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Abstract—The frequency-response characteristics of avalanche of APDs (see for example [1]-[3]) have allowed these devices
photodiodes (APDs) with thin multiplication layers are inves- to achieve levels of gain-bandwidth product that have made
tigated by means of a recurrence technique that incorporates them the photodetectors of choice in many of the current

the history dependence of ionization coefficients. In addition, to 10-Gb t that te in the silica-fib ind
characterize the autocorrelation function of the impulse response, " ps systems that operate in the silica-iber window.

new recurrence equations are derived and solved using a parallel  Unfortunately, the very process of carrier impact ionization
computer. The mean frequency response and the gain-bandwidth that produces the gain is inherently noisy and results in fluc-

product are computed and a simple model for the dependence of ions n nlv in th in Iso in the time r n In
the gain-bandwidth product on the multiplication-layer width is tuations not only in the gain but also in the time response.

set forth for GaAs, INP, Aly 2Gag sAs, and INo s2Ale 2sAS APDS. particular, the APDs impulse response, which is the response

It is shown that the dead-space effect leads to a reduction (up to 10 & single photoexcitation event, is a stochastic process with
30%) in the bandwidth from that predicted by the conventional random shape (whose total area is proportional to the random

multiplication theory. Notably, calculation of the power-spectral  gain) and random duration [4]. Generally, the duration of the im-
density of the photocurrent reveals that the presence of dead spacepu|Se response increases with increasing gain. This excess time

also results in a reduction in the fluctuations in the frequency . th is oft f dt th | he buildu ti
response. This result is the spectral generalization of the reduction Inthe response Is ofien reierred to as the avalanche bulldup ime.

in the excess noise factor in thin APDs and reveals an added While gain uncertainty plays a major role in the performance of
advantage of using thin APDs in ultrafast receivers. power-limited APD-based receivers, it is the avalanche buildup

Index Terms_A|0'2GaO.8AS, autocorrelation function, bu||dup t|me that giVeS rise to intersymb0| interference (lSl) that ||m|tS
time, dead space, frequency response, GaAs, impact ionization, im-receiver performance in high-speed systems.

pulse response, 19.52Al0.45AS, INP, noise reduction, power-spec- |t hag heen demonstrated that the excess noise factor (which
tral density, thin avalanche photodiodes. . . . .
is a measure of the gain fluctuations) and the avalanche buildup
time can both be reduced by using thin multiplication layers
|. INTRODUCTION [1]-[3], [5]-[17]. The reduction of the avalanche buildup time

ITH the increasing demand for high-speed opticé? thin APDs is primarily due to the reduction in the carriers’

communication. the need for ultrafast and Iow-noisgansn time across the thin multiplication layer. In contrast, the

photodetectors has become greater than ever. Among the sd uction of the excess noise factor is now known to be primarily

conductor photodetectors that are commonly used in toda le to the effect of a carrier’s past-history on its ability to create
long-haul and metro-area fiber-optic systems, avalanche pfo?eW carrier pair via impact ionization. Accounting for carrier

todiodes (APDs) are often preferred over p-i-n photodiodgéStory is important because newly born carriers are incapable of
immediately causing impact ionizations: they must first travel a

by virtue of their internal gain, which significantly improves "~ . ) .
receiver sensitivity and alleviates the need for optical preampff’gﬁ'cIent distance (called the dead space), in the course of which

fication. Indeed, recent advances in the design and fabricath Yy gan gnqugh energy from th? field to permit them' tq cause
animpactionization. The conventional avalanche multiplication

model, first developed by Mclintyre [18], does not account for
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by other groups as well [26], [28]-[30]. It has been shown ihole, respectively; is the electron charge, ardis the applied
[27], [30] that dead space tends to elongate the duration of thlectric field in the multiplication layer. A model for the elec-
impulse response when compared with predictions of conversn and hole impact ionization coefficientsefiabledcarriers
tional models for the time response that do not account for defamis been recently developed by Saégtal. [8], [10]. For the
space [31]-[40]. This effect therefore tends to reduce the edlectrons, the model is given by

