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1. INTRODUCTION

Until recently, no attention was paid to the electri�
cal properties of silicon carbide p–i–n diodes at low
temperatures. The lack of such interest is mainly asso�
ciated with the fact that free carriers in SiC are rapidly
frozen with decreasing temperature due to the rather
high ionization energy of dopants. The ionization
energy of the main donor impurities in 4H�SiC (nitro�
gen) is 52 meV, the ionization energy of acceptors
(aluminum) is 200 meV [1], i.e., the effect of hole
freezing in the p�type layers of p–i–n diodes is stron�
ger than in the n�type layers with decreasing tempera�
ture. Simple calculations show that the free electron
density in n�type layers severalfold decreases at a tem�
perature of 77 K, while the hole density in p�type lay�
ers decreases by several orders of magnitude. In this
case, the electrical resistance of the emitter p�type lay�
ers in p–i–n diodes sharply increases, whereas their
injection efficiency which is also controlled by the free
hole concentration decreases. Nevertheless, interest in
the study of the low�temperature electrical character�
istics of p–i–n diodes based on 4H�SiC recently rose
since rather efficient low�temperature injection elec�
troluminescence in the terahertz (THz) spectral range
was detected in such diodes [2, 3]. The mechanism of
the observed THz emission has not been conclusively
identified; however, there is reason to believe that it is
similar to the THz�photoluminescence mechanism
upon the interband optical excitation of semiconduc�
tors doped with shallow impurities [4]. The spectra of
low�temperature SiC photoluminescence usually
contain bands associated with the recombination of
photoexcited carriers at donor–acceptor pairs, exci�
ton recombination, band–impurity recombination,
and others. The photoluminescence of SiC of various
polytypes, caused by the above recombination mecha�
nisms, spans the short�wavelength (green–violet)
region of the visible spectral region and the near�ultra�

violet region. It is clear that the initial transfers of
excess carriers (electrons and holes) to impurity levels
can in principle be accompanied by emission in the
THz region (due to transitions between excited impu�
rity states).

It is clear that a similar THz�emission mechanism
is also possible during the injection pumping of excess
carriers in forward�biased p–i–n diodes based on
4H�SiC.

When the diode operates in the forward direction,
the impact ionization of neutral acceptor atoms in an
electric field is quite probable, which can promote the
partial (or even complete) release of frozen holes. Pre�
viously, we measured and analyzed the low�tempera�
ture (77 K) current–voltage characteristics of p+–p––n+

diodes based on 4H�SiC with a lightly doped p–�type
base (the acceptor concentration is 2 × 1015 cm–3) [5].
It turned out that holes in the p–�type base, completely
frozen at a temperature of 77 K, are fully released due
to the impact ionization of aluminum atoms under
fields of ~10 kV/cm.

In the present work, the dynamic characteristics of
4H�SiC diodes with the p+–n––n+ �structure are stud�
ied (in the pulse mode). To this end, the time depen�
dences of the current are measured when high�ampli�
tude forward�bias pulses are applied to the diode. The
work is aimed at studying the impurity�breakdown
effect in a heavily doped p+�type emitter on the
dynamics of an increase in forward current.

2. SAMPLES AND MEASUREMET 
TECHNIQUE

Diodes (Fig. 1) were fabricated based on an n+�type
4H�SiC wafer with sequentially grown epitaxial n– and
p+�type layers (the wafer was purchased on a commer�
cial basis at Cree Inc (USA)). In the studied diodes,
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the p+�type layer is 2 μm thick with an acceptor con�
centration of >1019 cm–3; the n–�type layer is 40 μm
thick with a donor concentration of 1 × 1015 cm–3. The
diode area is 4 × 10–2 cm2. Fabrication of the diode
structure included the following processes conven�
tional for the postgrowth technology of 4H�SiC
devices: optical photolithography, the deposition of
ohmic contacts onto the p+�type layer (Al/Ti) and
onto the n+�type substrate (Ni) by the magnetron
sputtering of corresponding targets, contact firing in
vacuum at a temperature of 950°C, mesa structure
etching in SF6 plasma using a preliminarily deposited
Al layer mask, and plate cutting into individual chips.
The diodes were tested in a version without a housing.
Low�temperature measurements were performed on
the diodes immersed in liquid nitrogen.

Electrical measurements were performed in the
pulse mode. Pulses produced by a relaxation generator
(with a duration of 1.3 μs and a repetition rate of 1 Hz)
were applied to the diode with a series load of 12 Ω
(Fig. 1b). The time dependences of the diode current
and voltage were recorded using a Tektronix DPO 4104
multichannel digital oscilloscope.

