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ABSTRACT

In this work the characteristics research of microelectronic transducers of optical radiation with a frequency output signal
on the basis of a hybrid integrated circuit consisting of a bipolar and a field-effect transistor with a Schottky barrier is
presented. The connection of an external inductance to electrodes a collector - drain allows to implement the auto
generating device. The frequency of the device generation depends on power of optical radiation falling on photosensing
elements as a photoresistor, photodiode and photosensing transistors switched on in a circuit of the self-excited
oscillator. The impedance on electrodes the collector - drain of bipolar and field transistors has capacitive reactive part
and negative active resistance, which compensates power losses in a tuning circuit of the device. On the base of a
nonlinear equivalent circuit of the transducer on an alternating current the analytical expressions of function of
transformation and equation of sensitivity are obtained. The sensitivity of optical transducers lays in a range from
25 kHz/uWt/cm?® up to 150 kHz/uWt/cm®.

Keywords: optical transducers, frequency output signal, negative resistance, photoreactive effect

1. INTRODUCTION

The characteristics of transducers determine accuracy and reliability of systems of a radio control, instruments of
monitoring of technological processes, environmental properties, safety of operation of kernel, thermal, chemical
installations, flying apparatuses, sea plants, carrier etc. In this connection to transducers, which measure the manifold
information, the rigid requirements are advanced. These devices should be cost-effective, noise-resistant, to ensure high
speed, sensitivity and measurement accuracy, to have whenever possible least overall dimensions and weight, to be
compatible with modern PCs and to allow encoding the information in transfer time it on major distances.

Therefore one of perspective scientific directions in development of transducers offered in the work, is usage of
dependence of reactive properties and negative resistance of semiconductor devices from influence of exterior physical
quantities and making on this base a new class of radiomeasuring microelectronic transducers of optical radiation. In
devices of such type there is a transformation of optical radiation to a frequency signal, that allows to create transducers
on integrated technology and enables to boost speed, accuracy and sensitivity, to expand a range of measurands, to
improve reliability, noise stability and long-time parameter stability'”. Besides the integration on the single-crystal of
transducer with the circuits of an information processing enables makings “intellectual” devices. Usage as information
parameter of frequency allows to avoid application of amplifiers and A/D converters at an information processing, that
reduces the cost price of systems of radiomonitoring and radio control'®". Thus, on the agenda already today arises the
necessity of development of qualitatively new theoretical approaches to making radiomeasuring microelectronic
transducers, development of their circuits and constructions, experimental research of their characteristics and
metrological parameters.

*osadchuk69@mail.ru

Photonics Applications in Astronomy, Communications, Industry, and High Energy Physics Experiments 2017,
edited by Ryszard S. Romaniuk, Maciej Linczuk, Proc. of SPIE Vol. 10445, 104451X
© 2017 SPIE - CCC code: 0277-786X/17/$18 - doi: 10.1117/12.2280892

Proc. of SPIE Vol. 10445 104451X-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 13 Nov 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



2. THEORETICAL AND EXPERIMENTAL RESEARCHES
OF THE CHARACTERISTICS OF MICROELECTRONIC
TRANSDUCERS OF OPTICAL RADIATION

For construction of transducers of optical radiation it is necessary to develop the theory elements of photoreactive effect
for sensitive elements as bipolar and field-effect transistors of transducers. The above mentioned effects understand as
dependence of the impedance of bipolar and field-effect transistors from action of optical radiation. For determination in
an analytical form of dependence of the impedance of sensitive elements from influence of optical radiation it is
necessary to receive the solution of the transport equation and Poisson equation for alternating currents as allocation of
injected carriers of a charge in base area of bipolar and in a channel of field-effect transistors, which depends on optical
radiation.

The processes of influence of optical radiation on sensing bipolar structures, which cause the occurrence of photoreactive
effect, are featured by the transport equation. Nevertheless in this case the transport equation becomes complicated at the
expense of processes of generation of charge carriers and creation of an electric field in a basic area at the action of an
alternating voltage on emitter and collector junctions.

In view of these processes the analytical expression of the impedance of an active zone of a crystal of the photosensing
bipolar transistor'®"” is obtained. According to the obtained expression in view of influence of elements, which do not
fall into an active zone of a crystal are calculated and experimentally investigated dependencies of an active and reactive
parts of the impedance of photosensitive element on power of optical radiation are researched which are presented on
Fig. 1.