pected transit-time-induced improvement in bandwidth as the eN™

multiplication region thickness is reduced. Moreover, knowing alf) = Aexp [— <—c> } . (2)

that the reduction in the multiplication-layer width is respon- £

sible for a reduction in the gain fluctuations (i.e., fluctuations iA similar formula exists for the holes. This model has been
the area under the impulse response) raises the natural questiwwn to correctly predict the excess noise factors indepen-
of whether, more generally, the spectral fluctuations in the phdently of the width of the multiplication layer [8], [10]. The
tocurrent are also reduced as a result of reducing the widthwiidth-independent parametetsé., andm for the electron and
the answer is in the affirmative, this would benefit the receivéie hole are given in Table | of [8] and the threshold energies are
bit-error rate (by reducing ISI) in the same way that the redua}so given in Table IV of [8]. Later in Section IV, we will com-
tion in the excess noise factor improves the receiver SNR. Acdigre the results of the dead-space model with the predictions of
rate modeling of the photocurrent and its fluctuations can prihe conventional multiplication theory, for which the dead space
vide the means for better estimating the contribution of ISI aglignored and the ionization coefficients are those for bulk ma-
the bit-error rate in high-speed systems. Such a model can théesial, as reported by Bulmagt al.[41] and Coolet al.[42] for

fore play a key role in device optimization in ultrafast receiver§&aAs and InP, respectively.

To date, no theory characterizing the autocorrelation func-In the theory developed in this paper, the form of the pdf
tion (or the power spectral density) of APDs has been devéf the carrier free-path distance is arbitrary, although we make
oped that incorporates the dead-space effect. In this paper,4§€ Of the hard-threshold dead-space model [given by (1)] in
extend the time-domain analysis of the dead-space multiplic¥d" ca!culations. More realistic sqft—threshold ioniza_ltiqn r.nod.els
tion model reported in [27] to compute the autocorrelation funéer which the newly created carriers gradually attain ionization
tion of the APD impulse response under the assumption of@pPability can also be incorporated by simply modifying the
constant electric field. This extension involves developing s{RrMs Of the pdf’s of the free-path distance. The specific forms
recurrence equations, which are derived according to the safeSoft-threshold dead-space ionization coefficients (e.@:),
renewal-theory rationale used in [27]. Application of the moddyherez is the distance from birth location) are typically ob-
to actual devices requires knowledge of the ionization coeff2ined by means of Monte-Carlo simulation and their use has re-
cients of enabled carries that have traveled the dead space. T/ ESUY been shown toimprove the excess-noise predictions [43],
material-specific ionization coefficients, which are independe[ﬁd']' In general, the paf ofthe f_reejpath d|stan_ce can b_e obtained
of the multiplication-layer width, have been reported by the alf°™ the soft dead-space ionization rate using the simple for-
thors for GaAs, Ab»Gay sAs, InP, and 19 5,Alo sAs APDs  MUla%e(2) = alz)exp{— [y a(y)dy}. If, for example c(x)

[8], [2]. In this paper, we use the width-independent model fé? a step function, as is the case for a hard dead-space ioniza-

the ionization coefficients in conjunction with the theory delion coefficient, then the pdf given by (1) is gen_erated. Unfor-
(ﬁenately, however, Monte-Carlo-based calculations of the soft

veloped here and in [27] to determine the effect of reducir¥ S . :
ad-space ionization coefficient have been carried out only for

the width of the multiplication region on the gain-bandwidth- . )
; . a few materials and are not currently available for all four ma-
product and the photocurrent spectral fluctuations. Since the ex- : o .
. . : erjals considered in this paper. Nevertheless, it has been shown
cess noise factor is a measure of fluctuation of the dc compongnt,” . : : . L
. at with appropriate fine-tuning of the ionization threshold en-
of the APDs frequency response, the results of this paper on

e. . . . .
. . . rgies, the simple hard dead-space approximation can yield ex-
photocurrent spectral fluctuations in thin APDs are a generel-g ' P P PP y
ization of the excess-noise-factor reduction in thin APDs to g

