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Abstract—A growing number of system applications are in-
creasingly demanding high speed, low noise, and high sensitivity
UV detectors. GaN avalanche photodiodes (APDs) are prime
candidates to become the device of choice in this area. This
work presents a theoretical analysis of the performance of GaN
APDs using Full Band Monte Carlo simulation. A study of
the multiplication gain, noise and bandwidth is presented in
this paper. The numerical results are in good agreement with
experimental data available in literature.

I. INTRODUCTION

GaN-based APDs are particularly important for applications
where solar blind detection is necessary. The recent APD
design trend, both for conventional III-V and III-Nitride semi-
conductors, feature very thin multiplication regions, which
lead to a significant improvement in noise characteristics. The
conventional gain and noise model developed by Mclntyre
[1], which assumes that impact ionization is a continuous and
local process, is not applicable in thin structures [2]. This is
because nonlocal effects, such as dead space and drift ve-
locity overshoot, become significant in these devices. Among
suitable numerical techniques, the Monte Carlo method is the
most appropriate tool to study the avalanche multiplication
process in APDs. In the present work we use a Full Band
Monte Carlo (FBMC) model that makes use of the full
electronic structure computed from the nonlocal empirical
pseudopotential method (NL-EPM). Screened atomic poten-
tials are selected to accurately reproduce the main energy
gaps, effective masses, charge density and dielectric function
as obtained from experiments and from ab — initio calcu-
lations. Band-to-band tunneling is treated by employing the
Krieger-lafrate model [3] following the approach described
in [4]. The lattice dynamics is determined using the linear-
response method within density-functional perturbation theory
[5]. Phonon-carrier scattering rates are determined from the
Fermi’s golden rule accounting for the band structure and the
lattice dynamics within the rigid pseudoion (RPI) formalism
[6]. The calculation of the electron- and hole-initiated impact
ionization rates is performed to first order by using the Fermi
golden rule [7] within the EPM full band structure context.
The model is described in detail in [8].

II. RESULTS

A detalied analysis of the multiplication gain for a number
of APDs fabricated and characterized by several research
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groups [9]-[13] was presented in [14]. For electron (hole)
initiated multiplication, an electron (hole) is injected from
one edge of the multiplication region and the motion of the
primary carrier and of the carriers generated subsequently are
considered simultaneously within the MC framework. The
electron (hole) multiplication, G, (G}), for such a trial is
given by the total number of carriers, of the type injected,
which exit on the far side. A comparison between calculated
multiplication gains and experimental data is shown in Fig. 1
[14]. Despite the unavoidable uncertainties in the details of
the device structure, a very good agreement with experimental
data was obtained.
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Fig. 1. Comparison between the measured electron and hole multiplication
gain data available in the literature and the calculated values obtained using the
proposed Monte Carlo model: [a] measured (black pentagons) and calculated
(red dash-dot line) electron multiplication gain for the device of Dupuis and
coworkers [12], [b] measured (red circles) and calculated (dashed orange
line) electron multiplication gain for the device reported by Carrano and
coworkers [13], [c] measured (green diamond) and calculated (red solid line)
hole multiplication gain, measured (blue x symbols) and calculated (black
dash-two-dot line) electron multiplication gain for the device reported by
McClintock and coworkers [11].

In the present work we compute the noise properties of
GaN-APDs. The electrom (hole) excess noise factor F, (F},)
are defined as the normalized second moments of the mul-
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tiplication random variables G. (Gjp) and can be directly
extracted from the Monte Carlo simulations. The elecron
excess noise computed as a function of gain for different
widths of the multiplication region is presented in Fig.2.
As the multiplication region is reduced, the excess noise
decreases as multiplication becomes a more confined process
and therefore more deterministic [15].
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Fig. 2. Excess noise computed as a function of multiplication gain. The

thickness of the multiplication region is varied from 70 nm to 260 nm.

The APD bandwidth is obtained by Fourier transforming
the time response. Fig.3 shows the bandwidth as a function
of the gain, for a multiplication region thickness ¢ = 70 nm and
t = 140 nm. Both curves present two different regions. On the
left, the bandwidth is approximately constant and the limiting
mechanism is given by the hole transit time across the quasi-
neutral region [16]. In fact as holes exit the multiplication
region their velocity drops significantly more than that of
electrons. This is due to the fact that electrons undergo velocity
overshoot while holes do not. However, as gain increases
impact ionization becomes the main mechanism that limits
the bandwidth. Consequently the gain-bandwidth product is
constant, and equal to 216 GHz and 600 GHz for 7' = 140 nm
and T = 70 nm, respectively.
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