o €4 al the surface inductance zero value. Since the reactive MOSFET parameters

L, and C, thicknesses were about the same order as the Compton wavelength of electron, the high values
of Ly and C; could be cxplained by the quantum properties of the Si-5i0, interface.
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1. INTRODUCTION

It is well known that MOSFET frequency
dependence is connected with parameters such as
gate (Cye ), insulator (Cy, ) and terminal (C,,, Cpy, Cy)
capacitances, A MOS structure’s gatle capacitance

dependence on the gate voltages (sc, C-V character-
istics) is based on the classical Poisson’s equation
solved at the silicon surface in the case of thermodyn-
amic equilibrium(1-3]. The frequency dependence of
the gate capacitance C(w) is limited in the low
region v, = (5-100) Hz by the speed of the recombi-
nation—generation process(1-3]. At the same time the
MOS structure’s C-F characteristics give useful
information about the nature of fixed surface states
in the 5i-8i0, interface{4,5]. MOSFETs with non-
zero drain voltage (V, # 0) have C-F characteristics
with saturation regions that conform to the theoreti-
cal prediction of multi-extrema structure based on
the voltage-dependent bulk charge approximation
method[6].

The insulator capacitance C,, determines the
MOSFET cut-offl frequency{3.7-9):

V= { Iflzﬂ:}{dfd.'ldgth.' = S'J'IH'C':,
where
S. = (df,/d Ve, and Cg: = [dﬂvl'd Vg}r, 2 Cp,

are the MOSFETs transconductance and gate
capacitance, respectively. Typical estimate for v, is
higher than 2 GHz[g],

Intensive investigations of MOSFETs al the high
frequencies showed the main influence of the terminal
capacitances{10,11]. The real integrated MOS circuits
with low values of transconductance have finite fre-
quency about =2 MHz where stray capacitances are
dominating[8], but for improved MOS technology we
have the value about < 10 GH=[9].

Today everybody considers that the MOSFETs'
transconductances and consequently mobilities ()
are frequency independent values. Fang and Fowler
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[13.14], and Mellor[15] showed cxperimentally the
equivalence of both ac. and d.c. techniques for §,
measurements (= 100 kHz), but the a.c. method was
generally used in [12-18] because of its simplicity
and speed. It should be noted that the MOSFETS’
transconductances[12-18] have been measured in
the region below saiuration (triode-like character-
istics) and the MOSFETs had simple (rectangular
or circular) channel topology.

This paper continues the consideration of the
quantum phenomena in MOSFETs[19] with the
comb channel topology. All investigations were made
in the saturation region (pentode-like characteristics)
at room temperature and higher, Firstly we wanted to
control periodic bends of the static drain current-
gate voltage -V characteristics{19] using the alterna-
tive gate voltage u,(w) at the very low frequency
(VLF) band. But to our great surprise we found
frequency dependence of the alternative out-
put voltage wy, (@) at the VLF band with the load
resistance values B, = (1-10) k£}, that contradict the
well known conception]12-18].

In the second section, the formal quadripole net-
work MOSFET model is considered that allows the
possibility to experimentally determine the internal
MOSFET s parameters frequency dependence.

In the third section, the first-order approximation
for the surface MOSFETs' reactive parameters is
described, The experimental confirmation of the pro-
posed model was done on serial Soviet MOSFETs
{sec Section 4). The main MOSFETs amplifier
parameters exhibit VLF resonance which may be
explained by quantum mechanical considerations
{see Section 5).

In the Appendix, the MOSFETs" VLF series res-
onant circuit is briefly described. Standard RLC
considerations furnish an explanation of the main

0. L. Yaxymaksa and ¥, M. KausmsoLorsky

L FORMAL ACTIVE QUADRIPOLE NETWORK
MOSFETS" MODEL

From the engineering point of view the MOSFET
can be represented as an active quadripole network
(see Fig. 1). This formal black box model gives a
simple method for the consideration of terminal
capacitance. Since MOSFETs are nonlinear devices,
y-matrix equations are only true for small changes of
currént and voltage.

Using Kirchhoff's laws to each mesh loop in the
network of Fig. 1 we derive the MOSFETs' input
dynamic conductance:

= RZ'+ Raer’CL [ 4 (RywC,y V]
+ ju{Co + Cpy + Ca [l + (RawCa ¥1}. (1)

This value is valid for the complete circuit shown in
Fig. 1. The MOSFETs' input impedance is equal to
the value Z, =y;'.

By analogy we can derive the MOSFETS' output
dynamic conductance;

Ya=R"+jo(C4 + Cy). (2)

This value is valid for the complete circuit shown in
Fig. 1 at Ry, = 0. The MOSFETs' output impedance
is equal to the value Z, = v5'.

