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Light Emission Produced by Current Injected into a Green Silicon-Carbide Crystal*

K. LEHOVEc, t C. A. AccARDQ, AND E. JAMGocHIAN
SigrIal CorPs Erigineer&Ig Laboratories, Fort Monmouth, %em Jersey

(Received May 16, 1952)

This paper deals with the light emission, which arises from the passage of a current in the forward direction
over a P-rI-barrier in a transparent ("pure") silicon-carbide crystal. The results differ from previous results
obtained on a dark blue (impure) silicon carbide crystal in several respects: The spectral distribution of
light emission is found to be independent of current and temperature. Both the efficiency of light
emission and the decay constant of light emission increase exponentially with decreasing temperature.
This is explained by a nonradiative transition of excited electrons. In a dark blue (impure) silicon carbide
crystal, the resistances in series with the p-n-barrier were largely eliminated, and light emission at a voltage
of the same magnitude as hv/e, was observed.

1. INTRODUCTION
' 'X a previous paper, investigation of the light emission
- - from blue SiC crystals excited by current Qow was
discussed. ' The body of the crystals was of the p-type
with occasional m-type surface layers.

Since the absorption edge of the SiC lattice lies at
about 0;42 microns, ' pure SiC should be colorless. The
dark blue color of the crystals is indicative of 1attice
defects or high impurity content. The latter conclusion
has now been confirmed by spectroscopic analysis
(Table I). It is known that the spectral distribution,
temperature dependence, and efficiency of light emission
from phosphors depend on the impurity centers
(activators, killers) present (e.g. , in ZnS, Cu, and Ni,
respectively). It is expected, therefore, that there should
be differences in the injected light emission from SiC
crystals which differ in impurity content. Pale greenish
transparent SiC crystals have been obtained through
the courtesy of Carborundum Company, Niagara Falls,
New York. Such crystals are known to be of the e-type. '
Spectroscopic analysis showed that they are of con-
siderable purity, containing only traces of Al, Fe, Ti,
Cu, and Mg. Four of the crystals emitted light with
current passing. In this paper, experimental data will

be presented on the light emission from one of these
green SiC crystals. The intensity of the light emission

as a function of current density, temperature, and
wavelength was investigated. The response time of

TABLE I. Spectroscopic analysis of a blue SiC crystal.

0.1
0.05
0.002

Traces
Traces

Wt percent
Wt percent
Wt percent

Al
Fe
Tl
CU
Mg

* Most of the data included in this paper were presented at the
American Physical Society Meeting in New York, January 31,
1952, paper SC5.

f Now at Sprague Electric Company, North Adams, Massa-
chusetts.

' Lehovec, Accardo, and Jamgochian, Phys. Rev. 83, 603 (1951).
0. Weigel, Nachr. Ges. Wiss. Gottingen, p. 264 (1915).' G. Busch and H. Labhard, Helv. Phys. Acta 19, 463 (1946).
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light emission to a current pulse was also measured.
The technique is the same as reported previously. '

2. DESCRIPTION OF THE CRYSTAL INVESTIGATED

The crystal under investigation was wedge shaped.
An area contact was made on the base of the crystal,
A well-defined area of about 1 mm' on one side of the
crystal near the apex was found to emit green light
when a current was passed through a catswhisker placed
within this area (catswhisker negative).

Probe measurements were made to determine the
potential distribution in the crystals. The potential
distribution was very complex and indicated the
presence of at least two barriers within the crystal. It
was established that the boundaries of the green light
emitting area coincide with a barrier, and that the
green light appears when current passes the barrier in
the forward direction.

It has been reported, 4 that SiC crystals which are
phosphorescent under ultraviolet light also emit light
when excited by current. We have found this technique
helpful in selecting light emitting crystals. It should be
noticed, however, that in the case of the crystal under
discussion, the area which emits green light when cur-
rent passes could not be distinguished by phospho-
rescence under ultraviolet from other parts of the
crystal.

If the polarity of current was reversed (catswhisker
positive), a yellow light emission with diffuse bound-
aries appeared. At higher voltages, a bright bluish-
white light was superimposed at a few distinct spots.

