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Mechanism of sequential switching of current filaments

in an avalanche S-diode
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The paper presents the results of a study of a sequential switching of current filaments in an avalanche S-diode
with deep iron centers. It has been experimentally shown that at a high repetition rate (100 kHz), the current

filaments are distributed over the area of the electron-hole junction more uniformly compared to switching at a

low frequency (100Hz). In this case, the switching voltage at the first switching event of the avalanche S-diode
is always higher than at the second one. To analyze the results, a numerical experiment on the formation of a

locally heated region with an increased concentration of nonequilibrium carriers was proposed. Simulation of the

dynamics of carrier redistribution under conditions of nonuniform heating of the S-diode allows one to propose a

new mechanism for sequential switching of current filaments. In this mechanism, the recharging of deep centers

in the vicinity of each previous current filament sets the conditions for the formation of each subsequent switching

channel.
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1. Introduction

Avalanche S-diode — is a closing switch operating

by generating the ionizing collapsing domains (CD)
in GaAs [1–4]. CD mechanism was discovered during

numerical modelling of switching the avalanche bipolar

transistors (ABT) from GaAs [5–7] and further was used

to explain the super-fast switching of the photovoltaic

switches HG PCSS (High Gain Photoconductive semicon-

ductor switch) from GaAs [8–10], avalanche S-diodes [4]
and sharpening diodes from GaAs [11–13]. The drastic

decrease of the switch resistance in CD mode (switching

time about 0.1−1 ns) occurs due to an avalanche generation

of the charge carriers by multiple ionizing domains, mooving

from the cathode to the anode [5].

In practical terms, the operation of switches in the

current pulse repetition mode is of some interest. Thus,

for 3D-lidars when pumping the semiconductor lasers a

frequency of dozens-hundreds of kHz is used, which may be

implemented by using the avalanche S-diode [4]. However,
the numerical analysis of frequency dependencies for the

avalanche S-diodes is somewhat complicated because of

the circumstances described below. Switching there always

occurs in the current filament, the location of occurrence of

which seems, at first glance, quite unpredictable and relating

to the non-controlled heterogeneity (impurity fluctuation,

second phase inclusions in the bulk area or in GaAs [14]).
There are no papers in the literature where it is explained

why the current filaments originate in the mode of sequen-

tial triggering of the electronic avalanche switch containing

deep centers (in particular, avalanche S-diode doped with a

deep acceptor — iron).

In this paper the experimental results are provided to

visualize the current filaments in the avalanche S-diodes,
indicating the interrelation between the two sequential

switching at high pulse-repetition rates (frequencies). To

explain the results a numerical experiment was suggested

and carried out with 2D simulation of a local heating and

generation of the non-equilibrium charge carriers in S-diode.
In this paper, it is shown that at high repetition frequencies,

when the semiconductor structure does not have enough

time to transit to an equilibrium state, an area with the most

favorable conditions for subsequent avalanche breakdown is

formed near the current filament. The formation of this

region occurs under heterogeneous recharge of the deep

impurity in the vicinity of the current filament and local

heating of GaAs lattice.

2. Experiment procedure

The studied S-diodes were fabricated from GaAs-

structure of n+
−π−n−n+-type. It should be clarified, that

this structure, in fact, is a transistor structure, but it has

only 2 electrodes [4]. The areas of π- and n-type contained

a deep iron acceptor impurity with a concentration of

(2−10) · 1016 cm−3. The structure and triggering circuit

of S-diode are described in details in paper [3]. In the

experiment for the visualization of current filaments the

standard equipment described in paper [5,13] was used, the
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observation was carried out from the top contact of S-diode
(n+

−π-junction). Illumination of conductivity channels

(during radiative recombination) was registered in the infra-

red band using camera WATEC WAT-933. Due to high

camera sensitivity a glowing from a single current filament

may be observed. Major difference of the applied technique

from the technique described in papers [4,5,13], was

channels observations in the mode of generation of a pulse

burst (number of pulses in the burst varied from 1 to 100,

frequency of pulses in the burst — from 1 to 100 000Hz).
Parallel with observation of channels glowing the switching

voltage of the avalanche S-diodes was measured, for which

the 500MHz oscilloscope was used.