The voltage transmission factor for MOSFET with
common-source connection may be written through
the y-matrix parameters as:

K, = yeg¥nll yegl b+ y2) + yivu
+ ¥ukan—ra¥al (3

where yy, is the sum of the output conductances
of the low frequency generator (v,.) and supply

resonant parameters. source (. ).
i___ ____________________________ -
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Fig. 1. The complete hybrid equivalent circuit with common-source connection. External elements are:

r, . —alernating voliage generator: Ry —the total output resistance of input voltage sources; R, —load

resistance and E—supply source for drain. Internal elements are C,,. Oy, Oy and Cy—gate-source,

channel, gate-drain and drain-source capacitances respectively: R, R, and R—input, channel and

differential resistances of MOSFET: 5, » w,—the generator of output alternating current and fy{u, }—
consiant current source,
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The influence of stray capacitance is negligibly
small at the VLF band and we can approximate
conductances in the simple forms:

Yu=Rgi =R y=RY
¥u= 5 )

Inserting the values (4) into egn (3) yields, for the
low frequency:

yp=0 Yu=R\.

K@) = {5;(@)R, R {w)/[R + R ()]}
x {Ry/lRe+ Ryl (5)

where R, & Ry,. Notc thal the second multiplier in
eqn (5) can be neglected.

Equation (5) gives two boundary cases for the
voltage transmission factor (VTF):

{H,{w}- al Ry Riw)
K ()=
Ry S5, (w), at R < R{m)

where M, (w)= R(wh= S,(w) is the MOSFET
voltage amplification factor. Knowing the fixed load
resistance R, we can find out the internal MOSFET
parameters R, and M, from eqn (6). Moreover, by
alternating the small input signal’s frequency, we can
determine the internal MOSFET parameters fre-
quency dependence Ri(w) and M (w) at the VLF
band. Using some commutated load resistances
(minimum two) we can measure the K (o, 8, )= K,
and K, (w, R;) = K, for either load resistances. The
typical common-source connection of MOSFET (see
Fig. 2) gives the following values of:

(6)

1= Mgy [l = RuM.'r{-Ru + R}

Ky= gt = Ra M (R + R
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Determination of the VTF and the differential MOS-
FET's resistance can be made at constant frequency,
@ = 2av, and input voltage, u,,, values:

M:"‘{K?_Iﬂllxlh"“ _ﬁnl (7a)

Ro= (B Ry — Ry (1 = fiyy), {7b)
where fi., =K. R, /K R, is a dimensionless par-
ameter. The error of the differential resistance deter-
mination can be defined by equation:

Op = AR /R = {|dR /AR |AR,, + |dR, /dR ;| ARy,
+|dR,/dK,|AK, + |dR K| AK, )} x R-', (8)

where partial derivatives have been found from
{Th). Practical estimation of eqn (8) can be made
for the typical values of parameters: Ry, = 6.410 k£Y;
R:=9090k(; AR =0002k0; K,=318 K =
2.88; fi,, = 0.786. The errors for the two load resist-
ances have values &, (Ry,)=0.14% and §;(R,) =
0.08%. Alternating voltages u, and w, were
measured by the digital voltmeter with accuracy
about 0.2%. The above y-matrix method allows
the possibility for experimental determination of
Rim), M{w) and S w) frequency dependence,
but the physical nature of this dependence is not
explained.

3. MOSFET CHARACTERISTIC IMPEDANCE MODEL

In this section we consider the reactive parameters
that are connected with the 85i-Si0; interface, MNote
that these parameters cannot be derived from the
classical Poisson's equation approach,

=1y
©

Fig. 2. The electric circuit for dynamics measurements of MOSFET, Used designations are as follows:

VT —transistor, v, —sound frequency generator, F—active VLF flter; MD—selective amplifier or digital

voltmeter: S1 —changeover switeh, 8, (f = 1, 2,3, . .. }—load resistances; E,. E, and E,—regulated supply
sources for gate, bulk and drain electrodes respectively.
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The planar surface MOSFET capacitance can be
formally defined by:

Ca=Sytali,, b

where S, =11 is the channel surface and 4, is
capacitance thickness (since 4, is very small, then
£ == 1), It is evident that capacitance (%) cannot be tied
with known MOSFET parameters such as channel or
space charge capacitances, ctc.,

Analogically the planar surface MOSFET induc-
tance can be formally defined by:

I"ﬂ - ”251:#0."!. 1 {lﬂ.’

where 5, = i/, is the channel cross section; N =1, /4,
is the turn number of the planar induction coil; 4,
is the helix step of induction coil.

The characteristic impedance p, [see eqn (A3) in
Appendix] due to the surface MOSFET's reactive
parameters (9) and (10) can be formally expanded in
a Taylor series:

pa=/(Lg + ALY(C, + AC) = piL;)

+ {dp{ L) dLIAL + {dp(Co)/dC1AC
= poll + 0.5(AL L, — ACCy)] (11a)

where
Po= Lo/ Co= / palea = 376.730202  (11b)

is the wave vacuum resistance, C, and L, are the
bound walues of surface resonanti capacitance and
inductance, respectively.

