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Abstract— Thearticle is concernedwith a detailed switch-
ing delay effect exhibited by avalanche S-diodes—superfast
GaAs closing switches doped with deep Fe centers. The
current and voltage time dependences are simulated in
a simplified generator. The dynamic electric field and
charge profiles in the structures are calculated. This article
describes an impact that Fe capture cross sections of free
charge carriers have on delayed switching. The simulation
results show that delayed switching is associated with
deep center recharging in a double injection mode due
to three different processes. There are two different delay
mechanisms to be herewith distinguished. A delay effect is
experimentallyviewedto control the dynamic switching volt-
age (and the avalanche breakdown voltage) using constant
voltage adjustment capability enabled by a triggering circuit
supply. The authors demonstrate the way it is possible to
adjust the amplitude of current nanosecond pulses in the
range of 20–45 A through a lidar transmitter circuit with a
semiconductor laser and nonoptimized S-diode. The find-
ings are consistent with the results of numerical simulation.

Index Terms— Avalanche breakdown, diodes, microwave
switches, optical pulse generators, pulse power systems.

I. INTRODUCTION

RECENTLY, there has been intensive development
of LiDARs based on semiconductor lasers designed

to be applied in unmanned vehicles (UVs) and advanced
driver-assistance systems (ADASs). This is done to address
several challenges, one of which implies manufacturing a
compact generator of extremely short current pulses for
laser diode pumping. Circuits with silicon MOSFET switch
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provide pulses for a duration of 5–10 ns and an amplitude
of 20–30 A [1]. Silicon thyristors are too slow for such tasks,
while high-speed, state-of-the-art GaAs thyristors demonstrate
12 A for a duration of 1.4 ns [2]. The mainstream in the
development of these technologies is the use of GaN field-
effect transistor (FET) and high-electron-mobility transistor
(HEMT) transistors. For the simplest resonant circuits with
GaN transistors, durations of 2–2.5 ns were achieved at
currents of 20–30 A [3] (more advanced and expensive GaN
HEMT modules demonstrate 31 A at 0.9 ns [4]).

In well-known resonant circuits for semiconductor laser
pumping, a current rise is limited by the reactance: capacitance
(C) and inductance (L). When the LC-circuit is closed, current
oscillations begin with a period of 2 π ·(LC)1/2. Therefore, it is
generally impossible to obtain a pulse with a duration of less
than 2.1·(LC)1/2 (at a half maximum). Thus, a limiting factor is
not the speed of voltage commutation of the transistor, but the
parasitic inductance of the circuit, which, in turn, is determined
by the size of the elements and interconnections. The shortest
length of GaN transistors used for LiDARs exceeds 2 mm [3].
In fact, these transistors are the largest elements in the LC-
circuit considered. That is why, in order to reduce parasitic
inductance, it is important to use new types of switches.
An example of such devices are superfast GaAs switches,
which are switched due to the formation of current filaments
with a diameter of 20–30 μm and a current density of up to
10 MA/cm2 [5]–[7]. The work will show that such a high
current density makes it possible to develop generators of
current pulses with an amplitude of up to 45 A and a duration
of 1.1 ns with an optical power of 135 W.

An avalanche S-diode refers to a semiconductor closing
switch with an S-type current–voltage characteristic. Earlier
a switching mechanism of the said device was supposedly
attributed to the generation of collapsing field domains (CFDs)
in an avalanche regime [8], [9]. The CFD phenomenon has
been found from physics-based numerical and experimental
studies of superfast switching transient in powerfully avalanch-
ing GaAs bipolar transistors [5]–[7] and claims to explain
superfast switching in all GaAs devices discussed in the litera-
ture over the past 30 years. The CFD effect is actually a bipolar
(in the presence of both electrons and holes) Gunn effect that
occurs under extreme ionization in the domains exceeding the
ionization threshold in amplitude by a factor of ∼3. With time,
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Fig. 1. Doping profiles across the S-diode structure. For the simulation,
the concentration of Nd was increased by one order in n+-regions (solid
red line) as it was suggested for simulation of CFD in [6]. A sketch of the
structure is shown at the top of the figure.

the domains shrink down to ∼50 nm [5]–[7], and then col-
lapse. There is no analytical approach to describe this process,
which makes questionable the applicability of Kroemer’s crite-
rion for the formation of CFDs threshold. In this work, we con-
centrate on the peculiarities of the initial avalanche stage of
electron–hole plasma formation in S-diode, while superfast
switching associated with CFDs will be described elsewhere.

