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Abstract—The statistical delay of microplasma breakdown in GaP light-emitting diodes with the green-emis-
sion spectrum is studied. The unusual profound effect of deep centers on the statistical delay of avalanche
breakdown is observed in the temperature range of 300–380 K; this effect is caused by a variation in the
charge state of these centers due to a reduction in the reverse bias applied to the p–n junction. Four deep levels
are revealed and their parameters are determined.

DOI: 10.1134/S1063782617030083

1. INTRODUCTION

Avalanche breakdown in real p–n junctions is con-
ventionally highly localized and is of microplasma
nature. As a rule, microplasma appears at sites of the
accumulation of different structural defects and
imperfections. The characteristics and reliability of
semiconductor devices depend to a large degree on the
properties of different defects and are determined by
the microplasma set in the diode.

A delay in the breakdown is observed if a reverse
voltage, which exceeds the breakdown voltage of
microplasma with the lowest voltage, is applied to the
p–n junction [1]. A relaxation-related delay in break-
down is observed at a high concentration of deep-level
centers (DLCs) [2]. If the concentration of DLCs is
low, the emission of charge carriers from these centers
affects the statistical delay of microplasma-related
breakdown [3]. In contrast to known traditional meth-
ods (capacitance spectroscopy, the Hall effect, photo-
conductivity, and so on), the delay in the avalanche
breakdown makes it possible to study the characteris-
tics of local sites where defects are concentrated,
which is very important for predicting the properties
and reliability of semiconductor devices.

Previously, several attempts were undertaken to
determine the parameters of DLCs from the statistical
delay in the avalanche breakdown [4–6]. However, as
was noted in the above publications, the obtained
results were ambiguous and contradictory.

The aim of this study is to evaluate the method of
the microplasma-related spectroscopy of deep levels
in the case of its application to GaP:N light-emitting
diodes; this method makes it possible to study deep
levels (DLs) in microplasma channels of p–n junc-

tions since these levels can be responsible for processes
of nonradiative recombination.

The charge state of DLCs was changed by partial
lowering of the reverse voltage applied to the p–n
junction. In this case, the DLCs are filled by majority
charge carriers. In addition, the DLCs are occupied
only in a limited part of the space-charge region
(SCR) in the vicinity of its boundaries, where the elec-
tric-field strength is relatively low. We consider the
possibility of determining the DLCs parameters from
measurements of the distribution function for the
duration of statistical delay in the microplasma-
related breakdown (the Laue curve) in GaP light-
emitting diodes with green emission.

Previously, studies of GaP light-emitting diodes
with the red emission spectrum [3] and Si diodes [7]
were undertaken

An analysis of previous studies [3, 7, 8] makes it
possible to conclude that the method under consider-
ation features a very high sensitivity to the DLC con-
centration in comparison with other methods; in par-
ticular, this sensitivity is even higher than that in the
case of Q-DLTS.

2. EXPERIMENTAL
In this study, we have chosen, as most efficient, the

pulsed method of studying the delay in the avalanche
breakdown in a p–n junction [3]. The block diagram of
the measuring installation is shown in Fig. 1.

The source of direct-current voltage (1) feeds the
generator (2), which produces rectangular voltage
pulses with an amplitude continuously adjustable from
0 to 300 V for both the lower and upper levels. The
pulse duration can be varied from several microsec-
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onds to tens of minutes. The level of noise at the out-
put of the generator (2) does not exceed 0.5 mV; the
voltage was kept constant with an accuracy of no worse
than 1 mV. The durations of the upper and lower levels
of the voltage are specified independently; the dura-
tion of the upper level can be also specified by the
duration of the delay of avalanche breakdown in the
p–n junction. The rise time of the voltage pulse does
not exceed 1 μs. All types of control of the generator of
rectangular pulses are implemented using the control
unit (6). The sample under study is placed in an
opaque cryothermostat. The latter makes it possible to
vary the sample temperature in the range of 77–380 K
and maintain it with an accuracy of ±0.1 K. We used a
TSPN-5 resistance thermometer for measuring the
temperature with high precision.