In the case when conditions:

Li=ls+AL; Ci=0C+AC;

ALIL,+AC/Cy= =2 {12}

are valid, then egn (lla) can be rewritten in the
form:

CalLy) = Lo(Col L)) + Lo/ L), {(13)

It is evident that capacitance function (13) has the
maximum value C.=C,/4 at L,= L, Inserting
egn {13} into eqn (A3) we find an approximation for
the characteristic impedance:

Pa= mall + Ly/Lo)s (14)

that is confirmed by numerous experimental data
(Fig. 11}

4. EXPERIMENTAL MOSFETS' FREQUENCY
MEASUREMENTS

Production-type enhancement mode p-channel
MOSFETs, KM E and KIT304A, were used in this
study. As is known, the KT301E has the follow-
ing values of the internal parameters: [ =25 um,
L=22mm, S, =(1-2.6)mAV and C,=235pF,

0, L. YaEyMmarsa and ¥, M, KaLsisoLorsky

C,= 1 pF, C,, = 3.5 pF which has been measured at
v=1x10"Hz (see p. 578 in Ref. [20]), and the
KI304A has the values: [,=30pum, [, =4.6mm,
S, =4mA/Vand Cps =9pF, Cy=2pF, Gy =6 pF
which have been measured at v =1 x 10° Hz (see
p. 587 in Ref [20]). Since [ /I, & |, therefore, these
transistors have the comb channel geometry shown
in Fig. 3. The f[requency dependence of the
MOSFETs' amplificr parameters was measured by
digital voltmeters with alternating currenl errors
=0.1% (sce installation in Fig. 2). The input (1, ) and
output {u,, } alternating voltages were measured twice
for two different load resistor (R, ) values. The ma-
jority of experimental data were recorded at room
temperatures, but in some cases we used a higher
temperature (420K) to find the resonance par-
ameter’s lemperature dependence.

For MOSFET operation in the saturation region
(V= F,— V) the simple first-order theory[19] gives
approximations:

Fo= I 4 Dy, (152)

where

1,=0.58,(V,— V; (15b)

is the generative (saturation) part of drain current
[7.8.15], and:

lu=7{F;— Vi =S. =¥,

(15c)

(b} F 4
d H 5

Fig. 3. Top view of the metallization geometey of the
MOSFETs: KIT304A (a) and KM301E (b). (Not to scale.)
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is the differential part of drain current that con-
siders the non-zero value of saturation conductance
(5. #0), B, is the MOSFET's gain factor, ¥y the
standard threshold voltage (for gencrative current),
V2 the fictitious threshold voliage (for differential
drain current) and v is the gain factor for differential
drain current. Since eqns (15) contain the drain
voltage that can vary from the zero value (Reddi and
Sah channel length modulation model considers the
case ¥, = Vy, = ¥, — F;[21]), therefore the generative
current corresponds to the “zero value of drain
voltage” too. Such definition simplifies the exper-
imental determination of the saturation drain cur-
rent (7,) since we should not measure the saturation
drain voltage (V). The unsaturated region of drain
current:

Iy=[(Vy— Vi)Vy —0.5Vi]+ V,S.

that considers /, = 0 at ¥, = 0 is beyond the scope of
this work.

Simple approximations (15) allow the possibility to
experimentally determine the threshold voltage by
relationship:

=L /5 =05V, - V), {16a)

where S, = (df,/dV,),,is the generative part of satu-
ration transconductance, and Early voltage[22]:

Vp. = —1,53, (16b)
that is obtained using the condition [; = 0.
(a)
KMI044, N3
"
1o b /
% T = 420K d
L o
L;"‘ / / \, 203K
0.5 |- - /
[ ]
./"
v
| | 1 |
10 W 4.0 45
=¥, (V)
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Typical experimental data for d.c. measuremenis of
the KTT304A, N3 are shown in Fig. 4. The straight-
line portion of the /T, vs ¥, plot implies the constant
values for gain factor and threshold wvoltage:
B,=1.73mA/V?, V= —295V for T =293K and
By=0.786 mA/V?, Vy=—247V for T =420 K [see
Fig. 3(a)]. As can be seen from Fig. 4(b) the satu-
ration conductance is a linear function on gate
voltage at —F, =35V (for T=293K) and al
— ¥, 237V (for T=420K). The parameters of
approximation (15¢) can be determined from the
data presented in Fig. 4(b) for the two regions of
gate voltage: v, =31 uS/V, V=30V at —¥F, =
34V: ;=S84 uS/V, V= —32Vat —¥,>34V
for T=293K, and %, =378 uS/V, F§i=-285¥
at =V, <37V, 3,=552u8V, Vi= =310V at
—~¥,>37V for T=420K.

For the case when the small a.c. signal is apphed
to the gate of the MOSFET the drain current in the
saturation region can be given by:

Ly=1I.+ 8.2V, (17a)

where S5.,=R.' is the dynamic saturation con-
ductance and [, is the dynamic generative current
it corresponds to the static saturation current [, in
egns (15)]. Knowing the values of 5., V; and
l4o=1I;. we can determine the [, by eqn (17a).
Differentiating the drain current in egn (17a) with
respect to ¥, we will obtain the total dynamic
transconductance:

Spe = Al AV, = S, + Spius (17b)

(b}

KN3o4A. N3
& - \"‘ = =] 3.0V
™ L ]
40 T = 293K
o —
= 470K
-
0 -
.;/
d
. I i I
3.0 s 4.0 43

—"-" (v)

Fig. 4. The d.c. dependences of square roo1 gencrative drain current (a) and differential conductance (b)
on gate voltage at different temperatures for MOSFET KIT3044, N3,
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where S, =df /dV, is the generative part of
transconductance and S, = V(dS, /dV,) is the
differential part of transconductance.