As it is visible from the plot, the change of reactive part from power of optical radiation makes 11,8 Om/uWt/cm®. The
similar calculations and experimental researches were carried out for determination of the impedance of a photosensing
field-effect transistor, which have shown, that the change of reactive part from power of optical radiation makes 20
Om/uWt/cm’. The fulfilled researches have shown that the change of parts of the impedance is essential and it allows to
use these dependencies for construction transducers of optical radiation with frequency output.

On the base of photoreactive effect theoretical and experimental researches of the characteristics of optical transducers
are given, in which the effect of interaction of optical radiation with the metal of a gate, base area and channel of bipolar
and field transistors in a dynamic regime is taken into account, that allowed on the base of models to calculate the
characteristics of transducers and to prove experimentally their adequacy to models'® '’

Designedly photosensing transducer consists of a gallium-arsenide field-effect transistor with a Schottky barrier and a
bipolar transistor. This structure is the base for build-up of transducers because it ensures the regime of work in a range
of superhigh frequencies, that it is very important for UHF optoelectronics. The electric circuit of the device is presented
on Fig. 2.
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Figure 1. Dependence of active and reactive parts of impedance of bipolar transistor from power of optical radiation.
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Theoretically and experimentally is proved that on electrodes the collector—drain of the offered structure exists negative
resistance, which answers a falling section on a volt-ampere characteristic. The photosensing transducer feeds from
sources of constant voltage Ul. The circuit R;C; produces an additional backward positive connection of an output with
an input. Through resistance R,, which is a sensitive element, the supply of the collector of the bipolar transistor and
circuits a gate - drain of the field-effect transistor is carried out. Capacity C, realizes a block role, i.e. protects the source
of a direct current U1l from currents of superhigh frequencies. The tuning circuit is created by passive inductance L; and
capacity, which exists on electrodes a collector bipolar and drain of field transistors.
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Figure 2. An electric circuit of the transducer on the base of bipolar and field transistors, which photosensing element is the
photoresistor.

For learning the behavior of the photosensing transducer in a dynamic regime the dependencies of an active and reactive
parts of impedance on electrodes of a collector — drain structure, frequency of generation, function of transformation and
sensitivity from action of optical radiation are obtained. The calculations are made on the base of an equivalent circuit of
bipolar and field transistors, which make the photosensing transducer (Fig. 3).
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Figure 3. An equivalent circuit of the transducer on the base of bipolar and field transistors with a photoresistor.
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The fulfilled researches have shown that an active component receives a negative value and a reactive one - a capacitate
character. The connection of an external inductance to contact terminals the collector - drain of structure at negative
values of an active part, when the power losses in a tuning circuit are compensated, allows to create the autogenerator of
electric oscillations. During the action of a light on a photoresistor R; the change of an active and reactive parts of the
impedance is carried out, and it in turn, changes the frequency of generation.

For determining the function of transformation it is necessary to find dependence of frequency of generation on power of
falling optical radiation. It is possible to do it by solving a set of Kirchhoff equations, which is composed for alternating-
current on the base of an equivalent circuit (Fig. 3). The solution of the set of Kirchhoff equations allows to receive the
value of the impedance on electrodes a collector - drain of the transducer. At separating of the impedance into real and
imaginary parts, it is not difficult to determine the equivalent capacity of a tuning circuit.

The function of transformation in this case has the form

i \/R‘i (P)C? +Cy R (P)C, —LC,, ~D
1

LC R (P)C:
F=- DG , Q)
4 V4

where

D= (RX(P)C? +C,R(P)C, ~ LC,,)’ +4LC,,R:(P)C’

The sensitivity of the optical transducer is determined by the formula from (1)
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The circuit of the photosensing transducer is manufactured on hybrid technology and consists of the bipolar transistor of
the type KT3123BM and the gallium-arsenide transistor with a Schottky barrier of the type 3P602. The external
inductance is manufactured by a method of an ion-beam deposition. On Fig. 4 are shown the theoretical and
experimental dependencies of function of transformation of structure on the base of bipolar and field transistors, which
photosensing element is the photoresistor. As it is visible from the plot, the divergence between theoretical and
experimental curves is satisfactory, that enables to consider theoretical calculations to be exactly. The adequacy of the
designed mathematical model is determined as a relative accuracy, which makes +5%.

Experimentally was established that with increasing of power of a luminous flux from 0 uWt/cm” up to 80 pWt/cm’ the
frequency of generation is diminished from 857,3 MHz up to 849,6 MHz. The researches have shown that by selecting
the regime of supply from a constant voltage, it is possible to receive a linear dependence of frequency of generation
from power of an incident light. On Fig. 5 the theoretical and experimental dependencies of frequency of generation on
environment temperature are presented.
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Figure 4. Theoretical and experimental dependencies of frequency generation from power of optical radiation.
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Figure 5. Dependence of frequency of generation on temperature.

