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The Effects of Nonlocal Impact lonization on the
Speed of Avalanche Photodiodes

P. J. Hambleton, B. K. Ng, S. A. Plimmer, J. P. R. David, and G. J. Rees

Abstract—The nonlocal enhancement in the velocities of charge carrier can ionize is reduced by dead space. The attainment of a
carriers to ionization is shown to outweigh the opposing effects of given mean gain then becomes more reliant on ionization feed-
dead space, increasing the avalanche speed of shortavalanche phop, i processes [2]. By contrast, recent Monte Carlo (MC) mod-
todiodes (APDs) over the predictions of a conventional local model ~ . . S .
which ignores both of these effects. The trends in the measured eling of avalg_nc_he in short multiplication regions [1] h"’_‘S shown
gain—bandwidth product of two short InAlAs APDs reported in  that nonequilibrium enhancement of the mean velocities of car-
the literature support this result. Relatively large speed benefits riers to ionization leads to significantly faster avalanches than
are predicted to result from further small reductions in the lengths  in a model which is spatially equivalent, but in which carriers
of short multiplication regions. travel always at their saturated drift velocities.

Index Terms—Avalanche photodiode (APD), bandwidth, dead  These two nonequilibrium effects exert opposing influences
space, frequency response, Bs2Alo.4sAs, nonequilibrium, non-  on APD bandwidth and their strengths vary in different ways with
local, velocity enhancement. the electric field. Precisely how the bandwidth of short APDs

scales with either gain or device length is therefore not clear, al-
|. INTRODUCTION though an appreciation of such trends is needed for the design of
: . igh performance APDs. Models of the bandwidth must include
HE INTRINSIC gain of avalanche photodiodes (APDsgoth of these nonequilibrium effects so that measurements made

provides increased sensitivity in the detection of weak OBnh short APDs can be interpreted correctly. Currently, the only

tical signals_. However, the tim_e for_the a_valanche to build 4e hniques capable of achieving this directly are relatively com-
and decay is prolonged in devices in which both electron al ?gx such as MC [1] and Fokker Planck models [6]

hole ionization contribute significantly to the gain process. T eAI,tho h unsuitable for predicting the speed of t'h'n APDS

extent to which this delay limits APD bandwidth has traditiong 00 > predicting the sp ! :

. i . . al ionization expressions of the type developed by Emmons
ally been interpreted using local models, in which electrons agﬁ; P P b y

- ) . or Kuvas and Lee [8] can be used as a standard against
holes are assumed to ionize with a probability that depends o Hich to judge the competition between nonlocal effects. Such

on the local electric field strength and also to travel at their satil' 1.\ are used widely and are relatively simple to apply, al-
(rjgtedtdnft l\./eloufngsézg abndvé,. ?jttfh thlrc])Qels pred(;ct an allmoftthough their use in the nonlocal regime requires justification.
Irect scaling ot - anawidth with Inverse device leng n<uvés and Lee showed that the frequency-dependent avalanche

How'ev.er, t'hese a;sumphons are valid only in Iongu(l.q pum) %Jrrent response to pure electron injection at angular frequency
multiplication regions [1], [2], where, on average, carriers reach.

o . 0 . is proportional to
equilibrium with the electric field long before they ionize. w1s prop

High-speed APDs require much shorter multiplication regions 1/(1+ jw/(27 f3 a)) (1a)
(<~0.2 pm) where nonequilibrium effects in the transport leadiith a 3-dB bandwidth of
to deviations from the assumptions of the local model. It is al- faan = v/(2r MK, L) (1b)

ready well known that these assumptions are unable to account ) ' i )
for the spatial distribution of ionization events in short deviceghereM is the mean dc gairk’, is a correction factor for the

which determines gain and excess noise. Indeed, a carrier nfligPlacement current, dependent on the ratio of hole to electron
travel some distance in the field before acquiring sufficient efnization coefficientsy = 2v, v, /(vn + v,) is the harmonic
ergy to ionize, and this “dead space” is an essential ingredienfBgan of the electron and hole saturated drift velocities, and
a correct interpretation of the behavior of short APDs [3]. It hd§ the length of the multiplication region. The first order roll-off
been argued that the influence of the dead space can be expe@ié@ by (12) is also obtained in a nonlocal situation because of
to increase the avalanche delay for a given mean gain, reducifitPverwhelming exponential time decay which is seen to dom-
the bandwidth relative to local model predictions [4], [5]. Thidhate the mean current impulse response in the presence of soft
follows since the fraction of the multiplication region in which £€ad space, velocity enhancement, and diffusion effects [1] fora
wide range of device widths and multiplication values. Indeed,
this demonstrates the wider validity of the work of Hayat and
Manuscript received August 26, 2002; revised November 27, 2002. This wagg |eh [4] who showed that this exponential behavior is expected