3. Experimental findings

Figure 1 shows the results of visualization of current

filaments. Figure 1, a schematically shows the geometry

of studied S-diodes. Observation of glowing of single

current pulses showed that for various samples there may

be different number of channels: from 0 to 2. This

indicates the possible inclusion of current filaments under

the contact (when they are not observed in the experiment)
and possible synchronization of several channels with a

single connection (when 2 optical spots are observed).
Similar conclusions were made during the study of the

sharpening diodes GaAs [13].
The rise in the number of pulses at low frequency didn’t

result in higher spots amount. Thus, at 100-fold switching at

a frequency of 100Hz the number of glowing spots was no

higher than two (Figure 2). Their brightness is significantly
higher compared to the picture with single switching, which

is explained by the integration of the signal in the camera

used. Thus, at low frequency, when enough time passes

between two adjacent switchings in time to establish an

equilibrium state, the channels always originate in the same

places. It is natural to assume that these places are due to

the presence of fluctuations in the composition (shallow or

deep donor impurity, inclusions of the second phase [14]).
Principally different behavior of structure is observed at

high frequency. At 5-fold switching at 100 kHz the glowing

pattern looks a bit more distributed compared to the single

switching. And in case of 100-fold switching at a frequency

of 100 kHz practically uniform glowing is observed allowing

to see the entire mesa of S-diode in the infra-red band. At

that, it should be noted that from one burst of pulses to an-

other the intensity distribution for one and the same S-diode
varies. This indicates the presence of an individual path of

sequential activation of channels (the process of generation

of current filaments is not rigidly deterministic).
Since the avalanche breakdown voltage rises with the

growth of temperature, the result could be explained by

heating within each current filament. At high frequen-

cies when the heated area cannot quickly cool down,

the avalanche breakdown voltage becomes higher to the

moment of next switching of S-diode. And this shall lead to
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Figure 1. Schematic diagram of S-diode from the top and side (a)
and photos of S-diode from the top in the infra-red band at various

switching conditions (b). 1 — press contact, 2 — upper metallic

contact of S-diode with a size of 0.3× 1mm2 (on n+
−π-junction

side), 3 — GaAs crystal, 4 — lower metallic contact.
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Figure 2. Schematic image of 2D-model of avalanche S-diodes.
Absorption coefficient in layers 2−4 is much higher than ab-

sorption coefficients in layers 1, 5 and 6. Thermal conductivity

coefficient of layer 6 is 100 times lower than thermal conductivity

coefficient of layers 1−5. Dashed lines indicate the boundaries of

the light beam.

Semiconductors, 2024, Vol. 58, No. 7



Mechanism of sequential switching of current filaments in an avalanche S-diode 363

triggering of the next more cold region of S-diode. In this

case the voltage of second switching of S-diode should

increase at least gradually but shall not decrease relative

to the first switching. However, an opposite effect was

observed in our experiment. The experiments performed

in this study demonstrated that in respect to the first pulse

the voltage during second switching was always by 8−14%

lower at a frequency of 100 kHz. The amplitude of the

subsequent pulses varied slightly. To explain the results

obtained, a mechanism was proposed allowing for the

recharge of a deep acceptor center of iron. Qualitative

description of this mechanism is given further.