An optimum supply voltage is the value 4 V, at which there is the least frequency change of generation in the range from
20 °C up to 80 "C. In the field of temperatures from 20 °C up to 50 °C is possible the most temperature stabile work of
the transducer, when the sensitivity makes 146 kHz/uWt/cm® (Fig. 6).
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Figure 6. Dependence of the transducer sensitivity from power of optical radiation.
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The further sensitization increasing, expansion of an operating range of frequencies of the transducer is possible under
condition of usage of photodiodes as photosensing elements.

The transducer circuit on the base of bipolar transistor and field-effect transistor with a Schottky barrier, the
photosensing element for which is the photodiode, is presented on Fig. 7.
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Figure 7. An electric circuit of the transducer with the photodiode.

The function of transformation is determined on the base of an equivalent circuit from calculation of the impedance on
electrodes of the collector - drain phototransducer. The set of equations is solved by the Gauss method on a PC such as a
Pentium at usage of the software package “Matlab 7.11”. The function of transformation of the photosensing transducer
is determined by expression

5B B! +4LC, R (P)C}(P)

LC ,R:(P)C:(P
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where
B, = R} (P)C;(P)+C,,R;(P)C,(P)~ LC,,
The equation of sensitivity of the frequency optical transducer with the photodiode is determined on the base of the
formula (3)
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where
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Dependence of frequency of generation on power of optical radiation is introduced on Fig. 8. From the plot it is visible,
that with the growth of optical radiation from 0 uWt/cm® up to 120 uWt/cm® is watched the increasing frequency of
generation from a supply voltage. The frequency of generation is diminished with the growth of power of optical
radiation, and the greatest frequency change of generation is watched at supply voltages and controls 3 V (Fig. 8). On
Fig. 9 is shown the calculated according to (4) sensitivity dependence of the optical transducer on the power of optical

radiation.
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Figure 8. Theoretical and experimental dependencies of frequency generation from of optical radiation power.
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Figure 9. Sensitivity of the optical transducer with the photodiode.

The further expansion of frequency range of the transducer is possible under condition of usage as photosensing
elements bipolar and field transistors. Designly photosensing transducer consists of the gallium-arsenide field-effect
transistor with a Schottky barrier and bipolar transistor (Fig. 10)'7'*%".

The volt-ampere characteristic of this structure has a section of negative resistance, which allows to compensate power
losses in a tuning circuit created by an equivalent capacity of the collector - drain structure and an external inductance.
The function of transformation is calculated from the set of equations composed on the base of a nonlinear equivalent
circuit of the transducer.
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Figure 10. An electric circuit of the transducer on the base of field and bipolar transistors.

As well as in the previous cases, the solution of the set of Kirchhoff equations was carried out by the Gauss method on a
PC with help of the software package “Matlab 7.11”. From the set of equations the function of transformation is

determined:
JM 1+ Coe(P)C, (P)C, + G, (P)C, (P)C, (P)
LC, (P)C, (P)C, (P
oL G (P)C (P)C, (P)C, -
2 V4

where
M, =C, (P)C,(P)C, +C,.(P)C, (P)C,,
C,, - capacity of drain - source.
The equation of sensitivity is determined on a base (5):
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xC, (P)C, + C. (P)C, C (P)yxC (P)+ - C (P)C, (P)+
P aP dP
A [76P) A [26P)
acC (P) "\ aP " oap
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where P - power of optical radiation and
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On Fig. 11 the dependence of frequency of generation from the radiated power is presented at different lengths of waves
of the optical radiation. As it is visible from the plot, the best sensitivity can be received, if the wavelength is equal 0,7
microns. The sensitivity of the optical transducer at powers more than 10 uWt/cm® makes 25 kHz/uWt/cm’.

The investigation of characteristics of optical transducers with an active inductive element on the base of field-effect
transistors of types BFT92 and 3P602 has allowed to work of the device in a frequency band up to 3 GHz at values of
sensitivity 15 kHz/uWt/cm”. The measuring error of power of optical radiation makes +0,52%.
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Figure 11. Dependence of generation frequency on power optical radiation.

3. CONCLUSIONS

The method of construction of radiomeasuring microelectronic transducers is offered on the base of photoreactive effect
in sensing bipolar and field transistor structures, that has established premises for embodying transducers of optical
radiation with a frequency output signal and microelectronic technology of manufacture. It considerably improves
metrological and economical indexes of devices. The sensitivity of transducers of optical radiation lies in a range from
25 kHz/uWt/cm* up to 150 kHz/uWt/cm®.
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