The area emitting yellow light did not coincide with
that emitting green light. Microscopic inspection indi-
cated that each light came from a diGerent depth in the
crystal. It seems possible that the two types of light
emissions are due to injection of carriers over two
diGerent barriers. The difference in color of the emitted
light cannot be attributed to the diferent thicknesses
that the light has to pass in order to reach the surface.
In the locality of the light emission the crystal was
about 1 mm thick. If absorption was an important
factor, one would expect the intensity to be markedly

4 T. Tetzner, Z. angew. Phys. 1, 153 (1948).
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different when measured from each side of the wedge
since the light had to pass through diferent thicknesses
to reach each surface. The green and yellow light
emissions were visible with about equal intensities
both from the contact side of the crystal and the side
opposite. It seems, therefore, that the different colors
observed are to be ascribed to various activator
(impurity) centers rather than to absorption.

The bright bluish-white spots which appear when
the catswhisker is positive are located at the boundary
of the area emitting green light at negative polarity of
the catwhisker. These spots appear, therefore, when
the current passes the barrier in the blocking direction.
The current-voltage characteristic in the blocking
direction showed a sharp break which corresponded to
the initiation of the blue light spots. The current
increased more rapidly with voltage after the break.
It is suggested that the light spots arise from recombi-
nation of electron-hole pairs which have been created
in the barrier by either a Zener eGect or by ionization
from electron collisions.

Parts of the crystal were found to phosphoresce
under ultraviolet light. The color of the phosphores-
cence was reddish-yellow and about the same color as
that of light emission caused by current Qow with the
point contact positive. A well-defined area of the crystal
which included the area emitting yellow light under
current Qow was phosphorescent. There is one striking
difference between the yellow phosphorescence and the
yellow light emission under current Qow, however. The
yellow light emission- under current Qow decays instan-
taneously to the eye after interruption of current,
whereas the phosphorescence decays gradually within
several seconds after removal of the exciting ultraviolet
light.
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FIG. 1. Spectral distribution of the light emitted from a pale
green Sic crystal as a function of the current passed through the
crystal at room temperature.
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FIG. 2. Spectral distribution curves of the injected light emission
from a pale green crystal taken from different sides of the crystal
at the temperatures indicated. A spectral distribution curve of a
blue SiC crystal is included for comparison (this curve depends
on temperature). (See reference 1.)

3. EXPERIMENTAL RESULTS ON THE GREEN LIGHT
EMISSION

(a) Spectral Distribution

The spectral distribution of the emitted light was
measured by using a photomultiplier and various
filters, as described previously. ' Figures 1 and 2 show
spectral distribution curves at room temperature and
—124'C. The various curves in Fig. 1 refer to diGerent
currents passed through the crystal at room tempera-
ture. It is evident that spectral distribution of the
emitted light does not change with the current passed
through the crystal. In Fig. 2 spectral distribution
curves which were taken (a) from different sides of the
crystal, and (b) at room temperature and —124'C, are
compared. Since the light emitting area was located
close to the surface on which the catswhisker was
placed, the light emission had to penetrate through a
much thicker layer of the crystal in the case of the
dashed-line curve than in the case of the solid-line
curve. The fact that the spectral distribution is practi-
cally the same from either side of the crystal indicates
that light absorption in the crystal is of little inQuence
on the shape of the spectral distribution measured. s

Comparison of the spectral distribution curves at
room temperature and at —124'C shows that spectral
distribution of the green crystal does not depend on
temperature in this range. In Fig. 2, the spectral
distribution of light emission from a blue SiC crystaV

' R. W. Sillars L'Phys. Rev. 85, 136 (1932)g has recently sug-
gested that the spectral distribution of the emitted light is
modi6ed by the absorption of the crystal. Sillars observed the
light emitted at point contacts. %e have selected for our measure-
ments crystals with light emitting areas (due to p-I-boundaries)
which were much larger than the point contacts.
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FIG. 3. Intensity of emission (expressed by the photomultiplier
current) as a function of the current through the crystal at room
temperature.

expressed by the photomultiplier current) can be
approximated by the relation mph &=61 g & 8 where
a is of the order of 700 microamp and b=1.2&&10 s.