After the current filament with a concentration of carriers

1019 cm−3 is formed (according to papers for ABT [5–7])
a quick capture of holes on the negatively charged iron

centers occurs, which results in neutralizing of the acceptor

impurity. The concentration of initially charged centers

in π-area is 1016 cm−3. In addition, in parallel with

the capture process, charge carriers recombine through

centers located close to the middle of the band gap (e. g.,
through EL2 centers [2]). Thus, the concentration of free

electron-hole pairs decreases rapidly by several orders of

magnitude. As a result, in place of the current filament, the

concentration of nonequilibrium electrons remains higher

than the holes concentration for a long time, until the

iron centers are completely filled with electrons.. If the

subsequent activation occurs before the full capture of

electrons, then the avalanche breakdown voltage should

decrease, since the rate of avalanche generation depends

on the product of the impact ionization coefficient by

the concentration of free charge carriers. Localization of

region with recharged iron impurity is dependent from many

processes: recombination, inhomogeneous heating, diffusion

and drift in an embedded field. Accounting for all processes

requires solving a system of equations of Poisson, continuity

and heat.

4. Description of model
and simulation results

For the analysis, the charge carriers distribution and

the crystal lattice temperature for the two-dimensional

structure of S-diode over time was simulated. Since two-

dimensional simulation in CD generation mode seems to

be an unsolvable task at this stage (due to the lack of huge

computational resources), another method for the formation

of a local heated region with an electron-hole plasma in a

numerical experiment was proposed. In particular, local

heating and generation of the non-equilibrium carriers are

provided due to absorption of light in GaAs. This method

is selected because approval of this mechanism requires

simulation only after switching off the current, i. e. without

electric field.

TCAD Sentaurus software was used in simulation. This

software performs a simulated physical modeling of the pro-

cess which is initiated at the initial equilibrium state of the

system. To create the necessary distribution of charge carrier

concentration and temperature, the sample was divided into

layers with different absorption coefficients and thermal con-

ductivity coefficients. The structure of the sample is shown

in Figure 2. In the numerical experiment the sample was

locally irradiated by the optical radiation pulse with a dura-

tion of 3 ns and front edges of 500 ps, which is close to the

switching time of S-diodes in the high-current mode [4]. The
optical spot diameter was set as 10 µm according to experi-

mental data (in experiment the diameter was 10−20µm for

the avalanche S-diodes [4]). The impurity distribution was

irrespective of the coordinate x . To solve the optical prob-

lem, the structure was divided into subdomains with various

absorption coefficients, which made it possible to locally in-

crease the concentration only in the active area of the device.

When tackling the thermal problem, the thick layer of the

substrate was replaced by a layer with a lower thickness and

thermal conductivity relative to the experimental samples

(both parameters were reduced by 100 times). The tempe-

rature on the substrate bottom side was T = 300K, which

was consistent with the experiment. Only such conditions

were selected where the heating in the filament area 1T
was ∼ 100K, and concentration of the non-equilibrium car-

riers — 1019 cm−3 (these data were selected from the ABT

simulation studies [5–7]). The transient process dynamics

was modelled in the time interval from 10−12 to 10−3 s.

The thermodynamic model was used in the calculations.

In this case, in addition to the Poisson and continuity

equations, the following nonstationary heat equation was

solved for electrons and holes [15]:

cV
∂T
∂t

−∇k∇T = −∇

[(

αnT−
Fn

e

)

Jn +

(

αpT−
Fp

e

)

Jp

]

−

(

EC +
3

2
kT

)

∇Jn/e −

(

EV −
3

2
kT

)

∇Jn/e

+ R(EC − EV + 3kT ) + (~ω − Eg)G
opt, (1)

where T = T (x , y) — temperature, cV = 1.6 J/(K · cm3) —
volumetric heat capacity, κ = 0.46W/(K · cm) — ther-

mal conductivity coefficient (for the substrate layer —
4.6mW/(K · cm)), α — thermopower factor, F —
Fermi energy, J — density of electric current, EV,C —
edge energies for permitted bands, R — recombination

rate (Shockley–Read mechanisms, radiative and Auger-

recombinations are taken into account), e — electron

charge, k — Boltzmann constant, ~ω — energy of absorbed

photons, Gopt — rate of optical regeneration, Eg — width

of band gap GaAs, symbols n and p denote the electrons

and holes.