The S-diode switching voltage is commonly known to rely
on the dV/dt voltage ramp applied [9]–[11]. Thus, given that
dV/dt increases up to 1010–1011 V/s, the switching voltage can
increase by 3–5 times. This effect is attributed to a delayed
switching time. This behavior is opposite to a commutation
dV/dt-effect in thyristors [12], which results in the decreased
switching voltage, as the voltage ramp increments, and
which is observed in other superfast switches, otherwise
referred to as GaAs avalanche bipolar junction transistors
(ABJTs) [5], [6]. The switching delay in S-diodes is of great
practical importance. The article shows that the said effect
can increase the dynamic switching voltage (and avalanche
breakdown voltage) up to 200–250 V for the structures
with a moderate doping level (donor concentration is about
1016 cm−3). It will be shown herein that delayed switching
exhibited by S-diodes provides an efficient circuit with an
adjustable output pulse current.

The switching delay mechanism was previously associated
with deep-level recharging in the S-diode structures [11],
[13], [14]. Beloborodov et al. [13], [14] hypothesized that
this recharging existed at the avalanche breakdown stage when
avalanche-generated holes were trapped by deep acceptors
in the n-type region of the S-diode. This article shows
that the above mechanism is not realistic. The simulation
results indicate more complicated dynamic recharging of deep
centers caused by electron injection, avalanche breakdown,
and thermal emission of holes from deep level acceptors.
In this case, the injection into the active region of the S-diode
occurs from opposite sides: the electrons are injected from
the forward-biased electron–hole junction, whereas the holes
are injected during impact ionization in the reverse-biased
junction (the sketch of the S-diode is presented in Fig. 1,
Section II).

II. AVALANCHE S-DIODE STRUCTURE

Earlier, S-diodes were fabricated based on n+-π-n0-n
structures where the n0-layer (often called ν-type layer) was
codoped with deep level acceptors (Cr, Fe, Mn, or Cu [11]).
Presumably, the said n0-layer was required to ensure S-diode
functioning, since it was the very layer to feature the
transport carrier process responsible for switching. However,
the authors showed in the recent article that the presence
of such an n0-layer was completely optional with superfast
switching to be also found in the structures with a linear
π-n-junction [9]. Despite this, the present article addresses
the n+-π-n0-n structure in order to show the insignificance of
the processes to exist in the n0-layer (in this sense, the said
experimental S-diodes based on n+-π-n0-n structures were
not optimized). Unlike the previous work [9] to deal with the
diffused structures, the current structures were grown through
hydride vapor-phase epitaxy (HVPE) so as to obtain more
perfect and uniform samples in terms of doping and thickness.
This made it possible to achieve better agreement between the
experimental and calculated switching voltages of S-diodes.

The distribution of dopant concentrations in the structure
and its schematic is shown in Fig. 1. The concentration of a
shallow donor (sulfur) in the π-type region was lower than
that of a deep Fe acceptor (NFe > Nd ). The opposite was true
for n0-layer (NFe < Nd ). The thickness of the π layer was
dπ = 26 μm (the equilibrium hole concentration was 1 ×
1011 cm−3). The thickness of the n0-layer was dn0 = 8 μm
(the equilibrium electron concentration was 1 × 1016 cm−3).
The experimental switching voltage was Vs = 58 ± 13 V,
which is close to the theoretical avalanche breakdown voltage
of p-n-junction (Vb = 70 V for n = 1016 cm−3 [15]).
Static current–voltage characteristics show that the avalanche
breakdown of the compensated n+-π-n0-n structure occurs
at a voltage of V = 70 V. The calculations were based on
Poisson’s and continuity equations within the hydrodynamic
approximation for charge carriers, using commercial software
Technology Computer-Aided Design (TCAD) Synopsys. The
detailed calculation models will be presented in Section IV.