By analogy to the expressions (16) we can derive
the dynamic threshold voltage dependence:

Ko = fgu (g = (F5 — Vdsin.l'l{j"* - S,u-]' (18a)
and dynamic Early voltage:

Vew= —Ipe/Se. (18b)

Typical experimental data of the output voliage
as a function of frequency are shown in Fig. 5 for
MOSFET KIT304A. It is seen that the output valt-
age uy, (o) is independent of frequency at v < 0.5 kHz
and v = 20 kHz. In the range from 0.5 to 20 kHz the
output voliage decreases by 4-5 times.

Table | shows a typical example of the theoretical
treatment of the experimental data for MOSFET
KM304A. The theoretical values for the dynamic
output resistance, R, , and the voltage amplification
factor, M,, were calculated from egns (7). The
transconductance 5, , was determined from the main
device relation:

M,=R, x5,

Dynamic  generative  current [ (0) = [, (F,)
= Fy/R,,. (it corresponds o the saturation current
in the Sah model[6]) was found in Table 1 by linear
analytical extension of the saturation drain current
L (Vi) = F(Vy) [where (V) is the static drain
current at ¥, = —13.0 V] to the zero drain voltage
value (F; =0}

The results of the theoretical treatment of the
experimental data are shown in Figs 6, 7 and 8
respectively for oulputl resistance, generative current
and transconductance as functions of frequency. All
these functions have the resonance type dependence
on frequency. It should be noted that dynamic
resistance of MOSFET in the strong inversion is

O, L, Yaevysaksa and Y. M, KarsipoLoTsky

|
1.6 .\
L4 —
-
12
1.0 =
E F
- 0.8 |-
- 3 e
06 = \
-
04 \
4 ey
A\ Vo
0.z —
ot —s
\:"'b--u-_-
e
i | B e |
0.1 1 10 100 1000
v {(kHz)

Fig. 5 Alternating outpul voltage as a function of fre-

quency for MOSFET KIT304A, N3at F,= —130V: T =

293K and ¥, = 0. Curve | for I"l = —4.1 V; R, = 9103 k)

Curve 2 for ¥,=—-33V; R =9.103ki; Curve 3 for

Fpm =41V, R =2994kk Curve 4 for V= -33V;
R, = 2.994 k0,

practically independent of gate and bulk voltages and
temperature (see Fig. &) at the frequency range
2kHz=<v < 10kHz. The minimal dynamic resisi-
ance value is R, =(1.5-3.0)k) in this frequency

Table |, The resulis of experimental measurements and ibeoretical calculution of the
main dynamic parameters of MOSFET KIN304A, N3 a T = 420 K; Vo= —33V:F, =0V;
V= =130V and w.:u'ﬁim'lu"

g, (MY

i

¢ R,
kHz) R, At i (k) M. imS) (mA)
0% Bad 16,5 ILB96H 0.1 9.0 1Lig — .04
1 Teit 304 (LH148 39 9.3 1.23 =324
2 571.% 9.7 (L6EER 829 1.5 1.3% - 1.34%
3 4443 44 8 05518 4.53 7,00 1,55 —~ 2651
4 3506 238.7 0.4955 a0l S04 166 =&, |05
1} 2y 1904 0. 4535 220 i 158 — 5692
b I 157.3 0,4725 248 103 1.22 - 5024
o 5.4 1308 05165 31,53 100 s = 3461
12 1967 133 0570 L14 iM 63 - 2311
14 1898 8.7 06325 7.519 163 445 - . 500
13 1858 B89 0.6874 044 4.7 0202 — 1025
I 183.7 KlLH 0.T3%6 14.27 408 L3448 ~ 0691
M 151" T 1 0.7830 19,12 592 0. 301 01,560
30 1774 62,7 D306 T 15,06 0.229 ~0.0%3
[LLT] 177.3 [} 09436 99,21 231 0.224 + 0089
Ry, = 9103 kY

PRy 2994 kit
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band. The mean resonant frequency value is about
va(R)=3535kHz

The minimal generative drain current value is a
function of the gate voltage. It is practically indepen-
dent of the bulk voltage and temperature {see Fig. 7).
It follows from Fig. 7 that with the increase of gate
voltages, the resonant frequency vyif,, ) increases in
the range of 6-10 kHz

MOSFET dynamic transconductance is a func-
tion of the gate and bulk voltages and temperature
{see Fig. %). The mean resonance frequency value is
about v, (8) = 55kHz.