Thus for crystal currents larger than 1 ma the efficiency
of light emission expressed by i~h, t/i„r,t, approaches a
constant value b; whereas for crystal currents smaller
than 1 ma the efficiency increases markedly with
increasing current. This is seen more clear1y from the
double logarithmic plot of light intensity (expressed by
photomultiplier current) es crystal current (Fig. 4).
The various curves refer to diferent temperatures.
Since the curves were taken while warming up the
crystal from —136'C to room temperature, the temper-
ature of the crystal increased somewhat (as indicated
in the 6gure) while taking the measurements for a

is included for comparison. The light emission in the
blue crystal consisted of two bands, one with a maxi-
mum at 0.61 micron, the other with a maximum at
0,55 micron. When the temperature is lowered the
emission band at 0.55 micron is enhanced more than
that at 0.61 micron.
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FEG. 4. Double logarithmic plot of the intensity of light emission
(expressed by the photomultiplier current) as a function of the
current passed through the crystal. Temperature of measurement
is indicated in the f'figure. The dotted lines have a slope which
corresponds to proportionality of the light intensity with the
current passed through the crystal.

(b) Light Emission as a Function of the
Current Passed

Since spectral distribution of the emitted light from
the green crystal is independent of the current through
the crystal and of the temperature (Figs. 1 and 2), the
photomultiplier current is proportional to the intensity
of the emitted light. Figure 3 shows the photomultiplier
current as a function of the current passed through the
crystal (catswhisker negative) at room temperature.
For crystal currents larger than 1 ma, the light (as
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Fzo. 5. Semilogarithmic plot of the values of eKciency corre
sponding to the dotted lines of Fig. 4 as a function of inverse
absolute temperature. The straight line obtained indicates an
exponential dependence with an activation energy of 0.118 ev.
The two points marked by crosses are the time constants of the
light emission.

particular curve, A slope of 45 degrees would indicate
that the efficiency is independent of the current through
the crystal. It seems that a slope of 45' is approached
at higher current densities (tbe dotted lines have slopes
of 45 degrees). At low current densities, the slopes
become steeper. Relative values of efficiency have been
calculated from the straight lines shown in Fig. 4.
These values were plotted on a semilog scale against
reciprocal absolute 'temperature (Fig. 5). A straight
line is obtained which shows that the efficiency increases
with decreasing absolute temperature by a Boltzmann
factor exp( —Ts/T), with Ts=1370'K corresponding
to an activation energy of U= kT0=0.118 ev.

6 A similar behavior has been found in the case of light emission
from blue SiC crystals.
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(c) Absolute Value of the ERciency of
Light Emission

The absolute value of eKciency is de6ned as the
ratio: light quantum emitted per electron passed
through the crystal. Knowing the spectral distribution
of the emitted light and the spectral sensitivity of the
photomultiplier, the absolute value of the efliciency
can be calculated. The eKciency at room temperature
for the particular crystal under investigation was found
to be 2X10 s quanta/electron. This value is of the
same order of magnitude as that reported previously
for a blue SiC crystal. This coincidence is accidential;
at other temperatures the eKciencies dier in value.
The efficiency of the pale green crystal under discussion
increases with decreasing temperature (see Fig. 5) and
reaches at T= —134'C a value of about 2)&10 '
quanta/electron. The temperature dependence of the
eKciency of light emission intensity of the crystal under
investigation can be written in the form Ce"~~', with
C=2X10 ' quanta per electron in the temperature
range 140'K& T(300'K. Extrapolation to lower
temperatures shows that an efFiciency of about unity
should be approached at 7=80'K (about liquid air
temperature).

(d) Response Time

The response time of the light emission was investi-
gated as follows: A square current pulse was passed
through the crystal. The shape of the photomultiplier
current caused by the light emitted' from the crystal
was inspected on an oscillograph, . Figure 6 shows
photographs of the pattern on the oscillograph corre-
sponding to current pulses of diGerent magnitude
passed through the crystal. The temperature of the
base plate on which the crystal was mounted was
—140'C. The amplification of the photomultiplier
current was adjusted to give traces of approximately
the same height at the oscillograph. The shape of all
traces is identical, independent of the magnitude of the
current pulses used. The rise curves and the decay
curves shown in the figure can be represented by
functions 1—e 'I' and e '~', respectively, with v=80
microseconds. Measurements at room temperature also
gave an exponential time dependence. Again the decay
time was independent of the height of the current pulse.
The decay time at room temperature was only 1.15
microseconds. The values of the decay time at room
temperature and at —140'C are plotted in Fig. 5,
together with values of eKciency of light emission. It
will be noted that the decay time shows a temperature
dependence quite similar to that found for efficiency.