was supported by the EPSRC under Grant GR/L71674. The work of P. J. Hgm- h f . lociti d a hard dead
bleton was supported in part by funding from an EPSRC studentship and S(ﬂ;t e case of constant carrier velocities and a hard dead space
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University of Sheffield, Sheffield S1 3JD, U.K. ue a§3|gne to, which then becomes a fitting parameter to
Digital Object Identifier 10.1109/TED.2002.808523 determine the net of nonlocal effects.

0018-9383/03$17.00 © 2003 IEEE



348

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 50, NO. 2, FEBRUARY 2003

200 =% 35
e
%’ 60 - N = 30
150 o o ® e e o ° "a
— _g 40 .0' Q-_‘,-\QS i
N ] =
5 g2 258
QC 10 £ =
=) N =
2 g o- . : =
g © 10 30 4 e B 15
\ o
50 |<Ban) 10 4
S
=
P, (=% 5
0 T
0 10 20 30 40 04
M 002 004 006 08 010 012
ionization path length (Lm)
Fig.1. The 3-dB bandwidth of mean avalanche current response for atnl10-
multiplication region versus mean gain, predicted using the MC model (solid (b)
line) and the local model (dashed line). The inset shows the fractional increase

of the MC model bandwidth over that of the local model.

This fitting parameter is expected to vary with device length
and gain because of the field dependence of the competing pro-
cesses of velocity enhancement and dead space. It is therefore
instructive to examine trends in its expected behavior. To estab-
lish these trends, we compare predictions of the 3-dB bandwidth
using a simple MC model, which accounts implicitly for both ef-
fects, with those obtained from a corresponding local model, for
arange of device lengths and gains. We find that the effect of ve-
locity enhancement increasingly dominates the opposing effect
of dead space with increasing field so that, in fitting the 3-dB

mean velocity (10° ms™)
[\S]

—

bandwidth using (1b) by adjusting this fitting parameter is ex- 002 004 .0'06 08 010 012
pected to increase with decreasing multiplication region length. ionization path length (um)

We find that the trends found for measurements in the literature

of the bandwidth of two short fx2Alg 4sAS APDS compare Fig. 2. (a) Pdfs of ionization path length and (b) mean velocity of carriers to

ualitatively with those predicted using our simple MC modejfonization as a function of ionization path length predic_:ted by the MC model for
q y P 9 P fields E = 6.469 x 107 Vm~ (dashed double dotted lind, = 7.550 x 107
Vm~! (short dash line)E = 7.690 x 107 Vm~! (open circles), and& =

-

Il. M ODELING 7.750 x 107 Vm~!(solid line) giving mean gain{/ = 3, M = 13, M = 24,
’ andM = 39 ina0.1xm multiplication region. The ionization path length pdfs
Our simple MC model, previously described in [1], was use@d the mean velocities for each ionization path length converge with increasing