As can be seen from Fig. 9 the differential part
of dynamic transconductance has the resonant type
dependence on frequency. Moreaver, its value 5., =
0.74 mAY is the same al low (< 1.0 kHz) and high
{=>50kHz) frequencies and equal to the static one
5, =076mA/V. The total dynamic transconduc-
tance is 6 times less in the range of high frequencies
{=50kHz) than in the range of low frequencies
(=1 kHz). It is evident from Fig. 9 that the dynamic
drain current cannot be represented by the simple
approximation (15b) as the static drain current does,

N + -3
Y
Nk tt\. o
-+ —d
"'H.\‘. \
|
+'k
i Fo et

— s
'\ 3
L} 2
u

v 8 ay (MASY)
=
I

\

5

- J — =I5
T J
— =—demd | =1
. + \"hi—i
| |
1 1] [l
v (kHz)

Fig. 9. MOSFET transconductances and gate threshold
voltage as a function of frequency for KI304A, N3
at Vo= <41V, Fy=0 and T =X3K. Designations:
@—5,, (total dynamic transconductance), A—Sg, =
ValRuz— R (Ko = ¥y ). where ¥, = =33V, F,=
—-4.1V¥ and Fy= - IJ.‘]V {differential part of dynamic
transconductance); +—«_ (gate threshold voluage).

O, L. Yakysakia and Y. M, KALNIBOLOTSK

-15 4

v (kHz)

Fig. 10. The Early voltage as a function of frequency for
MOSFET KIT3(4A, N3 at Fy= <130V and T =291 K,
Curve 1 for ¥, ==38VY. F,= +40V; Vy=—-4741V,
Curve 2 for F,m =33V, Fo=0V; Fp=1210V, Curve 3
for Fym= -4.3'\"': Fom +40V; Fp=889V. Curve 4 for
Fy=—4.1V; V=0V, Vg=21.50V.

Actually, the dynamic threshold voliage (k) has a
break point near the resonant frequency v, = 7.5 kHz
and changes its sign from negative at v <, lo
positive at v >v,.

In the limits of channel-length modulation model
[21], that considers differential resistance in the satu-
ration region of drain voltages (V= V, — F7), we
will have always the reverse sign of the Early voltage
{F¢). Simple approximations (15) and (17) allow the
direct sign of the Early voltage. Actually, Fig. 10
shows the dependence of dynamic Early voltage on
frequency with direct and reverse signs of V. MNote
that direct sign of Vp= —4.744V is seen for dc
measurements al the reverse bulk wvoltage ¥, =
+4.0V and small gate voltage ¥, = —38V. As can
be seen from Fig. 10 the dynamic Early voltage has
the resonant type dependence on frequency. More-
over, in the range near resonant frequency Early
voltages have the direct sign and tend to the value
13.6V that is close to the Bohr energy constant
{Wy = 13.6¢V). This tendency is confirmed for every
measured MOSFET.

Experimental determination of the main MOSFET
parameters for the simple series resonant circuit has
been made according to Appendix A, The first step
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is to determine the resonant frequency vy = a1, /27 and
active dynamic channel resistance R,=|Z;(w,)| =
Ryl ) from the experimental dependence R, which
is measured at ¥, V,, T =const. The next step is
to calculate the guality factor Q, by egn (A8) at
the frequency e, where the condition Rylwm,)=
JER,, is valid. The charactenstic impedunce py =
2, = R, may be caleulated third and then the reactive
parameters:

Li=psleg, Ci=1{pgy}" {19)

can be calculated.

Results of the typical treatment of the exper-
imental data for MOSFET in strong inversion are
presented in Table 2, We can see the low value of the
quality factor (Q, = 1), but very high value of the
inductance [, =(0.1-0.3)H and the capacitance
C, = (8-10) = 10~* F. These high reactive values can-
not be explained by the parasitic terminal reactive
parameters.

The results of MOSFET characteristic impedance
treatment as a function of inductance are shown
in Fig. 11. The whole data for different MOSFET s
type and their operation mode arc presented in
this figure. Charactenistic impedance is a linear
function of inductance (14). At L,=0 we will
have the wave vacuum value p, = fm for charac-
teristic impedance and that is the most interesting
result.

The relationship between MOSFET resonant
surface capacitance and inductance is shown in
Fig. 12. From this figure it is seen that approximation
(13) fits well to the experimental data. The extre-
mum parameters for the simple scrics resonani cir-
cuit Co=134x%10""F and [, =L,=7407x
10-*H ar¢ independent of MOSFET type or their
operation mode.
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Fig. Il. Relationship between characteristics impedance
and inductance of MOSFET mn the strong inversion at
different gate and bulk voltages and temperatures. Desig-

nations: +—KIM3A, N3I; O=—KIMN301E, NIl and
A—KI01E, Mi5.
Experimental MOSFETs have the [ollowing

geometry parameters:

g _[ht=138x10"7m’, for KIT304A
==V L=55%10"m’, for KI30IB"

Tabbe 2. The resalis of ircaimeni of experimental dati for MOSFETs in strong inversion at
different gate and bulk voltages and temperatures

Fa

Ya Ry
{ kHz) (1) A (L2}

i

. "5'1
{H) (10" F) Parameters

7.0 2242 0,761 1707

a5 134 0,786 1.053

L& it 0.767 1.78

2.5 1.20 0,504 0.967

7.0 2067 0,729

B3 132 0,748 0987

0.244 837 K= —33%

H=0v
T=33K

Vom b ]V
Vim0V
T=¥3K

Vym =38V
Moo= 440V
T=21K

F o= =48Y
Vi +40¥
T=21K

Vo= —33V
By=0V
T=4K
Vom =43V
Mo=0V
T=420 K

0124 1.2
0.274 .64
0.102 10.9

9.48

0.215

Dl 1.9
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Fig. 12. Relationship between reactive paramelers capaci-

tance and inductance of MOSFET in the strong inversion

atl different gate and bulk voltages, and temperatures.