A detailed theory of the method is reported in [3].
For example, let a deep level be located in the upper
half of the band gap and let this level be occupied with
majority charge carriers (electrons) from the side of
the n-type region in the course of short-time lowering
of the reverse voltage at the p–n junction. The dura-
tion of the voltage pulse giving rise to occupation of
the level was determined by the time of establishment
of a steady state in the microplasma channel. For a
level located in the upper half of the band gap, the
coefficient of electron emission from a DLC is, as a
rule, much larger than the coefficient of emission for
holes, en ≫ ep. Therefore, at the initial moment of time
(t = 0), after the voltage jump V > VM, where VM is the
voltage corresponding to the breakdown of micro-
plasma, deep-level centers in the region of their occu-
pation become located in the SCR and are found to be
completely occupied with electrons. The function of
the distribution of the delay in microplasma break-
down over its duration (the probability of the fact that
the microplasma is not restored during the time t after
application of the discharge voltage), in the semiloga-

rithmic system of coordinates (1) consists of linear (2)
and nonlinear (3) parts

(1)

(2)

(3)

where PM is the probability of the appearance of
microplasma under the effect of overvoltage (V – VM);
en and ep are the coefficients of the emission of elec-
trons and holes from the DLC, respectively; Pn and Pp
are the probabilities of initiation of an avalanche by the
above process; Nt is the DLC concentration; SM is the
cross section of the microplasma channel; τ = (en +
ep)–1 is the time constant for establishment of the DLC
steady state; Lp and Ln are the boundaries of SCRs of
the p–n junction from the p- and n-type regions,
respectively; and Lm is the SCR boundary from the
side of the n-type region at the voltage VM of occupa-
tion of deep levels.

The typical shape of the distribution functions
under discussion is shown in Fig. 2.

The linear term (2) represents the thermogenera-
tion-related mechanism of avalanche initiation via the
deep level under consideration. The nonlinear
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Fig. 1. Block diagram of the setup for measuring the break-
down delay: (1) adjustable source of direct-current volt-
age, (2) generator of rectangular pulses, (3) voltmeter,
(4) cryostat, (5) oscilloscope with memory, (6) control
unit, (7) time meter, and (8) PC; R denotes a resistor and
D denotes the diode under study.
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Fig. 2. Distribution function for the statistical delay in the
breakdown with regard to duration: (1) without the occu-
pation of deep-level centers (DLCs), (2) with the occupa-
tion of DLCs, and (3) the difference curve.

ln
(1

 −
 P

m
)

1

3

2

t



372

SEMICONDUCTORS  Vol. 51  No. 3  2017

IONYCHEV, SHESTERKINA

term (3) is responsible for avalanche initiation facili-
tated by the re-emission of charge carriers from DLCs.

The linear term can be excluded from consider-
ation if the distribution function without occupation
of DLCs is measured. In that case, 1 – PM0 is exactly
measured at low overvoltages Lm ≈ Ln. Thus, the prob-
lem can be reduced to an analysis of the function 1 – PMt,
which includes the main information about the effect
of DLCs on the breakdown delay and can be repre-
sented as

(4)

where

(5)

If there are several simple two-charge deep levels in
the SCR of the p–n junction, the emission of charge
carriers from these levels is bound to proceed inde-
pendently; as a result, the distribution function for the
breakdown delay will be represented by the sum of
individual components in semilogarithmic coordi-
nates.

In real p–n junctions, there are other mechanisms
(in addition to the emission of charge carriers from
DLCs), which deliver charge carriers for the initiation
of an avalanche. In this case, the right-hand side of
expression (2) must be complemented by yet another,
most commonly linear, term. The contribution of the
latter can also be taken into account in measurements
of the distribution function for the breakdown delay
without the occupation of DLCs.

3. RESULTS
We studied the delay in the avalanche breakdown

using AL341G commercial GaP light-emitting
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diodes. For measurements, we chose samples, which
revealed all the signs that they include “classic”
microplasma: the appearance of current pulses, a
characteristic kink in the current–voltage characteris-
tic, and a fairly wide range of overvoltage for the first
microplasma.

The crystal of a GaP:N light-emitting diode is an
epitaxial p–n structure. Two layers with n- and p-type
conductivity are formed by the method of liquid-
phase epitaxy on a single-crystal n-GaP substrate
doped with Te. The n-type layer was doped with nitro-
gen and residual donors while the p-type layer was
doped with zinc and nitrogen.

The model of a graded p–n junction with the con-
centration gradient a = 2.1 × 1022 cm–3 is more justi-
fied for the p–n junction under consideration. The
distribution of the doping impurity in the region of the
metallurgical junction corresponds to a typical diffu-
sion p–n junction. The steady-state breakdown volt-
age for the first microplasmas in various diodes
amounted to 18–19 V at room temperature. The volt-
age of activation of the second microplasma differed
from the corresponding voltage for the first micro-
plasma by more than 1.2 V (at various temperatures).

