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ABSTRACT In this work, we demonstrate and model the deep-level defect physics of semi-insulating
gallium arsenide bulk photoconductive semiconductor switches (PCSS) with gap size of 10 pm and
25 pm in dark-mode operation. Experimental measurements up to biasing field of 10 kV/cm show
near-bistable characteristics in the dark-mode current-voltage relations for the PCSS, which cannot be
reproduced through commercial Technology Computer-Aided Design simulations. Thus, we model the
PCSS by solving for homogeneous non-equilibrium steady-state of the PCSS trap dynamics, where we
introduce two semi-analytical models both involving two deep levels with impact ionization effects. Both
models have an excited deep-level that can capture electrons from or emit electrons to the conduction
band. The two models differ, however, by the fact that one has a ground state with capture and emission,
whereas the other does not include such mechanisms but instead includes electron excitation and relaxation
processes directly between the ground state and the excited state without interactions with the conduction
band. We find that the former does not fit with experimental near-bistable features while the latter
achieves a good match with the same total number of fitting parameters. Further measurements of bias
upto 50 kV/cm on one 10 pm PCSS confirms the validity of the second model as well. Finally, a brief
discussion of the implications on the illuminated operation of the PCSS is also given to illustrate the
importance of including defect interactions and defect avalanche effects.

INDEX TERMS Gallium arsenide, photoconductive semiconductor switch, current-voltage characteristics,
avalanche multiplication, impact ionization, deep-level trap.

I. INTRODUCTION

Photoconductive semiconductor switches (PCSS) [1] are
radio-frequency (RF) electronic devices with potential appli-
cations in high-frequency sampling [2], [3], large-bandwidth
communications [4], [5] and high-power circuits [6], [7].
PCSS are generally fabricated from relaxation semiconductor

materials [8], [9], for example, semi-insulating (SI) gallium
arsenide (GaAs) [10]. These materials are selected since they
are compensation-doped to increase their electric resistivity
and thus their ON-OFF current ratio [11]. As a result of
compensation doping, defects play a crucial role in control-
ling the carrier transport in SI materials [12], and there
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is increasing interest in obtaining useful information on
the deep-level traps of SI semiconductors from the output
measurements of PCSS [13].

However, many of the existing studies of trap properties
in relaxation semiconductors and in PCSS are under optical
illumination, [14], [15], [16]. While such studies capture the
trap physics under high-level injection (HLI), measurements
under the dark mode are more suitable to directly extract the
trap properties and optimize the device design for its use in
the illuminated mode.

In this work, we theoretically study the dark-mode current-
voltage (I-V) characteristics of SI GaAs PCSS in which
near-bistablility has been experimentally observed at room
temperature. Bistability refers to an S-shaped Negative
Differential Conductivity (SNDC) where two stable solutions
of the free electron concentration are possible at the same
applied electric field provided that the system has at least
two deep-level defect states, so during a quasi-static measure-
ment voltage sweep, hysteresis in current is observable [17].
When certain carrier transfer rates between the deep-level
defect states overwhelm others, the semiconductor will no
longer manifest true SNDC. Nevertheless, the semiconductor
will display near-bistable /-V characteristics with a sudden
increase in current at a critical electric field [18]. Such a
near-bistable operation has been observed in the dark-mode
measurements of the GaAS PCSS reported in this paper.

The experimental dark-mode /-V characteristics of GaAS
PCSS discussed here cannot be reproduced via commercial
Technology Computer-Aided Design (TCAD) simulations
that incorporate only one trap level without avalanche effects.
To resolve the discrepancy between TCAD results and exper-
imental data, we implement two distinct custom numerical
models for trap dynamics involving two trap levels, as
well as trap-assisted impact ionization or avalanche. Our
key finding is that only one of the two custom models
in which the excited state participates in electron emis-
sion and capture processes with the conduction band can
accurately replicate experimental results. Finally, we take
advantage of the analysis conducted in dark mode with trap-
assisted avalanche processes to draw conclusions regarding
the PCSS performance in the on-state. Our dark-mode results
would be useful for the illuminated PCSS because the trap
kinetics influence the electrostatic screening and thus the
photo-current of the device. Besides, trap-assisted avalanche
processes might take place on a time-scale much faster than
the low-field trapping and de-trapping of carriers. Thus, the
concurrence of avalanche and optical injection processes
would be crucial to understand the physics and design of
the PCSS.

Il. METHOD

A. EXPERIMENT

Measurements were taken on GaAs PCSS switches that fol-
lowed a similar fabrication process and design that was
reported in our previous work [13]. To summarize the fab-
rication, semi-insulating 2-inch GaAs wafer with 380 pm
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(a) Devices with 25 um gap.

(b) Devices with 10 um gap.

FIGURE 1. CMOS camera images of selected GaAs photoconductive
switches being tested.

thickness from AXT Inc. was cleaved and cleaned in 1:1
HCIL:HO to create 1-inch quarter. The PCSS patterns were
defined with direct-write ultraviolet lithography using a
Heidelberg maskless aligner and negative photoresist, three
patterns total. The ohmic contacts with metal stacks of Ge
(20 nm)/Au (40 nm)/Ni (10 nm)/Au (20 nm)/Ti (10 nm)/Au
(200 nm) were deposited with electron beam evaporation
and rapidly thermally annealed. An approximately 10 pm
thick polyimide layer was spun and cured to provide dielec-
tric protection and support for an optical aperture, made of
Ti/Au, for pulse compression photoconductive switch opera-
tion, not considered in this particular study, but described in
our earlier work [13]. The polyimide was then coated with a
thick positive resist and etched to expose the ohmic contacts
for testing.