The density of electric current is calculated within the

model as follows [15]:

Jn = −enµn

(

αn∇T −∇
Fn

e

)

,

Jp = −epµp

(

αp∇T −∇
Fp

e

)

. (2)
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Figure 3. The calculated 2D-distributions of the lattice temperature, concentration of electrons and holes in S-diode for the three various

time periods from the start of formation of local heated area with the electron-hole plasma. (A color version of the figure is provided in

the online version of the paper).

The solution was suggested within the framework of

Maxwell-Boltzmann statistics. The approach is justified

for studying the long-term dynamics of the redistribution

of charge carriers (when their concentration decreases

due to recombination by 1−2 orders). It should be

emphasized that the heating was provided by the last

summand in equation (1). At maximum optical illumination,

the rate of heat generation during light absorption was

(~ω−Eg)Gopt = 4.2 · 1010 W/cm3.

It should be clarified, that the developed model doesn’t

describe the process of filamentation in the avalanche

S-diode. The purpose of the model is to define the way

the charge carriers and heat are re-distributed after rapid

local generation in a S-diode structure. At that, although

the optical generation method is artificially introduced, it

turns out to be effective when using the TCAD Sentaurus

software. Let us proceed to the discussion of the results of

numerical modeling.

The temperature and electrons and holes concentration

distribution at different time points are shown in Fig-

ure 3. It is seen that for 10 kHz frequency, when time

between the two switchings is 100µs, electrons concentra-

tion in the channel is higher than concentration of holes

by ∼ 20 times. For the time of 3µs (frequency 333 kHz)
the ratio between these concentrations in the channel is

increased up to 3 orders of magnitude. The calculations

demonstrated that the equilibrium concentration of holes

in π-domain, exceeding the non-equilibrium concentration

is set beyond ∼ 10−3 s. It shall be clarified that in this

study the calculations were made for various values of the

electrons capture sections (σn). However, the analysis is

provided for σn = 10−19 cm2. An increase in the electron

capture section leads to a multiple decrease in the time to

restore the equilibrium state.

Let’s show further that at a certain distance from the

initial position of the locally heated area with the coordinate

x = 50 µm (hereinafter — current filament), an area should

be formed where the probability of an avalanche breakdown

will be maximum within the sample. The higher the

probability, the higher the rate of avalanche generation,

which is determined by the expression

Ge = αenv, (3)

where αe — impact ionization coefficient, n — concentra-

tion of non-equilibrium electrons, v — electron velocity.

The impact ionization coefficient is defined by the

temperature and electric field. In the study the following

dependence is used for the analysis [15]:

αe(E, T ) = γa0 exp(−γb0/E),

γ = tanh

[

~ωop

2kT0

]

/

tanh

[

~ωop

2kT

]

, (4)

where E — electric field, the values of parameters used:

a0 = 4 · 106 cm−1, b0 = 2.3 · 106 V/cm, ~ωop = 0.035 eV,

T0 = 300K.

For the simplicity of the analysis we’ll assume that the

voltage applied during the second switching doesn’t lead

to the inhomogeneity of E with respect to x and the

dependence α(x) will be defined only by the temperature

profile at a given y . We’ll calculate α for the intensity of

E = 200 kV/cm, suggesting conventionally that at a given

value the switching of S-diode begins. Similarly, to simplify

the analysis, we’ll suggest that n(x) profile is not distorted

Semiconductors, 2024, Vol. 58, No. 7
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Figure 4. Calculated distributions of efficient rate of the

avalanche generation during second switching of S-diode for

various repetition rates of the two pulses. The dashed lines

delineate the current filament area for the first switching of S-diode.
Coordinate y = 14 µm.
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Figure 5. Schematic representation of sequential switching of

the four (1−4) current filaments in the avalanche S-diode (top
view, see Figure 1, a). Black circles — positions of current

filaments; grey circles — places corresponding to the maximal

rate of Ge after vanishing of the current filament; arrows show

possible directions of formation of the next (fifth) current filament

within grey circle.

