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Effect of Dead Space on Avalanche Speed

J. S. Ng, C. H. TanStudent Member, |EEE, B. K. Ng, P. J. Hambleton, J. P. R. Dayigenior Member, |EEE,
G. J. Rees, A. H. You, and D. S. Ong

Abstract—T heeffectsof dead space (theminimum distancetrav-
elled by acarrier beforeacquiring enough ener gy toimpact ionize)
on the current impulse response and bandwidth of an avalanche
multiplication process are obtained from a numerical model that
maintains a constant carrier velocity but allows for arandom dis-
tribution of impact ionization path lengths. The results show that
the main mechanism responsible for theincrease in response time
with dead space is the increase in the number of carrier groups,
which qualitatively describes the length of multiplication chains.
When the dead space is negligible, the bandwidth follows the be-
havior predicted by Emmonsbut decreasesasdead spaceincreases.

Index Terms—Avalanche multiplication, avalanche photodiodes,

gain-bandwidth product of 228 GHz should be achievable using
an APD with a 0.1zm bulk InAlAs multiplication layer [13].
However, at such small dimensions, the dead space becomes a
significant fraction of the avalanche width.

The current impulse response of avalanche multiplication,
the time-dependent current following injection of a carrier
pair, has been studied, including the effects of dead space,
using recurrence equations [14], [15]. Hayat and Saleh [14]
and Bandyopadhyast al. [15] found that for a given value of
mean gain, the avalanche current decays more slowly as dead

space increases. Using mean current impulse response and its
standard deviation Hayat al. have also investigated the effects

of dead space on the bit-error-rate of optical communication

. INTRODUCTION systems [16]. Using a different recurrence technique, Hayat and

VALANCHE photodiodes (APDs) are attractive option@ong showed how to calculate the probability distribution of
as photodetectors in optical communication systems gbe avalanche duration of an APD [17]. Although the inclusion
cause of the internal gain provided by avalanche muItipIich dead space in their model is straightforward, these authors
tion. However, the randomness in position and time of the irffivestigated only the local case.
pact ionization events gives rise to noise and jitter. The exces3Vhile dead space can easily be incorporated into these re-
noise factor, which describes the fluctuations in gain, has beaitrrence techniques they do not readily provide insight into the
studied by Mclintyre [1] when the dead space, the minimum digiechanisms responsible for the increased response times which
tance travelled by a carrier before acquiring enough energyttey predict. Furthermore, each specific recurrence technique is
impact ionize, is neglected. However, in thin avalanching ddesigned to evaluate the statistics of a specific parameter and
vices, where carriers are not in equilibrium with the local eledurther analyses are needed to obtain information on other pa-
tric field, the dead space can represent a significant fractionrameters.
the avalanche width, resulting in lower excess noise than presMonte Carlo models of semiconductor carrier transport auto-
dicted by Mclntyre’s local analysis. More recently, there havgatically incorporate dead space effects and can provide real-
been extensive studies of the excess noise characteristics in iti¢ information on their consequences on temporal statistics.
avalanching devices, both experimental [2]-[5] and theoretigdbwever these models are slow and also introduce other com-
[6]-[10]. plexities, such as distributions in velocity and velocity overshoot
The time response of avalanche multiplication has been fearly ionizing carriers [18], making straightforward compar-
vestigated by Emmons [11] using a small signal, local anasons difficult for cases with and without dead space.
ysis which neglects the effects of dead space. These simulationgn alternative, more flexible approach for time response eval-
showed that for a given mean gain and ratio of impact ionizatigation is therefore desirable to investigate the effects of dead
coefficients, the 3 dB bandwidth is inversely proportional to thepace on APD speed. In this paper, we extend the basic frame-
avalanche width. work of the random path length (RPL) model [7], which has
APDs designed to operate at high speed have thin multipieen used successfully to predict mean gain and excess noise
cation regions (typically<0.5 .m) to reduce the carrier transitfactor, to generate the temporal statistics of the multiplication
time. Using a similar local analysis [12], [13] concluded that process. The mean gain, probability distribution function (pdf)
of multiplication, excess noise factor, current impulse response,
Manuscript received October 1, 2001; revised December 27, 2001. TR@ Pdf of avalanche duration can be obtained simultaneously
work was supported in part by the Engineering and Physical Science Resedreim the extended RPL model. Statistics from the RPL simula-
Council, UK., and the University of Sheffield and Marconi Optical Compotjgns are compared with those generated by recurrence equation
nents. The review of this paper was arranged by Editor P. K. Bhattacharya. . i
J.S.Ng, C. H. Tan, B. K. Ng, P. J. Hambleton, J. P. R. David, and G. J. rdgchniques to assess the validity and accuracy of the extended
are with the Department of Electronic and Electrical Engineering, University ®PL model. We also use the flexibility of the RPL model to
Sheffield, Sheffield, U K. (e-mail: g rees@sheffield.ac.uk). = ___explain the mechanism responsible for the increase in response
A H- You and D- 5. Ong are with the Faculty of Engineering, Mummed'?ime with dead space. Finally the reduction in device speed with

