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Abstraci—This paper discusses the generation of the harmonics of the MOSFET as a result ol its nonlinear
IV, characteristic in the saturation region @l room temperature and higher. The a.c. method presenied
is based on measuring the high-order derivatives of drain voltage with respect to gate voltage by using
a selective amplifier and high pass active filter in the very-low-frequency region. Experimental results show
considerable deviation of MOSFET transconductance from a linear dependence on gate voltage in the
saturation region, and the resonant type dependences of high-order derivatives on gate and drain voltages
at high load resistance values (&, = 3000} that can be explained by the simple series resonant circuit
model of MOSFETs, and quantum properiies of the 5i-5i0y interface.

1. INTRODUCTION

The present-day approach to the field-effect that
takes place in MOSFETs is based on solving
Poisson's equation in  silicon using Maxwell-
Boltzmann[1,2] or Fermi-Dirac[3,4] statistics which
give the concentrations of the inversion charges at the
S-S0, interface. At low longitudinal electric fields,
Ohm's law has been used:

-'ld‘. V.’ = ru{lelnl- fd ir'._-'d._l"’, t.] }

where g, is the mean carrier mobility, Z the width of
MOSFET and ¥(y) ts the longitudinal potential, in
the standard models[5.6]. The inversion charge (0, )
iz found from Kirchhoil's law. At the high values of
electric field we should consider the field dependence

of mobility]7.8], the simplest phenomenological
expression of which is:
P‘:Vl:'nnu-l'l-'l[l —S{VH— ll'r‘l‘:]]l ':2]

where @ is the mobility reduction factor and ¥y is the
threshold voltage. The physical nature of mobility
field dependence has been studied theoretically using
different scattering mechanisms[9], but experimental
investigations[10,11] have been concerned with mo-
bility as a function of temperature. References [10.12]
have shown the equivalence of both a.c. and d.c.
techniques for mobility measurements in the fre-
guency range < 100 kHz. Further MOSFET mohbility
investigations[13,14] have been concerned with im-
provements of the phenomenological approximation
(2) using the Kubo—Greenwood Fformalism [lor
conductivity at low lemperatures (<77 K).

tAddress for corrcspondence: Molodiina  Street 34, v
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The latest experimental discovery of periodic
inflection in [V, characteristics (AF,=g,=
1.2V)[15] and a resonant [requency dependence
of the main MOSFET small-signal parameters in
the very-low-frequency (VLF) region[16] requires
the quantum mechanical considerations for the
MOSFET's conductivity which is due to the surface
problem{17] of crystal solids. Since quantum sysiems
have discrete energy levels, the spectroscopic tech-
niques[18], which use the high-order derivative
measurements, can be used here too. In the case of
plasmon interaction (9, = ¢, = 1.2 V) between elec-
trons at the Si-8Si0, interface{16] we shall have a
considerable increase of temperatures up to the room
values. The effective mass and zone-band approxi-
mations are not valid at the Si-5i0 interface and
electrons (holes) can be considered as free particles
again (because their energy is above ¢, = 1.2V),

This paper presents the preliminary results of the
theoretical and experimental investigations of
MOSFET's high-order denvatives of drain current
with respect 1o the gate and drain voltages in the
VLF range.