llent agreement with experimental excess noise factors for
. . in APDs [8].
operational frequencies. Finally, in our formulation of the dead-space model, we
adopted the commonly accepted assumption that the dead
space is deterministic. In actuality, the dead space should be
We begin by recalling germane aspects of the dead-spawedeled as a random variable to accommodate the fact that a
ionization model used in this paper. According to the deadarrier does not necessarily lose all of its kinetic energy after
space multiplication model [8], [10], [22], the probability deneach impact ionization. This can be incorporated into the pdf
sity function (pdf) of the electron free-path distan€g, which  of the carrier’s path but requires knowledge of the probability
is the distance from the carrier’s creation to the point wheredtstribution of the dead space, which is not fully characterized
impact ionizes, can be modeled by in the current state of our knowledge. In general, we expect
—o(z—d, that such stochastic dead space will not have a significant
he() = ac ( )“(x — de) @ effect on mean quantities (e.g., the mean gain and bandwidth)
whered, is the electron dead space, amg:) is the unit step since its presence tends to be averaged out. This effect should
function. A similar expression exists for the hole. Assuming th@lay a more prominent role in the second-order statistics (e.g.,
absence of phonon scattering, the electron and hole dead spazesss noise factor and the power spectral density), since
are computed fromd, = E,./¢€ andd,;, = E;;,/q¢€, whereE,. the dead-space randomness will tend to add to the overall
andFE;;, are the ionization threshold energies of the electron andcertainty, in accordance with basic statistical principles.

Il. HISTORY-DEPENDENTIMPACT IONIZATION MODEL
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[ll. STATISTICS OF THEIMPULSE RESPONSE Zn(t,z|&) =225t — A+ Y3, (8 — A€ and Y}, (¢, z|€) =

Consider an electron-injected APD with a multiplication re2¥nlt — o (@/v1),§) + Zn(t ._” (x/v"h)’ - | oned

gion of widthw, with the uniform electric field pointing from di !nt (Ienext selctloln,_we Wl L(ste.t e_prewomljsymentmne con-

« = 10— . Lo {10) b e tal rumooraecrons (197 11945 Filons o St e (seurenes) s,

resulting from an initial parent electron born at locatigrat ¢ 70t V(4 7+ 4y (+ hich will b qd .

units of time after its birth. Similarly, leZ, (¢, z) be the total e(t, ), Ye(t, ), Z1(t, x), andYy(t, x), which will be used, in
turn, to characterize the autocorrelation function of the impulse

number ofholesresulting from an initial parent electron, at lo- esponsel (1) Recurrence eauations for the mean quantities
cationz att units of time after its birth. To see how these quantf P (). u quat quantit
(%), zn(t, @), ye(t,x), andy(t, ), have been previously

ties can be used in representing the impulse response, consifer
the case when a pho?o generagted eIecE)tron is |nFJJected into fﬁé'ved in [27][(6), (10)(12)]. When these mean quantltles are

edge of the multiplication region (at= 0) at timet¢ = 0. The computed, the mean impulse response functioh < E[1(#)]

value of the buildup-time-limited impulse resporige) can be can be determined as

obtained by adding up the current contributions from all the off- )

spring electrons and holes that are traveling in the multiplication it) = w [veze(t, 0) +vnzn(t, 0)] - (4)
region at timet. More precisely, ifu. andv;, are the saturation

velocities of the electron and hole, respectively, then Ramo’s

Theorem gives B. Autocorrelation Function of the Impulse Response

A . .
I(t) = g [ve Z.(t,0) + vn Zn(t,0)] . 3) LetE(tl,tg) = E[(t1)I(t2)] be_the autocorrelayon function
of the impulse response. By using (3), expanding terms, and