University, Malaysia. ’ c >
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frequency response, impact ionization.
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Il. RPL MODEL Electric field (kV/cm)

Inthe RPL technique [7], the random ionization path length ¢ 0 50 100 150 200 250 300 350 400 450
an electron, is described by its pdf. (z. ), and the model uses AR AL AR AR R AL R N

-
o

the Monte Carlo technique [19] to generate various avalanc! 9 " 5
statistics. In the “hard dead space modél['z.) is given by sl =
35
o, ze < d. 7%
he(-Te) - {a* exp[—oa*(xe _ de)]a Ze > de (1) % 6 .§
c 0
whered. anda* are the dead space and “activated” ionizatiol §, g §
coefficient for electronsd, is taken as § 4 al
3
Ethe
d. = 2
=7 (2) 3
2

wheresy;,. is the electron ionization threshold energy, dhibs
the applied electric fieldx* can be conveniently deduced from
the local electron ionization coefficient for the appropriate
uniform electric field by equating mean ionization path length

PN
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0 1 2 3 4 5 6 7 8 9

in the local and nonlocal cases [20] Reverse bias (V)
l =d. + i (3) Fig. 1. Mean gain and excess noise factor for a @ thick APD using
« o threshold energies and ionization coefficients for GaAs. The results generated

o . L by RPL and by the recurrence technique for electron injectfon golid line)
By substituting uniformly distributed random numbersbe- and hole injectionD, dashed line) are indistinguishable.

tween 0 and 1 into the survival probability out to distance

So(z)=1— /“” he () dz. 4) recurrence equgtions formu_lated b)_/ Hagtail [6], cquirming _

o that for calculations of spatial multiplication statistics, RPL is
equivalent to the recurrence technique, which has been used to
successfully model photomultiplication and excess noise mea-
surements [3], [5].

The RPL technique can also be extended to generate tem-
poral statistics by assuming constant velocities for electrons and
holes. Knowledge of the position and velocity of each carrier in
the avalanche region enables calculation of the instantaneous
I%urrent from Ramo’s theorem [22]. The avalanche duration, the
mean current impulse response, and its variance are then easily
generated in a single simulation unlike in the case of solving
(me recurrence equations which need to be solved separately for
each quantity, adding a factor of 3—4 times to the computation

reliable avalanche statistics by performing an ensemble averg e. The RPL simulation can be 50-100 times faster than even

over many trials. Spatially determined statistics such as med (ljmpledMontte (?arl((j) stlmul_at_lont[hl8] degeln_dm_g@tr_i) andw .
gain (M) and excess noise factét can be calculated using andis acequate for determining the spatiationization properties
that are important in this case.

z. can be generated from
In(r)

o

Te =do — %)
By replacingh.(x), d., o, &, gpe, Se(2), andzx, with by, (z),
dn, 8%, B, €wnn, Sn(z), andzy, similar expressions for hole
impact ionization path length can be obtained.

Each trial in an RPL simulation terminates when all carrie
have left the multiplication region of widtlr. Each injected car-
rier gives rise to a multiplication, labeled, which is a random
variable, owing to the stochastic nature of the impact ionizati
process. The value af/ for each trial is recorded to build up

1 n
(M) = n Z Mi ®) I1l. RANDOM RESPONSETIME AND CURRENT
and = IMPULSE RESPONSE
1 1 5 For comparison, the RPL techniques and the recurrence
F= n{M)? Z (M) ) equations described in [14] and [17] are used to calculate the
=1

mean impulse response and the pdf of avalanche duration.
where M; is the multiplication resulting from trial, andn is In this work, dead space is included in the method proposed
the total number of RPL trials in the simulation. The pdfddf in [17]. In all temporal calculations, a constant velocity of
for a given mean gain depends @rand the dead space. This isl0° ms™! is assumed for both electrons and holes, although
reflected in the variation i#’, which is a measure of the spreadlifferent velocities for electrons and holes can be readily
in the pdf. incorporated in the RPL model.