Diesignations are the same as those in Fig. 7. Solid curve

has been described by eqn (13) with C, = 1.3 = 10°7F
and [ = 7407 = 10°H.

Using egn (%) we can find the bound value for the
capacitance thickness.

234 % 10°"m, for KIT304A
%;'%Sxf‘:'ﬂ'{g,yx 10-"m, for KIT301E.
(20)

These values are the same order of magnitude as
the Compton wavelength of electron 4, = h/me =
2.426 = 10~ " m {where m is the rest mass of electron
and ¢ the velocity of light). In the same way, using
eqn (10), we find the inductance thickness of the
planar coil at 4, = J;:

oA 2511 x 10" m, for KI1304A
Le 0/Mo%: =630 % 10-%m, for KI301B.

2n

From egns (20) and (21) it can be seen that A-, = 4y,
for the MOSFETs of KIT304A type. Distinction A,
for the MOSFETs of KIT301E type is caused by an
approximate character of the model presented. In an
exact gquantum model it is necessary to take into
account the active MOSFET surface, but not the
metallurgic one (see Section 5). It is not so much the
differcnce between A, and 4, that is important but
their closeness to the Compton wavelength of elec-
tron. That shows the existence of a stable quantum
state at the Si=Si0, interface.

0. L. YakyMakHa and Y. M. KaLNBOLOTSEL

5 DISCUSSION

It is evident that the thickness parameters of the
surface MOSFET's capacitance and inductance
(4, = 43 ) show the quantum character of processes at
the silicon surface. We can use the typical condition
for quantization of velocity circulation[23]:

s§[n, dl) =n = fijm, (22)
for the quantum system of the surface charges. This
condition can be transformed for the MOSFET
simple series resonant circuit:

Ryt Sg = h/m, (23)

where n = | and n, are digital values which consider
the number of parallelly connected sheet area
elements 5,. Since the reactive parameters O, and
Ly are known from experimental investigations, then
we can find out the bound walue for resonmance
frequency:

@y = (CpLy)~'? = 5088 rad)s.

Using eqn (23) we can denve the active area
element, S,, for the MOSFET surface:

Soa = (hfmawy)ng ", (24)

which value 8, = 1.43 x 107" m® at n, = | is close to
the metallurgic surface for KTT34A (for KIT3016 we
have §,, = 5, =7.148 x 10~*m? at n, = 2). Now we
can explain the difference A, # 4y, for the KIT3016
in the following way. As i5 known the parallel
connection of capacitances gives:

Cao=Cy+Chu=21C= EQS,,H'J 54), (25a)

where Cp =Cyp=¢5,./4-, is considered. By
analogy, the series conmection of inductances
gives:

Log = Loy + Log = 2Ly = (1o S, 43) (24.),  (25b)

where Ly = Ly = (p,5,,/A})4,, is considered. It is
evident from eqns (25) that the simultaneous series
connection of inductances and parallel connection of
capacitances will give the same thickness walue
de, = Ay, = 45 and by 2 times fictitious increase of the
metallurgic MOSFET's surface S, = 285,, (the case
of the KIT301B6). These considerations underhine the
quantum character of the above phenomenon since
the parallel connection of capacitances in the classical
case leads to the parallel connection of corresponding
inductances.

Mesascopic quantum of the MOSFET's area
element 5, has { microscopic lattice area elements
a

¢ =8, /a* = 4.848 x 10",

where g=25431%10"m is the silicon lattice
constant.
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The origin of the MOSFET mesascopic quantum
such as the sheet area element 5, and surface capaci-
tance ), we can formally explain in the following
way. Formal Bohr atomic capacitance can be defined
by the approximation:

Cy =4ncgay/ig=1.284 < 107" F,

where ay is the radius of Bohr atom. Multiplying
the value Cy on the-number £ of the lattice elemen-
tary area, we can find an estimation for the total
capacitance of the silicon surface:

Ciﬂ ‘:E‘E = Sﬁfg,l'ﬂ'! =6225 = 10 IF.

which value is the same order of magnitude as
the experimentally determined capacitance O
(C,/CE=8379). The deviation between C, and
C$ could be caused by the dielectric permitivity
constant (¢, ).

It follows that the MOSFET low freguency
capacitance is connected with the 5i-5i0, interface,
" Moreover, this capacilance is determined com-
pletely by the quantum processes that take place in
the two-dimensional system formed by the surface
lattice atoms (the first-order guantum model for
Schottky effect that considers in detail the above
phenomenon is presented in Appendix B).

6. CONCLUSION

The results presented im this paper may be
summarized in the following way.

1. A simple quadripole network model has been
developed for the MOSFETs internal parameter
determination.

2. A simple series resonance circuit model was
proposed for explaining the MOSFETs' internal
parameter frequency dependence in the VLF band.

3. A first-order theory of the surface MOSFETS'
regclive parameters was proposed for explaining the
VLF resonance.

4. It was found experimentally that the resonance
character of most MOSFETs imternal parameters
frequency dependence was in the VLF hand.

