INJECTION AND THERMAL EFFECTS IN SELENIUM
RECTIFIERS UNDERGOING REVERSE CURRENT FLOW

V. I. Loiko UDC 621,314,634:536

The change with time of the voltage drop across a selenium rectifier passing a constant cur-
rent is studied, For high current densities a thermal relaxation mechanism is assumed and
the thermophysical state is formulated for this case,

It is well known [1] that if a constant current is passed through a selenium rectifier, the voltage drop
across the rectifier varies with time (it "creeps"), For currents of 8-100 pA, the voltage increases with
time (positive creep); for currents of 150-250 A, in addition to the voltage rise there appears a partial fall
in voltage with time; and at currents of 0.5-1 mA only a voltage drop with time occurs in the temperature
range studied (negative creep). In all these cases, after a long period of current flow (20 min), connection of
the specimen to a potentiometer revealed the presence of an emf of the same polarity as the potential initial-
ly applied, Connection of the specimen to a galvanometer with low internal resistance in the external cir-
cuit produced a current flow opposite in direction to the inducing current, This indicated the presence of
injection of charge carriers from the electrodes into the specimen, which is the cause of the positive creep
effect, The cause of negative voltage creep, and consequently, degradation of rectifier action, may be the
heating of the specimen during the time of current flow,

This study will analyze the reverse portion of the volt—ampere characteristic of series G selenium
rectifiers in a static mode, recording the curves being taken by means of a CI-19 oscilloscope 2 sec (un-
formed) and 20 min (formed) after connection of the voltage source, The area of the specimens studied was
2.54 cm?, The specimens were studied for ambient temperatures in the range 0-52°C, All changes in char-
acteristics were reversible, The relationship between reverse current and applied voltage for currents of
8-50 pA, measured 2 sec (dashed lines) and 20 min (solid lines) after connecting the voltage source is shown
in semilogarithmic coordinates in Fig,1. From Fig.1 it is evident that if the straight portions of the various
current curves are extended to their intersection, then the current—voltage dependence can be written in the
form

i= finv €Xp {2‘38 () (VV ““Vm)]‘ (D

where jiny and Vipy are the values of current and voltage at the point of intersection, and B(T) is the tangent
of the angle of inclination of the straight lines at various temperatures. H, for the respective families
(formed and unformed) of lines, we calculate B(T) for the ambient temperature values studied and define the
function B = £(1/T), we obtain a linear relationship, and the magnitude of the tangent of the angle of inclina-
tion as a function of inverse temperature can be written as

B(T) = —;‘——b, 2)

where A and b are constants,

The change in tangent value after long passage of current apparently occurs as a result of redistribu~
tion of the voltage drop in the specimen due to injection of electrons from the cathode,

In series G selenium rectifiers there is no region of inverse current saturation, The reason for the
absence of a saturation current in these rectifiers is that the ionization energy of the alloy atoms changes
under the influence of the electric field within the specimen,
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al, / 77 Fig.2, Ionization energy of alloy
g /4 atoms AE against voltage applied
4 to sample, Vi/2, Dashed line, 2
J //7 7/ sec, solid line, 20 min after ap-

2 /5 2o ; plying voltage,

Qo1 /,; P ./2/ 4,3’2' Since a selenium rectifier is a Se—CdSe heterojunc~
g /‘/,((,,4; tion (an inhomogeneous crystalline system consisting of an
. 4 Se matrix with inclusions of CdSe, Bi,Se,, etc,) the alloy
‘7__///[ //‘)ﬁ'{ atom ionization energy as calculated from the inverse cur-
21 // / % rent volt—ampere characteristics is the effective value for

e p o pr | ! the entire system, and is dependent on the ionization energy
qog ///4,// i and interaction of the individual regions.
6 /// /// T o As shown by capacitance measurements [3], the thick-
417 7 ness of the p—n junction in selenium rectifiers is approxi-
7 / mately 1075 cm. In the reverse direction the resistance of
217 the rectifier is determined mainly by the resistance of this
OL“ ’ 2 3 . 7 junction, Therefore, the applied voltage is almost completely

across the p—n junction, In view of the small junction thick-
ness for low applied voltages a strong electric field of the
order of 10%-10% V/cm exists,