The devices tested in dark current mode implemented as
co-planar wave-guide structures with varying gaps in the
signal trace (60-pm wide) as shown in Fig. 1. The gaps
tested were 10 and 25 wm. For each gap, five different
devices were tested. The dark current measurements were
taken in a probe station with a metal enclosure using a
Keithley 4200A parameter analyzer. DC probes were placed
on the open pads on both sides of the signal trace, and
voltage was swept from equilibrium to 10 kV/cm equivalent
average fields, in a positive direct first, and then repeated for
the negative direction. An additional measurement on the 10
pm gap device was conducted up to 50 kV/cm in order to
verify the high-field near bistability operation, as predicted
by our models.

VOLUME 11, 2023
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FIGURE 2. Geometric structure of the GaAs PCSS simulated using
commercial TCAD.

Semi-insulating GaAs

380 um

TABLE 1. Material parameters for GaAs at 300 K.

Parameter Symbol Value Reference
Bandgap Eqg 1.435 eV [20]
Electron affinity X 4.1 eV [21]
Effective conduction 17 . —3
band density of states Ne 47> 107" em (22]
Effective valance 18 . —3
band density of states Ny 8 x 107" em (23]
Relative permittivity €r 12.9 [24]
TABLE 2. Selected doping scheme of SI GaAs.
Parameter Symbol Value
Silicon shallow donor concentration Ngg 3.8x101% cm—3
Silicon energy level [23] FEgq Ec —0.0058 eV
Carbon shallow acceptor concentration Nga 41x101% cm=3
Carbon energy level [23] FEsa Ey + 0.026 eV
EL2 deep donor concentration Nyq 9%x1016 cm—3
EL2 energy level [25] Fyq Ec —0.82¢eV

B. COMMERCIAL TCAD SIMULATION
The structure of the GaAs PCSS we simulated here is shown
in Fig. 2. The separation (L) between the anode and cath-
ode is varied, while other dimensions are fixed. First, we
analyze the steady-state behavior of the device under dark-
mode operation. The temperature is fixed at 300 K, and the
corresponding material properties of GaAs can be found in
Table 1. We consider shallow-donor-shallow-acceptor-deep-
donor (SDSADD) compensation using silicon, carbon and
EL2 to achieve SI properties in GaAs. This scheme allows
the sample to be slightly n-doped while also maintaining
resistivity close to 108 Q.cm [19]. Table 2 shows the doping
details.

Governing equations for the drift-diffusion simulations are
the Shockley equations with spatial and time dependence not
explicitly shown:

V- (e€0V9) = —q(p —n+ N — Ng +NJ), (1a)

on 7 n n n

qa =V. .]n - Q(RSRH + Rrad + RAuger)’ (lb)
ap - » »

qa =-V. Jp _q<RSRH+Rfad+RAuger)’ (Ic)
In = —qniun€ + gDy Vn, (1d)
Jp = qpp€ — gDy Vp. (le)

Equation (la) is Gauss’ Law, where ¢ is the elementary
charge, p is free hole concentration, n is free electron con-
centration, N;’i is the ionized shallow donor concentration,
Ng, 1s the ionized shallow acceptor concentration, N;El is the
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ionized deep donor concentration, €, is the relative permit-
tivity, and € is the vacuum permittivity. We use Fermi-Dirac
carrier statistics for higher accuracy in TCAD simulations,
and we use Maxwell-Boltzmann carrier statistics in analytical
and numerical calculations. Maxwell-Boltzmann distribution
is justified in the dark-mode for a SI GaAs substrate because
the Fermi level, EF, is far from the band edges (i.e., Ec for
the conduction band and Ey for the valence band). At equi-
librium, (1a) is equated to zero on the left-hand side to ensure
charge neutrality and using Maxwell-Boltzmann statistics we
obtain

Po — no+ N — Ny + Ng3 =0, (2a)
Ey — Ep
po = Ny exp T )’ (2b)
Ep —E
no = N¢ exp(FkB—Tc>, (2¢)
N,
Ny = - : d)
1+ dexp( Byt )
N,
Nf = xd , (2e)
1+2 exp(E‘;(;de)
Nad
N = 29

where pg is the equilibrium free hole density, and ng is the
equilibrium free electron density. The equilibrium solution
of Er and the carrier densities is obtained by iteratively
solving (2a)—(2f). Our equilibrium solutions confirm that
the low-field electron mobility in SI GaAs is 4588 cm?/V.s,
which is close to the wafer-specifications of 4000 cm?/V.s.
The sample resistivity, p, of 5.5 x 107 Q.cm is also close
to 108 Q.cm as found in typical SI GaAs substrates [26], as
well as close to the value reported in the wafer specification
sheet.

Equations (1b) and (lc) are the electron and _ilole con-
tinuity equations, respectively, where J, and J, are the
respective electron and hole current densities. RgRH, R’:ad,
quger are the net electron recombination rates for the
Shockley-Read-Hall processes, the radiative processes, and
the Auger processes. Likewise, RZRH, Rfad, Riuger are the
corresponding terms for holes. We neglect Rayger in dark-
mode due to the low carrier concentrations. For simplicity,
Rigy = Rigy = Rsru, and R, = R | = Ryaq. Then,

2
RsrH = kA (3)
tho(n + 1) + Teo(p + i)’
Riad = Crad (n]—? - ’712)1 “4)

where Tho = Teo = 229 ps [27], and Craq = 2 x 10710
cm3s~! [28].