Mesa S-diode chips were manufactured using standard
GaAs processing technology. The ohmic AuGe contacts were
made on both sides of the structures. The n+-contact area
was 1.5 mm2.

III. S-DIODE OPERATION IN PULSE GENERATORS

The generator circuit is presented in Fig. 2(a). The capacitor
C1 is charged with a commercially available Si MOSFET
(VT) with a drain–source voltage of several hundred volts
and a rise time of 30–50 ns (this requirement provides a
sufficient voltage ramp of about 1010 V/s). This MOSFET
is closed by a gate pulse that lasts about 100 ns. When the
voltage across the capacitor C1 equals the switching voltage
of the S-diode (SD), the latter closes within a time that is less
than 1 ns with a current pulse being generated in the circuit
L1-LD-C1-SD. The parameters of the current pulse depend
on resonant circuit parameters [3]. The C1 charging potential
can be measured with standard oscilloscope probes with a
bandwidth of several hundred MHz (Tektronix TDS 3052B
was used in the work). On the other hand, it seems far more
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Fig. 2. Electrical circuits used in the experiment (a) and simulation
(b): R0 = 1 Ω, R1 = 100 kΩ, R2 = 30 Ω, C1 = 200 pF, C2 = 100 nF,
L1 = 1 nH, and L2 = 15 nH, HV - high voltage source connection
(up to 250 V).

challenging to measure current pulse with a duration of 1 ns
and an amplitude of several tens of amperes. To overcome
this obstacle, the optical power of LD was measured (the
efficiency of 3–3.6 W/A for this commercial laser chip is
known from datasheet [16]). This was achieved through a
New Focus 1014 (45 GHz) high-speed photodetector and a
Newport power meter. The shape of the pulses was recorded
using a Tektronix DPO 70804C oscilloscope (8 GHz).

The experimental dependences of S-diode voltage and opti-
cal power-on time for three different dV/dt are shown in Fig. 3.
As can be seen, as soon as the transistor opens (OFF mode), the
voltage across the S-diode slowly decreases with time (e.g., for
curve HV2, 110 < t < 400 ns). This decline is attributed to the
discharge of the capacitor C1 through the resistor R1 and the
S-diode (Section V will depict that S-diode leakage can be as
high as 0.1–0.5 A at the stage of voltage ramping). As soon as
the S-diode closes (ON mode), the voltage drops sharply to 0 V
with a short optical pulse to be generated due to the resonant
discharge of the capacitor C1 through the laser diode, LD.
Thus, the current amplitude can be estimated using a datasheet
for LD efficiency (right axis, Fig. 3(b). Obviously, increasing
the drain–source voltage, or, essentially, voltage ramp, leads to
a reduced switching delay and, concurrently, to the improved
switching voltage and pulse current. This is precisely the said
effect of delayed switching in avalanche S-diodes. Note, the
well-known avalanche sharpening diodes operating at higher
ramps (above 1012 V/s) also establish a characteristic switch-
ing delay effect [17]. However, the nature of their delay is
associated with the absence of free charge carriers that initiate
an impact ionization wave in these superfast switches [18].

To simulate the transient voltage and current relationships
in GaAs S-diodes, it is reasonable to use a deep center model
along with hot-carrier mobility and filament-switching mod-
els [5], [6]. Hereby, the simulation was supported by TCAD
software that is widely used for the design and simulation
of a variety of semiconductor devices. Earlier, commercially
available TCAD was successfully used for CFD simulation
in superfast GaAs ABJT [5], [6] and GaAs high-gain (HG)

Fig. 3. (a) Experimental voltage across the S-diode and (b) optical power
of LD for three different voltages of HV supply. The 0 ns on the time scale
in Fig. 3(b) corresponds to 82, 415, and 1171 ns for curves HV1, HV2,
and HV3 in Fig. 3(a), respectively.

