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The article deals with results of theoretical and experimental studies of a radio-measuring frequency
transducer of optical radiation based on MOS transistor structures with negative differential resistance
and an active inductive element. Analytical expressions of the transfer function and sensitivity equations
are obtained on the basis of the solution of a system of non-linear equations. Experimental studies of the
current-voltage dependences of the proposed transistor structure of the frequency converter of optical radi-
ation in static and dynamic modes confirm the presence of a section with negative differential resistance on
the I-V characteristic, which compensates for the losses in the oscillatory circuit. The theoretical and ex-
perimental dependences of the frequency of generation on the power of optical radiation are presented. The
dependence of sensitivity of the developed transducer on the power of optical radiation varies from
9.7 kHz/nW/em? to 24.5 kHz/nW/ecm2. A mathematical model of the thermal conditions of a radio-measuring
frequency transducer of optical radiation has been developed. The calculation of non-stationary thermal
conditions of the frequency transducer allowed to obtain the temperature field of the transducer integrated
circuit. The time to achieve the steady state does not exceed 5.8 10 -4 s. Moreover, the maximum tempera-
ture of overheating for the elements of the integrated circuit of the transducer does not exceed 2.49 °C.
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1. INTRODUCTION

In recent years optical microelectronic frequency
transducers have been widely used [1-3]. They operate
using an oscillator with electronic tuning of a genera-
tion frequency in a wide frequency band. Transistor
structures having negative differential resistance can
be used as primary converters of physical quantities; in
this case, their sensitivity and measurement accuracy
are significantly increased [4-6]. Structurally, they are
made in the form of a semiconductor structure consist-
ing of two MOS transistors and an active inductive el-
ement based on a MOS transistor which is connected
with a phase shifting branch of resistor and capacitor.
Furthermore, sensitive elements can be included in the
electrical circuit of this structure in accordance with
physical quantities, which extends the measurement
range of the informative parameter [7-9].

The dependence of the parameters of the MOS transis-
tors on the effect of the informative parameter in the dy-
namic mode allows the designing of radio-measuring fre-
quency transducers of optical radiation with much better
characteristics than similar devices. On the other hand,
the use of field-effect transistor structures with negative
differential resistance allows to design a self-generating
transducer, in which both the capacitance and the induct-
ance based on the field-effect transistors depend on the
information parameter, that improves the accuracy and
sensitivity of the transducer [10-12].

To study the properties of radio-frequency trans-
ducers, it is necessary to develop mathematical models,
which we can use for calculating the dependence of the
generation frequency on the influence of optical radia-
tion, temperature, supply modes, as well as to carry out
experimental studies that confirm the validity of the
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theoretical principles. This article is devoted to consid-
ering these issues.

2. THE RADIO-MEASURING FREQUENCY
TRANSDUCER OF OPTICAL RADIATION
BASED ON MOS TRANSISTOR STRUCTURES

Fig. 1 shows the electrical diagram of the radio-
measuring frequency optical radiation transducer
based on MOS transistor structures with negative dif-
ferential resistance.

Fig. 1 — Electrical diagram of the radio-measuring frequency
transducer of optical radiation with an active inductive element

The active element on the basis of two MOS transis-
tors (VT'1, VT2) has a slope of a static current-voltage
curve with negative differential resistance. An operat-
ing point position is chosen on a drooping part of the
current-voltage curve, using ratings of DC voltage
sources. Capacitance of the oscillatory circuit of the
self-generator is realized by the capacitive component
of the impedance on the drain-drain electrodes of field
transistors VI'1 and VT2, and the inductance is real-
ized by the inductive component of the impedance on
the drain-source electrodes of the transistor VT3. Elec-
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trical oscillations appear in a self-oscillatory system.
This oscillatory circuit of the self-oscillatory system is
made of the capacity component of the transistor struc-
ture's complex impedance on the source electrodes of
the MOS transistor structure VT1-VT2 and of active
inductivity on the basis of the MOS transistor VT3 and
the phase-shift circuit R2, C1.