L EXPERTMENTAL PROCEDURE

Production-type enhancement mode p-channel
MOSFET: KIT301b and KM304A were used in this
study, The KIT301E5 has the following values of the
internal parameterss L =25pm (channel length),
£ = 1.2 mm (channel width}, §, = (1-2.6) mA/V (d.c.
transconductance) and C,=35pF, C,=1pF,
Cp=3.5pF are the terminal parasitic capacitances
measured at v =10MHz (Ref. [19, p. 578]). The
KIMidA has the values: L =30 um, £ =4.6 mm,
5,=4mA/V and C, =9pF, C,,=2pF, C,=06pF
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measured at v = | MHz (Ref. [19, p. 587]). An electric
gircuit for dynamic measurements is shown in Fig. 1,
where the standard selective amplifier (SA) with
accuracies about (1-5)% is used for measuring the
high-order derivatives of drain current. The digital
voltmeters ¥}, can measure the de. and a.c
voltages with accuracies about 0.01% (for d.c) and
0.1% (for a.c.). Load resistors (Ry, and R;) have
been chosen to rapidly control the internal MOSFET
parameter dependence on load resistance. The selec-
tive amplifier has a low selectivity and therefore the
high pass active filter (AF) with the cut-off frequency
g = w21 = 1.0 kHz has been used to suppress the
main input harmonic when the second, third, etc.
derivatives should be measured.

It appears from Appendix A that high-order
derivatives are proportional to the ac. signals
measured at fixed frequencies w, 2w, 3o, . ... Thus,
using a fixed input frequency and wvoltage
{m,, , 0, = const.) applied to the gate terminal we can
determine the first derivative by measuring the output
a.c. signal, (¥, Jou. (S, is switched on and therefore
AF is switched off). Actually, when 54 is adjusted to
the input frequency we, =, we can measure the
value

EV- }uuu'l':V-u }In o ':Fn ]I-'rpm e [d;;& 'rd VI }"
at wy = w3,

that is proportional to the first derivative. When SA
is adjusted to the second harmonic wg, = 2w, then
we can measure the value

(V DoulV N = (V) fof, = (W, [d V)

at wg, = 2w,

{3a)

(3b)

that is proportional to the second derivative. The
third derivative can be determined at ag, = 3, , and
50 On.

Since we have SA with a low selectivity, the AF can
be used to measure high-order derivatives (5, is
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switched off in Fig. 1). The a.c. input voltage with
fixed amplitude (¢, =const.) and varied Frequency
(e, = variable) is uwsed in that case. When input
frequency is equal to the value wy, = g, /2, then SA
will measure (1_ )" that is proportional to the second
derivative, At o, = i, /3 SA will measure the value
{(¥_)"" that is proportional to the third derivative
and so on.

It 15 evident that the simple circuit presented in
Fig. 1 allows the possiblity to experimentally deter-
mine the a.c. voltages only. In the general case the
transition from derivatives of drain voltage d¥, /dV,,
d&*v,/dFi, ... to derivatives of current df,/dV,,
& dvE, ... is a difficult problem[18]. In any case
cumbersome analytical expressions for high-order
derivatives can be always obtained and their relation
with internal MOSFET s paramters can be calculated
by computer technigue]{18].

3 SURFACE ENERGY LEVELS AND CURRENT-VOLTAGE
MOSFETs CHARACTERISTICS

Using the simplest Sah's model[5] we can consider
the dependence of mohility on electnic field at the
Si-8i0, interface. For the thermodynamic non-
equilibrium the inversion charge can be given in the
form

(4)

Inserting cgn (4) into egn (1) and integrating the
result with respect to y over the channel [ - L] we can
derive the following equation for the drain current in
the saturation region of strong inversion

Qi (V) = C [V, — Vr— ¥y

I =0.58.(V, - V1V,

where f; =y, C,, Z/L is the MOSFET's gain factor,
and C,, 15 the dielecine capacitance{20]. Note that
eqn (5) is valid at the low gate voltages only
(Fy<Fy)

Viz V=V, = V: (5

L. T

.
[

£ 5K Ei- ]

T g B ¥

Fig. 1. The block diagram of experimental setup for d.c. and a.c. measurements of MOSFET. Used

designations are as follows: YT—transistor; v —sound frequency generator; SA-—selective amplifier;

51, 82—switches; R, . R »—load resistances; E,,, £, and E —regulated supply sources for gate, bulk and

drain electrodes respectively: ¥, F,, V; and F,—digital voltmeters which measure the gate, bulk. drain
and load resistor voltage respectively.
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In the case of high gate voltage (¥, = V,,) the
charge balance law can be rewritten by adding
sell-compensated charges of opposite signs

