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Employing a recently developed efficient cellular automaton technique for solving
Boltzmann’s transport equation for realistic devices, we present a detailed study of the
carrier dynamics in GaAs avalanche p-i-n (IMPATT) diodes. We find that the impact
ionization in reverse bias p-i-n diodes with ultrathin (less than 50 nm) intrinsic regions is
triggered by Zener tunneling rather than by thermal generation. The impact generation
of hot carriers occurs mainly in the low-field junction regions rather than in the high
field intrinsic zone. The calculations predict significantly more minority carriers on the
n-side than on the p-side.
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1. INTRODUCTION

The carrier dynamics in modern nanometer size
devices is dominated by hot carrier effects and
nonlocal transport phenomena such as tunneling
and impact ionization. A realistic prediction and
understanding of these effects in real devices that
operate at room temperature requires at least the
solution of the full semiclassical Boltzmann
equation. A few years ago, we have developed a
novel method, the Cellular Automaton (CA)

approach namely, that provides a computationally
efficient scheme for solving Boltzmann’s equation
in position and momentum phase space [1-2].
Since then, we have significantly refined this
approach [3-4] and enhanced its speed and
robustness; a detailed review of the present status
of the CA method has been given very recently [5].
The present paper focuses on the application of
this scheme to a physically intriguing situation
where the carrier .dynamics is highly complex and
very far from equilibrium. We present a micro-
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scopic analysis of the carrier dynamics near
avalanche breakdown in GaAs and A1GaAs
IMPATT diodes.

2. THE CA METHOD

We briefly summarize the highlights of the CA
method [1- 5]. A cellular automaton consists of a
lattice with a finite number of states attached to
each lattice site that can be interpreted as
pseudoparticles. Their dynamics is governed by
a limited set of local transition rules. The perhaps
most crucial factor that sets cellular automata
apart from standard finite differencing methods is
the reduction of all physical variables to a finite
set of discrete values. In contrast to finite
differencing methods, the size of this set can be
kept relatively small due to an optimized phase
space discretization. This discretization utilizes
the fact that the final carrier distribution function
changes on a much coarser scale in phase space
than typical changes of phase space variables
within on time step. In our present implementa-
tion, we use a two-dimensional hexagonal lattice
in real space. Attached to each lattice site are of
the order of 105 momentum states that form a
hexagonal closed packed structure. Transition
rules among these states represent the quantum
mechanical collisions as well as the drift and
diffusion terms in the Boltzmann equation. In the
simulation, the particle dynamics consists mainly
in look-up operations of pre-calculated and
hierarchical scattering tables. This results in a
numerically very efficient algorithm for the
particle dynamics that is typically faster than
the standard Monte Carlo scheme by a factor of
30- 50.
From a physics point of view, in particular

concerning scattering mechanisms, the CA and
Monte Carlo scheme are equivalent. Indeed, we
have employed both methods in obtaining the
results of this paper, mostly to check the accuracy
and consistency of the CA results.

3. CARRIER DYNAMICS IN IMPATT
DIODES

Recently, GaAs and GaA1As based IMPact
Avalanche Transit Time (IMPATT) diodes have
been fabricated with a high power output at
frequencies up to 200 GHz 6-8]. The avalanche
zone of such a diode consists of a p-i-n diode with
highly doped n and p regions and an ultrathin
intrinsic zone of 20 to 50 nm. The build-up of the
carrier avalanche under high reverse bias is a
subtle interplay between thermal generation, inter-
band (Zener) tunneling, impact ionization, and
other scattering mechanisms [9].

3.1. Scattering Rates

The present simulations incorporate all relevant
standard scattering mechanisms for carriers, such
as ionized impurity, plasmon, intra- and inter-
valley phonon scattering, alloy scattering, and
thermal generation, and nonparabolic electron and
hole bands [10]. Impact ionization is accounted for
by invoking the model of Kane [11], using density
of states that have been calculated with the
empirical pseudopotential method. The k.p model
of Krieger [12] is employed to calculate the
interband tunneling rate for direct transitions as
a function of electric field. The absolute magnitude
of the impact ionization rate of electrons and holes
is chosen as to reproduce the experimental
ionization coefficients in bulk GaAs and A1GaAs
[13-15].