The statistics of (¢) can therefore be readily calculated from thtakmg averages, we obtain

joint statistics ofZ. (¢, 0) and Z,,(¢, 0), which will be discussed

next. R(t1.t5) =E[( ) (Ve Z. (t1,0) + vnZy, (£1,0)}
A. Rationale for Recurrence Relations AveZe (t2,0) + vp Zy, (2, 0)}}
We begin by recalling germane aspects of the recurrence tech- 5
niqgue developed in [27]. It turns out that it is necessary to first = (g) {foZe (t1,t2,0)
characterize the statistics 4t (¢, «) and Z,,(¢, ) for all z and w )
then specialize the results o= 0. To do so, we also need to +v,C7, (t1,t2,0) +v.unCz (t1,12,0)

introduce additional quantities representing cases when a hole
initiates the multiplication. In particular, 18.(¢, z) be the total
number ofelectronsresulting from an pareritoleborn at loca-
tion z, att units of time after its birth, and l&t, (¢, ») be defined where the count autocorrelations are defined as follows:
similarly to Y, (¢, z) but with the number of generated electron€’z, (t1,t2, ) = E[Z.(t1,7)Zc(t2, )] and Cyz, (t1,t2, ) =
replaced with the number of generated holes. E[Z),(t1,2) Zn(t2, )] and the count crosscorrelation is defined
The key idea that enables us to recursively characterize e Cz(t1,t2,2) = E[Zc(t1,2)Z.(t2,x)]. Hence, R(t1,t,)
statistics of the aforementioned random functions is based @n be readily computed once the above autocorrelations and
a renewal argument that can be explained as follows. Consigepsscorrelations are characterized. However, characterizing
the quantityZ. (¢,z) and the parent electron associated with the above correlations will involve additional correlations
(born at positiorr) that initiates the multiplication process. Supinvolving the variables’. andY;,. These areCy, (t1,t2,z) =
pose for the moment that this parent electfiost impact ion- E[Y.(t1,2)Yc(t2,2)], Cy, (t1,t2,7) = E[Yn(t1, 2)Yn(t2, z)],
izes at a certain location, sdy wherez < ¢ < w. In such andCy (t1,t2,x) = E[Y(t1, )Y (t2, 7))
an event, there will be two newly created electrons and a holeWe will now develop a pair of coupled recurrence relations
at location¢. The two electrons and the hole will then indefor the autocorrelation§'z, (t1, 2, ) andCy, (t1,t2,z). Other
pendently induce an avalanche process at the new location. t@tint auotocorrelations and crosscorrelations can be addressed
A = (¢ — 1) /v, be the transit time of an electron framto £.  similarly. Following the discussion in Section IlI-A, we will
Hence, under the earlier scenarif)(t, =) is precisely the sum condition on the location of the first ionization and examine
of the electrons that each of the two offspring electrons and ttiee events that transpire thereafter. We also observe that for any
offspring hole would generate at precisely{(A) units of time  correlation times; < ¢,, there are three possibilities for the
after their births. Informally, we can express this observation tige of the first impact-ionization event. It could occur before
Ze(t,x|&) = 2Z.(t — A, &) + Yo (¢t — A, £), where the symbol t;, betweert; andt,, or aftert,. In each case, we analyze the
“|€" is used to denote “conditional oh” We call the previous outcome events and use appropriate conditional renewal expres-
relation aconditional renewal relationSimilarly, we can ex- sions from Section Ill-A to obtain a conditional renewal expres-
amineY, (¢, x) (where we track a parent hole in this case) anglon for Cz, (t1,%2,x).
obtainY.(¢,z|£) = 2Y.(t — (x/vn), &) + Z(t — (z/vn), &), In the Appendix, we average over all possible locati@fer
where in this casé < ¢ < z. Similar conditional renewal ex- the first impact ionization [using the pdf (1)], while carefully
pressions can be obtained B}, (¢, ) andY% (¢, x); these are: considering the previously mentioned three possibilities for the

+ UeUhCZ (t27 tlv 0) }7 (5)
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time of the first electron ionization and derive the following reelectrons and holes in all the recurrence equations (i.e., inter-
currence relation: For; < t,, see (6), shown at the bottom ofchange the electron and hole ionization coefficients, saturation

the page, wher&; = (s — z)/v. and where velocities and dead spaces).
z We conclude this section by considering the effects of time-
H.(z)= / he (2) dx’ (7) varying and stochastic carrier velocities. For layers with high
- fields (> 400 kV/cm), carriers do not assume their saturation
is the cumulative distribution function of the electron life-spagelocities immediately following impact ionization. Rather, as
random variableX.. has been demonstrated by Monte-Carlo simulation [45], there is

