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ABSTRACT

In the present paper, a generic numerical model of a long-wavelength avalanche photodiode (APD) based on
narrow bandgap semiconductor InAsSb on InAs sdbstrate is reported. This model has been applied for
theoretical characterization of a proposed N* AfAS/P- InAsSh avalanche, photodiode structure for possible
application in 2-5um wavelength region. Thé parameters such as gain, excessnoise factor and their trade-off
with variation of doping concentration and bias voltage have been estimatedfor the APD taking into account
history-dependent theory of avalanche multiplication processyThe long-wavelength avalanche photodiode is

expected to find application in free space optical communication system and optical gas sensor.
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I. INTRODUCTION

FreedSpace optical communication (FSQ) represents one of the most promising approaches for addressing the
emerging broadband access<market. In the recent years, free space optical communication has drawn
considerable interest in commercial and military applications due to high available bandwidths, portability and
high security of systems. “The other advantages of free space optical communication over optical fiber
communication include guick link set up, rapid deployment time, license- and tariff-free bandwidth allocation,
low power consumption etc. FSO system can offer up to 100 Gb/s data rates between two points [1]. These
systems are also compatible to a wide range of other communication system and are sufficiently flexible so as to
be easily implemented using a variety of different architectures. Several researchers have already established that
infrared region is best suited for free space optical communication [2]-[6]. InAsSb based long-wavelength
infrared (LWIR) photodetectors operating in the 2-5 um spectral range find application in free space optical
communication. In free space optical communication system, photodetector is the key component in the receiver
unit. Successful implementation of free space optical communication receiver at these wavelengths requires
development of suitable photodetectors operating at these wavelengths. Long-wavelength infrared

semiconductor photodetectors also find a variety of non-telecommunication applications. As the long-
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wavelength region contains the fundamental fingerprint absorption bands of a pollutant and toxic gases, the
LWIR photodetectors are very attractive use in optical gas sensors [7]-[10]. The gas sensing instrumentation can
be greatly simplified by making use of multiplication photodetector such as an avalanche photodiode (APD).
The dominating mid-infrared photodetector materials include  IV-VI and 11-VI alloys such as PbSe, HgCdTe
and 111-V alloys such as InAs, InSb and their related ternary and quaternary alloys. Because of some inherent
difficulties with 1\VV-VI and I1-VI materials, the ternary 111-V alloy InAsSb eventually emerged as potentially the
most promising material for application in mid-infrared region. The energy bandgap of InAs,.,Sh, vary with
composition from 0.4 eV (77 K) to 0.1 eV (300 K) making it attractive for use in the 3-5 um and 8-13 pm
spectral range, respectively. The advantage of InAsSh over the other material includehigher electron and hole
mobilities, high-quality and low cost substrate. The performance of such dewices is strangly influenced by
several factors which are special to narrow band gap semiconductors. The operation of such devices is highly
restricted by the requirement of low temperature operation.

Among various photodetectors, an APD offers a very high sensitivity’because of its internal gain mechanism, but
at the same time it has more noise compared with its non-multiplying counterpart because of the randomness in
the avalanche multiplication process which is responsible forthe gain of APD."Before history-dependent theory
was proposed, it was assumed that ionization coefficientyof electronsyand holes are functions only of the local
value of the electric field [11], [12] which is afpoor approximation for photodiodes that have very short
multiplying regions. As pointed out by Okutodnd Crowell [13]-[15] and others,a _carrier starting with near zero
energy, relative to band edge, will havedan almost zeronchance of having an fonization collision until it has
gained sufficient energy from the electric field to attain the necessary energy to permit impact ionization. The
local-field model works well at low electric fields at which meamyfreespath between ionizing collisions is long
compared with the dead length [2#]. However, at high electric fields at which the reciprocal of the ionization
coefficient is comparable to or ‘even-less than the dead length, a theory that assumes all holes or all electrons
have the same probability of ionization, irrespective ofywhere they were created, can lead to considerable error
[16]. In this paper we have applied history-dependent ionization model for charactering a long-wavelength APD

theoretically.
ILAHEORETICAL MODEL

The structure tnder considerationlis N* - InAs/P- InAsSb heterojunction APD as shown in Fig.1(a). The energy

band diagram of the,structureis’shown in Fig.1 (b).
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Fig.1 (A): Schematic Diagram of the Avalanche Photodetector Structure
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The InAsSb layer is intended to be used as the light absorption region. The proposed APD structure under
consideration is supposed to be grown on In As substrate. The N*-P junction is used to create a narrow
multiplying region. The photogenerated carriers in the narrow bandgap InAsSb material undergo avalanche
multiplication before being collected at the output terminals. The theoretical characterization of the detector has
been carried out in respect of multiplication gain (M) and excess noise factor F(M) of the APD at 77K using the

history-dependent theory of impact ionization.