Fig.1l, Current density j, mA/cm?,
against ' v, V1/2, for different tempera-
tures (dashed lines, 2 sec, solid lines,
20 min, after applying voltage): 1-1)
0°C; 2-21) 20°C; 3-3') 36,5°C; 4-4") 52°C,

In the case of selenium rectifiers the theory of thermal
ionization of alloy atoms in the strong electric field can be
employed, It is assumed that the action of the field increases
the concentration of charge carriers, rather than their mobility
2, 31

The ionization energy value changes from 0,78 eV for vV = 0 to 0 for vV = 2,9 for an unformed specimen
(dashed line) and from 0.8 eV for vV= 0 to 0 for vV = 4.98 V/? for a formed specimen (solid line). It is
evident from Fig. 2 that the magnitude of the ionization energy decreases linearly with increase in applied
voltage, which is characteristic for high fields. After a long period of current flow (formation) the ion-
ization energy increases due to the counteraction of the field by the injected charge carriers. Con-
sequently, the current in the specimens studied is conditioned by field ionization of alloy atoms in the Se
—~CdSe heterojunction layer. Emission of charge carriers from the electrode leads to a redistribution of
voltage in the sample, which causes a change in the electric field at the Se— CdSe heterojunction and a
change in the ionization energy of the alloy atoms. For currents of 100 A and more, taken at 2 sec, logj
is linearly dependent on voltage (Fig. 3). Such a relationship is probably conditioned by the fact that, at
these voltages, the p—n junction is completely filled by capacitance charge. If we extend the straight por-
tions of these curves to their intersection, the relationship between current density in the sample and
voltage will be of the form

j = Jiny€xp [2.3 B(T) (V —Vigy)]- (3)

In this case it has been established that the ionization energy decreases linearly with increase in applied
voltage,

However, after a 20 minpassage of currents of 0,5 mA and greater through the specimen, the dependence of
log jonvoltagebecomes quadratic (Fig, 3). Hence,the quadratic dependence appears uponlong-term current pas-
sageandisatime-related factor, Atthe momentthe quadratic dependence oflogjonV appears,there occurs an
anomalous dependence of the reverse current ontemperature, or for constant current, an anomalous voltage —tem-
peraturerelationship. Inthis casethe voltage acrossthe specimenincreases with increase in specimentempera-
ture ¢he specimen temperature is assumed tobe equal to the ambient temperature), However, agide from the
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effects of injected charge carriers, after long-term current pas-
age heating of the specimen also takes place (Fig.4). Inthis case
7 it is principally the upper (pressure) electrode that is heated,
Although the specimen heating, as measured by a thermocouple,
was no greater than 1,5°C above ambient, analysis of the experi-
/ mental data and examination of the thermophysical problem based

— thereon nevertheless allow it to be assumed that there exist lo-
calized conductive channels in the specimen, which undergo signifi-
cant heating with time at high current flows,
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In actuality, if one considers that all the layers of the sele-
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A4 nium rectifier are inhomogeneous in composition and include sec-
! 44 tions that differ from each other by as much as several orders in
/ / their resistance [4], it is possible to assume that current flow
aoé A through the specimen occurs mainly through those segments with
6 ][7 low resistance (localized conductive channels), Then in the volt-
4 age range where logj ~ V2 a strong heating of the localized con-
5, ] ) 75 v ductive channels can take place, The temperature of the channels
was calculated from Eq, (3). For a current flow of 1 mA for a 20
Fig,3, Current deusity j, mA/cm?, min period, the following channel temperatures were obtained for
versus voltage V, V, measured 2 sec  vyarjous voltages; 15,4 V, 374.4°K; 15.8 V, 365.3°K; 16,0 V, 360,3°K;
(dashed lines) and 20 min (solid 16.4 V, 349,5°K, From the results obtained it is evident that the
lines) after voltage application, Tem-  yoltage across the specimen falls with an increase in channel tem-
perature: 1-1') 0°C; 2-2') 20°C; 3-3')  perature, i,e., within the specimen the normal temperature de-
36,5°C; 4-4') 52°C, pendence of voltage, and consequently, current, exists, Hence,

congideration of the mechanism of current flow through the speci-
men and heating of the localized conductive channels carrying the current leads to a normal temperature
dependence for large inverse currents in selenium rectifiers,