Equations (1d) and (le) describe the electron and hole
current densities, respectively, due to drift and diffusion,

where £ is the electric field, u, (D,) is the electron mobility
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TABLE 3. Model parameters for doping-dependent carrier mobilities [29].

Parameter | Value for electrons | Value for holes
Hmin 500 cm?/V.s 20 cm?/V.s
1td 8900 cm?/V.s 471.5 cm?/V.s
No 6.0E+16 cm—3 1.48E+17 cm—3
I3 0.394 0.38

TABLE 4. Model parameters for field-dependent carrier mobilities [30].

Parameter Value
p1 0
VUsat 1.0E+7 cm/s
FEy 4 kV/cm
Eq 4 kV/cm
v 0
B 4
¥ 0

(diffusivity), and u, (D) is the hole mobility (diffusivity).
The doping-dependent carrier mobility [29] is given as
Hd
=
Nsq+Nsa+N,
1 + < d N dd)

Hlow = Mmin + (@)

where pjow is the low-field mobility after taking doping into
consideration; fmin, 1d, and & are fitting parameters whose
values can be found in Table 3.

To model high-field transport, we consider a field-
dependent electron mobility [30] given as

B—1
Mlow + H«l% + VsatFZ,_ﬁ
1

v B
ey (8) + ()
where (1, Vsa, Eo, E1, v, B and y are fitting parameters
whose values are given in Table 4, and Fj is the driving
force, i.e., the average electric field, £. This is otherwise
known as the Transferred Electron Effect (TEE) model [31].
It is a consequence of electron velocity overshoot when
small angle forward scattering takes place with polar optical
phonons. With optical deformation potential removing excess
electron momentum, electrons return to steady state in the
conduction band valley corresponding to a larger effective
mass, which reduces their velocity at higher fields. We note
that adopting the TEE model for high-field electron mobil-
ity in GaAs does not contradict the physics of the Gunn
effect [32]. The formation of Gunn domains require the prod-
uct, n x L, to exceed 1012 cm™2 in GaAs [33] (n is the free
carrier density, while L is the sample length). Since this con-
dition is not met in the dark-mode GaAs switches analyzed
here, we do not observe the N-shaped Negative Differential
Conductivity (NNDC) in any of our measurements.

Trap dynamics have also been included in TCAD simu-
lations for the deep level EL2,

n(Fy) =

; (6)

dn dNT,
— = —% = ¢ga[Naa = Njg(] = caa ON$H (1), (D)
dt dt
Eqq — Ec
eqd = O'nV'thcfl/z(kB—T), (®)
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Fn(t) _EC:| (9)

cad(t) = opvin(t) = oy NeFi 2
kgT

where 0, = 1.8x 10716 cm? is the electron capture cross sec-
tion arbitrarily set close to theoretical values [34] and gives
electron life time of approximately 1.5 ns, Vi, = 4.4 x 107
cm/s is the electron thermal velocity, Fi 2 stands for Fermi
integral of order 1/2, and F), is the electron quasi-Fermi level.
Because time dependence of the trap dynamics is unim-
portant at steady state, we will not write time dependence
explicitly for analytic expressions that appear in Section II-C.
The result of trap dynamics can then be substituted into (1a)
to determine ¢, as well as £ in the PCSS at steady state.

C. SEMI-ANALYTICAL TRAP MODELING

To resolve an apparent drawback in the commercial TCAD
simulations, discussed in Section III-B, we consider two
semi-analytical models for trap dynamics and seek homo-
geneous steady-state solutions for different biases and fit to
the experimental /-F,; characteristics. Unlike TCAD simula-
tions that involve only one deep level, in both of our custom
trap dynamics models, we incorporate two deep level traps.
Moreover, for highly energetic electrons under large applied
bias, impact ionization via deep level traps becomes impor-
tant and is thus included in our model. We do not consider
trap dynamics or avalanche for shallow dopants since they
are almost fully ionized at room temperature if not subject
to large optical injection.

The first custom model for trap dynamics is referred to
as the Doubly Model. In this model, we consider a doubly-
charged ground state (gs) N§d+, a singly-charged excited state
(es) Nd+d, and a neutral state, Ngd, of the EL2 trap in GaAs.
The latter two states are capable of capturing (c) an elec-
tron from and emitting (e) an electron to the conduction
band, while the ground state communicates, via electron
capture and emission, with the singly-excited state. These
processes are illustrated in Fig. 3 in detail. Through cap-
ture of an electron, the positively charged state of the defect
decreases, whereas through emission of an electron, the pos-
itively charged state of the defect increases. In addition to
the capture and emission processes, both the neutral state
and the excited state can be impact ionized to provide elec-
trons to the conduction band and subsequently transition to
the next more positively charged state. For the neutral state
transitioning into the excited state, we describe avalanche
rate as o,s, while for the excited state transitioning into the
ground state, we describe avalanche rate as og;.