Optical radiation falls on the MOS transistors VT1-
VT38. The value of resistors of their channels depends on
intensity of an optical flow Av. With change of the optical
radiation intensity hv, the operating point position on the
drooping part of the transistor structure current-voltage
curve changes. That leads to a change of an equivalent
capacity of the oscillatory circuit and to effective genera-
tion frequency tuning. A power of oscillations depends on
the value of negative differential resistance.

3. THE CALCULATION OF TRANSFER
FUNCTION AND EQUATION SENSITIVITY
OF A RADIO-MEASURING FREQUENCY
OPTICAL RADIATION TRANSDUCER BASED
ON MOS TRANSISTOR STRUCTURES WITH
NEGATIVE DIFFERENTIAL RESISTANCE

Calculations of the transfer function, which repro-
duces the dependence of the frequency of generation on
the optical radiation power, can be obtained by solving
the system of equations according to the converted
equivalent circuit (Fig. 2).
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Fig. 2 — Equivalent circuit of a radio-measuring transducer
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The solution of the system of equations based on
Kirchhoff’s laws was obtained using numerical methods
in the software package «Matlab 9.3» [12, 13]. The
transfer function is described by the equation:

Cg (P)R4 (P)+C3 (P)R(;L (P)-A +B,
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where
A =L, CAP)RY(P) , B, = R} (P)C,(P)-1)’C}(P) ,
Lerv is the equivalent inductance of the oscillating
circuit. The sensitivity of the radio-measuring

frequency transducer of optical radiation is estimated
based on the expression (1).
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The theoretical and experimental dependences of
the frequency of generation on the power of optical ra-
diation are shown in Fig. 3. The frequency was meas-
ured using an ATTEN F2700C frequency meter. The
frequency of generation increased due to decreasing
inductance of the oscillating circuit of the self-
oscillator, which is related with the photo-generation of
non-equilibrium charge carriers both in the channel
region and in the region of p-n junctions of the drain
and source of the MOS transistors. The dependence of
the sensitivity of the transducer on the optical radia-
tion power was calculated according to (2) and varies
from 9.7 kHz/pW/cm? to 24.5 kHz/nW/cm? (Fig. 4).
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Fig. 3 — Theoretical and experimental dependences of the
generation frequency on the optical radiation power
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Fig. 4 — Theoretical dependence of the transducer sensitivity
on the optical radiation power

4. THE MATHEMATICAL MODEL OF THERMAL
MODES OF RADIO-MEASURING FREQUEN-
CY TRANSDUCERS OF OPTICAL RADIATION
BASED ON MOS TRANSISTOR STRUCTURES
WITH NEGATIVE DIFFERENTIAL
RESISTANCE

The integrated circuit of the radio-measuring fre-
quency transducer of optical radiation consists of a sol-
id-state semiconductor crystal, the atoms of which are
connected by elastic forces. Therefore, the thermal vi-
brations of an atom are transferred to another, and
thus elastic waves propagate in all directions of the
volume. These waves differ from each other not only in
the direction of propagation, but in their length as well:
the shortest ones have a length equal to the double
length between adjacent atoms, and the longest ones
have a length equal to the length of the crystal. In ideal
crystals, atoms are connected to each other by forces F,
which are described by Hooke's law [14]:

Feff %o 2%
Xo Xo

where f is the spring constant, xo is the normalized dis-
tance between atoms in the quiescent state (i.e., lattice
constant), Ax is the change of this distance.

In real crystals, the interaction force of atoms F is
determined by means of Ax in an infinite series [15-17]

2
F:—fo+g[Ax] . 3)
%o %o

and the larger the change in the distance (amplitude of
oscillations) Ax, the greater the weight of the following
expansion terms.
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Considering thermal fluctuations, it is necessary to
take into account the second component in the expan-
sion (3). In addition, its value the greater, the larger
the coefficient g, which is called the anharmonicity co-
efficient, and the greater the amplitude of oscillations
(i.e., the higher the temperature).