Fig. 4. (a) Experimental voltage across the S-diode and (b) current for
three different voltages of HV supply. The 10 ns on the time scale in
Fig. 4(b) corresponds to 80, 376, and 1093 ns for curves HV1, HV2, and
HV3 in Fig. 4(a), respectively.

photoconductive semiconductor switch (PCSS) [19] (HG pho-
toconductive switch). However, Vainshtein et al. [5], [6], [19]
failed to address deep level recharging and its contribution to
switching progress. In this article, TCAD-embedded deep level
models were tested through a specially designed avalanche S-
diode and follow-up calculations (details of the model will be
presented in Section IV). The calculation results are presented
in Fig. 4. The simulation circuit was changed since the Sim-
ulation Program With Integrated Circuit Emphasis (SPICE)
parameters of diodes LD and VD were unknown [Fig. 2(a)].
Here, the laser diode was replaced by resistor R0 = 1 �.

Fig. 4 shows that TCAD-embedded models enable to cor-
rectly describe experimental dependences. Similar to the
experiment, the calculations show an increased switching
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voltage and a reduced switching delay under a voltage ramp
rise in the same orders of magnitude. Moreover, there is a
twofold increase in the current pulse amplitude (the shape
of the current pulse differs from the optical pulse, which
is due to the laser gain-switching effect in the experiment).
Apparently, it is not sensible to perfectly fit experimental and
theoretical dependencies. This is due to the fact that exact
values of many parameters are not known (Sections IV–VI
will demonstrate that deep level recharging and switching
behavior are sensitive to the carrier cross sections of deep
levels and local concentration of deep levels in the filament
region; both parameters are quite difficult to measure and
control technologically).

IV. AVALANCHE S-DIODE MODEL

A. CFD Switching
The S-diode model was developed based on the previously

described mechanisms [5], [6]. According to these, a switching
procedure occurs through the filament. The remaining area
of the superfast switch plays a significant role to ensure
switching, since it is a source of leakage current at the
preswitching stage (thanks to the large area) and a source
of charges to ensure fast feeding of the filament channel at
the stage initiating superfast switching [6]. Thus, the model
includes two structures with similar doping parameters but
different areas (1.5 mm2 for the diode over the whole area
(WD) and 300 μm2 for the filament-channel diode (FD),
Fig. 5, inset). The filament area chosen is the same as for the
previously investigated GaAs ABJT [6], since the dimensions
of the active region of devices are similar (the thickness of
the active region is 30–40 μm, the area is about 1 mm2).
This article explores deep level recharging rather than the
dynamics of superfast switching. The former basically takes
much longer. Hence, with a view to reducing the calculation
time, the switching progress was simulated following a sim-
plified procedure, namely, through a 1-D case with a grid
size of 7–20 nm. Also, we did not use realistic dependence
of electron mobility on the electric field for the hot carriers in
the field E > 200 kV/cm [5], [6]. Embedded TCAD model
for electron mobility was instead used for this purpose:

μ(E) = μn + (vs/E) · (E/E0)
4

1 + (E/E0)4
(1)

where μn is the low-field electron mobility, vs is the saturation
velocity, E0 = 4 kV/cm.

This circumstance led to a relatively slow switching of the
voltage across the structure, which lasted more than 1 ns. The
width of CFDs was relatively large, and its amplitude was
small (less than 350 kV/cm, Fig. 5). This is consistent with
previously presented results from [5], [19]. The model used (1)
is a fairly reasonable approach for preswitching simulation,
since during the deep level recharging, the maximum electric
field remains sufficiently low (E < 200 kV/cm).

B. Role of Electron Traps in S-Diode Switching Process
Further parameters of the model were specified by way

of solving two problems that had not been reported in the
literature before:

Fig. 5. Simulated electric field profiles for FD corresponding to transient
presented in Fig. 4(b) (curve HV1). Inset shows sketch of simulated
S-diode structure (WD and FD).

1) The elimination of huge leakage currents (several
amperes) at the voltage ramping stage, which were
observed during the simulation (Fig. 6, curve w/o EL2).
The rationale for a lower level of these currents in the
experiment (the leakage is generally less than 0.1–0.5 A
in the experiment).

2) The selection of an inhomogeneity type in the S-diode
structure, which leads to earlier fast switching of FD
prior to slow switching of WD during the simulation.