3. EXPERIMENTAL RESULTS 
AND DISCUSSION

The results of pulsed measurements are shown in
Fig. 2: oscillograms 1 show the input voltage pulse
(U1 in Fig. 1b), oscillograms 2 show the load voltage
(U2 in Fig. 1b). The amplitude of the input voltage
pulses was varied in the measurements.

On the axis scale shown in Fig. 2, the diode current
appreciably increases when the amplitude of the volt�
age applied to the diode exceeds 66 V. In this case, the
current begins to increase with a time delay with
respect to the input�pulse edge. We can see that the
time delay is shortened with increasing input�pulse

amplitude. Simultaneously with a decrease in the
delay phase duration, the current�rise phase time
decreases and the current amplitude sharply increases.
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Fig. 1. (a) Cross section of mesa epitaxial p+–n––n+

diodes based on 4H�SiC. (b) Circuit of pulsed measure�
ments.
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Fig. 2. Oscillograms of voltages (1) U1 and (2) U2 after
applying voltage pulses of various amplitudes to the diode
with an in�series connected load (12 Ω). The time scale is
200 ns/div. The voltage scale is (a–c) 50 and (d) 100 V/div
for U1; (a–c) 20 and (d) 50 V/div for U2.
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We note that the diode current oscillograms contain a
pedestal, i.e., a rather high initial current flows
through the diode.

It is reasonable to believe that the impact ionization
of neutral aluminum atoms in p+�type regions is
responsible for the described processes. At the qualita�
tive level, the time dependences of the current can be
described by the simple analytical model presented
below, which considers hole generation due to the
thermal and impact ionization of neutral acceptor alu�
minum atoms and free hole retrapping by ionized
acceptors.

3.1. Kinetics of Generation–Recombination processes 
(Analytical Model)

In the case of a single�level model of acceptors, the
time (t) dependence of the free hole concentration (p)
is described by the equation

(1)

where NA is the acceptor concentration, Aimp is the
acceptor impact�ionization coefficient depending on
the field, Ath is the thermal�ionization coefficient, and
B is the retrapping coefficient. Let us introduce the
following notations

(2)

(3)

(4)

Then Eq. (1) can be rewritten as

(5)

After separating variables, Eq. (5) is easily inte�
grated,

(6)

Here, p(0) = p0, p(t) = p.

As follows from formulas (2)–(4), b2 – 4ac > 0.
In this case,
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Let us introduce the following notation

(8)

Then expression (7) can be written as

(9)

Then we introduce the following notation

(10)

Then the time dependence of the free hole concen�
tration can be written as

(11)

The meaning of the last formula becomes most
clear if we neglect the thermal�ionization rate and the
initial carrier concentration (such an assumption is
valid at rather low temperatures). In this case,

(12)

(13)

In formula (13), pst = 2p* is no more than the
steady�state value of the free hole concentration at
t  ∞, τ is the characteristic rise time of the hole
concentration, and td = τ is the characteristic delay
time. The steady�state hole concentration (pst ≤ NA) is
defined by the ratio of the impact ionization and
retrapping coefficients,

(14)

At the qualitative level, the above experimental
results are described by the model considered above.
Indeed, the model predicts the following experimen�
tally observed characteristic features of the dynamics
of impurity�breakdown development.

(i) Beginning of a current increase with a time delay
which decreases with applied electric field.

(ii) Shortening of the duration of the current rise
phase with applied electric field.

(iii) Increase in the steady�state current with
applied electric field.

More detailed (quantitative) analysis of the time
dependences of the diode current with the purpose of
determining the dependences of the impact�ioniza�
tion coefficients on the electric field is complicated
since it is not known with certainty what fraction of the
applied external voltage drops at the diode p+�type
region. At liquid nitrogen temperature, the resistance
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of the thin heavily doped p+�type layer is rather low (an
appreciable initial current flows through the diode);
therefore, for the development of impact ionization in
the p+�type layer, rather large forward bias should be
applied to the diode.

4. CONCLUSIONS

Finally, we it can be noted that THz electrolumi�
nescence in 4H�SiC diodes can potentially occur at
temperatures higher than 77 K as well; therefore, stud�
ies of the electrical characteristics of diodes in a wide
range of lower temperatures remain urgent. Further�
more, studies of the impurity breakdown of acceptors
in 4H�SiC are also of interest from the viewpoint of the
possible development of an inverted population of
excited states of impurity atoms and coherent radia�
tion generation.
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