A similar analysis can be carried out to derive a recurrengevelocity overshoot at short distances (up to several multiples
relation for Cy, (t1,t2,x): Fort; < t., see (8), shown at the of the saturation velocity) following each impact ionization, as

bottom of the page, wherd, = (z — s)/v;, and well as a random spread in the velocity. The overshoot effect
x can be readily incorporated into the dead-space model consid-
Hy(z) = / hy (z") da’. (9) eredabove in a straightforward fashion. Moreover, capturing the

velocity randomness is also possible with a slight added com-

Note that the earlier pair of recurrence (6) and (8) are couplgféxity to the recurrence equations. The details of these exten-
and the mean functions (¢, z) andy. (¢, ) must be computed sjons will be reported elsewhere.
a priori according to [27]. We make the final note that when Finally, with the statistics of the impulse response at hand, the
t1 > t2, we must simply interchange andt» in (6) and (8).  statistics of the frequency response can be readily obtained. We

We now state, without proof, the recurrence equations for tiefine the stochastic frequency response as the Fourier trans-
remaining count autocorrelations and count crosscorrelatiofssm of the random impulse response
Fort; < t,, the coupled recurrence relations Gy, (¢, t2, x)
andCly, (t1,t2, x) are given asin (10)—(11), shown at the bottom
of the next page.

Finally, the crosscorrelationSz (t1,t2,2) andCy (¢, t2, z)
obey the following coupled recurrence equations: ffoK t,, The mean frequency responsk,f) = E[Z(f)], is then the
see (12)—(13), shown at the bottom of the next page. As beforeurier transform of the mean impulse respoifsg defined in
whent; > ts, we simply interchangé; andt, in all the pre- (4), which can be computed by solving the recurrence equations
vious expressions. (6), (10)—(12) in [27]. The 3-dB bandwidth is then determined

The preceding model can be easily modified to suit hole-ifrom theZ( f) curve. The APD power-spectral density, which is
jection APDs. This is done by simply interchanging the role af measure of fluctuations in the frequency response, is defined

() & / - I(t)e 927/t gt (14)

— o0

w—x

Cz. (t1,t2,2) =u <[ } - t2> [1 — He (vet2)]

Ve

min(z4vets,w)
—|—/ {275@ (t2 — A1, 8) +ye (t2 — Ay, s)}he(s —x)ds

min(z—+wvety,w)
min(x4vety,w)
+/ {2026 (t1 — A1t — A1, 8) + Cy, (f1 — A1, t2 — Ay, 8)
+ 220 (t1 — A1, 8) 20 (ta — A1, 8) + 220 (01 — A1, 8) ye (t2 — Ap, 8)
+ 2y (t1 — A1, 8) 2e (2 — A1, 5) +ye (01 — A, 8) ye (t2 — Ar, 8)
X he(s — x)ds (6)

max(x—uvy, t1,0)
Cy. (t1,t2,2) :/ {2y (t2 — Do, 8) + 2. (t2 — Do, 8)} hp(z — s)ds

max(x—uvy t2,0)

+/ 20y, (t1 — Dg,to — Ao, 8) + Cx (t1 — Ag,ta — Ao, 5)
min(x—vety,w)
+ 2y (t1 — Do, 8) Ye (T2 — Az, 8) + 22, (1 — Do, 8) ye (t2 — A, 8)
+ 2y (2 — A1, 8) 2 (f2 — Ao, 8) + 2. (b1 — Do, 8) ze (B2 — Ao, s)