The presence of this component leads to the follow-
ing consequences:

e an average distance between atoms in a real crystal
increases with increasing temperature, besides, the
coefficient of thermal expansion is proportional to
the coefficient g;

e atomic fluctuations cease to be strictly harmonious
and as a result, they cannot propagate independent-
ly, conversely, when they meet, they disperse, i.e.,
change their motion direction and exchange energy.
There are always defects (impurities, empty sites,

atoms in interstitials, dislocations, grain boundaries) in

real semiconductor materials, on which elastic waves
are also scattered. Therefore, the thermal conductivity
of real crystals has a certain value, which depends on
the degree to which the above factors (anharmonicity
and defects) prevent the propagation of thermal waves.

Electrical modes of operation of frequency measuring

transducers significantly affect their parameters. The

current flowing through transistors, resistances and
other elements of the integrated circuit leads to an in-
crease in temperature due to power dissipation. Analy-

sis of the thermal state of the integrated circuit is a

complex task, the solution of which can be made on the

basis of mathematical modeling, taking into account
the physical processes and design features of the inte-
grated circuit. Using the results of mathematical mod-
eling, it is possible to optimize the parameters of micro-
electronic transducers [18-20]. In this paper, in contrast
to the studies mentioned above, an attempt is made to
simulate the thermal mode for radio-measuring fre-

quency transducers of physical quantities [20].

The thermal model of the transducer consists of a thin
silicon wafer with certain sizes, in the surface layer of
which two complementary MOS transistors and an active
inductance based MOS transistor are formed. They are
combined using current-carrying tracks into a measuring
circuit. MOS transistors heat up when current flows
through them, which breaks the thermal mode of the ra-
dio-frequency transducer and affects the accuracy of its
operation. The thickness of the source, drain, and chan-
nels of a MOS transistor is within a few micrometers, and
the thickness of the silicon substrate is several hundred
micrometers. Assume that the semiconductor substrate
has a constant temperature and is an isothermal surface.

The temperature distribution in space and time in
the microelectronic circuit of the frequency transducer is
described by the heat equation, which has the form [14]:

2 2 2
cpZ—F(x,y,sz[” ek ”] @

—+
ox® oyt 02?

where p is the material density, A is the thermal con-
ductivity of the material, x, v, z are coordinates of MOS
transistors, 7' is the temperature, F(x, y, z) is the heat
dissipation density, c is the specific heat of silicon, and
t is the time.
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Fig. 5 — Thermal model of a radio-frequency transducer
The stationary thermal field in the volume and on
the surface of the studied thermal model of the radio-

frequency transducer (Fig. 5), based on formula (4), is
described by the expression

2 2 2
0 T(x,2y,z) . 0 T(x,zy,z) . 0 T(x,zy,z) _ —lF(x,y,z), 3)

ox oy oz A
where 7T(x,y,z) is the overheating temperature in
thermal models with coordinates x, y, z regarding the
temperature of the transducer housing.

In equation (5), the function F(x, y, z) determines
the power density of heat generation, which depends on
the geometric dimensions of the element, the location
and power of heat sources

F@y2-3 éqxx)qi(y)qi(z) ,

13

2

T(x,y,2) =T, + ———
A NN S

I f . . S, .
> i (7o cos yo2; + hsiny,z;)sin y, EL(]/O oS 7,2; thsinyyz;) +

J. NANO- ELECTRON. PHYS. 13, 04001 (2021)

where V. =¢,46, is the volume of the heat source
number i; g;(x), g;(), q;(z) are the coordinate functions

that take a value of 1 in the region of the source num-
ber i and value 0 outside it.

Equation (5) can be solved using the Fourier trans-
form method [18, 19] with finite limits and applying the
assumption of superposition of temperature fields.

Supposing that

~ [
T(n,mk) = |
0

11

24 nzx __ mry
T(x,y,z)cos——cos X

g ({ L, L (6)

x| 74l cos y,z +hl_ siny,z |dxdydz,

where T(n,m,k) is the expression of temperature
T(x, y, 2), 5, are the positive roots of the equation

vi—h®
2y,h

ctgyl, = (k=0,1,2...).

Equation (5) is transformed into the space of Fouri-
er images. For this transformation, both parts of ex-
pression (5) are multiplied by the core of transfor-
mations (6) and integrated over x from 0 to I, over y
from O to [, over z from O to L.