Mean gain and excess noise factors for a;m2 APD were The RPL and the recurrence technique simulations give indis-
calculated from the RPL simulations and are shown in Fig. finguishable results for current impulse response, as shown in
The ionization coefficients and threshold energies used in thdgg. 2 for a 0.2um APD with 5 = « at (M) = 20. The results
and all subsequent simulations in this work are for GaAs and dog d/w = 0 andd/w = 0.3 are also compared in Fig. 2. Since
taken from [21]. The RPL results agree with those given by tloalculations using ionization coefficients and threshold energies
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Multiplication of a trial, M
Fig. 2. Current impulse response of a @.th-thick APD with a mean gain
of 20 without dead space (solid line) for a field of 426 kV/cm and includingrig. 4.  Pdf’s of Al for d/w = 0 (line) andd/w = 0.3 (symbols) for{ M) =
dead space (dotted line) for a field of 506 kV/cm. RPL resu@sfor d/w = 29,
0 andO for d/w = 0.3) and those of the recurrence technique (lines) are
indistinguishable.
and temporal statistics under the constant carrier velocity as-

sumption.

1e+12 IV. DISCUSSION

Figs. 2 and 3 show that dead space increases the response time
of an APD. To investigate the origins of this increase, we con-
sider in detail the processes contributing to the gain measured
from an APD, which corresponds to the méad) of M taken
over its pdf.

Pdf’s of M, both including and excluding the effects of dead
space, for a mean gain of 20 are compared in Fig. 4. The number
of trials (typically 5 million trials per simulation) for the simu-
lations was chosen to give negligible noise in the data\ior-

0 5 10 15 20 25 30 35 40 100. The probability of an injected carrier impac_t_ionizing in-_
creases as the dead space becomes more significant. More im-
portantly the dead space changes the shape of the pdf by re-
Fig. 3-f Pdf’s of randgm (rjeSponse tin}% flt?raﬁzﬁl thifpkk/?PlfD withliir/nean ducing the number of trials resulting in largé’ and gener-
O g e racs e o a ot . e ey "Bl narTowing its paf. One might therefore reasonably expect
d/w = 0 andD for d/w = 0.3) and the recurrence technique results (lines§hat a large/ would correspond to a longer avalanche dura-
are indistinguishable. tion, so that a narrower multiplication pdf with the safad)
should correspond to a faster response. However, this contra-
for GaAs in [21] suggest. /w = 0.295 andd;, /w = 0.315 in  dicts with our numerical predictions of currentimpulse response
a 0.2um APD with (M) = 20, the value ofl/w = 0.3 chosen and avalanche duration in Figs. 2 and 3.
here is not unreasonable. A fixed ratio@f« is used to allow  To understand this apparent contradiction, we must recog-
clear comparisons between results with and without dead spatiee that trials resulting in the sandé¢ can comprise multipli-
Since« andj3 of most semiconductors become similar at highation chains of different lengths involving different numbers
fields, the use of? = « is appropriate. of “carrier groups.” Carrier groups are defined as follows. In-

The current impulse response shows a slower decay whenjiwted electrons are in the first electron group, as are new elec-
effects of dead space are included, consistent with the earliems descended from the injected electron, and all such elec-
observations of Hayat al. [14] and Bandyopadhyast al. [15].  trons will leave the multiplication region together. New holes
Pdf’s of avalanche duration are compared in Fig. 3, includingeated by the first group of electrons and further holes created
and excluding the effects of dead space. The results are agajrthese new holes form the first hole group, which may gen-
indistinguishable for the RPL and the recurrence techniquesefate a second electron group if any of themselves ionizes, and
slower decay is again observed when dead space is include@do on. Carrier groups are tracked in Fig. 5 for a trial with=

The excellent agreement between the RPL and the recurreBand 4 groups of carriers. The flexibility of the RPL model al-
techniques of currentimpulse response and pdf of avalanche duvs recording of the pdf of the number of carrier groups for
ration results for cases with and without dead space confirmachM, which is not readily available in the recurrence equa-
that these techniques are equivalent for calculating both spatiah techniques.

1e+11

1e+10

Pdf of random response time

1e+9

time (ps)
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Fig. 5. Tracking of carrier groups in the feedback carrier chain. The 0 5 10 15 20 25 30
multiplication factor for this trial is 5, and there are four groups of carriers ir
total. e: first electron group(): first hole group.a: second electron groug):
second hole group.

