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1. The light-emitting diodes were fabricated from cubic silicon carbide of n-
type, doped with phosphorus (p = 1 Q - ¢cm), by fusing in platinum and boron
according to the technology described in (}). Earlier studies of the current-
voltage and capacitance-voltage characteristics at room temperature (?) made
it possible to conclude that the light-emitting diodes under investigation have
a pT—p—n structure.

Fig. 1

The emission of the light-emitting diodes arises when current passes in the
forward direction. At room temperature the ampere-lumen characteristics ®(I)
are well approximated by an exponential or, for some light-emitting diodes, by
a power function with a high exponent (?).

At a temperature of 77°K the character of the ampere-lumen characteristics
changes sharply. In most specimens a strongly pronounced emission hysteresis
is observed; the dependence of the diode brightness on current or voltage be-
comes non-single-valued. According to the character of this hysteresis effect, the
light-emitting diodes studied can be divided into two types. The correspond-
ing ampere-lumen characteristics (a.-l.c.) ®(I) and volt-lumen characteristics
(v.-l.c.) ®(V) are given in quadrants I and IV in Figs. 1 and 2. There, in
quadrants II, are given the current-voltage characteristics (I-V characteristics)
of light-emitting diodes of the first and second type.

2. Specimens of the first type (Fig. 1) have I-V characteristics with a region of
negative conductivity (). Under current control, at point A of the I-V charac-
teristic a breakdown occurs (jump AB), accompanied by a flash of luminescence
(segment A’B’ on the a.-l.c.). If the current is then reduced, the light-emitting
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Figure 2: Fig. 2

diode does not go out at once, but only at point C' of the I-V characteristic. As
a consequence, a hysteresis loop C’ A’ B’C” arises on the a.-l.c.

Under voltage control, naturally, there are no breakdowns on the I-V characteris-
tic. In this case no noticeable luminescence arises at point A. The light-emitting
diode remains dark also on segment AC, and only at point C' does luminescence
appear, gradually increasing with increasing voltage. When the voltage is de-
creased, the luminescence intensity passes through the same values in the reverse
order; i.e., in contrast to the a.-l.c., the v.-l.c. of such light-emitting diodes has
no hysteresis.

From comparison of the a-1 characteristics ®(I) and v-1 characteristics ®(V), it
follows that, in light-emitting diodes of the type considered, the luminescence
is determined not only by the current flowing through them, but also by the
applied voltage. The hysteresis observed in the a-1 characteristics is the result
of the nonuniqueness of the dependence V(I for these light-emitting diodes.

3. Samples of the second type have completely different characteristics (Fig.
2). In the current-control mode, a hysteresis loop FBCEF arises in the
current-voltage characteristic; under conditions close to voltage-control
mode, a hysteresis loop HBDFEH arises. Owing to the double-valuedness
not only of V(I), but also of I(V'), hysteresis and jumps exist in the cur-
rent-voltage characteristics both under current control and under voltage
control. Obviously, for this reason no regions of negative resistance or
negative conductance can be detected on the static current-voltage char-
acteristic in any mode. It is interesting to note that such a region cannot
be traced even hypothetically inside the hysteresis loop, since the straight
line BE, connecting the jump points, has a positive slope. The observed
hysteresis can be explained if it is assumed that the true current-voltage
characteristic has the form shown in Fig. 3.

Fig. 2

The stable segment B, FE, on such a current-voltage characteristic will not be
observed because it is separated from the two other stable regions AB; and
DE, by segments of negative differential resistance B, B, and E, E,, on each of
which jumps inevitably occur.

In accordance with the nature of the experimental current-voltage characteris-
tics, luminescence hysteresis is observed in light-emitting diodes of the second
type not only in the current-control mode, but also under conditions of voltage
control. The corresponding a-1 and v-1 characteristics are shown in Fig. 2. It
is obvious that the double-valuedness of ®(I) and ®(V) is a consequence of the
double-valuedness of V(I) and I(V); the luminescence intensity of these light-
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emitting diodes also depends on both the current and the voltage, and not on
any one of these characteristics alone.

4. To decide whether, on going from room temperature to liquid-nitrogen
temperature, the nature of the radiative transitions in the investigated
SiC structures changes, or only the kinetics of the current phenomena
changes, emission spectra were studied.

Comparison of the spectra obtained at liquid-nitrogen and room temperatures
showed that the spectra are almost symmetric curves with maxima located in
the region of 2.28 eV at room temperature and 2.30 eV at the temperature of
liquid nitrogen. These values are close to the magnitude of the band gap of
cubic silicon carbide (4,5).

The temperature coefficient of the shift of the emission maximum is = 1074
eV per 1 degree, which is close to the value of the coefficient of change of the
band gap of -SiC, equal to —(1 + 5)107* eV /deg (°,7). On going from room
temperature to liquid-nitrogen temperature, it draws attention to the

attention to a substantial increase in the half-width of the emission spectral
curve, expressed in units of kT (from 4 to 10kT"). With the exception of this
fact, which requires special consideration, the shape and position of the emission
spectra indicate that both at room temperature and at 77° K the emission is
due to interband radiative recombination (?).