+AQ,, = £C, % AV, {6)

that leads to the increase of the total inversion charge
Qi z = Qi + Co AV

= ColV, = (Vr—A¥Fy) = V] ]

Since experimental data[10] shows a decrease of the
MOSFET's gain factor at high gate voltages, we
should consider only the yth part of the total charge
(7) which takes part in the drain current flow. Substi-
tuting (2, into eqn (1) the saturation drain current
can be expressed as:

I =05V, — (V= AVR, V,2V,— Vi, (8)

where f, =yf;, v is the redistribution factor. The
additional charges (6). which decrease the threshold
voltage Vr= Vy— AV, are fixed at the S5i-5i0,
interface by the surface energy levels. For uniform
filling of the energy levels we have, to fulfil the charge
balance condition,

Aerm' " “‘ o T]glur'l [g:'

from which the redistribution factor can be derived at
V=0

y= (= V)V, = Vo + AF ) (10)
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then eqn (10} can be rewritten in a form the same as
the known relationship (2) for the relative mobility
(pfpgg="7y) in the strong electric field. Thus, the
MOSFETs gain factor can be defined at the high
gate voltages as

Bo= (CuZIL) X iofll + O, — Vy), ¥, 2V,

()

This approach explains the MOSFETs gain factor
decrease by the selfcompensated surface charges of
the opposite signs, which are fixed by the surface
energy levels (we need minimum two energy levels).
But in contrast to the known considerations{7.8] this
approach predicts the decrease of the threshold
voltage (V= ¥y =AF;) too. Furthermore, this
approach can be extended on the more complicated
case of the 2D electron system with energy levels at
the $i-8i0, interface.

Let us consider formally the case of diserete peri-
odic variation for MOSFET's gain factor with
increasing gate voltage in the superstrong inversion
regime[21]

b= B

where j=1,2, 3, ... are the inflection points of the
f,— V¥, characteristic, AVy=V, =V, =g =
1.2 V, The saturation drain current can be given here
as:

VT.MI = F'I'i; Fp'-u-l - Vlr (12]

When the condition AV; = &(F, — V¥ takes place, Iy=058(V,— Vg ) (13)
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Fig. 2. The d.c. \,.f(f: 5 (a) and df,MdV,, d%f,/dV7] (b} dependences on gate voltage for MOSFET

V.,
KM3016, N13 at ¥, = —150Vand T = 203 K. U

sﬁf parameters of approximation (13) are as follows:

B,=210mAVY, Vp= =395V, =V <48V, f.=088mA/V*, Vo= <350V, 48V < =F, 60V,
By =0.528mANV, ¥y, = —280V, 60V < —F,€72V.
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The sets of threshold voltages | ¥, } and gate voliages
[¥,,} can be due to the atomic-like complexes at the
Si-Si0, interface (see Appendix B) with eigenenergy

W=g(Vp—Vy)=W_laUs—i+ 1), (14)

where W, =g(Vp— Fr ) =052, Wy is the ioniz-
ation potential, Wy = 6.8 ¢V the Bohr cnergy scale,
Zy=1,2, ... the atomic number, Fyy the ground
state threshold voliage that corresponds to the energy
of free space, j, the bound number of inflection
points.