In the second model, referred to as the Singly Model [18],
we consider a singly-charged excited state with concentration
Nes of EL2, as well as an arbitrary ground state with con-
centration Ngs. Both these states can be positively charged
or neutral depending on their electron occupancy. While
the excited state participates in capture/emission processes
from/to the conduction band, the ground state does not, and
is thus missing c¢gs and egs as seen in Fig. 4. The rate of
electron transfer from the ground state to the excited state is

VOLUME 11, 2023
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Conduction Band

Aes Ags
€es €gs
0 + 2+
Ngq \ / Ny / /N;N
2e7’s Ces le™ Cgs empty

FIGURE 3. Model with doubly-charged EL2 ground state (N31),
singly-charged EL2 excited state (N"'d) and neutral EL2 state (Ng 4)- Arrows
indicate change of states and direction of electron transfer. ces is electron
capture rate of the excited state, cgs is electron capture rate of the ground
state, ees is electron emission rate of the excited state, egs is electron
emission rate of the ground state, «es is impact ionization rate to the
excited state, and «gs is impact ionization rate to the ground state.

Conduction Band

Excited State Ground State

0/+1 0/+1

X

FIGURE 4. Model with two singly-charged trap states where both the
ground state and the excited state can be neutral or positively charged.
Arrows indicate and direction of electron transfer only. ces is electron
capture rate of the excited state, ees is electron emission rate to the
excited state, «es is impact ionization rate of the excited state, «gs is
impact ionization rate of the ground state, X phenomenologically captures
the excitation rate from the ground state to the excited state, while Y
phenomenologically captures the relaxation rate from the excited state of
the ground state.

denoted as X, while Y denotes the rate of electron transfer
from the excited state to the ground state. Like the Doubly
Model, the Singly Model also has impact ionization processes
governed by avalanche coefficients of ground and excited
states denoted as ags and s, Tespectively.

Originally, this Singly Model was proposed by Scholl
for low temperature regime bistability. However, it must be
noted that the previous work only studies the trap-assisted
avalanche process for very low electric fields, in the range
of few volts per cm, for which precise temperature con-
ditions must be realized. On the other hand, in this work,
both theoretically and experimentally, we have considered
field regime up to tens of kilovolts per cm. Only when the
electric fields are large enough, carriers can gain sufficient
kinetic energy to cause trap assisted avalanche process. That
is, the kinetic energy gained by carriers over a mean free
path due to the applied electric field, AKE, must exceed
the ionization energy of the lattice for avalanche. This is
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adequately expressed by the following equation:

A
AKE = q/ E(x) dx, (10)
0

where £(x) is the electric field, and A is the mean free path.
Because A decreases at higher temperatures due to stronger
carrier-phonon scatterings, the electric field must be much
higher to observe the avalanche process at higher tempera-
tures. Thus, in our samples which are measured at 300 K,
we need much higher electric fields (around 3 kV/cm) than
those required in Scholl’s analysis of trap-assisted avalanche.

Several other works in the literature that have explored the
room temperature applications of this model. For example,
in [17], authors showed that the trap-assisted avalanche pro-
cess at 300 K in a GaAs MESFET was the leading cause of
the observed SNDC. In [35], authors used the same model to
explain the switching behavior of TiN/GeTeg/TiN threshold
devices occurring at roughly 20 kV/cm fields at 300 K. Our
most important advance with this model is its application
to photoconductive switches, and we explain the details of
modeling as follows.

C.1. EQUILIBRIUM SOLUTION

To begin with, we first find the equilibrium solution for the
various state variables. This case corresponds to the zero
bias situation where we do not observe any impact ioniza-
tion of traps. In the Doubly Model, the total deep donor
concentration is defined as

Naa = Ny + N3 + N3 (11)

Applying the charge balance condition and ignoring the
minority holes, we obtain

no + Ny = NJj + N + 2N3 . (12)

Using  Maxwell-Boltzmann  statistics, the ionized
concentration for the various charged states of EL2 is
given as

N,
N = SaE Y (13a)
1+ g, exp(—‘;é;TF)
N-.
N = “‘E —, (13b)
1+ g4 exp(—Fk;T“‘)
N,
N;E: E|-E - E\—Ex+Er\’ (13c)
8 - g -
1+ g—? exp( }chF) + g—fexp<—1 kBZT F)
Nad
NiT = (13d)

1+ % eXp(ng‘) + f,—? exp<—2E;fB_TE2)
where g, = 4 is the shallow acceptor degeneracy, gg = 2 is
the shallow donor degeneracy, go = 1 is the Ng; degener-
acy, g1 = 2 is the N(;E‘ degeneracy, and go = 1 is the Ngd
degeneracy. Using Ey as the reference for energy terms,
transition energy E| = €190 — €go = 0.52 eV is difference

between the N(Ij states and the Nﬁ;‘ states. Transition energy
Ey = E1+Egq = 0.52+ (1.424 — 0.65) = 1.29 eV, in which
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Eqqa = Ec — 0.65 eV is the energy difference between the
conduction band and the N('iti states [36]. For the Doubly
Model, the compensation occurs for Ngg = 2 x 101> cm™3,
N = 2 x 10" em™3, Ngg = 1 x 10" ecm™3, and the
equilibrium Er = Ec — 0.62 eV with ng = 2.3 x 107 cm ™.
For the Singly Model, the total deep donor concentration

is defined as
Ngg = N;;j +N§S + N

es?