5. As far as we know, up to the present time no one has observed hysteresis
of the emission brightness of light-emitting diodes as a function of current
or voltage. As the above joint consideration of the emission and current-
voltage characteristics shows, the hysteresis of the emission

Fig. 3
Fig. 4

of B-SiC light-emitting diodes is a consequence of the shape of their current-
voltage characteristics. The question of the detailed mechanism of the electronic
(and, possibly, also electron-photon) processes determining the current-voltage
characteristics shown in Figs. 1 and 2 requires the formulation of additional
experiments. However, the already available body of experimental data makes
it possible to express a number of quite definite considerations concerning the
functional structure of the internal connections in light-emitting diodes made of
silicon carbide of the S-phase, as well as the idea of an experiment that would
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make it possible to reach the “unobservable”segment B, 5 of the current-voltage
characteristic of diodes with double hysteresis (Fig. 3).

Let us begin with consideration of light-emitting diodes of the second type.
Double hysteresis, i.e., a current-voltage characteristic with a multivalued de-
pendence both of current on voltage and of voltage on current, has been observed
in silicon diodes (37!!). In works (°~!!) an explanation of the observed current-
voltage characteristics was proposed using a model consisting of an element
with negative resistance and an element shunting it, whose current-voltage char-
acteristic has a positive slope throughout (for brevity, we shall call the first an
unstable element and the second a stable element). If the thermal breakdown
which, in the diodes studied in (°), serves as the mechanism producing the neg-
ative resistance is limited by a series load resistance, then the current-voltage
characteristic of these diodes will take the same form as the current-voltage
characteristics of the 8-SiC light-emitting diodes shown in Fig. 2 of the present
article. A certain specificity, due to the fact that in the diodes described in (?)
the branches HB and BE practically merge, is immaterial for the discussion
being carried out here. It is interesting to note that in work (°), in the region
of double hysteresis of the current-voltage characteristic, luminescence of silicon
diodes was observed; however, no hysteretic effects of emission were detected.

We shall model the 8-SiC light-emitting diode by the same system of parallel-
connected unstable and stable elements that was proposed for silicon diodes in
works (°711). It is easy to see that if the unstable element has a current-voltage
characteristic with negative conductivity (curve 1 in Fig. 4a), i.e., if positive
voltage feedback is realized in it (®), then summation of the currents in such a
model does not change the form of the current-voltage characteristic, but only
brings I, and I ;. closer together (curve 3 in Fig. 4a). On the contrary,
in the case of an unstable element having a current-voltage characteristic with
negative resistance (curve 1 in Fig. 4b —internal positive

current feedback with respect to current ()), such summation gives, for the
system as a whole, current-voltage characteristics with double hysteresis (curve
3in Fig. 4b). Curves 2 in Fig. 4 are the current-voltage characteristics of stable
elements.

Consequently, the model under consideration agrees well with the entire body
of experimental data and, in addition, leads to the conclusion that the mi-
croprocesses occurring in $-SiC light-emitting diodes can give rise to positive
feedback both with respect to current and with respect to voltage. Among the
microprocesses leading to the appearance of regions of negative resistance or
negative conductance on the current-voltage characteristics of semiconductor
two-terminal structures one may point to the effects of double injection (*2714),
temperature or field modulation of the conductivity of the diode base (}°~17),
reabsorption of recombination radiation (%), plasma phenomena (8), etc. As we
have already noted, a discussion of the detailed physical mechanism responsible
for the functional relations considered in 8-SiC light-emitting diodes will be un-
dertaken after additional experiments have been carried out. One of the most
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interesting and informative experiments would be the investigation of the “un-
observed” segment By FE, on the current-voltage characteristics of light-emitting
diodes with double hysteresis (Fig. 3). By itself this segment is stable, and
its non-observation in experiment is associated with the fact that, for any load
resistance, breakdown will occur on the segments B, B, or E, E, leading to it. If,
however, one fixes by current some state K on the “dark” branch of the current-
voltage characteristic and then, by a pulsed action, switches the light-emitting
diode into state L, then after removal of the pulse this final state remains sta-
ble. In this way one can reach the segment B, F,, and thereafter traverse it
by controlling the voltage or the current. The question of the physical nature
of the pulse required for the KL switching is connected with the question of
the mechanism of internal positive feedback in the light-emitting diode. If this
feedback is thermal, then the KL and LK switchings should be caused by pulses
of heat and cold, as was done with silicon diodes (?). If, however, the positive
feedback is produced as a result of photoactive absorption of the light-emitting
diode’ s own radiation, i.e., if 8-SiC light-emitting diodes of the second type are
miniature monolithic solid-state optrons (1°721), then the K L transition should
be effected under the action of an external light pulse. The cycle of such inves-
tigations and a physical discussion of its results will be published in a separate
article.

The authors express their gratitude to M. B. Reifman for providing silicon car-
bide crystals.
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