The relationship between threshold voltages and
gain factors can be given in the form

FTJ ™ Fl.- = ':Fp = V‘l'r.]\-"l.ﬂ_n’lﬂj k1
+ 2B, % M), (15)

where Aly/Tg) = +(/Ty ., — /T4) is the drain cur-
rent step at the jth inflection point. This equation is
valid for the discrete energy levels only. The widening
of energy levels can be taken into account by the
simple continuous approximation:

FrFy= Vo + (V= Frad
% {1 +cos[¥, — 0.5V, + V,, Jrfe . (16)

4. EXPERIMENTAL RESULTS AND DISCUSSION

The simple theoretical model presented in Section
3 considers the saturation drain current only. But
MOSFETs have a non zero value of conductance in

{a)

-V, (V)
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the saturation region[22]. To extract the differential
part of the drain current the following approximation
can be used by

{17a)

where [, is the saturation drain current which can be
approximated by egn (13) and [, is the differential
part of the drain current which can be approximated
as

Fa= T4 + Ly

L= 8%V, (17h)

where 8, is the saturation conductance,

The typical d.c, dependence of the .._f}; on V, is
shown in Fig. 2{a) for KI301E. N13. The two
inflections at V= —4.8V and V.= —6.0V can be
seen for this characteristic with different values of i,
and Fy,. Since we measure the drain current at the
discrete values of gate voltage with steps equal
AVy=0.1V, we can calculate the increments
as Aly=1ly.,— 1y, A=Al —Af,, AVy=
Vg1 — Vy, from which the high-order d.c. deriva-
tives can be found [AL,/AV, and A/ (AV,)']. The
first and second d.c. derivatives for KIT3016, N13 are
presented in Fig. 2(b). As can be seen from this figure
the first d.c. derivative has a deviation from linear
dependence at high gate voliages and therefore the
second d.c. derivative decreases monotonically with
increasing gate voltage.

Figure 3 shows the results of spectral data process-
ing of KM3016, N1l for d.c. measurements, This
transistor has j,, = 6 surface plasmon energy levels at
T =420 K which 15 due 10 the doping concentration

f - =WieV
lr"TJi\":l L] ..':" i

4,75 |eo o
B

1| 2482 -2, 268
2| 2.02% |5 | <2721
3 1348 | 4| -3402
4] 0215 |3 ) -4535
5]-2053 |2 | -6503
6 | -5.856 | 1 |-13.606

Fig. 3. MOSFET NIl of KIN301E type. {a) Static spectral Af,— ¥, characteristics for the first four

inflections measured at ¥,= —11V and T =420K. (—) Theoreiical approximation (13, 16).

(@) Experimental data. (b) Encrgy levels of MOSFET due to the different values of threshold voltage
(Fp,) and gain factor (). where n, = f = j-+ |.
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in substrate. The ionization potential of an atomic-
like complex at the Si-8i0, interface has the value
W,_=13.606eV, and therefore Z, = 2. The ground
state threshold voltage is Fpy= —4.75V. As can be
seen from this figure the theoretical approximations
{13-18) fit well the experimental data.

First we measure the a.c. high-order derivatives
without an active filter. The typical dependences of
the first four derivatives on gate voltage are presented
in Fig. 4 for KIT3016, N6, As can be seen from
Fig. 4(a) the first derivative is practically a lincar
function in the range 3.7V < — F, <50V, The sec-
ond derivative has a rapid increase in the range
33V — ¥, =40V (this region can be associated
with the weak inversion regime[20]), & maximal value
at —F,=4.0V (it can be referred to the threshold
voltage), and a slow decrease at — V> 4.0V (this
region can be due to the strong inversion regime}). The
third derivative has its maximum at — V=365V
and minimum at — ¥, =4.0 V, but the second maxi-
mum is not shown because of the low sclectivity of
the SA,

a
@ V=V (V)

0.6

. e =1
L]