The first problem results from the presence of two
electron–hole junctions in the S-diode, which are connected
in the opposite direction (n+-π and π-n0). When the n+-
contact is under negative potential, the n+-π-junction injects
electrons into the π-layer, where these charge carriers drift
to the reverse-biased π-n0-junction. This causes a leakage
current in the preswitching stage. During the simulation, this
current can be reduced given the presence of effective electron
traps in the π-layer. It is well known that the most efficient
trapping centers of electrons in GaAs are the EL2-centers
(a deep donor associated with the AsGa structural defect) [20].
The EL2-trap electron cross section can reach 3·10−13 cm2

in the electric field of about 10 kV/cm [21], [22]. Based
on the calculations, such a strong electric field exists in the
π-layer at the preswitching stage due to the recharging inertia
of deep Fe centers. The concentration of EL2-centers varies
widely in different GaAs crystals (up to 2·1016 cm−3 in the
Czochralski-grown GaAs [23]). A relatively low concentration
of EL2-centers, up to 3·1014 cm−3, was found to be present
in the HVPE-grown GaAs layers [24]. This value was used
in the simulation for the WD.

The other problem is likely to be solved by assuming the
presence of inhomogeneities that manifest themselves as a
dislocation network in GaAs [25]. Large-scale fluctuations can
be described as a set of dislocation cells sized 0.1–1 mm. The
concentration of EL2-centers varies by a factor of 2–4 from
the center to the boundary of each cell [25]. In this case,
the most natural solution was to assume that the concentration
of EL2-centers in the region of the filament channel is lower
than the one in the WD. A series of numerical experiments
brought about a decision to use the concentration of EL2-
centers of 1014 cm−3 for the FD. This value provided good
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Fig. 6. Simulated current wave forms for different high-voltages of HV
supply (σn = 3·10−19 cm2, σp = 1.5·10−16 cm2).

agreement between the experimental and calculated results
(Figs. 3 and 4).

C. Deep Level Recharging at the Delay Stage
At the switching delay stage, the Fe and EL2-centers

are recharged in the π-layer. The dynamics of recharg-
ing determines electric field redistribution in the struc-
ture and, subsequently, determines the switching delay. The
generation-recombination rate through both centers is defined
by the following expression:

R j = N j vnv pσ
j

n σ
j
p (np − n2

i )

vnσ
j

n (n + n j ) + v pσ
j
p (p + p j)

(2)

where vn and v p are the thermal velocities of electrons and
holes, n and p are the electron and hole concentrations, N
is the trap concentration, σn and σp are the electron and hole
capture cross sections, n j and p j are the electron and hole
concentrations when the Fermi level F is equal to trap energy
level, j denotes the trap level type (Fe or EL2).

In addition to thermal generation through deep centers,
the model takes into account two reservoirs of nonequilibrium
charge carriers, namely: 1—injection of electrons from a
forward-biased n+-π-junction; 2—avalanche generation and
injection of holes from a reverse-biased π-n0-junction. Field
dependence of avalanche rate was calculated with the expres-
sion

Gh
Ava = α(E)v p p, α(E) = α0 · exp(−E1/E) (3)

where α0 = 1.34·106 cm−1, E1 = 4·105 V/cm.
The electron population of Fe centers f is a number

between 0 and 1, which changes, once caused by the capture
and emission of electrons and holes

∂ f/∂ t = (1 − f ) · cC − f · eC − f · cV + (1 − f ) · eV (4)

where ci denotes an electron capture rate for an empty trap,
and ei denotes an electron emission rate for a full trap, i
denotes a process in the conduction band (C) or valance
band (V )

cC = σnvnn (4.1)

cV = σpv p p (4.2)

eC = σnvnn j (4.3)

eV = σpv p p j . (4.4)

Fig. 7. Calculated dependences of time delay on voltage for different
electron and hole capture cross sections (cm2): 1 −σn = 3·10−17, σp =
1.5·10−16; 2 −σn = 3·10−19, σp = 1.5·10−14; 3 −σn = 3·10−19, σp =
1.5·10−16; 4 −σn = 3·10−18, σp = 1.5·10−16.