. . . field. The MC noise in the velocity at small ionization path lengths is a result
to compute the stochastic current induced following electron IBrthe relatively small number of ionization events and relatively large velocity
jection at one edge of the multiplication region. This current fuctuations.
given by Ramo’s theorem [9] dét) = ¢X;v; /L, whereq is the
electronic charge and the sum is taken over the instantaneotigain. The fractional increase in the bandwidth is plotted sepa-
velocitiesw; of all carriers in the multiplication region at timerately in the inset. Since this is always positive, the enhancement
t. An ensemble average oft) is taken over many equivalentin ionizing carrier velocities must consistently overcompensate
trials to obtain the mean current impulse response from whitdr the effect of dead space. Moreover, the former clearly in-
the 3-dB bandwidth is obtained by Fourier transforming. Fareases faster with field than the latter at low gain, as follows
clarity, a model semiconductor was assumed in which the trafism the initial rise in the curve. Fak/ > 10, however, the
port and ionization behavior of electrons and holes were treateahdwidth enhancement saturates at around 50%. This is to be
as equivalent. The model also predicts a value of the saturategbected, since the competing effects on the bandwidth depend
drift velocity of v, (=v,) = 6.65 x 10* ms~! which is used in primarily on electric field, whereas the gain increases without
the corresponding local model, which assumes equal ionizatiomit close to breakdown. Thus, for appreciable values of gain,
coefficients for electrons and holes. small increments in field produce large changes in gain but have
Fig. 1 compares predictions of the 3-dB bandwidth of meannegligible influence on the effects of velocity enhancement
avalanche current response from the MC model and from thed dead space on bandwidth.
local model for a 0.1Q:m multiplication region. It is evident  This argument is supported by Fig. 2(a), which depicts
that the MC model predicts the higher bandwidth for all valugenization path length probability density functions (pdfs), and
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5. Mean current impulse response predicted by the MC model in which

“F/:?: 3. dRIeIatlv?herlhang(_aTedntblnttr?eI3—d||3 bar(‘jd‘l’vf'dth Vel';.Slf.s rr:gan gain for gctron and hole transport are no longer treated as equivalent following electron
mocel over that predicted by the local mocel for multiplicalion regions q jection into a 0.1z m multiplication region for mean gaid/ = 3 (solid line),

length,L = 0.05 pm (square)L = 0.10 pm (circle),L = 0.20 um (triangle 3" g (snort dashed line), antl = 15 (long dashed line). The inset shows
up), andL = 1.00 pm (triangle down). The top panel shows the saturate, e sam(e curves with curr()e’nt plotted on(a Igg scale. )

values of the enhancements shown in the lower panel versus multiplication
region length.

each length, the enhancement in bandwidth first increases and
then saturates with gain with a value which increases with
decreasing multiplication region length, as summarized in the
top panel. The results again show that the effect of velocity
enhancement increases faster with field than the delaying
effect of the dead space. The practical implications of this are
summarized in Fig. 4 in terms of the gain-saturated—bandwidth
product predicted by the MC model and the local model.

The applicability of (1a) in the nonlocal regime follows from
the fact that, despite strong influences, both of enhanced carrier
velocities to ionization and of dead space effects, the mean cur-
rent impulse response nonetheless is dominated by exponential
decay. This is especially true at high values of gain where mea-
surements of the gain—bandwidth product are most usefully de-
termined. This was demonstrated in [1] using our MC model for
the case where the transport of electrons and holes was treated in
an equivalent manner. Exponential decay was also demonstrated
analytically in [4] for the case of a hard dead space model and
constant carrier velocities. Fig. 5 demonstrates a more general
Fig. 4. Gain—bandwidth product at saturation versus multiplication regi@axample of the dominance of exponential decay using our MC
'Ter?gtl?ngrseg;gtzdgz?ég i’g :L‘z g"y%_m"de' (circles) and the local model (squaregln el for a 0.1Qsm multiplication region where electron and

hole transport was modeled according to parameters given in
[[%0] for GaAs and no equivalence is assumed.

g

bandwidth product (GHz)
8

.

gain-

Fig. 2(b), which depicts the dependence of mean velocity
ionization on ionization path length, for a range of electric
fields corresponding to increasing values of multiplication in
a 0.1um multiplication region. As the field increases, both Lenox et al. [11] measured the frequency response of a
sets of curves shift to shorter distances so that ionization pathir of similar, separate absorption, charge and multiplication
lengths and the time to ionization are reduced, on averagd?Ds with Iny 52Alg45As multiplication regions of length
However, the incremental changes in pdf and mean velocify= 0.40 ym andL = 0.20 um. We have fitted their measured
to ionization become negligible with increasing, leading to values of gain—bandwidth produst f; 45 to (1) to obtain an
saturation of the bandwidth enhancement, as shown in the instféctive value of mean carrier velocitys for each device.
of Fig. 1. K,, was calculated using the expression of Kuvas and Lee [8],
Similar calculations of the bandwidth enhancement versualid for large values of gain and conveniently independent of
gain were carried out for a range of multiplication regiomarrier velocities, using values for the ionization coefficients
lengths. The results are shown in Fig. 3 (bottom panel). Fatio taken from the work of Watanalet al. [12]. The factor