Vo (imV)
= &
T |
*‘—————_______,LL

I.f (-'r-
] '3
zr- '/.r‘f o
7.
. E '\ftf’#
/5%
Fot gy I
3 4 3
-V:{Vl

The physical nature of the maximum of the a.c.
second derivative can be explained by the following
way. From carlier investigations it is known that
transconduciance measured in the region below satu-
ration has the inflection point at the dynamic
threshold voltage (Vo) that divides the weak and
strong inversion regimes and leads to the nonlinear
dependence of mobility on gate voltage (sce
Figs 43(b), 39, 60 in Ref. [11]). This nonlinear depen-
dence of mobility has been referred to the different
scaltering mechanisms[11]. We shall use another ap-
proach due 1o the pairs of surface encrgy levels atl the
Si-8i0, inmerface. Actually, the bell-shaped term can
be extracted from the total second derivative
Vil =10+ VI where V' is the bell-shaped term
and I!' is the strong inversion term of the total
second derivative (F}'). The results of this procedure
are presented in Fig. #(b). It is evident that the
bell-shaped part of the second derivaiive can be
due to the process of filling the two energy levels by
electrons and holes simultancously. Furthermore,
the energy width (p,=1.2V) of the bell-shaped

'[b} _{p._pijf\.l}
=06 o 0.6
T T T
1 [ i
| 'I. |
6f | ¥ \ I
I :
I I
' 1
: |.\'\.
- A :
}E I |
f I I
I :
I |
I |
I |
3 / i
I |
I [
1 1
I |
1
i |
4 5
—'Ir'EW]I

Fig. 4. (a) The dependence of output a.c. voltages on d.c. gate voltage (AF is switched off) for MOSFET
KIMIE, Néat Vy= — 100V, T=203 Kand 8 = 1.1 kil Curve Lisfor (V) st e, =6mV, v, =2kHz
Curve 2is Tor (F_)" at v, = 90 mV, v» = 1 kHz. Curve 3 is for (F_ )" at v, =280 mY, v, = 0.667 kHz
Curve 4 is for (¥_)" at r, = 280 mV, v, =0.5kHz. (b) The dependence of the modernized second
derivative on gate voltage for the same MOSFET with extracted the bell-shaped distribution.
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derivative can be due to the energy gap between the
two energy levels.

The influences of the magnitude of input signal and
load resistance are shown in Fig. 5. Note that an
increase of magnitude of input signal from 100 mV
[Fig. 5(a)] to 300 mV [Fig. 5(b)] leads to the widening
of the bell-shaped distribution on 200 mV for the low
value R, = 1041 and high R; = 1.0k} values of the
load resistance. Furthermore, the value of dynamic
threshold voltage (¥y.,) is shifting on 100 mV when
the magnitude of input signal increases from 100 to
00 mV, Thus, the equivalent widening of the bell
shaped part of the second derivative can be due to the
widening of the discrete energy level caused by the
high magnitude of the input signal,

An improvement of the measuring process at the
high values of gate voltage can be achieved by using
the active filter. Figure 6 shows the typical depen-
dence of the second, third and fourth a.c. derivatives
on gate voliage. We can see in Fig. 6(a) some
improvements for the third derivative only, since it
receives the second maximum at —V, =4.1V. The
number of maxima for the fourth derivatives is nol
changed. These phenomena can be explained by the
mono-polar conductivity of the MOSFETs. The
point is that the pair of energy levels is being filled by
the selfcompensated electrons and holes in the latent

{a) =(V,=Vrg) (V)
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form (it causes the shifting of the threshold voltage),
but the drain current is formed by the holes or
electrons only. Therefore we shall have only one-half
of the distribution function that shows the widening
of the energy levels. But the most intriguing phenom-
ena is shown in Fig. 6(b) in the range 7.0V <
—~¥, <84V, Note that all measured derivatives
show the resonant type dependence the nature of
which will be considered below.

As can be seen from Fig. 7 the first derivative is a
piecewise linear function of gate voltage with period
about ~1.2V. Its slope decreases with increasing
gate voltage. Since the curves 2 and 3 have the same
values of voltage transmission factor over the entire
range of gate voltages, it gives the evidence to support
the validity of the measuring process. The compari-
son of the d.c. and a.c. first derivatives shows that the
inflection points are shifted on 300 mV (see Fig. 7).
Mote that these points are independent of magnitude
of input signal,