Energy Band Diagram(no bias)
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depletion layer are holes then the excess noise factor for holes is given by [10]

2
1-k M, -1
FP = MP[1+(T][ I\;IP J ] (3)

and for electrons

2
F, - Mntl—(l—k)( Mhnﬂ‘lj ] @

n

if the only injected carriers are electrons. where k=f/a. is constant, o and [ are the ionization coefficients of

electrons and holes, respectively and M, and M, are the electron and hole multiplication factors respectively.
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2.2 Gain Theory of History-Dependent lonization Coefficient: In the case of history dependent ionization
coefficient, the position dependent gain can be obtained by considering an electron-hole pair generated at
X"and calculating the ensemble average of the total number of resulting electrons and holes generated in a
single event involving a primary electron or hole. An electron which encounters an ionizing collision at X
creates two cold electrons and a cold hole which create further carriers. A hole also undergoes multiplication in a
similar manner. The multiplication gain at position X' due to impact ionization considering the contributions of
both electrons and holes can be obtained as [17]

N,(X)+ N, (X)

2

where Ne(x’) and Nh(x’) are respectively the average number of carriers i

()

e two chains generated by the

initial electron and hole injected at X' separately given by [14]

N, ()= P.(x[0)+ [ "N, (62)

(6b)

Where (72)
and (7b)
Here n, (x’|x) and ny (x’| x) are the total s and holes genherated in a single trial initiated by

holes having carrying carrier i

given by

(82)
(8b)

ss noise factor ¢

2.3 Numerical Technique: In this computation it has been assumed that the ionization coefficient of an
electron or a hole not only depends on the local electric field but also on the location of the point X' where it is

created and the field profile at all points between X' and X. The computation starts with estimation of the local

electric field E(x). The local electric field value is subsequently used to determine the effective electric field
Eeﬁye(x'|x) and Eeffyh(x'|x) between X and X'by considering the history dependent factor by using

following equations.
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Euiie (x'| x): Ex erf [Q)%)] (10a)
Emdﬂ@:Exﬂ{Qi%n (10b)

£ (11a)

These values are used for computation of

conditions

N,(0)=0 and N,(0)=1

In order to have the desired the conservative convergence criterion (relative error < 10 _4) was used.

The multiplication gain and e ctors were computed numerically using equations (5) and (9)

respectively.

(12)

(13)
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Fig. 3: Net Multiplication Gain within the Avalanche Multiplication Layer Thickness with Varying

Doping Concentration
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Table 1: Various Parameters Used In Computation

Parameters Values
T 77 K
X 0.12
Na 5.0 x 10* m®
Np 5.0 x 102 m®
%p( INAS) 49eV [15]
(' INAs.,Shy ) (4.9-0.31x ) eV [15]
Eg(InAs) 0.354 eV
E4(INAS1.Sh,) Ax107T?
e 04112101 6765075 -
T+210
m,(InAs) 0.41 mo [18]
my( INAs1,Shy ) (0.023-0.039x +0.03x?
gp(InAs) 15.15 g, [18]
en( INAS1Sby ) (15.15+1.65
A, 0.7 x
A, 6.0 x
B, 1.5 x 10% (vm™)
B, ‘ 1.75 x 10" (vm™)
1000 - .
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Fig. 4: Excess Noise Factor with Electron Multiplication Gain jrith Varving Doping Concentration Using
Local Field Theory
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Fig.5: Excess-Noise Factor with Multiplication Gain with Varving Doping Concentration Using History-
Dependent Theory
Fig. 4 shows the variation of excess noise factor with electron multiplication,gain. It is.seen that the excess noise
factor increases sharply with electron multiplication gain. The actual multiplication gain depends on effective
ionization coefficient of a carrier which in‘turn not only. depends upon the electric field E(x), but also on location
of the point at which the carrier was created ‘on the field profile between x ( point of creation) and x’ (point of
successful ionization). The excess noise factor calculated fromithe expression (9) and (10) is plotted in Fig.5 for
various electron multiplication\gains,at different reverse voltage./ In this figure, it can be seen that excess-noise
factor increases with electron multiplication'gain. The excess noise factor of the APD is 98 when multiplication
gain and reverse vdltage are 100 'and 9.2\ respectivelyy” The figure depicts that for a constant multiplication

gain, excess naise factor increase with.dficrease in reyerse voltage.
V. CONCLUSION

Free spaceyoptical communication is the up-to-date technology for security and high available bandwidth of
systems. A'long-wavelength. APD has been simulated to determine the electrical and optical characteristic of the
device. The simulation is based on gain theory of history dependent ionization coefficient. The device can be
operated at a suitable bréakdown voltage to provide a high multiplication gain. The proposed device is expected

to find application in/free space optical communication systems.
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