(14)

where N&E is the total singly-charged empty donor
concentration, Ngs is the neutral ground state concentration,
and N2 is the neutral EL2 excited state concentration. The
equilibrium solution is obtained by solving the following
equations:

ny+ Ny = N + N, (15a)
N,
N = . (15b)
g —Les
1 + g_; exp(%)
N,
N = e , (15¢)
sa Esa—Er
1+ g4 exp(—“,iBT )
Ngd
NI = > (15d)

1+ g4 exp(—E‘;{;%d)
where Ees = Ec —0.65 eV is the energy location of the EL2
excited state, same as in the case of the Doubly Model.

For obtaining the equilibrium solution in the Singly Model,
we neglect the ground state in the charge balance equation.
To avoid inaccurate final results, we only use the charge
balance equations to obtain an initial guess for the equi-
librium concentration, which is then used to identify the
ratio X/Y that yields an optimal fit to the measured I-Fy
characteristics of the PCSS. Once X/Y is extracted, the equi-
librium concentrations can be automatically determined by
setting Fy; = 0. The compensation for the Singly Model
is obtained for Ng = 1 x 101 ¢cm™3, Ny, = 1.9 x 100
cm™3, Ngg = 9.3 x 10!% ecm™3, Er = Ec — 0.61 eV, and
ny = 2.48 x 107 ecm 3.

C.2. TRAP DYNAMICS

After obtaining the equilibrium concentrations for both the
Doubly Model and the Singly Model, we solve for the trap
dynamics at steady state in the presence of trap-assisted
avalanche in order to match the model-generated current
with the experimentally measured current in the PCSS.

For the Doubly Model, the trap dynamics equations are

2+ 0 2+ +
dn _dNGi NGy _dNed | dNgq (6a)
dt dt dt dt dr ’
ch(i)d 0 0 +
Tar —QesNgq — €esNgq + CesNyg- (16b)
dN2+
% = agntN; + egsNT; — casNIT (16¢)
2
dNgy  dNgy  dNgg L6d
- — — : (16d)
dr dr dr
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Similarly, the Singly Model has
dn

i O‘gs"Ngs + eesNgS — CCSN(;S + aeangs, (17a)
dN?
—dtgs = —ogenNY, — XNO, + YD, (17b)
dNg, 0 + 0 0 0
= —€esNeg + CesNyg — dtesnNeg + XNyg — YN (17¢)

In both models, we assume the van Overstracten model [37]
for avalanche rate with external bias, which gives

Des
Qes = des EXP _F_d s

bgs
Qgs = Qgs €XP _F_d ,

where des, bes, ags and bgs are fitting parameters to the
avalanche model. By setting all time derivatives in both (16)
and (17) to zero, we obtain steady-state homogeneous
solutions for the concentrations.

Knowing the steady-state concentration, n, the current
versus field in the PCSS can be obtained using

(18a)

(18b)

I = gqnu,FaAets, (19)

where p, is again modeled using the doping- and field-
dependent mobility models described in (5) and (6), respec-
tively, and A.fr is the effective area of the PCSS contacts,
which is related to their transfer length [38] and is estimated
from the measurements.

In the Doubly Model, the electron capture cross sections
Oes and oy are extracted from calibrating the model against
measurements, where the standard definition for electron
capture cross section (o) from any deep donor state has
already been given in (8) and (9). In contrast, we fix ge5 =
Ogs = 1.81x 10716 ¢m? for the Singly Model. To summarize,
the seven fitting parameters for the Doubly Model are o,
Ogs, des, Des, Qgs, bgs, and Aegr. The seven fitting parameters
for the Singly Model include des, bes, ags, bgs, i—g, Y, and
Actf.

To understand the effect of X and Y on I versus Fy in
the Singly Model, we vary X/Y, while keeping all other
parameters fixed. To do this, Y is fixed to an arbitrary value
close to 1 x 107" s~ while X is varied. A change in
X/Y implies changing the relative rate of relaxation and
excitation processes between the ground state and the excited
state. When X/Y < 1, relaxation dominates over excitation
and more defects are in their ground state, while excitation
dominates relaxation for X/Y > 1. As shown in Fig. 5,
an increase in X/Y leads to a larger deviation of I versus
F4 from ohmic response. This is because the probability
of carriers to be excited and thus impact ionized increases
with an increase in X/Y. On the other hand, if X and Y
were simultaneously increased, while keeping X/Y constant,
the rate of excitation of carriers from the ground state to
the excited state would increase. In this case, the knee in /
versus Fy; would occur at a lower field for a larger X and
Y as shown in Fig. 6.
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FIGURE 6. Influence of parameter Y in log-log scale of normalized 7 vs. F4.
Here, X/Y is fixed at 0.87, while Y is perturbed by +50% from an arbitrary
value close to 1 x 10~ s=1_ As a result, X also varies by +50%.

IlIl. RESULTS

A. EXPERIMENT

The three most reliable measurements out of the respec-
tive five devices of 25 um and 10 pm gap are shown in
Fig. 7. The random error in these measurements is lower as
they are obtained on devices fabricated on the same wafer.
Hereafter, we refer to these measurements as case 1, case 2,
and case 3 for both 25 wm and 10 pwm devices. The current
is presented with respect to the average applied electric field,
which can be calculated from the applied voltage divided by
the device gap. At approximately 3-3.5 kV/cm electric field,
the current increases sharply by about an order of magnitude.
This unusual non-ohmic response of the dark-mode current
motivated further investigation of the underlying physics via
TCAD simulation.