Figure & shows the dependence of a.c. first deriva-
tive on d.c. gate voltage at different values of load
resistance and a.c. input voltage. As can be seen from
this figure the first derivative measured at the low
value of load resistance (R = 10£2) does not show the
resonant phenomena in the gate voltage range
40V = -V, =90V, Furthermore, the inflection

(b) =(Vg-Vrw) (V)
-0.6 0 0.6
] JB I
—--‘I Il--u.w
)
16 \ : — 16
s
f h"-\
[ . L]

u
Jr \, — 12
= ' -
™ “ =
E / p E
= / T, e l
i
-

-V, (V)

Fig. 5. The dependence of modernized second derivative on gate vollage (AF is switched on) with

extracted the bell-shaped distribution for MOSFET KTT301B, N1 measured at ¥, = — 150V, T =293 K,

vy=15kHz and R =108 (a). The same dependence measured al By = LOKQ (b) Curves 1,2
i, = 100 mY. Curves 3. 4 v = 200 m¥.
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Fig. 6. The typical dependence of output a.c. voltage on d.c. low {a) and high (b} gate voltage {selective

amplifier is adjusted on fixed frequency vy, = 3.0 kHz and AF is switched on). for MOSFET KI1301 B,

M3 measured 31 F,= — 150V, T=293 K and R = L1 kfl. x—{F_)" is measured at r,, = 100 mV and

v, = 1.5kHz. @—(F_)" is measured at v, = 300mV and v, = 1.0kHz AV, 1" i measured at
= 30 mY and v, =10.75 kHz.

Vo (mV)
Vo (mV)

—'I."'E v

Fig. 7. The dependence of first a.c. derivalive on d.c. gate
voltage for KM30E, NIl measured a1 Fy=—150V,
T=2903K, v, =30kHz and R = L0 kQ and different val-
ues of input signal, Curve 1: ¢, = 6.5mV, ¥_ has the scale
« | mV. Curve 2: o, = 30 mV, F_ has the scale = 100mV.
Curve ¥ 6, =30mV, ¥_ has the scale = 10mV,

SSE M 3]

Vo (m¥)
Ve imV)

-V, (V)

Fig. 8. The dependence of first a.c. derivative on d.c. gate
voltage for KI301B, N3 measured at F;=—150V,
T =293 K and different values of load resistance and input
signals. Curve 1: r, = 100mV, R =109, v,=1L6kHz.
Curve 2: r, =8mV, R, = L1 kfL v, = 3.0kHz
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Tw203K, ¢,=100mV, v, = L5kHz and different valucs
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points in that case are the same as those in the d.c.
case shown in Fig. 3{a). But for the high value of load
resistance (R, = 1.1 k{}} the a.c. first derivative has
the resonamt phenomena at —F, =77V and
its inflection points are shifted on 400 mY with
respect to the d.c. case, Thus, the main factor that
influences on the a.c. measurements 15 the value of
load resistance.
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O VUIII

Fig. 10. Equivalen! series resonant circuit for frequency
dependent MOSFETs amplifier paramecters in the case of
COMMON-SOUrCe CONRECTion.

Figure 9 shows the dependence of a.c. second
derivative on d.c. gate voltage for different values
of load resistance. As can be seen from this figure
the second derivative decreases monotonically
with increasing d.c. gawe voltage. Moreover, the
resonant phenomena take place for R = 1.0 kL
only at —F,=86V. The data presented are
valid since the correlation of the second derivatives

lj/t-“ﬂ iy . LD

- L /
St

2 \‘:u J “;\f\

Fig. 11, The dependence of sccond derivative on gate voltage in the resonant region and different load
resistances, Curve |0 By = LOKOL Curve 20 B = L5k Curve 3: R, = 1.6 k),
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PR, WF"R.) is approximately equal to the
correlation of load resistance Ry, /Ry, = 10 0/ 1000 (0.
The lack of the stepped vanation of the second
derivative could be referred to the widening of the
energy levels. The simple equivalent series resonant
circuit shown in Fig. 10 may be used to explain the
frequency dependence of the MOSFET's amplifier
parameters. This circuit is based on the model pre-
sented in Ref, [16]. It"s resonant function can be given
as

F(m) = K ()| K (@)

= {1 + Qoo — ool "2 (18a)
where
Qf = iu’d'[*dlllﬂdl'\f 1 +2R|”rg|_ “Bb}

is the quality factor of LC-circuit, w,=./L,C,
the resonant frquency, and K, (w) is the voltage
transmission factor.