Delay formation was studied based on the circuit shown
in Fig. 2(b). Unlike the case described in Section III, in this
case, the switch SW was closed by a long control pulse
that lasted 1 s, which made it possible to form a step-
wise voltage pulse across the capacitance C1. This cir-
cuit is convenient for analyzing the processes to take place
in the structure since the voltage remains time-constant
until the S-diode switches [13] (however, in practice, this
circuit is not applicable, since it requires a low pulse
repetition rate).

V. SIMULATION RESULTS

Fig. 6 shows S-diode current dependences for different
stepwise voltage pulses (VHV = V = 140–225 V). In the
voltage ramp region, a displacement current is accompanied by
the injection of electrons from the n+-layer into the π-region.
For this reason, at the voltage ramping stage, the current
increases to 0.1–1 A (subject to dV/dt). The current subse-
quently drops at a constant bias voltage on the S-diode. Upon
reaching certain conditions in the structure, a fast switching
begins, characterized by a sharp current increase. The time
interval between the moment the step voltage is supplied and
the moment the S-diode switches on is referred to as the
time delay td at a given HV voltage VHV. The td (1/VHV)
relationship calculated for various electron and hole capture
cross sections are shown in Fig. 7. It can be seen that for
small values of 1/VHV (large applied voltages), all the curves
calculated for different capture cross sections converge to the
same exponential dependence td = t0·exp(V0/VHV), where
t0 = 7·10−14 s and V0 = 2.9 kV/cm. Once the voltage
decreases, the curves diverge and can be described by a weaker
exponential dependences with a value of V0 = 0.9 kV/cm at
low voltages.

Some authors have already reported seeing dependences
1–3 in the experiments: either a single exponential dependence
in a wide range of applied voltages (dependence 3, [13], [26])
or curves with a jump (dependences 1–2 [27]). Given that
dependence 4 has not been found in the experiments, it will
not be addressed in further analysis.
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VI. DISCUSSION

The simulation results in Section III show that the model
developed describes the experimental data quite accurately
(Fig. 3 and 4). The functional td (1/VHV) relationship explicitly
indicates that the S-diode model is accurate as well (Figs. 6
and 7). It is clear that Fe capture cross sections do not change
in different S-diode samples described in the literature [13],
[26], [27]. All changes to occur in the experimental td (1/VHV)
relationship should be explained by the difference in S-diode
configurations (difference in doping level and thickness of
π-layer).

The td (1/VHV) relationships with a jump (Fig. 7,
curves 1–2) have not been explained before. The exponential
td (1/VHV) relationship (Fig. 7, curve 3) was viewed to be due
to the fact that impact-ionization-induced holes were trapped
by negatively charged Fe centers in the n0-layer [13]. The
rest of the article will show that holes are transported fast to
the π-layer after avalanche generation, against the n0-layer
direction. Thus, the holes cannot be effectively trapped in the
n0-layer.

The electric field profiles show that irrespective of the
conditions (td , σp, and σn), the CFD switching mechanism
is triggered as soon as a certain critical maximum field is
reached Ec ≈ 180–240 kV/cm (the maximum electric field
is localized at the π–n0 junction). The said Ec is possible
only within a certain time delay td , since the field profile is
reconstructed over time with inertia. Shortly after the voltage
is biased, the electric field penetrates the entire π-layer depth
as the uncompensated concentration of ionized Fe acceptors is
low in this layer (in equilibrium N (−)

Fe – N (+)
d ≈ 1011 cm−3).

Then, several mechanisms are activated at once, thereby
recharging the Fe centers in the π-layer and removing the
field from the side of n+-π junction to the side of π-n0

junction. Thus, the space charge region (SCR) is narrowed
in the π-layer over the time interval before switching.
In this case, it is obvious that with a constant voltage at
the S-diode, the maximum electric field will increase at the
π-n0 junction up to the critical Ec. Then, sufficient avalanche
generation will cause an intensive double injection regime
(holes from the reverse biased π-n0 junction and electrons
from the forward biased n+-π junction) and initiate the CFD
mechanism in a way similar to that for GaAs ABJT [5].