B. COMMERCIAL TCAD SIMULATION

We compare and contrast our TCAD results with case 1
of L =25 pm and L = 10 pm. The TCAD framework
SDSADD compensation scheme is discussed in Section II-B.
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FIGURE 7. Measured I-V characteristics normalized to current (/) vs.
applied field (F4) in (a) linear scale and (b) logarithmic scale. Solid traces
are for L = 25 um while dotted traces are for L = 10 um. For each L,
different color traces correspond to the different cases, as explained in the
text.
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FIGURE 8. Matching case 1 of L =25 um and L = 10 pm with
corresponding TCAD simulations.

As evident in Fig. 8, the commercial TCAD can fit to the
low-field portion of the I-F; curves relatively well. In this
region, the device shows an ohmic response and by appropri-
ately choosing electron mobility and concentration, the error
between the TCAD results and experimental data can be
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FIGURE 9. Attempts to fit L = 25 um cases with the Doubly Model. aes
and bes were tweaked in an attempt to fit to the first abrupt increase, but
the model fails to capture the essential features of the measured data.

reduced. However, the TCAD models are unable to capture
the increase in [ at Fy; &~ 3 kV/cm. The experimental obser-
vations cannot be explained by invoking the bulk avalanche
process as it takes place at a significantly higher electric
field in GaAs [39]. For similar reasons, we can also rule
out Poole-Frenkel effects in our sample [40], [41]. Another
common theory with regard to the SNDC is current filamen-
tation in GaAs PCSS [42]. However, current filamentation is
oftentimes observed in situations where optical carrier injec-
tion is present [43], [44], and the carrier density needs to
be as high as 10!7 cm™3 for filamentation at relatively low
electric fields [45]. In the dark mode, the carrier concentra-
tion of GaAs is quite low as the sample is highly resistive
and nearly compensated such that the essential condition to
observe current filamentation cannot be satisfied in our sam-
ples. Alternatively, it has also been shown in [46] that the
electric field for filamentation in GaAs can be greater than
250 kV/cm, which is also an order of magnitude higher than
the electric fields considered in our work. Instead, we focus
on impact ionization of traps, commonly present in SI GaAs,
as the leading cause of the observed sharp increase in [ at
a certain electric field. Moreover, we need to invoke two
traps in our models as the experimental /-F,; curves show
two turning points with respect to the electric field.

C. SEMI-ANALYTICAL TRAP MODELING
C.1. DOUBLY MODEL

We apply the Doubly Model to analyze the 25 pm device
for which results are shown in Fig. 9. The parameters in
the Doubly Model that can be tweaked to match the mea-
sured data include Oes, Ogs, Aeff, des, Des, dgs, and bgs. The
parameters Oes, Ogs, and Aefr are field-independent and thus
enable scaling the magnitude of [ for a given F;. On the
other hand, parameters des, bes, dgs, and bgs tune the I-Fy
curve in two ways. These parameters shift the location of
the first abrupt increase in I due to the avalanche of the
excited state and can also adjust the slope of the I-F,; curve
following the first abrupt increase.
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Although in the Doubly Model, we could effectively con-
trol the appearance of the second knee in I-F; curves by
adjusting the avalanche parameters, this model does not allow
us to control the magnitude of the current at the lower Fy
(i.e., the first knee in the measurement). The reason for
the lack of tunability in the Doubly Model is because any
process between the three deep donor EL2 states in Fig. 3
requires some interaction with the conduction band and thus
influencing n and /. This means that in the Doubly Model,
the increase in output current due to the transition from
low-field region to the region after avalanche of the excited
state is dependent on the electric field magnitude at which
the first knee of I-F; occurs. Once we have a set field
at which the first knee arises, the balance between ¢ and
e combined with « is already fixed, so the avalanche elec-
tron density and avalanche current that is in addition to the
ohmic current are also fixed quantities. Thus, the independent
tunability of the low field and high field characteristics is
lacking in the Doubly Model. In other words, the adjustment
of the onset electric field of the excited state will necessarily
modify the electron concentration due to the interaction of
the EL2 states with conduction band. Based on this anal-
ysis, we conclude that the Doubly Model cannot capture
the essential features of the fabricated PCSS. The Doubly
Model allows for observation of near-bistability but does not
fit to experimental with quantitative accuracy. As a result,
for the remainder of this paper, we will focus on the Singly
Model in which the physics of carrier excitation and relax-
ation between the ground and excited states, captured via
the X and Y parameters, provides a useful knob to control
the current over a broad F; range.

C.2. SINGLY MODEL

The Singly Model was first applied to analyze the I-F; pro-
file of the L = 10 wm device. For case 1 corresponding
to L = 10 pm, we experimentally measure the dark-mode
PCSS response at higher electric fields by conducting quasi-
static measurements up to 50 kV/cm. However, due to the
limitations of our measurement setup, for the remainder
cases, we have acquired data only for fields up to 10 kV/cm.
To explain experimental measurements, we use the Singly
Model where all seven model parameters are adjusted to
capture the increase in the measured current at around 3 and
30 kV/cm in Fig. 10. Although in our experimental setup,
the electric field is restricted to < 50 kV/cm, our model
can be applied to predict the PCSS response at even higher
fields, where saturation in the current is expected to emerge
as shown in Fig. 10(c).