For a more accurate determination of current channel temperature, the thermal conductivity of the
rectifiers studied was determined by a nonstationary method at the Academy of Sciences of the Belorussian
SSR, and proved to be equal to A = 0,3 W/cm - deg,

Since upon passage of a current through the specimen it is mainly the upper electrode that becomes
heated, we will assume that the heat sources are located close to the upper electrode, Moreover, we will
assume that the heat sources are situated in one plane x = 0, and are in the form of discretely placed disks
of diameter 2R with 6, the thickness of the specimen,

With the condition that the surface temperature of the specimen is determined by

To=Tot o, (4)
where T, is the ambient temperature; W is the power dissipated in the specimen; ¢ is the heat-transfer co-
efficient with respect to the surrounding medium; and F is the surface area of the specimen; if we regard
our specimen ag an infinite lamina (this assumption is valid when we congider the specimen thickness §

= 0.1 cm and that its diameter 2r = 1,8 cm is almost one order greater than the thickness) with cylindrical
symmetry, then in cylindrical coordinates in the stationary state the thermal conductivity equation will have
the form [5]

I 0 ar 0T
—_— = — =0, 5)
r or ( or ) + Ox* (
where r is the radial coordinate, On the surface x = 0 the heat flow dengsity is determined
G,
— Ll —qe, (6)
0% |0

where Q(r) is a function characterizing the change in heat flow at the surface x = 0, Moreover
T Ix=6=Ts . (7)

We introduce a new variable
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T'=T—T, (8)

(W shdie '
P s
0 TR whereupon the boundary conditions assume the form
.5 14
L7 IILIL - or = Q(r). {9)
a5 4 Ox =0
B NP
2 1 s 3
B < p R A TR e We apply Hankel's integral transformation to Eq, (5) and the

boundary conditions of Eq, (9) over the variable r, and then,
Fig.4. Kinetics of the temperature, °C,  going from that representation to the original, we determine the

as the current is switched on and temperature at a point r = 0, [J(p, 0) = 1],
switched off (solid line, upper pres-

sure electrode; dashed line, substrate), A r

> T=T@0, 0)~T =—— th(p, 8)dp,
1) 8-16 pA; 2) 100 pA; 3) 150 pA; 4) 0, 0)—=Ts=—— a(p)th(p, d)dp
250 pA; 5) 0,5 mA; 6) 0,75 mA; T) 1 mA, v
t, min,

(10)
g(p)= SQ () Jo(p, Prdr.
0

To obtain a numerical result it is necessary to know the form of the heat flow function Q(r), Since we have
a hot disk, heat liberation will drop quickly but smoothly, and so for this case a Gaussian distribution of
heat fiow will be suitable
r\2
(&)

Q) = Qe ) (11)
where Qg is the heat flow at r = 0; and R is the radius of the area through which the largest portion of the
heat flow passes (the radius of a conductive channel),

Using Hankel's integral transformation we obtain

r

Fole) ar (%)
10) =@ ¢ i, e = AT (12)
b
Substituting this value q @) in Eq. (10) we obtain

oo

Rz,
ATy= T (0, 0)—T,= %%2_&_(%) thedz, (r=0). (13)

0
The integral of Eq. (13) cannot be obtained in finite form, However, its value may be estimated,
In estimating the value we will consider two cases:

1) R/6) >» 1 (in our case this would be meaningless, since we assume that the contact spot is smaller
than the specimen dimensions);

2) if R/8) « 1,
[T (0, 0) — T,] 2= 0.63 _‘3;—13. (14)

The heat flow density Q, is related to the power digsipated in the specimen W by
W = maR2Q,,

where m is the number of channels, through which the electric current flows; and R is the channel radius,
Knowing the experimentally measured channel temperature, the number of channelg and their mean effective
area can be determined from considerations of thermal balance,
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