4. SOME ADDITIONAL DATA ON THE LIGHT
EMISSION FROM A BLUE SiC CRYSTAL

The observations described in what follows were
made on a blue SiC crystal. The crystal was of the
p-type except for a thin e-type region of about 4 mm'
area on one face. A yellow light was emitted with the

FIG. 6. Shape of the light pulse emitted from a green SiC
crystal at —140'C when passing a square current pulse: 900
microseconds duration, and 500 cps repetition rate. Amplitude
of current pulse: (A): 3, (B): 8, (C): 12, (D): 1'7 microamps;
dc bias current: 10 microamps. The vertical amplification was
adjusted to obtain patterns of about the same height.

FIG. 7. Current volt-
age characteristic of a
blue SiC crystal with
P-n-barrier. The arrow
marks the voltage be-
tween the electrodes of
the crystal above which
light emission is ob-
served by the dark
adapted eye.
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~ C. S. Pearsall and T. K. Zingeser, unpublished Massachusetts
Institute of Technology Technical Report No. 104 (1949).

s 0. Lossew, Physik. Z. 32, 693 (1931);B. Claus, Ann. Physik
11, 331 (1931);14, 644 (1932).

passage of the current in the forward direction over
the p-I-barrier. An effort was made to eliminate
contact resistance in order to And the threshold voltage
of the light emission for the intensity detectable by the
eye. A nonrectifying base contact was made by plating
zirconium on the base of the crystal by thermal dissoci-
ation of Zr hydride in a vacuum. ' Probe measurements
showed that the base contact resistance was less than
0.2 ohm (area of the contact about 0.5 cm'). The other
contact consisted of four steel catswhiskers connected
in parallel and placed on the n-type layer. The current-
voltage characteristic of this arrangement is shown in
Fig. 2. The voltage at which light emission visible to
the eye begins is marked by an arrow. Notice the
change in slope in the characteristic at this voltage.
Such a change has been observed earlier by others. '
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A more exact determination of the threshold voltage
for light emission at the barrier was made. A probe was
placed on the light emitting surface and the area around
the probe was inspected microscopically. The voltage
between the current carrying contacts was increased
until light emission became visible to the dark adapted
eye in the area around the probe. The corresponding
voltage at the contact was 1.8 volts. This voltage is
less than that corresponding to the energy of the light
quanta emitted (2 ev). The difhculties encountered in

probing a p-e boundary grown under uncontrolled
conditions do not permit one to put too much emphasis
on this small difference. Any excess of energy emitted
over energy supplied by the battery must have been
taken up by lattice vibrations. This should lead to a
cooling effect, as in the case of the well-known Peltier
effect.

5. DISCUSSION

In the study of light emission one is concerned with

(a) the excitation process (in our case, carrier injection)
and (b) the emission process.

The carrier injection should not differ fundamentally
from that known through studies of the transistor
effect. ' The emission process should not differ funda-
mentally from that occurring in ordinary phosphors. "

In what follows we shall discuss briefIy some of our
experimental results from the point of view of carrier
injection and phosphorescence. Unfortunately, we are
unable at present to produce artificial SiC crystals of
known composition. Details of the barrier structure
and of the activator centers in the crystals investigated
are not known so that any interpretation is only
tentative.

(a) Remarks on the Injection Process

The shape of the current-voltage characteristic
(Fig. 7) suggests that the current over the barrier
consists of two parts. One part is proportional to the
voltage at the contact and passes the barrier layer
essentially unrectified contributing nothing to the light
emission. In the blocking direction at low voltages,
this part constitutes the entire current. The other part
which does lead to light emission sets in measurably
above a threshold voltage in the forward direction and
is absent in the blocking direction, We are inclined to
ascribe the former to conduction on impurity levels"
(or to some other process involving strongly disordered
structure), and the latter, to carriers injected across
the barrier. The presence of a current which does not
lead to excitation and which at low current densities is

'W. Shockley, Electrons and Holes in Semiconductors (D. Van
Nostrand and Company, Inc. , New York, 1950).

