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Abstract

A physical simulator of heterostructure avalanche photodiodes {(APD’s) for optical com-
munications is discussed. The simulator is based on a 1D drift-diffusion two-carrier model
allowing for heterojunctions, Fermi statistics, optical, avalanche and SRH G-R mechanisms.
Particular care is devoted to the implementation of local avalanche models, which have a
great impact on the performance evaluation of this device class both from the standpoint

of signal and of the excess noise behaviour. Preliminary results are presented on the DC
behaviour of state-of-the-art APD’s.

1 Introduction

Heterostructure avalanche photodiodies (APD’s) are today among the most promising photode-
tectors for optical communication systems. Owing to their complex, multilayered structure, the
design and optimization of heterostructure APD’s would greatly benefit from a physical simu-
lator able to accurately evaluate the device performances from material data and geometry.

The physical simulation of photodiodes has been sparsely addressed in the literature during
the past years. While the microscopic photodetection mechanisms have been the object of
extensive investigation, device simulation was mainly restricted to p-i-n structures or Schottky
photodiodes: see e.g. [9], [14] for a Monte Carlo model, [8] and [2] for a drift-diffusion, time-
domain model. Concerning APD’s, the simulation is made more complex by the presence ol
avalanche ionization (see within this context [18, 19]) and. in most state-of-the-art devices,
of heterojunctions. The simulation of heterostructures with heavily doped materials has been
discussed in [11, 12, 22],. Device simulation studies have heen made for InGaAs APD’s in [17].
while [16] exploits a hybrid computation technique to investigate the frequency response of
Al.Gay_,As and In,Gaj_,As APD’s.

The design and performance assessment of APD’s is based upon a few figures of merit
which can be derived from DC analysis. These are the inverse current under dark and under
illumination, as a function of the incident optical power, and the excess shot noise generated
by the detector. The large-signal behaviour under optically pulsed operation, which is not

investigated in the present paper, is also relevant to system design, since it yields the time delay
introduced by the detector.
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Figure 1: p*-n AlGaAs/GaAs photodiode [3].

The paper is structured as follows. Sec.1 introduces the physical model used for simulation.
Numerical issues are discussed in Sec.2, while Sec.3 is devoted to presenting preliminary results
on the two state-of-the-art homo- and heterostructure APD’s shown in Fig.1 and Fig.2.

2 The physical model

The plysical model implemented is a one-dimensional, two-carrier drift-diffusion model allowing
for abrupt and graded heterostructures and Fermi-Dirac statistics [L1, 12]. The model equations
read in steady-state DC conditions:

¢ ; _
V= —Lp-nt N - 3ON) (1)
V-I,=qR (2)
where:
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are the electron and hole current densities. n is the electron density. p the hole density. £ the
electric field, ¢ the potential. pu,, .y, D, D), the mobility and diffusivity of electrons and holes.
respectively; \ is the semiconductor affinity. Vy = LT/q. and N, N¢ the elfective densitios
of states in the valence and conduction band. Finally. .:’\’,,4)". is the density of the onized j-th
donor, N7, the density of the ionized i-th acceptor:
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Figure 2: SAM-APD InP/InGaAsP/InGaAs photodiode [4].

where:

AEv — 0.5(E, + kT log(Nc/Nv)]
kT

a =

0.5[Ey + kT log(N¢ /Nv)] - AEc

kT )
E, is energy gap of the material, k& the Boltzmann constant, T the lattice temperature. Donor
and acceptor levels are characterized by the concentration N4 or Np, the activation energy,
given by the energy difference between the impurity level and the bottom of the conduction
baud, AE¢, for donors, or by the energy difference between the impurity level and the top of
the valence band, AEy, for acceptors, and the capture probabilities c,,, Cp-

The net recombination rate R = U — G where G and U are the generation and recombi-
nation rates, respectively, includes Shockley-Read-Hall RG, optical generation and avalanche
generation. Avalanche generation is omitted from the model in the analysis of p-i-n photodiodes.

The optical generation coefficient has the following expression: o

) d= )

P
Golz) = :}m(l — R)exp(—nz) (9)

where 1 is the absorption coeflicient, A the device cross-section. /i the Plauck constaut, v the
frequency of the optical signal, P the optical power, and R the reflection coefficient of the device
surface. Avalanche generation is expressed in the usual form:

1
Gala) = ‘(;((1-u | Tl +a, | Jpl). (10)

The models {or the ionization coelficients «,,, @, require a more detailed discussiou. Mod-
elling the impact ionization means evaluating the probability that the carriers (electrons and
holes) gain from the external field an energy equal or greater than the ionization threshold
energy ;. Most local theories, in which the ionization coefficients only depend on the local
electric field &(x), originate from two classical models: Woll’s diffusion model [24], in which
the impact ionization coefficients have the form o « exp(—=/E?), where b is a coustant and € is
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the electric field, and Shockley “lucky electron” model [20] in which o x exp(—L;/¢lE), where
[ is the mean free path. The first and second model yvields a good fitting to experiment for high
and low fields, respectively. Using Baraff’s approach (1}, Thornber developed an approximation
which attempts to link Wolff and Shockley models. Thus, the following models for the electron
impact ionization rate have been implemented in the simulator:

s The Thornber-Barafl formula [1]:

9€ —Liy
an(&) = —exp — (11)
B leu+ D+
Ct

where &y, &, and &1 are the fields for which the carriers reach the ionization threshold
energy, the optical phonon energy, the thermal energy kT, respectively, in one mean
free path. Wolff diffusion model [24] and Shockley “lucky electron” model [20] can be
considered as particular cases of the Thornber-Barafl approach.

o The Chynoweth model [7]:
oG bn
an(€) = o) exp —]—(.! (12)
ol
where a°° and b, are fitting parameters, and Lackner’s modification [10]:
exD ( Ein )
PATLE
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(13)

a’n((‘f") =

where the input parameters are the mean free paths L,, L, and the threshold encrgies

Ein-. Ei;)-

Similar models are adopted for the hole impact ionization rate. For the physical parameters
implemented in the models, see [5, 15] and references therein for binary compounds and 111-V
semiconductor alloys, respectively.

