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The dead-space multiplication theory of Hayat and Shlelightwave Technoll0, 1415(1992],

in conjunction with the multiplication-width-independent ionization-coefficient model developed by
Saleh et al. [IEEE Trans. Electron Deviced7, 625 (2000], are shown to accurately predict
breakdown voltages for thin avalanche photodiodes of GaAs, IgRAM, 46AS, and A} ,Ga, gAS,

over a broad range of device widths. The breakdown voltage is determined from the analytical
expression for the impulse-response-function decay rate20@1. American Institute of Physics.
[DOI: 10.1063/1.1425463

In recent years, there has been a considerable interefgtrent approaches for fitting the d&t&:*?In all cases, the
and a widespread research effort in the development of avaesults are superior to those obtained using conventional
lanche photodiode$APDs) with thin multiplication layers, —multiplication theory*
which have been shown to exhibit a significant reduction in ~ For APDs with thin multiplication layers, the signifi-
gain fluctuations, commonly measured in terms of the excessance of dead space on the multiplication characteristics
noise facto- The driving force behind this effort has been makes it important to include dead space in determining the
the need for high-sensitivity receivers in current lightwavevalue of the breakdown voltage. In this letter, we use the
communication systems that exploit the low-dispersion and?SMT and the width-independent ionization-coefficient
low-loss windows of silica optical fibers, at 1.3 and 1,6, Mmodel to calculate the avalanche breakdown voltafge, for
respectively. The reduction in gain fluctuations in thin mul- homojunction APDs fabricated from the same four materials:

tiplication layers is principally attributable to the role played GaAs, InP, 1§ sAlg4gAs, and A GaygAs. We show excel-
by carrier history* **After each impact ionization, an ioniz- €nt agreement with experiment, and thereby further demon-
ing carrier must travel a minimum distance, called the deadtrate the predictive capabilities of the DSMT/ionization-

space, before gaining enough energy to enable it to caus@efficient models for accurately determining breakdown
another impact ionization. The result is a spatial regulariza¥0ltage, as well as the gain and excess noise factor as dem-

tion of the impact ionizations which, in turn, leads to a re-Onstrated previously. _ _
duction in the gain fluctuations. The voltageVy is defined as the reverse-bias voltage

In 1992, Hayatet al5~7 formulated a dead-space multi- 3€T0SS the multiplication region at which the mean gain be-

plication theory (DSMT) that permitted the gain, excess comes infinite. Since an explicit formula for the gain is not

noise factor, gain probability distribution, and statistics of the@vailable in the context of the DSMT, we instead turn to the
time response of APDs to be calculated in the presence &Josed—form expression for the asymptotic exponential decay

dead space. This theory has recently been applied to expelrfflte of the mean impulse response function derived by Hayat

mental gain and excess-noise factor data for thin GaAs, Inﬁ}nd Salef. The rationale for using t.h's approa_ch IS as fol-
I sAl o 4gAS, and Ap ,Ga, /As APDs?3 By developing a Ibws: the presence of the exponentially decaying tail of the
wi%st)h-ir?gepéndent iohzizati'on—coefficient model, which used o impulse response function implies a finite area under
a special aporoach for fitting the data Saﬂhalé obtained the curve; this, in turn, implies a finite mean gain since the
goopd agreeprgent with the irapact ioni,zation a|:1d noise char‘:Jlrea under the mean impulse response is proportional to the
acteristics of devices fabricated from GaAs ang Ma, /As mean gain. The reverse-bias voltage at which the decay rate

terial broad f ltinlicati %. . _becomes zero, and thus at which the gain becomes infinite, is
m% ina ; (_)Iver_ a broa rafrfl_g_e 0 n:jullp ca |on;reg|onthen precisely the breakdown voltayg .
}c/:l;ctteid. folrrT;lliraiﬁglﬁt;r-C::s Ir(r:::trgrire:(s)“ 'Ie'hsevlvjesrﬁ/l'? E‘;Sex' When an electror{or holg initiates the multiplication

5 0.4 .

i i ,Tprocess, an electric current is induced by the moving elec-
also been successfully applied to experimental data by di frons and holes within the multiplication region. This current

comprises the random buildup-time-limited impulse response
¥Electronic mail: hayat@eece.unm.edu function, I (t). It has been shown in Ref. 7 that there exists a
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TABLE I. Parameters of the width-independent DSMT exponential-ionization-coefficient model, oBt&ined
GaAs, InP, 1g5Alg46As, and Ap . Ga gAs thin APD structures. The electron and hole ionization threshold

energies are also provided.