5. High values of the MOSFETs' resonant capaci-
tance and inductance are due 1o the small values
of their dimensions (about Compton wavelength
value).

6. It is shown that simple quantum consideration
of MOSFETS' resonant dependence predicts mesas-
copic quantum for the surface sheet arca element
5,=143x 107 "m?

7. It was found that analytical extension of
MOSFETs' impedances p(f,) gave the wave vacuum

value p, = { g e A1 the L,=0.
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APPENDIX A

Series Resonant Circult Formal MOSFET
VFLF Resonance Model

Let us consider the simplest formal MOSFET VLF reson-
ance model based on the series resonant circuit (see Fig. Al).

5 Ru - d
o ‘ : .' - 0
le Ld cd

Fig. Al, Equivalent serics resonant circuil for frequency
dependent MOSFET s amplifier parameters.
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It is evident that this model does not ascertain the physical
nature of MOSFET parameters [requency dependence,
but it is useful for estimation of VLF resonant parameters.
The total differential impedance contains the frequency
dependent and frequency independent parallel connected
impedances:

2y =R+ 200,

where 2, = R,+ jlwL, — 1/wC,). The module of total
differential impedance can be shown in the form:

0. L. Yakvuarra and Y. M. KALKIBOLOTSEL

The work done by the field of an clectron on another
one to move it from infinity to the point x can be given
[3] by:

Alx)= J‘ Frdx = g 16mege, x. (B2)

In the case of a constant electric field (£), the total energy
of electron in the silicon will be:

Wylx) = A(x)+ Ulx) = g*/16me,6, 5 + gxE. (B3)

1Z4] = IR + RyIR, + (wLy — 1/CFF + RE(waly —

Ve F % B IR + By + (eady — 1wCy Pl (Al)

Standard passive circuit's theory determines the main
resonance parameters in the form:

w0y = (L, Ca)" (A2)
Py =Ly Cy)"? (A3
24 =pal Ry, (Ad)

where w, is the resonance frequency; g, is the characteristic
impedance and (@, is the quality factor.
The minimal value of differential resistance (A1) will be
al the resonance frequency:
min{Z| = ByR. [(Ry+ R ),

and maximal value:

(A5}

max|Zy| = R,. (A6)

will be @t e =0 and a0,

For the simple series resonamt (RLC) circuit (where
R,_ = ) the module of output resistance can be writlen in
the form:

1Z2] = Ry T+ Qilen o, — w0, e} (A7)

Practical determination of resonance parameters can be
made in the following way. Quasi-static differential resist-
ance K. have to be determined first from the static drain
current characteristics. The resonance value of frequency o,
will be determined second from the dynamic characteristics
of |4 (w) at its minimom value (A5). Knowing the static
resistance R,_, we will find omt R, from eqn (AS5). The
quality factor (Ad) can be determined from eqn (A7) by
fixing the frequency at which || will have a value a few
times less than the minimum ones:

Qu= 1221/ Ryf(en o2y — ey /e2). (AR)

The above simple series resonant circuit considerations
will be used in the fourth section for formal investigation of
the experimental resonance curves.

APPENDIX B

Schonky Effect

“The classical Schoitky effect can take place at the 5i-Si0,
interface with the mobile charge in the 5i0;:
Qr=gNZ.

which take pari of the metallic region into account and
allow the possibility to introduce the reflection mechan-
ism for charges with respect to a Si-5i0; plane of
Symmelry. .

The Coulomb force of interaction for two reflected
charges can be represented as{3):

Fe = —g¥dnege, (xF. (B1)

The extremum of the function (B3) may be obtained by
differentiating it with respect to x:

AWy jdx = —g?/16mege, x, + gE = 0,
from which the extremum point can be derived:
X =/ q/16mege, E. (B4)

Thus the classical Schottky effect consists of the reduction
of the potential barrier at the Si-5i0; interface{3):

Ag = Wylx Vg = /qE Anee, . (BS)

The quanium Schotiky effect in the general case will be
concerned with the Bohr atomic problem|24] that has the
eigen-energy levels:

Wy, = h2minagl, n=12,... (B&)

where @, is the Bohr atomic radius, and with the Airy
problem[25,26] that has the energy levels:

U, = 0, (ghE, [/ 2m ", (B7)

where 1, is the roots of Airy function. Since atomic problem
is a typical three-dimensional (3D) one and the Airy prob-
lem is a one-dimensional (1D) one, their compatible solution
cannot be obtained in an analytical form. Thus, we will
consider the first-order quasi-classical approximation 1o the
above problem in the case of free motion of charges in the
one dimension at the 5i-5i0, interface.