The formula for estimating the temperature at any
point in the volume of the frequency measuring trans-
ducer takes the form
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In (7), T¢ is the ambient temperature. Expression (7)

is a trigonometric series that converges fast, therefore,
in its calculations, the number of members of the series
is limited by the numbers N = 2", M = 2¢, K = 2¢, where
r, d, e are the integers that are selected based on the
accuracy of calculations. Such selection N, M, K allows
to use fast Fourier transforms in temperature calcula-
tions. The geometric dimensions of the controlled inte-
grated circuit of the radio-frequency transducer, the
values of the thermal conductivity of the material and
the heat transfer coefficients from its surface, the num-
ber of active elements and the coordinates of their cen-

21

. . S,
(7, cosy,z; +hsiny,z;)siny, EL .
y

ters are determined from the design of the transducer.
To determine the number of unknown heat generation
capacities f; (i=1, ..., I, where I is the number of heat
sources), discrete temperature values are substituted
into the left side of formula (7), while being limited to a
finite number of series components on the right side of
expression (7). As a result, we obtain a system of linear
algebraic equations for unknown heat generation ca-
pacities. The temperature on the surface of the active
elements of the measuring frequency transducer is de-
termined by the equation
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where p is the number of active elements of the meas-
uring frequency transducer.

The thermal model of the radio-frequency transducer
under stationary thermal conditions is described by ex-
pressions (7), (8). Using the developed mathematical
model, the temperature field of the radio-frequency in-
verter has been calculated. It has the form of curves with
identical temperature variation over the area of the in-
tegrated circuit (Fig. 6). The curves demonstrate an
overheating temperature in degrees Celsius. The design
parameters of the transducer have the following values:
the size of the integrated circuit is 800x600 microns, the
maximum power dissipated by transistors is 55 mW. As
can be seen in Fig. 7, the areas of transistors beside the
drains, that impede heat dissipation to the transducer
housing, have maximum overheating.
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Fig. 6 — The temperature field of the frequency transducer

The solution of the two-dimensional unsteady equa-
tion of heat conduction allows one to determine the pa-
rameters of the transient process, which reproduces the
dependence of temperature on time for different parts of
the surface of the integrated circuit of the transducer

T(x,y,t) =T(x,y) + ——=x

L1,
= 2 kb . nEX . mry
> — | [To(x,y)sin——sin dxdy |x (9)
n,m=1 l l 00 lx ly
(7ﬂ2a2(n2/lf+m2/lg)t) . hxx . mry
X exp *7 |sin sin ,
x ly

where a = cp/4, t is the time.
Fig. 7 presents the calculations of the unsteady
thermal mode according to (9) of the microelectronic

(nz/l, ) (m;r/ly)2 +7/,§}

transducer. The time to reach steady state does not
exceed 5.8'10-4s. In this case, the maximum tempera-
ture of overheating for the elements of the integrated
circuit of the transducer does not exceed 2.49 °C. Calcu-
lations of the temperature field and transition state are
performed in a software environment “Matlab 9.3” [13].
T, %
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0,25

0 20 a0 60 50 100 120 140 80 180
t, x16* s

Fig. 7 — Transient state of thermal conditions of various parts of
the measuring transducer: 1 — the central zone of the transduc-
er; 2 — elements oriented parallel to the side of the substrate

5. CONCLUSIONS

The study of the radio-frequency transducer of opti-
cal radiation based on the MOS transistor structure
with the active inductive element has been performed
and the analytical expressions of the transfer function
and sensitivity equations have been obtained based on
the solution of the system of non-linear equations. Theo-
retical and experimental dependences of the frequency
of generation on the power of optical radiation are pre-
sented. The increase in the frequency of generation is
associated with a decrease in the inductance of the oscil-
lating circuit of the self-oscillator, which is due to the
photo-generation of non-equilibrium charge carriers in
the channel region and also in p-n junctions of the
drains and sources of MOS transistors. The dependence
of the sensitivity of the transducer on the optical radia-
tion power varies in the range from 9.7 kHz/pW/cm? to
24.5 kHz/MW/cm?. The mathematical model of thermal
modes of the radio-measuring frequency transducer of
optical radiation has been developed. The calculations of
the non-stationary thermal mode of the frequency con-
verter have been performed according to these results.
The temperature field of the integrated circuit of the
transducer has been obtained. The time to reach steady
state does not exceed 5.8:'10-4 s. The maximum temper-
ature of the overheating for the elements of the inte-
grated circuit of the transducer does not exceed 2.49 °C.
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purnpominwBaHua Ha ocuoBi MJ/IH-rpanaucropHoi cTpykTypu
3 Bim’eMHUM qude peHIiHHNM OIIOPOM