To obtain the optimal model parameters, the least-square
fitting process was adopted, where the error is defined as

square error = [log;o(Ifit) — logyg (Iexp)]z. (20)

Here, Ifit denotes the model-generated data, while Iexp refers
to the data from experiments. The reason we define error
in log-scale is due to the fact that the output current has
values over several orders of magnitude. Once the optimal
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FIGURE 12. L =10 um case 2 at F; = 10 kV/cm. Grey region is bulk breakdown for GaAs. All subfigures share the same linestyles.

parameters in the Singly Model are identified, the model is
able to capture the measured I-F; data accurately, both in
the linear scale (Fig. 10(a)) and the log-scale (Fig. 10(b)). In
this model, an optimal X/Y can be identified that allows for
a precise control of the magnitude of increase in / around
the first knee. We note that X/Y is manually tweaked for
the minimum root mean square error (RMSE) and then kept
constant throughout. The X/Y parameter is the key to accu-
rately capture experimental near-bistability because X and Y
are direct interactions between the two defect states without
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involving the conduction band. As a result, the magnitude of
the first abrupt increase no longer depends on the knee field
location. The magnitude now depends on how fast the ground
state can supply electrons to the excited state as opposed to
extracting them. The ratio between X and Y thus plays the
role to set the magnitude of observed avalanche current that
is in addition to the ohmic current. Once the ratio is fixed,
we then independently tune the location of the knee through
the onset avalanche field parameter of the excited state,
which allows us to fit to measurements with high accuracy.
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FIGURE 14. Distribution of all seven fitting parameters normalized by
median that shows the robustness of fitting for L = 10 um cases. Shapes
represent different samples (“case”) of the same length device, while color
represents different bias.

Values of the fitted parameters can be found in Table 5.
Our calibrated model clearly shows five distinct operation
regimes in Fig. 10: the ohmic region (Fy < 2 kV/cm), the
first abrupt increase (Fy =~ 3 kV/cm), the transition region
[Fq € (3,20) kV/cm], the second abrupt increase (Fy ~ 40
kV/cm), and the saturation region (Fy > 50 kV/cm).

Using X/Y = 4.95 as determined from the measurement of
50 kV/cm case, we calibrate the Singly Model for L = 10 pum
up to 10 kV/cm fields as shown in Fig. 11-13. The value
of X/Y greater than unity can be appreciated because the
ground state needs to supply more carriers to the excited state
rather than extracting them in order to assist the avalanche
process of the excited state. Only when the field is large
enough will the ground state also get impact ionized and
produce the second abrupt increase not seen in the 10 kV/cm
measurements. Fitting to the very high field and very low
field regions are obviously worse in the 10 kV/cm cases, but
our model can accurately capture the first abrupt increase
and the transition region observed in measurements. Lack
of sufficient measurement data in the low-field (high-field)
regime for 50 kV/cm (10 kV/cm) fields somewhat reduces
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the fidelity of the model predictions. Yet, the main feature
related to the trap-assisted avalanche is readily reproduced
in the model for all analyzed devices.

Table 5 and Fig. 14 show that the extracted values of ays
and bgs parameters have a wider variation across different
measurements, unlike other parameters that are more tightly
controlled. As mentioned previously, this is related to the
lack of measurement data at high fields. We also note that
Aeft acts as a multiplicative factor for the current and must
be smaller than the physical area of the contacts, which is
respected in our parameter extraction. We have observed in
TCAD simulations of illuminated PCSS that transfer length
of electrons is at most one tenth of the physical length of
the electrodes. For dark-mode, the conductivity is smaller,
so the transfer length decreases—this is consistent with our
fitted A¢gr values that are in the range of 1/100 to 1/1000 size
of physical area.

The Singly Model is also applied to the L = 25 pm device.
The model-generated results are compared with measured
data in Figs. 15-17, where all seven parameters in the model
are again optimized to minimize the least-square fitting error.
Once more, we observe good fitting in the first knee and the
transition region. Table 6 summarizes the parameter values
of all three cases corresponding to L = 25 wm device. The
extracted parameter values, reported in Fig. 18, indicates
that there is a large variation in the avalanche parameters
of both the ground and excited states. Compared to all our
L = 10 pm samples, measurement data for L = 25 pm
have larger differences around the first knee, so the extracted
parameters are unavoidably also more spread out.

D. ILLUMINATED PCSS

The dark-mode characteristics of the PCSS shed light on the
underlying physics of trap-assisted avalanche mechanisms
that are present in GaAs substrate. To extend our under-
standing to a PCSS under illumination, we perform transient
homogeneous simulations of the L = 10 pm device. Toward
this, we consider parameters from the 50 kV/cm case fitted
with the Singly Model, and add an optical generation rate
to (17a).
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TABLE 5. Optimization parameters for L = 10 pm.

For simplicity, we use a square-wave pulse with opti-
cal generation rate Gope and time duration Az. We solve

the system from time ¢ 0 to some ¢ > At when

Case X/Y Y (571 aes (cm3/s)  bes (kV/icm)  ags (cm3/s)  bgs (kVicm) A (cm?) RMSE (A)
1,50 kV/icm 495  2.56E-11 8.86E-10 0.04 1.04E-17 7.17 5.29E-07 4.92E-08
1,10 kV/iem 495  1.97E-11 8.89E-10 0.08 1.09E-13 38.80 5.69E-07 5.10E-10
2,10 kV/em 495  1.08E-11 8.94E-10 0.13 1.18E-15 21.42 7.19E-07 8.66E-10
3,10kV/iem 495  1.52E-11 8.94E-10 0.13 2.12E-14 31.07 6.68E-07 6.78E-10
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the concentration of electrons have reached a new steady-
state after the optical pulse. We restrict our analysis by
limiting the product GopAt to ensure that the shallow
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TABLE 6. Optimization parameters for L =25 um.