A series of numerical calculations performed in the work
shows that the two exponential td (1/VHV) relationships can be
conditioned by the two different SCR narrowing mechanisms.
The jump of td (1/VHV) curve is due to the transition from
one mechanism to another. With low time delays, the holes
being trapped by negatively charged Fe ions near the n+-π
junction are significant for SCR narrowing. With high time
delays, the ionization of neutral Fe atoms in the depth of
π-layer causes slower field reconstruction. Let us consider
each mechanism in more detail.

A. Short-Term Delay Mechanism (High Bias Voltage)
Let us consider the case of a high bias voltage, e.g.

VHV = 190 V (Figs. 6 and 7, curve 3). The biasing starts at
35 ns (Fig. 8, inset). The electric field profiles for different

Fig. 8. Simulated electric field profiles for FD corresponding to transient
presented in Fig. 6 (190 V). Inset shows voltage waveform across the
S-diode.

time instants are presented in Fig. 8. The field is nonuniform
just after the shift (50 ns) since electrons are injected into
the π-layer from the n+-layer (in contrast, in the p+-π-n0-n
structure, free from electron injection, the field is uniform in
the π-layer).

A large bias voltage applied accelerates an electron injection
current in the first stage of delay. Fig. 9(a) and (b) shows the
concentration profiles for electrons and holes at different time
instants. At the initial stage, the electron concentration sharply
increases throughout the entire π-layer (from 103 to 1014 cm−3

after 3 ns) and the hole concentration reduces by two orders.
In addition, electrons and holes intensely recombine
near the n+-π junction over the entire time interval before
switching, coupled with avalanche generation of holes that are
“instantly” transferred to that recombination region. The fact
that electrons and holes are supplied fast to the recombination
region brings about an increased concentration of carriers
near the n+-π junction (left) and overfilled negatively charged
Fe deep centers. In this case, deeper EL2-centers are most
crucial in the recombination process, while their overfilling
(that, by all means, occurs) does not play a significant role in
the formation of SCR, since EL2 concentrations are 500 times
lower than those of Fe centers.

The rate at which the holes are trapped near the n+-π
junction is determined by the capture cross sections (4). The
hole cross sections for acceptor centers are generally much
higher than those for electrons (the same is true for all curves
in Fig. 7). Therefore, confronted with an excess of nonequilib-
rium charge carriers, the most important process is filling Fe
atoms with holes. They grow in number near the n+-π junction
by four orders relative to the equilibrium value (for equilibrium
holes p0 ≈ 1011 cm−3). Over time, the concentration of
neutral Fe centers will increase near the n+-π junction
[Fig. 9(c)], which is likely to enhance the uncompensated
positive charge of the shallow donors. This positive charge is
neutralized by the electrons injected from the n+-π junction
within a short-term diffusion-drift equilibrium (Maxwell
relaxation time). This is the pattern to form a dynamic
quasi-neutral region of n-type conductivity near the n+-π
junction. Once formed, the n-type quasi-neutral region with
electron concentrations of about 1014–1015 cm−3 makes the
field to be removed from the region near the n+-π junction
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Fig. 9. Simulated profiles of electron concentration (a) hole concentra-
tion, (b) neutral Fe atoms concentration, and (c) for FD corresponding to
transient presented in Fig. 6 (190 V).

and the SCR to be narrowed until the structure is switched
on. The concentration of ionized (as well as neutral) Fe
atoms in the π-layer depth remains unchanged throughout the
entire time interval before switching [Fig. 9(c)]. Thus, there
are no other significant capture (4.1) or emission (4.3), (4.4)
processes in the said time delay mechanism.

Given the above conditions, the boost voltage increases
the injection level. As a consequence, the hole concentra-
tion in the recombination region will rise and the hole
capture time will go down (τcp = 1/cV, 4.2). Thus, the
delay time decreases with increasing voltage (Fig. 7, curve 3,
VHV = 190–225 V).