As is known the quantum free motion of a particle can
be represented by the Aat wave:

W) ~ explikx),
where k is the wave vector magnitude, and kinetic energy:
W = (hk ¥l2Zm. (B8a)

In the case of the scatiering centers the wave veclor magni-
tude will satisfy a condition:

k(2x) =1,

and therefore the one particle kinetic energy can be rewritien
in the form:

W, = b8, (Bib)

Let us consider the one particle Schottky problem first for
which the tolal energy can be represented as:

Wglx) = Wy (x) + Uy (x) = h¥Bmx? + gxE. (B9)

By anzlogy, using the differentiation of egn (B9) with
respect to x, we can derive the extremum point

K = (h I.HWE}“J. (B10)
and Schottky potential barrier:
Ap = W, p(x,)lg = (3/29)(ghE2/mP*.  (BIl)
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The electric field (E) in egn (Bl1) has only discrete values
in the quantum case which can be derived by the fol-
lowing way. It is evident that quamtum Bohr problem
considers wo particles imteraction, Therefore for two
particles we will have the kinetic energy (BEb) 2 times less
than for one particle. The total energy in that case can
be represented as:

Waglx) = Wa (x) + Us (x) = h/16mx> + gxE.  (B12)

By analogically, using differentiation of egn {B12) we obtain
the extremum point;

Xjse = OLSON g £1'7, (B13a)
kinetic energy:
Wy (x,) = 2-YYhgE /., /2m)2 {B13b)
and potential encrgy:
Uy (xa) = 272 hgE [ /Zm ¥, {(Bl3c)

Using the condition:
Wylx, )= Wy, and Uylx,) = Uy,
we can derive the approximation for the clectric field:

Eyy = (/2m g ) (W nPa} )2 = 2% po 0 E,, (B14)

where Ep= h*[2mgag = L5711 = 10" Vim, &, = 233811 is
the zero value of the root of the Airy function (note that we
consider only zero energy level for the Airy problem).

Substituting egn (B13) into egn (B11) we can derive the
Schottky potential barrier:

Aipgy = (3 2o Hgh Byl /m P = 3ay Ey fn,n 227 (B15)

The space period of electric field can be derived from the
Airy problem as:

Koy = Mgk 2mg B, W = magnj® 212, {Bla)
Using the theorem of Gauss:
gN,=2ee Ep. {BIT)

we can calculate the surface density of states (N, ). We shall
be mterested n the relationship:

Nofxgl=end*2nn 222, (B1&)

The normalization procedure N, =x; allows the

possibility 1o determine the relative permittivity for the
surface:

£y = 2en 2% 112 = B.369T, (BI9)

for m=3 in cxpressions (B6) and (BI8). Since
K= 4.5048 x 10~ m < a(Si) al n = 3, than the 2D lattice
determined by the density of states N, can be formed
by electrons or holes (sc Wigner's lattice{14]). The ebec-
trons of the Wigner's lattice are interacted between
themselves by plasmon mechanism. Using the cnergy
condition:

g Aipyy = mc (3 x 29, = b = .ﬁ\fqiﬁulfint__ﬂ:&;; ¥

SSE 3T10—F
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we can derive the value ay, of the 3D lattice constant;
& = 32dg fae = 54372 % 10-" m, (B20)

Note that o, fa(Si) = 1.0012. Since potential barrer is
Ay = 1L22I95V at n =3 and ay, = a(5i), therefore the
silicon is the most suitable semiconductor material lor
observation of the guantum Schottky effect. Moreover,
the plasmon oscillation mechanism of interaction between
electrons (holes) allows the possibility 1o observe the quan-
tum effects at room temperature and higher,

The formal determination of the quantum Schottky
capacitance can be derived from the condition for
quantization of velocity circulation[23];

g S, = i fm, (B21)
where iwg, = 1/p,Cy . Thus, the Schottky capacitance can
be given by:

Coe/Sse = &g [ig = m(32eny FCyitis % €, Cpsg . (B22)

where mi(32/e, m e, = 10038 is considered. It 15 evident
from the relationship (B22) that the Schottky capacitance
Cy s the flat analogy of the spherical Bohr capacitance
Cy. The minimal value of Cg, will be at Sg—x3,:

(Coduin = oy 5y = g Cyn = 1277, (B23)
The maximum of Cg, can be determined by the following
way, Since the 1D energy density is the consiant value:
Lor = G APy, Xy = ma 'me? (93724 ) = const., (B24)
therefore the fundamental mesascopic length (f;) for the
quantum Schottky effect can be defined as:
fym IW, Ly = SR 2 m e P = 37677 x 10~ m, (B25)

where W, = mc? = 511003 eV is the rest energy of electron,
Thus, the fundamental quantum area element for Schotiky
effect will be:

8= 1] = 1.4196 % 107" m™. (B286)

From the above it is ewident thal the quantum area
element 5, corresponds to the total rest energy of two
elecirons. The effective 2D resonant circuit of the quantum
Schottky effect has the following reactive parameters:

wy = h/mS, = 5123.9 rad /S (B27a)
C, = ljanp, = 5.1805 x 10~"F (B2Th)
Lo = pofeay=7.3524 % 10-'H (B27c)

for the angular frequency, capacitamce and inductance,
respeciively,

We should point out_that the value @y is close 10 the
parameter @, = (4y/2), /1, /7 = 54269 x 107" m [a(Si)/a, =
1.0007] which has been obtained from the conditions:
hes, = Wyfe, = 2'me?(2e, and @, al=hkim. Note that the
energy of plasmon oscillation in that case will be:

henge ) = B/ q* N s fegt umay = 12231 €V,

the same as the Schottky potential harrier g,
[, (g ) gy = 1.0009].