Case X/Y Y (s 1) ae (cm®/s) bes (kVicm) ag (cm3/s)  bg (kViecm)  Aggr (cm?) RMSE (A)

1 4.95 5.33E-09 8.98E-10 0.20 6.38E-12 39.16 2.25E-06 6.79E-10

2 4.95 8.96E-12 9.08E-10 0.34 4.95E-11 57.98 3.06E-06 1.28E-09

3 4.95 2.32E-12 9.37E-10 0.68 9.16E-11 77.48 3.64E-06 1.21E-09
- O the influence from impact ionization of deep levels will be
._g O casel more detrimental to the PCSS turn-off performance, espe-
g 5 | [] case2 cially in the negative differential mobility (NDM) regime
= 10 3 A case3 for which F; > 4 kV/cm. In fact, the devices with F; > 8
12' ' kV/cm cannot be turned off unless we remove the elec-
‘ﬁ‘ Ol trical bias in addition to removing the optical bias. As a
< 10 3 result, when designing a GaAs PCSS with active trap-assisted
:§ : avalanche processes, low-field operation would be preferred.
3 o ,‘ A JAN However, if the device is a pulse compression photoconduc-
'TE 10° ) O 8 L % tive switch [13], [47] that must be operated at high fields
g . that access the NDM regime, the total laser power must be
E - A kept below a certain maximum threshold to achieve faster

107! £ L L L Q L turn-off characteristics.

Ags bgs Aetr

FIGURE 18. Distribution of all seven fitting parameters normalized by
median that shows the robustness of fitting for L = 25 um cases. Shapes
represent different samples (“case”) of the same length device.

dopants are still close to being fully ionized, i.e., Ef
is still far from the band edges, and our assumption
of Maxwell-Boltzmann statistics is still valid. As illus-
trated in Fig. 19, we have considered three cases with
combinations of Gopt = 10¥ ecm3s 1 & Ar = 1 ps,
Gopt = 10¥ em™3s™!' & Ar = 10 ps, and Gopt =
10 em™3s~! & Ar=1 ps.

We find that at fixed Gopy & At combination, increas-
ing the voltage will escalate the avalanche processes in the
PCSS, which leads to a monotonic increase of the peak
carrier concentration, n, as well as the full-width at half-
maximum (FWHM) of the n waveform. We also find that the
n waveforms of Fig. 19(b) and Fig. 19(c) look almost identi-
cal. This is because is that we are solving for homogeneous
solution of the illuminated PCSS, and effects of channel
length, contact length, dielectric relaxation, and recombi-
nation have been neglected. Therefore, turn-off is a much
slower process than turn-on, and it is almost entirely domi-
nated by avalanche when capture and emission in the defect
level are field-independent. We also observe that N9, and Ngs
do not change with time because the optical injection is not
strong enough to excite a significant fraction of electrons in
the occupied/unionized excited states. Thus, N2, and Ngs are
only bias-dependent, but time-independent.

Figures 20 shows a comparison of the temporal profile
of n for At = 1 ps, while Fig. 21 presents a compari-
son of the FWHM versus F,; for different optical injection
characteristics.

We show that for a stronger injection condition, i.e.,
GoptAt, more free electrons are available in the system, so
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IV. CONCLUSION

In this paper, we demonstrated dark-mode /-F,; character-
istics of six SI-GaAs PCSS devices, three of which have
dimension L = 25 wm while the other three have L = 10 um
Experiments show a sudden increase in / when Fj is close to
3-3.5 kV/cm, which could not be captured adequately within
commercial TCAD solvers. The characteristic feature in the
measured current could not be explained via bulk avalanche
or Poole-Frenkel emission processes as those require a much
higher field in GaAs. We also exclude the possibility of fila-
mentation since the devices examined here are not operating
in the high gain mode that is featured in illuminated GaAs
PCSS samples.

To explain experimental measurements, we implemented
two semi-analytical models for trap dynamic—Doubly Model
with a doubly-charged ground state, a singly-charged excited
state, and a neutral state, and Singly Model where both
ground state and excited state could be either neutral or
singly-charged. In the Doubly Model, capture, emission and
avalanche processes of electrons, involving the conduction
band, are included. In the Singly Model, the ground state
only has the avalanche process, whereas the excited state
could have capture, emission and avalanche. The Singly
model also includes a direct electron relaxation from the
excited state to the ground state and direct electron excita-
tion from the ground state to the excited state. We showed
that only the Singly Model could faithfully reproduce the
measured /-F, profile for different length devices. This con-
firmed that the device exhibits at least two deep-level traps
with direct electron transfer between the ground state and the
excited state of the trap, without involving the conduction
band. The Singly Model was used to simulate the time-
domain response of the PCSS under homogeneous optical
excitation. The illuminated PCSS exhibited a super-linear
FWHM versus applied bias due to the avalanche process,
and some of the devices with severe trap-assisted avalanche
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