B. Long-Term Delay Mechanism (Low Bias Voltage)
Let us consider the case of a low bias voltage, e.g. VHV =

140 V (Figs. 6 and 7, curve 3). The calculation shows, like
the previous case, the SCR narrows with time. The field
distribution before the switching does not qualitatively differ
from the previous case. Following this switching delay mode,
the double injection level is insufficient for a significant

Fig. 10. Simulated profiles of electron concentration (a) hole concentra-
tion, (b) neutral Fe atoms concentration, and (c) for FD corresponding to
transient presented in Fig. 6 (140 V).

concentration of electrons and holes near the n+-π junction
[Fig. 10(a) and (b)]. Based on the calculations, the hole
concentration ( p) in this region increases by no more than two
orders and then decreases (holes are accumulated just at the
end of the delay, before switching, due to the process described
in Section IV. A, Fig. 10(b), t = 53.1 μs). A pure analytical
estimate shows that the hole capture at the Fe centers takes
100–1000 times longer than the previous case (τcp = 1/cV =
(σpv p p)−1). However, over such a long time, other processes
have time to occur, thus leading to SCR narrowing.

As long as the delay lasts, a negative charge of the Fe
centers accumulates in the π-layer depth (the concentration
of ionized Fe centers increases from 1011 up to 4·1014 cm−3,
the concentration of neutral Fe atoms decreases by
4·1014 cm−3, Fig. 10(c). In this case, accumulation can be
due to the capture of electrons from the conduction band (4.1)
and the thermal emission of holes into the valence band (4.4).
According to the expressions (4.1) and (4.4) for the electron
concentration of 1013–1014 cm−3, the cC = 30–300 s−1, and
the eV = 30 s−1. Obviously, both mechanisms can contribute
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to the ionization of Fe atoms. Thus, as soon as the charge
accumulates in traps, the SCR narrows until the injection
level is sufficient enough to initiate the intense capture of
holes near the n+-π junction. This, in turn, leads to the
growth of neutral Fe atoms in this region [Fig. 10(c)], this
faster mechanism is described in Section VI-A).

Additional calculations under similar conditions for the p+-
π-n0-n structure (in the absence of injected electrons) show
that the time required for SCR narrowing increased by two
orders, as compared to the n+-π-n0-n structure. This indicates
a stronger electron capture effect (4.1), as compared to hole
emission (4.4).

Finally, if the voltage increases, the injection level increases
sequentially. Accordingly, the effective electron capture time
will decrease (τcn = 1/cC, 4.1). Thus, the delay takes less time,
provided that the voltage increases (Fig. 7, curve 3, VHV =
140–160 V).

VII. CONCLUSION

This article describes the effect of switching delay and
the dynamic control over the switching voltage of superfast
GaAs switches doped with a deep level impurity (avalanche
Fe-doped S-diodes). Based on the example of a nanosecond
LiDAR transmitter circuit for ADAS, the authors demonstrate
the possibility of adjusting current pulse amplitude in the range
from 20 to 45 A. The amplitude is adjusted by changing the
HV constant voltage.

Simulating the physical processes to exist in the avalanche
S-diode prior to switching enables to show that the switching
delay time is caused by the three deep level recharging
processes, namely: hole capture and emission, as well as
electron capture. Besides, there are two reservoirs of nonequi-
librium carriers in the S-diode structure to be concerned with,
namely: avalanche generation of holes and electron injection.
Thus, deep levels are commonly recharged in the double
injection mode.

The simulation results were analyzed to outline two mech-
anisms for the formation of the switching delay:

1) the capture of impact-ionization induced holes at nega-
tively ionized Fe centers and the formation of the n-type
quasi-neutral region near the electron injector (n+-π-
junction);

2) the accumulation of electrons at neutral Fe centers in
the entire π-region and the formation of SCR with an
increased concentration of negative charge.

Both mechanisms lead to the narrowing of the SCR
at the delay stage (preswitching) until the critical field is
reached in the avalanche region. Once available, the field
facilitates the superfast switching following the mechanism
of CFDs.

The multiplicity of processes determining the evolution of
delay time makes it difficult to describe the delay mechanism
and predict the value of dynamic switching voltage analyt-
ically. Nevertheless, qualitative reasoning suggests that, for
fixed delays, an increase in dynamic switching voltage is
possible due to an increase in the π-region thickness, since
this reduces the injection level. A more detailed analysis
requires further experiments and modeling to study the impact

of S-diode parameters (layer thickness and doping level) on
the dynamic switching voltage.
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