Units GaAs InP 19.5Al g 4gAS Al ,Ga As
@ A cmt 6.01x 1¢° 3.01x10° 4.17x 10° 5.39x 10°
& Viem 2.39x 10 2.45x10° 2.09x 10° 2.71x10°
m 0.90 1.08 1.20 0.94
B A cm ! 3.59x 10F 4.29x< 10° 2.65x10° 1.28x10°
& Vicm 2.26x10° 2.08x10° 2.79x 10° 2.06x1¢°
m 0.92 1.12 1.07 0.95
Eie eV 1.90 2.05 2.15 2.04
Ein ev 155 2.20 2.30 2.15
aSee Ref. 4.
constanty, which depends on the electron and hole ionizafunctions of the electric field: «(&), B(E)=

tion coefficientsa and 3, the electron and hole dead spacesAexd —(£./6)™]. The sets of parameters associated with
de andd,,, the electron and hole saturation velocities withinthis exponential model were determined in accordance to a
the multiplication layer, and the multiplication-layer width ~ modified version(from Ref. 4 of the method reported in
such that the mean ofi(t) satisfies limp...(I(t))e” Ref. 3 for the four materials under consideration. They are
=constant. This means that asymptotically(t))~e™ . provided for convenience in Table |, along with the values
For a stable device, the rate must be strictly positive to  for E;, andE;, that emerge. These parameters were selected
insure exponential decay and hence finite gain. At the precisg produce the best fit to excess noise data.
threshold ofVg, y becomes zero. Now, it has been shownin  Thus, by solving for the particular voltage across the
Ref. 7 thaty=0 if and only if multiplication region,w&(w), at which Eq.(1) becomes
zero, we determin¥g for all four materials, as predicted by
(1) the dead-space multiplication theory. In each case, the cor-
rectness of the calculateds was checked by plotting the
mean gain(obtained by solving certain recurrence equations
numerically®® as a function of the applied electric field and
determining the breakdown electric field at which the gain
(2 becomes infinite. We emphasize at this point that the calcu-

The aforementioned stability condition is also valid for hole-'ation of the breakdown voltage directly from Edl) is
injection APDs(e.g., InP with the proviso that the roles of much more computationally efficient and accurate than using

electrons and holes are interchanged in Egjsand (2). gain versusc plots. The experimental values fz were

For each type of material, the device parametrsd,,, ~ ©Ptained by gradually increasing the reverse-bias voltage un-
a, and 8, are functions only of the electric field in the til breakdown occurred. The details of the devices and ex-
multiplication layer® In particular, d,.=E,./q€ and d,  Perimental procedures were reported in Ref. 2. The predic-
=E;,/q€, whereE;, andE;, are the electron and hole ion- tions of Vg are compared with the experiment in Fig. 1 for
ization threshold energies, respectively, apds electron GaAs and InP, and in Fig. 2 for dBAlo4eAs and
charge. Furthermorey and 8 are modeled by exponential Alo2GagAs, all as a function of the multiplication-layer

e W= di(r 4 2gedela— ) =1+ 2 e el 1—q,

wherer, andr, are the two roots of the following transcen-
dental equation:

(r+2aed — a)(r—2Be "+ B)+ aBe e~ d =,
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width w. It is evident that the DSMT predictions are in ex- We make the final comment that because the successful
cellent accord with the data for the entire range of deviceprediction of the breakdown voltage in thin APDs has been
widths over which measurements were made, from 100 tachieved in the context of an impulse-response-based, rather
1600 nm. than a gain-based approach, the approach developed here
It has been previously observed by several groups thawill find use for predicting the frequency—response charac-
the breakdowr{BD) electric field,Egp(W) =Vg/w, becomes teristics of thin APDs, which will be considered elsewhere.
higher as the multiplication-layer width is reducedn ana- ) ) )
lytical description of this phenomenon can be established as 1S Work was supported by the National Science Foun-
follows: Observe that the nearly straight-line behavior of thedation and by the Air Force Research Laboratory.
data and the DSMT curves in Figs. 1 and(iz., Vg=a
+bw) indicates thattgp can be approximated b§gp(w)
=aw '+b. For example, for GaAsa~3.74 V andb
~2.81X 1C° V/cm. This simple model fo€gp can be used 1B. E. A. Saleh and M. C. Teictrundamentals of Photonig&Viley, New
: C o o York, 1997).
for the easy calculation of the breakdown electric field for 2p yyan, c. c. Hansing, K. A. Anselm, C. V. Lenox, H. Nie, A. L. Holmes,
any w within the range 100—-1600 nm. Jr., B. G. Streetman, and J. C. Campbell, IEEE J. Quantum Ele&6on.
In this letter we followed the commonly accepted as- 3§A9*1(2g0?-h ML Havat B E. A Saleh. and M. C. Teich. IEEE T
. . . . . i . A, Salen, M. M. Rayat, b. E. A. Salen, an . C. leich, rans.
su'mp.tlon that the electric field is uniform across the.multl Electron Devicesi?, 625 (2000,
plication layer’ To extend our treatment to nonuniform 4 A saleh, M. M. Hayat, P. Sotirelis, A. L. Holmes, J. C. Campbell, B.
fields, the recurrence equations for the impulse respbnse, E. A. Saleh, and M. C. Teich, IEEE Trans. Electron. Devittesbe pub-
which is central to this letter, must be generalized to non-s:\'jhiﬂd-H B E A Saleh and M. C. Teich IEEE T et
uniform fields(as the gain and the excess-noise-factor theory Dévicésszy%lte('lgéz' aien, and WM. L. feieh, rans. Electron
was extended to nonuniform fields by Hamtal.6 and later sy M. Hayat, W. L. Sargeant, and B. E. A. Saleh, IEEE J. Quantum
by Mclintyre!t. However, the derivation of a closed-form _Electron.28, 1360(1992. _
solution for the breakdown condition, as given in Eﬂ])a M. M. Hayat and B. E. A. Saleh, J. Lightwave Technbl, 1415(1992.
| b ible for th | Alt ti 8C. Lenox, P. Yuan, H. Nie, O. Baklenov, C. Hansing, J. C. Campbell, A. L.
may no longer e_ pQSS' e for the general case. ernative Holmes, Jr., and B. G. Streetman, Appl. Phys. Lé8.783(1998.
approaches for finding the breakdown voltage for non-°k.F.Li, D.S. Ong, J. P. R. David, G. J. Rees, R. C. Tozer, P. N. Robson,
uniform fields would be to invoke the gain versus reverse-loand R. Grey, IEEE Trans. Electron Devio#s 2102(1998.
inal ot ; i~°D. S. Ong, K. F. Li, G. J. Rees, G. M. Dunn, J. P. R. David, and P. N.
bias-voltage characteristics using _the theory_ reported in Robson, IEEE Trans. Electron Devicds, 1804(1998.
Refs. 6 or 11. Ar_lother po_SS|b|I|ty is to numerically solve ug"; ymcintyre, IEEE Trans. Electron Devicds, 1623(1999.
Mclintyre’s recursive equations for the breakdown-voltage®p. yuan, K. A. Anselm, C. Hu, H. Nie, C. Lenox, A. L. Holmes, B. G.
probabi|itie§l Both of these alternative approaches, how- Streetman, J. C. Campbell, and R. J. Mcintyre, IEEE Trans. Electron
- - - - - Devices46, 1632(1999.
ever, ar.e computaponally m.tenSIVe since they would Invowe.l?’s. A. Plimmer, J. P. R. David, R. Grey, and G. J. Rees, IEEE Trans.
computing recursive equations near the breakdown condi- giectron Devicest7, 1089(2000.

tion. 1R. J. McIntyre, IEEE Trans. Electron Devic&8, 164 (1966.
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