I1l. COMPARISONWITH EXPERIMENT
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TABLE |
DETAILS OF FITTING TO THE EXPERIMENTAL RESULTS IN[11]

L M X fyg K Vn Vet Dir:wsiﬁ;ce :’eﬂ'*

n 4 -1 41 4

(um) (GHz) 10°ms™) | (10°ms™) factor, s (10° ms™)
0.40 130 0.24 4.5 7.9 0.9 8.8
0.20 290 0.27 4.5 9.7 0.8 12.1

K, results from a calculation in [8] which assumes locdicularly in the adjacent charge andcladding layers, has been

ionization and depends on the ratio of ionization coefficientaeglected. This would lead to a larger valud.dh (1), resulting

We extend its use here to the nonlocal regime in order twan even larger enhancement in the effective valugg@bver

compare predictions of the nonlocal and local models. Becaubke local model prediction.

of the dependence of ionization coefficients on electric field, The enhancement of the fitted valuesgf over the saturated

the local value we use here féf,, leads to a conservatively electron drift velocity provides evidence of enhancement in the

low estimate ofv.¢y. mean velocities to ionization at high fields. The further increase
The results are recorded in Table I, which also shows the méathe fitted value of . as the device length is reduced provides

sured saturated drift velocity for electromg [13], [14]. We compelling evidence of this effect, which appears to outweigh

are not aware of any corresponding measurements of the slag¢ opposing effects of dead space on the bandwidth of short

urated hole velocityp,,, and so we have assumegl = v,. APDs.

The enhancement of the gain—bandwidth product over the locallThe accelerated increase in bandwidth for short devices pre-

model predictions amounts to(ves — v, )/vn = 76% for the dicted in Fig. 3 promises large speed benefits from further small

L = 0.4 pm device and 116% for thé& = 0.2 um device. reductions in the lengths of short devices.

While the apparent enhanced speed of the longer device might

be ascribed to an underestimate of the mean saturated drift ve- V. CONCLUSION

locity, the increased enhancement in speed for the shorter devic

seems to provide compelling evidence for the effects which weog‘ significant net enhancement in the bandwidth of shert (
. . . : ~0.2 pm) multiplication regions is predi ver local model
predict. We have also tried to make a realistic estimate of th pum) multiplication regions is predicted over local mode

mean enhanced velocity to ionization by factoring out the 06 edictions owing to the dominance of a nonlocal enhancement
y y g %the mean velocities of carriers to ionization over the nonlocal

gozlcneg \?vaensgi'ﬂgtéz(iﬁglggtgssuIggg :;%r:ciroen?g;di:;(_jeas eed reduction due to dead space effects. This net bandwidth
pace. P y enhancement is expected to increase as the length of the mul-

baring Io_caI model p_redlptlo_ns \.N'th th_osv_e of_the model used Hblication region is reduced. Experimental evidence from the
[1] in which the spatial distribution of ionization events was as

. . ) . erature is offered to support this prediction and carriers in a
predicted by the MC model but in which all carriers travelle% PP P

. . . " - .2 um Ing 52Al g 4gAs multiplication region are estimated to
with their saturated drift velocities. These estimates were of- : : S

. . travel, on average, 40% faster than those traveling in a:th4-
tained ass = 0.9 for the larger device and = 0.8 for the g > gina

. . .region. Furthermore, the average carrier velocity in each device
shorter device. We deduce the enhanced mean velocity to i i 9 Y

R N - . ppears to be considerably higher than the electron saturated
ization a’; = verr/s, giving an overall velocity enhancementd

. rift velocity reported for this material. This net enhancementin
* — QRO 0
of (vey U")/.U” = 95% and 169% respectively for the IOngbandwidth is predicted to accelerate with decreasing multiplica-
and short devices.

tion region length so that large speed benefits are expected from

further small reductions in the lengths of short devices. The fre-

guency response of short APDs can be fitted by the expression
The fact that the enhancement in bandwidth predicted by theduced from the local model provided that an enhanced carrier

MC model over the value predicted by the local model satwelocity is used, which is independent of gain but increases with

rates at high gain shows that the gain—bandwidth product is gflecreasing multiplication region length.

dependent of gain, even in the presence of nonlocal effects. This
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