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Fig. 1. Schematic diagram of an O-optron
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AN OPTRON WITH DIRECT OPTICAL COU-
PLING AS A FOUR-TERMINAL NETWORK

1. For the development of optoelectronics and the design of optron devices and
systems it is necessary to represent an optron as a four-terminal network, i.e., to
find expressions for the Z-; Y-, and h-parameters through the differential char-
acteristics of the optron. In papers (17°), as the differential characteristics of
an optron, transfer functions of its components and couplings were introduced:
a = 0B, /01,—the luminous-efficiency coefficient of the emitter; § = 0B/0B;—
the light-transfer coefficient of the optical channel; 8 = 91,/0B—the photoef-
fectiveness coefficient of the light receiver, equal to the quantum efficiency in
the case when I, and B are expressed, respectively, in the number of electrons
and in the number of photons; m = 9I,/91,—the coefficient of division of the
photocurrent in the photoreceiver circuit; K = 01, /0I,—the current feedback
coeflicient. For an optron with a photoresistor as the light receiver, 8 = V5,
where v = G /I B is the photoconductivity coefficient.

Fig. 1. Schematic diagram of an O-optron

It should be noted that the introduction of these differential characteristics,
through which it is most convenient to represent the signal regeneration co-
efficient in an optron with positive feedback (p = afB6mk), is, on the one
hand, insufficient for expressing all elements of the Z-, Y-, or h-matrices of
an optron and, on the other hand, contains excess information characterizing
the optron together with the external circuits. Indeed, among the parameters
given there is absent, for example, the differential resistance of the light emitter

m = OV /01y, while the expression for m = 1/(1+ Z,,/Z,), in addition to
the differential resistance of the photoreceiver Zy, = 0V;, /0, includes Z,,,
the load impedance in the external circuit.

For calculating the Z-, Y-, and h-parameters of an electrical amplifier based on
an optron with direct optical coupling (O-optron) (%7) (Fig. 1), we shall apply

sovietrxiv.org/items/ru-197001.58850 Machine Translation


https://sovietrxiv.org/items/ru-197001.58850

the method set forth in general form in articles (+°). In doing so we shall have to
change the notation somewhat in comparison with (*?), in order to bring it into
correspondence with the standard notation of four-terminal-network theory.

For an optron pair, an injection light-emitting diode—photoresistor, described
by the equations

I = I, (Vy); Iy = Iy + Iy (Va);
By = By (1y); B = B(B,); (1)
Iqb = G(B{Bl[llafl)]})v?v

the components of the conductance matrix are equal to

Yy, =05,/0V; |v2: Yoas Yy = 01,/0V, ’VIZ 0;

oL, | 0G 9B 9B, dI,
=27 | F3pan a7 au Ve = 0¥V 2
v, 0Ly, 0BOB, 0I, 9V, 2 2 (2)

Yy = 01,/0V, ’vlz G+ Yoo = Y-

Similarly, we find the Z-parameters

Zy = 8V1/811|I2 = Zua; L1y = 8\/1/012]11 =0; )
Zgy = 8V2/€Hl|[2 = 0oz Vy; Zoyy = aV2/a-72|]1 = Zg,
and the h-parameters
hyy = 8‘/1/811"/2 = Zua; hyy = 8‘/1/a‘/2|11 =0; @
hoy = 312/811|V2 = 0aVy; hoy = 8]2/5‘/2|11 = Y.

Note that the subscript zero denotes the dark values of the corresponding quanti-
ties (for example, Yy, is the dark differential conductance of the photoresistor).

From consideration of formulas (2), (3), and (4) it is evident that an optocoupler
with direct optical coupling is characterized by three parameters: Z 4, Y;., and
afvy, which can be represented as follows through the elements of the matrices
characterizing the optocoupler amplifier stage:

Zeg =211 =hyy = 1/Y113

}/fr = Yv22 = h,22 = ]_/Z22, (5)
by = hyy [Vo = Y5, [Y11 Vo = =251/ Z55 V5.
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Formulas (2), (3), and (4) make it possible to represent an O-optocoupler as a
circuit element and, consequently, make it possible to calculate optoelectronic
circuits. The equality to zero of the matrix elements Y5, Zi9, hyy expresses
the absence of reverse influence of the output on the input, while the purely
optical coupling between the emitter and the photodetector provides electrical
isolation, i.e., the possibility of directly matching circuits with different voltage
and frequency regimes. The combination in an O-optocoupler of amplifying and
isolating properties determines the range of typical problems of optoelectronic
circuit engineering.