when applying voltage to S-diode during the second trig-

gering, while the electron velocity remains constant along x
(conventionally, let’s select the section of y = 14 µm).
Figure 4 illustrates the calculated profile Ge(x) in different

moments of time which looks symmetrical. It follows from

the figure that an increase in frequency (a reduction in

the delay time between two switchings) leads to several

characteristic effects. On the one hand, the maximum

rate of Ge goes up, which should lead to a decrease of

the avalanche breakdown voltage (and switching) of the

S-diode with the frequency growth. On the other hand, an

increase in frequency leads to a change in the coordinate x
for the maximum value of Ge (the maximum position can

be located in ∼ 15−30µm from the initial position of the

current filament). And finally, in the middle frequencies

band (dozens of kilohertz) we may see in Ge(x) distribution
a wide

”
plateau“ up to 60−70µm long. The first two effects

are qualitatively consistent with the presented experimental

data. The presence of a wide area with a constant value

of Ge may formally be interpreted as the emergence of

a wide channel for current filamentation or the emergence

of favorable conditions for synchronous activation of several

channels in the
”
plateau“ area. Both options should result

in decline of residual resistance of S-diode. It should

only be emphasized that in our experiments, the maximum

switching efficiency is indeed often observed in the range of

units-tens of kilohertz (analysis of this effect is not included
in the purpose of this paper).
From the presented results, it follows that in the avalanche

S-diode with the sequential formation of current filaments

at high rate the previous diode switching is memorized.

In other words, the recharging of deep centers in the

vicinity of each previous current filament sets the conditions

for the formation of each subsequent switching channel.

The mechanism of such switching is schematically shown

in Figure 5.

It should be noted separately, that an accurate calculation

of the carriers redistribution dynamics during capture to

deep centers requires knowledge of many unknown vari-

ables: the temperature and field dependences of the electron

and hole capture sections, as well as the distribution of

the electric field before switching. However, as mentioned

above, the sequential switching is not rigidly deterministic,

which may be explained by fluctuation of composition. The

analysis presented in this paper is aimed at a qualitative

explanation of experimental data and outlining a new

mechanism for sequential avalanche switching of the current

filaments in a structure with deep centers.

5. Conclusion

The studies demonstrated that in the avalanche

S-diodes — structures with deep centers — filamentation

of current leads to formation of a local domain where

conditions for the next avalanche breakdown become more

beneficial. Such conditions persist for quite a long time,

which is associated with the transition to equilibrium filling

of deep centers with the charge carriers. At the same

time, switching initiated by an avalanche breakdown may

not occur for the second time in the current filament area if

the lattice temperature is high. Thus, every new filament is

formed on the periphery of the previous one, which leads

to consequential filling of the entire area of S-diodes with

the current filaments.

The described mechanism predicts several characteris-

tic features of the frequency dependencies of S-diodes
parameters, which are planned to be investigated in the

future. At this stage, it is important to notice that the

identification of this mechanism is of great systematical

value for modeling the switching of S-diodes. In this regard,

we should stress the following:

1) The mechanism makes it possible to justify one-

dimensional modeling of double switching of the avalanche

Semiconductors, 2024, Vol. 58, No. 7
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S-diode in the mode of collapsing domains when studying

the frequency dependencies of its parameters. At that,

in order to match the experimental and calculated results,

it is possible, for example, to use the effective fitting

parameter — the cross-section of the electron capture to

deep centers;

2) the mechanism requires using a new approach to

the analysis of experimental dependencies for switching

of S-diodes at high frequencies (over 1 kHz), since the

simulated channel of S-diode, in fact, has another (non-
equilibrium) structure. It follows from the presented

results that before the start of the second switch-on, the

concentration of charged iron centers is lower than before

the first one. The concentration of free electrons being a

way above the holes concentration. As a result, at high

frequencies, the channel’s conductivity becomes unipolar,

since the deep centers do not have time to capture all

free electrons after the first switching. In fact, it means

that at high frequencies in S-diode channel there are no

electron-hole junctions (all energy barriers were formed

by isotopic junctions between n-type layers with various

electrons concentration).
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