' H. W. Leverenz, Lmninescence of SoMs (John Wiley and
Sons, Inc. , New York, 1950).

"Presence of such a current was suggested by G. Busch (Helv.
Phys. Acta 10, 167 (1946)) in order to explain measurements of
the temperature dependence of thermoforce and of Hall eGect in
SiC crystals.

a large fraction of the total current, may be one reason
for the observed dependence of the efficiency on current
density at low currents (Fig. 4).

(b) Remarks on the Emission Process
A dependence of efFiciency on current density may be

inherent also in the emission process. It is known
from experiments on the luminescence of ZnS- and
other phosphors that the efFiciency of the emission
process may increase with increasing intensity of
excitation. "The dependence of the efficiency of excita-
tion becomes more pronounced at lower intensities of
excitation and at higher temperature and may be
caused by the presence of so-called "killers. '"' "Killers"
are centers which enable radiationless transitions of
excited electrons. A well-known killer in ZnS-phosphors
is Fe. Traces of Ie were present in the pale green
crystal under investigation.

It is customary to consider the following processes
when discussing the time dependence of emission of
phosphors:

(1) The lifetime of the free electron before being captured;
the capture may take place at traps (la), at activator centers in
an excited state (1b), or at killer centers (1c).

(2) The electron may be re-emitted into the conduction band
from the traps (2a), or from the excited states of the activation
centers (2b).

(3) The electrons captured in an excited state of the activator
may transfer to the ground state under light emission (3a) or
under dissipation of its energy in heat (3b). The electron captured
at a "killer center", loses its energy into heat (definition of
"killer" ).

Any one of these steps (1), (2), (3) may determine
the decay time. Some of the steps (1b), (1c), (2b), (3a),
(3b) account for the eKciency. In our case both effici-
ency and decay time are strongly temperature depend-
ent. Only the processes (2a), (2b), and (3b) depend in
general strongly on temperature. This suggests that
at least one of the processes (2a), (2b), and (3b) are
involved in the efficiency and decay time. We have
observed that efficiency and decay time have about the
same temperature dependence. This suggests that the
same step is of importance for efIiciency and decay.
Trapping influences only decay but not efFiciency tenta-
tively and seems therefore of no importance. We con-
clude that either (3b) or (2b) (or both) account for the
observations on efFiciency and decay.

I.et the relative probability of a free electron to be
captured by an activator (instead of being captured by
a killer) be f Let the p.robability for a radiative
transition per unit time of an electron from the excited
state of the activator to the ground state (step 3a) be p,
that of re-emission to the conduction band (step 2b) p',
and that of oonradiative transitions to the ground

"N. Riehl, Z. Tech. Physik 20, 152 (1939); J. H. Gisolf and
F. A. Kroger, Physica 6, 1101 (1939); Urbach, Urbach, and
Schwartz, J. Opt. Soc. Am. 37, 122 (1947); S. Robert and F.
Williams, J. Opt. Soc. Am. 40, 516 (1950).

'3Urbach, Urbach, and Schwartz, J. Opt. Soc. Am. 37, 122
(1947).
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state (step 3b) p". Both p' and p" are of the type
s exp( —E/kT) with different numerical values for s
and E. In general, only one of the processes (2b) or (3b)
will be of importance owing to differences in the
numerical values of E. The efficiency is then'4 e= fp/
(p+s exp( —E/kT) j, and the decay time r of phosphor-
escence: 1/r= p+s exp( —E/kT). Our measurements
covered. a temperature range in which e and 1/v. were
strongly temperature dependent. This implies that
p((s exp( —8/kT). Thus e=fp/Ps exp( —8/kT)$, 1/r
=s exp( —E/kT), and e/r=fp. 's Using the measured
values 1/v =10' sec ' at room temperature, e= 2X10—'
quanta/electron at room temperature, and 8=0.114ev,
we obtain fbi= 2 sec ' and s= 10' sec '. The value of s
is of the same order of magnitude as that frequently
obtained in other phosphors from glow and decay

"Consideration of recapture of an electron of an activator
after the release from an excited state introduces only a small
modification of the equation, if f((1.