2. The next problem consists in establishing the relation between the transfer
functions of the components and couplings of the optocoupler «, v, 6, Z 4,
and Y and the quantities characterizing the materials and structures by
means of which these components and couplings are realized. The solution
of this problem is necessary both for the purposeful design and technolog-
ical fabrication of an optocoupler with the required circuit characteristics,
and for determining the microparameters of light-emitting diodes, pho-
toresistors, fiber-optic connections, etc., from measurement of the Y-, Z-,
or h-parameters of an optocoupler amplifier stage assembled on the basis
of these elements.

3. We write the expression for Y, 4, taking into account that an injection light-
emitting diode is a semiconductor diode with a thick base (W/L > 1).
The small-signal impedance of such a diode is determined, as is known
(8-19), by the expression

Yo = (V1+jwr + jwr;Cy ) / (ri + r/T+ jor + jurr;Cy) . (6)

Here w is the frequency of the electrical signal; 7 is the lifetime of the injected
carriers; r; and r are, respectively, the differential resistance of the p—n junction
and the resistance of the base of the light-emitting diode; C, is the barrier
capacitance of the p—n junction.

We shall calculate the quantity «, assuming that recombination has a
monomolecular character and proceeds under conditions of a low injection
level (light-emitting diodes, as a rule, are fabricated on the basis of sufficiently
strongly doped p- and n-regions (}1:12)). The optical signal generated by

LED, is described by the formula

_ Oopl(x’t) T
bl—/o ) g, (7)

T

where

IT) = B (). 9
0

P (@,1) = py(0) exp (-

~I8
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Here i; = |iy|e’™!, py(0) is the steady-state value of the hole concentration
at the injecting contact, and L = v/ D7 is the diffusion length of holes in the
n-region.

Noting that the product oY,y enters into Y5, from (7) and (8) we find

aY. . = qpst(o) V D/T . (9)
sd koT T+ jwr

4. The light-transfer coefficient 6 is determined by the geometry of the optical
path and by the light losses in it. Since w is the modulation frequency
of the light intensity, which practically does not distort the spectra of
carrier frequencies lying in the optical, ultraviolet, and infrared ranges,
the complex refractive index of the light-transmitting medium (optical
fiber, air, etc.) does not depend on w, and consequently the modulus 6
remains frequency-independent. The phase shift in the optical path may
be neglected as long as the wavelength corresponding to the modulation
frequency w (the frequency of the electrical signal transmitted through
the optical channel in the optocoupler) is large compared with the optical
distance LED—photodetector, i.e., in any case up to frequencies of the
order of 1 GHz. Consequently, the light-transfer coefficient 6 is a real

multiplier, independent of the form of the electrical signal.

5. We shall calculate the photoconductivity coefficient « of the photoresistor
here for the case of linear photoconductivity, neglecting, for simplicity,
surface recombination of the electrons and holes excited by light. Using
for the photogeneration function of nonequilibrium carriers the relation
['(z) = nkBe " (n is the quantum yield, k is the absorption coefficient,
B is the intensity of the incident light), from the continuity equation for
the distribution of electrons and holes in the photoconductor we obtain

kbL? kL, (e *chz/L,—ch(d—=x)/L
p=h=75 (?—kng) Al xs/h;/Lc ) o], (10)
P w w

where L, = £/\/1+ jwr’, £ = /D, is the diffusion length; d is the length
of the photoresistor in the direction of incidence of the light.

Taking into account that

oG h d
=27 p== pd
g 9B, lq(un+up>/0 pdx

(I is the interelectrode distance, h is the thickness of the illuminated sample, p,,
and f,, are the mobilities of electrons and holes), for the quantity v we find
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£

_— 11
1+ jwr’ (11)

h
v=g = qale, + i) (1 — ek

D,

The second differential parameter of the photoresistor, Y}, is its complex dark
conductance, which in the general form may be written as

}/frO = 1/I%fro +jwcfr0' (12)

6. Analogously to the consideration carried out above, circuit theory can be
developed for optocouplers with photodetectors of other types (photodi-
odes, phototransistors, etc.), for which the stationary values of 5 were
calculated in (+?).

It should be noted that even under the simplifying assumptions made above,
the theoretical expressions for the characteristics of an optocoupler, «;, 7, etc.,
are complicated for engineering calculations. For the development of optoelec-
tronics and the search for methods of fabricating optocouplers with the required
properties, it is highly important to find approximate formulas, similar to how
this was done in transistor electronics (13716).
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