Non-local models for impact ionization, though potentially more accurate and correct than
local models, require a physical model in which the history of the carriers is described, either
completely, as in Monte Carlo models, or at least on average, as in energy-transport (hydrody-
namic) models. Nevertheless, even within the framework of a drift-diffusion model a non-local
theory such as the “modified lucky drift theory™ first proposed by Childs [6] can be implemented.
at least in a non-sclfeonsistent manuner.

Concerning the noise properties of the avalanche photodiode, a simplified treatment proposed
by Mclntyre [13] allows the noise power density to be derived [rom the hole distribution along the
optical signal propagation direction. Such approach allows a straightforward implementation
within the framework of a 1D drift diffusion model. Details on non-local and noise models will
be provided in an extended version of the paper.
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3 Simulation

The implementation of the DC physical model was performed in one dimension through a central
finite-difference discretization which extends the well-known Scharfetter-Gummel scheme. The
current densities at midpoints are approximated as:

i+1/2y,

Jit1/z _ i"——[B(A‘“/"')n;H — B(=AF12)p)) (14)
5
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B is the Bernoulli function, v is the ratio between the Fermi-Dirac and Boltzmann statistics.

In the local models «,, and «, have been evaluated at the half-point between neighbouring
nodes, since the field is piecewise continuous between nodes. The following interpolation formula
was used for the avalanche generation:

i?.,‘_] Gi_llz + II.,'GH-l/z

G~
hi + hi_y

(22)

The DC solution was carried out through a Newton-Richardson coupled scheme. In the
absence of avalanche ionization, the 1D model is not particularly critical with respect to a two-
carrier homostructure model, although the use of Fermi-Dirac statistics coupled to a Newton
scheme requires a rather cumbersome evaluation of the Jacobian if quadratic convergence is
required.

From a numerical standpoint. the simulation of heterostructure APD’s is made difficult by
the presence of heterojunctions and very high fields: APD’s work at very high inverse voltages
{(typically more than 50 V) thereby leading to convergence difficulties, mainly connected to the
avalanche behaviour, which appear to be more serious than for homojunction structures. In
order to avoid any numerical problems associated with truncation errors, the model was initially
implemented in quadruple precision. Covergence at high bias was improved through the use
of continuation techniques to provide an initial guess to the iterative process. High numerical
accuracy is also required to evaluate the output currents of APD’s, which show a dramatically
wide dynamic range when going from the dark to the illuminated condition.
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Figure 3: Field distribution in p*-n photodiode as a function of reverse applied bias.
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Figure -1 Field distribution in SAM-APD photodiode as a function of reverse applied bias.



441

10-3 T Bl

- . 104 , : .
- . 105 |- -
10 E
- 3 o
- ] 104 | temp=27 s
< [ 1 <
— -7 1. . —
3 Ok RN :
g - 1 &
(&) i 7 E 10-8 . pu
- E 109 7
109 3
- 3 10-10 | -
L i
10-10 L 1 i 10-!! 1 1 1
0 20 40 60 80 0 20 40 60 80
reverse bias [V] reverse bias [V]

Figure 5: Dark currents of the p*-n photodiode (left) and of the SAM-APD photodiode (right)
as a function of reverse applied bias.

4 Results and discussion

Two typical. state-of-the-art APD’s mesa structures were chosen for analysis: a pt — n Al-
GaAs/GaAs photodiode (Fig.1) discussed in [3] and a Separated Absorption and Multiplication
heterostructure APD (SAM-APD) (Fig.2) discussed in [4]. SAM-APD’s are cousidered to pro-
vide the most sensitive photodetector structures for long wavelength optical communications,
since it allows, with its InP/InGaAsP/InGaAs structure, an improvement of 1-3 dB seusitivity
over Ge-APD’s up to 2 Ghit/s [21, 13].

The different behaviour of the two structures appears in the electric field profile as a_function
of the reverse applied bias, shown in Fig.3 for the p* — n APD and in Fig.d for the SAM APD.
In the first structure the electric field has a roughly triangular profile extending all over the
depletion region. In this way, the regions wherein avalanche generation and optical absorption
occur partly overlap, thereby giving rise to higher noise. Morcover, the larger avalanche region
leads to higher transit times. Conversely, in the SAM-APD structure the superior properties
allowed by the use of heterostructures clearly appears in the avalanche region (high energy
gap material) being separated {rom the drift region wherein optical absorption occurs. As a
consequence, noise decreases and the transit time 18 reduced. The plots of the dark currents for
both structures. shown in Fig.5 at 300 K. confirm the hetter noise properties of SAM APDs.
Finally, Fig.6 shows the behaviour of the avalanche iounization coeflicients as a function of the
reverse applied bias for the pt — n diode (above) aud the SAN APD (below); the result shown
las been obtained with the Chynoweth model.

Acknowledgements. The authors wish to thank Prof. (".Naldi of Politecnico di Torino for
helpful discussions.
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Figure 6: Spatial distribution of ionization coefficients according to the Chynoweth model as
a function of applied reverse bias. From top row: pt-n photodiode, «,, (above), a, (below);
SAM-APD photodiode, a,, {above), a, (below}).
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