"The close relationship between the temperature dependence
of efhciency and that of decay time has been observed on Mn-
activated zinc silicate phosphors by F. A. Kroger and W. Hoogen-
straaten LPhysica 14, 425 (1948)g.

experiments. "Separation of f and p would be possible
if eKciency and decay measurements were extended to
sufficiently low temperatures where the factor
exp( —Z/kT) becomes negligibly small. Then efficiency
and decay time should be independent of temperature:
e=f and 1/r= p U.nfortunately with our present
equipment we were not able to reach this temperature
range.

The temperature U calculated from Fig. 5 is of the
same order of magnitude as the ionization energy of
conduction observed by G. Busch'~ for some pale green
crystals (e.g. , crystal 12a, E&=0.120 ev in his Table I).
It would be very interesting to investigate a possible
relation between activation energy of conduction and
that of e%ciency of phosphorescence on the same
crystal. Crystals with homogeneous impurity distri-
bution would be necessary, however.

We are indebted to Mr. J. Mellichamp for per-
formance of the spectroscopic analysis.
"See, e.g. , J.Randall and M. Wilkins, Proc. Roy. Soc. (I ondon)

A184, 566 (1945).
'~ G. Busch, Helv. Phys. Acta 10, 167 (1946).
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Diurnal Variations in the Intensity of Cosmic Rays Underground~

NOAH SHERMAN

H. 3f Ealdal/ La.boratory of Physics, Urt& ersity of 3fichigart, Anrt Arbor, Michigart

(Received August 6, 1952)

The number of coincidences between two trays of Geiger-counters located at a depth of 8.46&(104 g cm ~

underground was recorded each hour, and these data were analyzed for variation of cosmic-ray intensity
with solar and sidereal time. (A total of 7.4X 10 p-mesons was observed whose average energy is estimated to
be 2 X 10"ev.) In each case the standard deviation of the observed coincidence rates from the mean rate is not
larger than the standard deviation expected from a normal distribution. The first harmonic amplitudes of the
solar and sidereal variations indicate that the data are equally consistent with an assumed daily sinusoidal
variation in the coincidence rates of ~0.5 percent and with the absence of such variation. The diSculties
involved in deducing directional properties of the primary cosmic radiation from harmonic analysis of
variations in secondary radiation underground are discussed.

HE investigations of Elliot and Dolbear' indicate
the existence of small solar and sidereal diurnal

variations in the intensity of the hard component at sea
'

level. They interpret these results as due to the non-
isotropic incidence of primary cosmic rays. In the course
of an investigation of the correlation between variations
in atmospheric temperatures and variations in the in-
tensity of high energy p,-mesons observed underground
(to be reported at a later date), we have collected hourly
counting rates for these particles which might be ex-
pected to reQect variations in the intensity of primaries
of high energy.

* This work has been partially supported at different stages by
the Air Force Cambridge Research Center and the joint program
of the ONR and AEC.' H. Elliot and D. W. N. Dolbear, J. Atmos. Terr. Phys. 1, 205
(1951);H. Elliot, Progressirl Cosmic-Ray Physics, edited by J. G.
Wilson (North-Holland Publishing Company, Amsterdam, 1952),
Chap. &III,

The coincidences between two trays of Geiger counters
(each tray 24 in. X90 in. ) located at a depth of 8.46X10'

g cm ' in a salt mine in Detroit, Michigan, were recorded
each hour and analyzed for diurnal variations. An inch
of Pb was placed between the trays to effectively
eliminate coincidences due to local radioactivity and the
accidental counting rate ( 1.3 hr ') was measured
periodically (showing negligible time variations) for use
in correcting observed counting rates. During the year
ending March 31, 1952, 7.4)&10' counts were recorded
with a mean corrected counting rate of 107.8 hr '. The
average energy of p,-mesons observed at the depth of the
mine has been estimated to be ~2)&10"ev.'

The variation of intensity with solar time is shown in
Fig. 1 and with sidereal time in I"ig. 2. The errors are

C. A. Randall, thesis, University of Michigan (1950) (un-
published),