In Figures and 2, we show several scattering
rates for electrons and holes in GaAs. This figure
reveals that the impact ionization scattering rate
for holes is markedly lower than for electrons. An
interesting consequence of this difference is illu-
strated in Figure 2. It shows the average distance
an electron or hole travels in bulk GaAs between
impact ionization scattering events when the field
is MV/cm. In contrast to the quasi-ballistically
moving electrons, the slower holes suffer many
other scattering processes before they are able to
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FIGURE Impact ionization scattering rates (labeled by
"impact") and total scattering rates ("total"), in units of 1/fs,
for electrons in the r’ valley and heavy holes, respectively, in
bulk GaAs at room temperature and a doping level of
2x 10TM cm-3 as a function of energy in eV.
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FIGURE 2 Probability per distance for an electron (respec-
tively, hole) in bulk GaAs to initiate an impact ionization along
its trajectory of a length specified by the abscissa in nm. The
electric field is MV/cm.

impact ionize. This leads to the broad distribution
of hole trajectories in Figure 2.

3.2. The Avalanche Generation Process:
Qualitative Picture

We now consider a GaAs p-i-n diode with a 20 nm
intrinsic zone and a carrier concentration of
n =p 2x 1018 cm-3. The density in the intrinsic
zone is set to n=2 x 1015cm-3. In Figure 3, we
illustrate schematically the time development of

FIGURE 3 Schematic picture of carrier dynamics in a highly
doped IMPATT diode with ultrathin/-zones under reverse bias
that is close to breakdown. The relevant dynamical processes
are Zener tunneling, labeled by (1), impact ionization in the
depletion zone (labeled by (2) and only shown on the n-side for
simplicity), and impact ionization in the high field region,
labeled by (3).

t.he carrier distribution in the diode after applying
a reverse bias of 5.5 eV.
For a reverse bias between 4 and 5V, the

resulting high field of approximately MV/cm
initiates electron hole pair generation by interband
tunneling (step (1) in Fig. 3). The thermal
generation rate is found to be negligible compared
to the tunneling rate for this device geometry. The
generated electrons on the n-side get rapidly
accelerated by the electric field, move away from
the band edge and gain a significant amount of
energy. The key point is that the electrons dissipate
their excess energy efficiently by impact ionization
within the low field depletion region rather than in
the high field zone (step (2)). The holes that are
generated via these impact ionization processes get
accelerated by the field back into and through the
whole intrinsic zone. This allows the holes to gain
sufficient excess energy so that they induce impact
ionization processes already within the/-zone. This
ignites the avalanche process (step (3)).
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Thus, the carrier generation in GaAs IMPATT
diodes with ultrathin/-zones is triggered by Zener
tunneling in the high field region, whereas the
generation process itself starts within the depletion
layers. This leads to a pronounced dark-space
effect in the impact ionization rates. For applied
voltages below 5.7 V, this carrier generation cycle
does not lead to breakdown. However, it takes
almost 30 ps after switch-on before the current is
fully stationary when the applied bias is close to
this breakdown threshold value.

Since the impact ionization rate and the drift
velocity of electrons is higher than that of holes,
the electrons get more efficiently cooled on the n-
side of the intrinsic zone than the holes do on the
opposite side. This leads to a slightly higher
average energy of the holes, as well as to a higher
density of holes on the p-side than electrons on the
n-side. In the avalanche regime, the higher hole
density effectively screens the electric field in the
intrinsic zone. This leads to an interesting effect for
short/-zones of less than 50 nm. Once the reverse
bias exceeds the threshold value for avalanche
multiplication, the holes are able to flood the
whole /-zone. This screens the electric field and
effectively impedes the avalanche breakdown.