In our earlier work[16], it has been shown that the
internal parameters of MOSFETSs are frequency de-
pendent; caused by quantum Schottky effect at the
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Fig. 12. The dependence of second derivative on gate

voltage in the resonant region at Fy= —20V (a) and at

Fy= =40 % (b) for KIM3016, N1 with ¢, = 100 mV and
R, = LOKL.
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Fig. 13. The dependence of d.c. and a.c. output voltages on
de, drain  voltage for KIM304A, N4 measured ar
v =J0kHz, T=3193K, F,= =62V and B = 11060
Curve 1: static voltage drop i’[.R‘..} across the load resistor
R, s determined at ¥, =0. Curve 2: first derivative (F_)'
is determined at o™ = 0mV and v, = 3.0kHz. Curve 3:
second derivative (F_ )" is determined at ¢ = 300 mV and
v, = 1.3kHz.

S5i-810. interface. The Schottky capacitance O, and
inductance L, are functions of gate voltage and
temperature. Furthermore, they have the bound
values Oy = 5216 % 107" F, and L, =7407 = 10 *H
with characteristic impedance about the wave vac-
uum value g, = ../ L, /C, = 376.73 [2. Therefore, at the
low values of the load resistance (R, < 300 £2) the a.c.
derivatives of drain current will be the same as those
for the d.c. ones. In the case when the load resistance
has the value about charactenstic impedance of the
RLC circuil, then we shall have the resonant type
dependence of the a.c. derivatives at high gate
voltages. It is evident that the resonant value of gate
voltage decreases with increasing load resistance (see
Figs & and 9, where resonances are shown only for
curves measured at R =11k} in the range
4V = -V, =9V) Figure 11 shows the dependence
of the second derivative on gate voltage for three
valugs of the load resistance in the resonant gate
voltage range. From this figure we observe that an
increase of the load resistance causes a corresponding
decrease of the threshold resonant veltage (Frp ). For
instance, —F=965V for R =10k0Q and
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—Vig=63V for R, =36kil. Note that the
threshald resonant voltage is practically constant
{— Frg = 9.9]1 V) in the wide range of drain voltages
10V < —F, <40V (see Fig. 12) for R = const.

The resonant properties of the high-order deriva-
tives considered above for [~V charactenistics can be
observed in [~V characteristics too. The typical
experimental resonant structure for the first two de-
rivatives and drain current V(R ) = [, R, dependence
on drain voltage is shown in Fig. 13 for KTT304A, N4
when the sound generator is placed in the drain circuit.
From this figure one may observe two regions. The
triode region is characterized by the sharp increase of
drain current and first derivative at =}, =3.0V. In
the saturation region at — ¥; > 3.0V the drain current
slowly increases with increasing drain voltage and
therefore the first derivative is almost constant. The
resonance caused by the reactive parameters of
MOSFET can be observed in the range 8V < = ¥, <
10V, The most brightly resonant picture may be sccn
for the second derivative (V_)".

5 CONCLUSION

The results presented in this paper may be summar-
ized in the following way.