Studies were performed in the temperature range of
300–380 K, the overvoltage was 1.1 V, and the voltage
needed for occupation of deep-level centers amounted
to 10 V.

Typical experimental distribution functions for the
duration of statistical delay in the microplasma break-
down are shown in Fig. 3. In the range of temperatures
under study, the resulting curve 3 was described by a
single exponential function or by a sum of exponential
functions of the form (4). This made it possible to
determine the time constants τ for establishment of
the steady state for deep-level centers. Figure 4 shows
the dependences of τ on T in the form of an Arrhenius
plot. The obtained parameters of the energy levels are
listed in the table.

We changed the charge state of deep-level centers
by partial lowering of the voltage at the p–n junction
and used the data on statistical delay of the micro-

Fig. 3. Typical curves describing distribution functions for
the statistical delay in the breakdown with regard to dura-
tion at a temperature of 354.2 K: (1) without occupation of
DLCs, (2) with occupation of DLCs, and (3) the differ-
ence curve.
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Fig. 4. Arrhenius curves.
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plasma breakdown to determine the energy spectrum
of deep levels in the microplasma channels of the
GaP:N light-emitting diodes. We revealed the effect of
four deep levels in the temperature range of 300–
380 K. The first level features an energy of 0.52 eV and
a capture cross section of 1.23 × 10–18 cm2, the second
level features an energy of 0.41 eV and a capture cross
section of 9.5 × 10–20 cm2, the third level features an
energy of 0.60 eV and a capture cross section of 1.44 ×
10–16 cm2, and the fourth level features an energy of
0.68 eV and a cross section for the capture of minority
charge carriers equal to 2.9 × 10–14 cm2. Since the
p–n junction under study features a symmetric struc-
ture, it is found impossible to determine from which
band positions the levels are counted.

We failed to determine the concentration of deep-
level centers. In order to determine this concentration,
it necessary to calculate the probability of the initia-
tion of an avalanche by charge carriers originating
from the region of filling, i.e., from the boundary of Lm
to Ln. If we calculate the probability of the initiation of
an avalanche (for linear GaP linear p–n junctions with
a breakdown voltage of 18–19 V) using the method
reported in [1], we receive a value, which is smaller by
many orders of magnitude than that necessary for
obtaining reasonable values of the concentration of
deep-level centers. Thus, an anomalously high proba-
bility of initiation of an avalanche by charge carriers is
observed in GaP light-emitting diodes with the green
emission spectrum (the same is observed for GaP
light-emitting diodes with the red emission spectrum
[9]). Deep-level centers in the light-emitting diodes
under study were not detected by capacitance-related
methods including, in particular, the DLTS method.
This is indicative either of the low concentration of
these centers or of their localization in microplasma
channels.

The obtained values of the level energies E2 =
0.41 eV, E3 = 0.60 eV, and E4 = 0.68 eV coincide with
the levels observed in GaP by other methods and
related to the presence of copper (Ev + 0.68 eV) and to
the presence of cobalt (Ev + 0.41 eV); the level Ec – 0.6 eV

is of unknown origin. The level with the energy of
0.52 eV in GaP is not mentioned in the previous pub-
lication [10]. The measurements performed by us are
not sufficient for precise identification of the observed
levels. These levels can belong to both impurity centers
and to structural defects. It cannot be excluded that
the found levels manifest themselves only in micro-
plasma channels and, correspondingly, are not
detected by other methods.

4. CONCLUSIONS
The results presented above show that the delay in

the avalanche breakdown in the GaP:N light-emitting
diodes is affected profoundly by deep-level centers
(DLCs). A variation in the charge state of DLCs even
at a small reduction in the reverse voltage (approxi-
mately, by 4–5 V relative to the breakdown voltage of
the first microplasma) leads to a significant increase in
the turning-on of microplasma. It is shown that a vari-
ation in the charge state of DLCs by partial lowering of
the voltage at the p–n junction, the statistical delay
makes it possible to determine the parameters of SLCs
located in the microplasma channel.

The considered method does not impose restric-
tions on the geometry of the p–n junction and can be
used for studying deep-level centers in the region of
microplasma localization in which case capacitance-
based methods become inapplicable.
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Parameters of detected energy levels

Designation
of the energy level

Energy ΔEt, eV
Capture cross 
section, cm2

E1 0.52 1.23 × 10−18

E2 0.41 9.5 × 10−20

E3 0.60 1.44 × 10−16

E4 0.68 2.9 × 10−14
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