0.B. Ocaguyk, f.0. Ocamguyk, A.O. CemeHnoB

Binnuupkuli HQUIOHAbHUT mexHiunull yHigepcumem, Xmenvruuvke woce, 95, 21021 Binnuus, Yxpaina

VY crarTi posrisAanThCs pe3yJbTaTH TEOPETUYHHMX TA eKCIIePUMEHTAJBHUX JOCJIIKeHb PalloBUMIPIO-
BaJIBHOTO YACTOTHOTO IEPEeTBOPIBAYA OITUYHOrO BAIPOMIHIOBAHHS HA ocHOBI MJIH TpaHsmcropHOI cTpyK-
TypH 3 Bia'eMHUM JudepeHIiHIM OII0OpOM Ta aKTHBHUM 1HAYKTHBHHUM esjemeHTOM. [Ipencrasieno amasi-
THYHI BUPa3u (PYHKIII I€PEeTBOPEHHS Ta PIBHIHHS YyTJINBOCTI, SK1 OTPIMAHO Ha OCHOBI PO3B'SI3KYy CHCTEMH
HeJIHIMHUX pIBHSAHB. ExcrepuMeHTANIBHI JOCTIIKEHHST BOJIbT-aMIIEPHUX XAPAKTEPUCTUK 3aIIPOIIOHOBAHOL
TPAH3UCTOPHOI CTPYKTYPH YACTOTHOIO IIEPETBOPIOBAYA OITHYHOIO BUIIPOMIHIOBAHHS B CTATHYHOMY Ta JH-
HaMIYHOMY peKMMax IIATBEP/KYIOTh HASBHICTH JUISHKN 3 BI'eMHUM audepeHIiiinnm omopom Ha BAX,
SIKAY KOMIIEHCY€E BTPATH B KOJIMBaJIbHOMY Kouii. IIpescraBieHi TeopeTnyHl Ta €KCIIEpUMEHTAIBH] 3aJIesKHO-
CTl YaCTOTU TeHepalrii BiJ MOTYKHOCTI OITHYHOI0 BUIIPOMIHIOBAHHS. 3aJIe/KHICTD YyTJIMBOCTI PO3POOIEHOIO
epeTBOpIBaYa BiJl IOTYKHOCTI OIITHMYHOTO BUIIPOMIHIOBAHHS KoJmBaeTbes: Bim 9,7 k['/mrBr/cm2 no
24,5 k'/mrBr/cm2. Po3pobiieHo mareMaTtnyHy MOJI€JIb TEIIOBUX YMOB Pai0BUMIPIOBAIBLHOTO YACTOTHOTO
epeTBOPIBaYA OITHYHOIO BUIIPOMIHIOBAHHs. PO3paxyHOK HECTAI[IOHAPHUX TEIJIOBUX YMOB YACTOTHOIO IIe-
PEeTBOpIOBAYA JIO3BOJIMB OTPHUMATH TEMIIEPATYypPHE II0JIe 1HTerpasibHOI CXeMU MIPHUCTPOn. Jac IoCATHEeHHS
CTIMKOTO cTaHy He mepesuinye 5,810 -4 ¢. Bizbre Toro, MakcuMaJsibHA TEMIEPATypPa MeperpiBy I eJIeMeH-
TiB IHTErpaJIbHOI CXeMH IepeTBopoBaya He mnepesuinye 2,49 °C.

Kmiouosi ciiosa: Marematnuna mozesib, Termtosi peskuvu, Onrryune BunpoMiaoBauda, MJH-rpausucrop,

Bing'emumnit qudepeHiiamii omip.
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