It is found experimentally that MOSFET
transconductance shows the considerable deviation
from lincar dependence on gate voltage in the satu-
ration region. The first resonant structure of the a.c.
high-order derivatives takes place at the low gate
voltage region and can be due to the process of
filling the two surface encrgy levels with Ag =
i#,— = ¢, = 1.2V, The second resonant structure
of the a.c. high-order derivatives takes place at the
high gate voltage region and can be duc to the
quantum Schottky capacitance (C,) and inductance
(L,) at the Si-8i0, interface. The periodic
(AV, = 1.2 V) structure of the first a.c. derivative has
the same inflection points as the direct drain current
does at the low values of load resistance B < 300 42,
but a displacement is observed at K, = 300
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APPENDIX A

Principles of Spectroscopic Investigations

Generally, the idea of spectroscopic investigations is based
on determination of the high-order derivatives for the
piccewise function. In the case of linear piscewise function
[see Fig. Al{a)] its first denvative will be a stepped function
[Fig. Al(h)] and its second derivative will be a bell-shaped
function [Fig. Al{c)] near the point of inflection, Some
extension of the functions in Fig. | near the inflection point
i5 caused by non-zero lemperature (T @ 0). Experimental
determination of derivatives from drain current can be made
using a.c. small signal

(V. ), =n,cos o (AL}

applied to the gate terminal with its amplitude (v, ) consider-
ably less than the potential gap in the silicon (r, <)

Functional dependence of drain current on gate m‘lag:
may be formally expanded in a Taylor series near the
aperation point ¥,[3]:

LIV, + (VD= (V,) + (dl [ dV, V.
+ (VI VLY

+{d AV (A2)
Considering the known trigonometric expressions
cos’ o = (1 4 cos Jer )2,
cos’ on = (cos Jewr + 3 cos wi )4 (A1)

we can rewrite eqn (A2) in the form
IV + o coswr) = LV, )+ (dh AV e, cos ex
+ (d 1 d ¥ el (1 -+ cos 2o )4
+ (d*fd ¥ Yok (3 cos o 4+ cos Jwr)
[l RS (A4}

Using a standard selective amplifier adjusted step-by-step on
frequencies e, 2o, 30, ... WE CAN MCAsure a.c. outpul
signals which correspond to the first, second, third, e
derivatives.
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Fig. Al. The main ideas of spectroscopic mvestigation
which considers measurements of minimum three type
characteristics: § — V' (a), df/dV — ¥ (b) and &1idV? — ¥
{c) for one inflection at ¥ = =,

APPENDIX B

Aromic-like Complexes at the Si-Si0, Interface

Let us formally consider the radial part of the Schrodinger’s
equation for the atomic problem{23]
—(h3[2m*r*) (@ dr? ) [rH(dRdr)] + Ulr}R — WR =0,
(B1)

where the polential encrgy can be chogen as a probe function

Uiry = Uplr) = (W /W= 12 (B2)
and W3 =052 "m%" = 6.803¢V is the Bohr energy scale,
=Uy{r) = Zgq*/dne,r is the Coulomb potential energy, £y
the atomic number, and

m*® = oty (i, + ) =0.5m for i, = =, (B3}

K 15 the screening parameter for Coulomb interaction (other
designations are the same as usual).
Using the following designations:

g=nr, im m!z:hﬂ.“'ﬂfuhzﬂlr

' —BmWik (W <0) (B4)
the Schrodinger eqn (B1) can be rewritien in the form of

Leguerre’s equation
pid/dr)[pMdR [dp)] + [A%/p = 1/4 = LIL + 1)/p°IR =0
(B5)

where L is the orbital number. Mote that the values A% in eqn
{B5) should be integer

it =Z2mgdmh il =n =123, (B6)

Thus, from restriction (B6) the eigenenergy can be derived

W, () = —(Wy/2)(Zg/n)™. (B7)
In the case of three-dimensional (3[¥) system the screening
parameter will be x = |, and eigenenergy (BT) will be the
same as for the standard Bohr atom|23]. However, in the
case of four-dimensional (4D) system it will be & =2 and
eigencnergy (B7) can be rewritien as:

Wik =2)= —(W§g2NEy/m). (B&)

This equation is equivalent 1o the experimenial

approximation {14).