Number of carrier groups

Fig. 6. The pdf’s of the number of carrier groups involved in trials resulting
The maximum order of carrier group that can occur in a tri%l[*‘f ?02(18%%171172—0 555#35'}2 3’)%/}0:3;)fréd;;tg?nlé?f&-eﬁesu'tS for
resulting in a givenM is limited to the value of\f. It corre- ~— — - B '
sponds to the situation in which each carrier ionizes only once,
at most, so that carriers are fed back and forth across the devieFourier transforming the impulse response generated by the
Such large numbers of carrier groups, relying heavily on feeBPL model. Bandwidths obtained using our approach agree
back, are likely to correspond to avalanches of long duration. Byjth those calculated by Emmons [11] in the absence of dead
contrast, if multiplication is achieved entirely by carriers in thgpace, as shown in Fig. 7(a) for the case whies «. Fig. 7
first two carrier groups, then the avalanche duration will be, atso shows the relationship between 3 dB bandwidth @nd
most, only two transit times, and this corresponds to the fast@égth increasingd/w ratio (d/w = 0.2 and 0.3) for(M) =
process. 20. The 3 dB bandwidth for all avalanche widths decreases
The maximum contribution of any carrier group to the mulPy the same percentaglfw increases, which is evident from
tiplication is limited by the dead space. This is most clearly ethe inset, and the thinnest avalanche width & 0.2 pm)
ident for the first carrier group. Faf/w = 0.2, a carrier in suffers the greatest degradation in absolute 3 dB bandwidth.
the first carrier group can contribute multiplication of at mosthe inset also shows that if we keep #yew constant, then the
1/0.2 = 5. Thus, as the rati@//w increases, we expect the3 dB bandwidth is inversely proportional to, as in the local
higher order groups, corresponding to longer avalanche dug&se. As shown in Fig. 7(b), the predicted 3 dB bandwidth for
tion, to contribute increasingly to thil. This effect is evident w = 0.2 pm with (M) = 20 decreases from 12 GHz to 9.5
in Fig. 6, which shows the pdf’s of carrier groups contributinHz asd/w increases from 0 to 0.3.

to trials resulting inM = 20 and 30, for d/w = 0 and0.3. The reduction in transit time as the avalanche width is reduced
It is clear from this RPL simulation that the introduction oimore than compensates for the effects of dead space, which
dead space shifts the distributions to carrier groups of high&srve to increase the number of carrier groups and hence the
order, corresponding to longer avalanche durations. In additigihgth of multiplication chains, so that thinner APDs will still
to this shift, the distribution broadens when dead space is perate faster. However, dead space effects are potentially sig-
cluded. However this is expected to have negligible effects @ificant, degrading the 3 dB bandwidth by 20% whehy =
the avalanche speed since the distribution is approximately syms for the typical case whey = « and (M) = 20. They
metrical about its average value. should therefore be included in any detailed device design con-
Thus, while Fig. 4 shows that, for a givéi/), dead space cerning speed since a greater reduction in device dimension than
tends to reduce the number of multiplication trials resulting ithat predicted by Emmons’ local analysis may be required to
high A1, Fig. 6 shows that these highl trials comprise groups achieve high speeds in short devices.
of higher order than in the absence of dead space, correspondinigshould also be noted that recent theoretical work shows that
to longer multiplication chains. It appears that this second efarriers in thin avalanching structures can travel at velocities in
fect dominates the avalanche speed and, on balance, dead spreess of the saturated drift velocity [23]. In such structures at
slows down the multiplication process. very high electric fields, the nonequilibrium nature of carrier
The pdf of avalanche duration and the impulse responsansport may mean that carriers travel at effectively higher ve-
show that dead space increases the multiplication response tiotéties. However, even in this situation, the detrimental effect
and consequently would have detrimental effects on the rise arfdhe dead space occurs, and ignoring it may result in an over-
fall times of an input optical pulse. We can also quantify thessstimate of the device speed. The inclusion of all these effects
results by comparing the 3 dB bandwidths with and withouequires a significant extension of the model used in this work
dead space. In this work, we calculate the frequency respomasel is ongoing work.
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(5]
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(11]

(12]

(13]

(14]

(15]

16]

response generated by RPL. All results correspond to a mean gain of 20. Results
for d/w = 0 (Q) agree with Emmons’ local analysis of frequency response[17]

(line). Bandwidth reduction is apparent whéfw is increased to 0.Z7) and

0.3 (AA). The same results are plotted on a logarithmic scale in the inset. (b)
Bandwidth versug/w for w = 0.2 pm and(M) = 20.

V. CONCLUSIONS

(18]

[19]

The RPL technigue extended to model the temporal response
of avalanche multiplication has been shown to be numericallj2°!
equivalent to various recurrence techniques, while being more
flexible and capable of providing more information.

The mechanism responsible for the increased avalanche mul-
tiplication response time with dead space has been investigat?gz]
using this RPL model. It is found that dead space increases the
number of carrier groups and hence, the length of the multiplical?3!
tion chains as impact ionization events initiated by feedback car-
riers become more important. This degrades the improvementin
bandwidth expected by reducing the multiplication layer thick-
ness.

|EEE Trans. Electron Devices, vol. ED-13, pp. 164-168, Jan. 1966.
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