3.3. Quantitative Results and Comparison
with Data

To substantiate this qualitative picture, Figures
4(a)-4(d) characterize the carrier distribution for
a reverse bias of 5.5 V in the 20 nm p-i-n diode (i.e.,
just below breakdown) quantitatively. The spatial
field profile is drawn as grey inset in these figures in
order to show the spatial extent of the depletion
zone. The electric field is constant within the
intrinsic zone and amounts to 1.1 MV/cm.
The energy of electrons (Fig. 4(a)) reaches a

maximum at the center of the high field zone.
There, the electrons loose energy predominantly
by impact ionization. Electrons are able to fly a
longer distance than holes before they loose energy
and pick up a given amount of energy on a shorter
trajectory. Therefore, the average electron energy
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FIGURE 4 The figure refers to a 20 nm PIN diode with a
doping level of 2x10TM cm-3 in the n- and p-regions, respec-
tively, and an applied reverse bias of 5.5 V. The shape of the
electric field is shown in grey to indicate the width of the
depletion zone. Its magnitude is 1.1 MV/cm. (a) Calculated
average energy of electrons and holes as a function of position.
(b) Calculated energy loss rate of electrons and holes. Shown
are the total energy losses and the contributions from impact
ionization. (c) Calculated impact ionization generation rate of
electron hole pairs induced by electrons and holes, respectively
(full lines). Zener generation rate of electrons and holes,
respectively (dashed lines). (d) Calculated density of electrons
and holes.

decreases more slowly and extends farther into the
depletion region on the n-side than the hole energy
does on the p-side.
The same effect can be deduced from the

spatially resolved energy loss (Fig. 4(b)). The
energy loss by impact ionization is higher for
electrons than for holes and remains large
throughout the depletion region on the n-side.
Since electrons gain energy more rapidly than
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holes, they are more likely to impact ionize
repeatedly. The slower holes, on the other hand,
remain hotter which leads to their higher total
energy loss. Particularly near the end of the p-sided
depletion region, their energy loss is dominated by
phonon and plasmon scattering. These results are
consistent with the higher integral of the electron
induced electron-hole pair generation rate that is
shown in Figure 4(c). This figure also includes the
number of generated electrons and holes by Zener
tunneling. The latter generation process gives a
negligible contribution to the current within 0.2 V
of breakdown.
The higher electron-induced impact ionization

rate generates more holes near the i-n junction
than the opposite process generates electrons near
the p-i region. Therefore, the density of minority
carriers is higher on the n-side than on the p-side
(Fig. 4(d)). This effect is enhanced by the higher
mobility of electrons that causes them to diffuse
out of the p-zone more rapidly. The asymmetry of
carrier densities within the high field region that
can be seen in Figure 4(d) is another consequence
of the higher impact scattering rate for electrons.
The holes that are generated by impact ionization
on the n-side get accelerated through the high field
region towards the p-zone, leading to the excess
density of holes on the p-side.

Figure 5 compares the present calculations with
the measured current-voltage characteristics for a
20 nm and 50 nm pin diode, respectively. The
agreement is seen to be very good. In Figure 6, we
predict the I-V characteristics of 30 nm A1GaAs p-
i-n structures. Since the energy gap is higher than
in GaAs, the impact ionization rate is lower which
causes the breakdown voltage to increase and the
current density to decrease with increasing A1
concentration. The lower breakdown voltage
compared to the 20 nm diode discussed above is
caused by the higher doping level of the n and p-
regions.
The work has been partially supported by

SIEMENS and by the Deutsche Forschungsge-
meinschaft (SFB 384).
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FIGURE 5 Calculated2(full curves) and experimental current
densities (stars), in A/cm, versus applied reverse bias in V for a
20 nm and 50 nm GaAs p-i-n diode. The doping concentration
in the n and p-layers amounts to 21018 cm-3. The experi-
mental data are from [6].
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FIGURE 6 Predicted current densities versus applied reverse
bias for a 30nm GaAs and Ga0.TA10.3As p-i-n diode. The
doping concentration in the n and p-layers is 5x 108 cm-3. The
dotted lines show the Zener tunneling contribution to
the current density.
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