X hp(x — s)ds (8)
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by S(f) £ E[Z3(f)] and can be related to the autocorrelatioAPDs frequency response. These characteristics are studied for
function by using (14) four multiplication-region materials: GaAs, M Ga) sAs, InP,
oo and Iny 50Al g 48AS, which are used in APDs of various multi-
S(f) = / / Rty ts) e27ti4t)f gy ¢, (15) Plication-region widths. Following Anselret al. [17], we use
—ood—oo the uniform saturation velocities. = 0.8 x 107 cm/s and
v, = 0.6 x 107 cm/s for electrons and holes, respectively, in
Al »Gay sAs. For the other materials, we use the saturation ve-
locities v = 1.0 x 107 cm/s andv;, = 0.5 x 107 cm/s, for
We now proceed to use the theory developed above to electrons and holes, respectively. Although these saturation ve-
vestigate the effect of reducing the width of the multiplicatiofocities may vary according to the material, the previous values
region on two fundamental performance characteristics: 1) theem to serve well as a convenient approximation. All the de-
APD gain-bandwidth product; and 2) the fluctuations in theices considered operate on the basis of electron-injection, with

IV. RESULTS

min(z+vets,w)
Cyz, (t1,t2, ) I/ {22, (ta — Ay, s) +yn (t2 — A1, 8) Y he(s — x)ds
min(x+vety,w)
min(z+vety,w)
+/ |:2OZ]L (tl—Al,tQ—Al,S)—FOYh (tl—Al,tQ—Al,S)
+ 2Zh (tl - Alv 3) Zh (t2 - Alv 3) + 2Zh (tl - Alv 3) Yh (t2 - Alv 3)

+ 2yh (tl - Alv 3) Zh (t2 - Alv 3) +yn (tl - Alv 3) Yn (t2 - A27 3)

X he(s —x)ds (20)
and
X
Cyh (tl, tg, .T) :u< |:E:| — tg) [1 — Hh (Uhtg)]
max(z—uvy, t1,0)
+ / {2un (t2 — Do, s) + 2, (ta — Dg, 8)} hp(x — s)ds
max(z—vt2,0)
+/ |:2OY1L (t1 — Doy tr — Az, 8) + Cg, (t1 — Doy ta — Ay, 5)
min(z—vety,w)

+ 2yp (t1 — Doy s) yn (t2 — Ao, 8) + 225, (t1 — Do, 8) yp (t2 — Do, s)
+ 2y (t2 — D1, 8) 2p (B2 — Do, 8) + 21, (T — Aa, 8) 21 (t2 — Aa, )

X hp(x — s)ds. (11)

min(x+vets,w)
Cy (1,2, %) =/ {221, (t2 — A1, 8) +yn (t2 — A1, 8) } he(s — x)ds
min(z+vety,w)
min(z+vety,w)

+/ [ZCZ(tl_Alth_Alys)“l‘CY (t1 — Ay, t2 — Ay, )
+ 226 (tl - Alv S) Zh (tQ - Alv S) + 226 (tl - Alv S) Yn (tQ - Alv S)
+ 2y (b1 — Ay, 8) 21, (t2 — Ay, s)} he(s — 2)ds (12)

and

T

Cy (t1,t2,7) I/

max(z—uy,t1,0)

+ 2y, (t1 — Doy 8) yp (t2 — Ao, 8) + 22, (t1 — Ao, 8) yp (t2 — Ao, s)
+ 2y (t1 — Ao, 5) 2z (t2 — Ay, 3)} hi(x — s)ds. (13)

|:2OY (t1 — Az, ta — Ay, 5) + Oz (t1 — Ao, ta — Aoy s)
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the exception of InP, which is a hole-injection APD. When- 800 j ! — DSMT
ever needed, the mean gain is computed in accordance w ; - - - CONVENTIONAL
the dead-space multiplication theory of the gain reported in [8 =500 - Do T GaAs 100 hm

=
==

[10], [22].

A. Gain-Bandwidth Characteristics: Significance of Dead
Space

To demonstrate the effect of dead space on the bandwidth, v
compute the mean impulse response of a thin GaAs APD wit 5 : : :
a 100-nm multiplication region and compare it to the predic %200 L e
tion provided by conventional multiplication theory, as shownir 2
Fig. 1. Note that the dead-space multiplication theory (DSMT & 4L
predicts an elongated tail in the mean impulse response, an .
tribute that is consistent with the our earlier work [27] and it :
arises because dead space tends, on average, to increase the 00 05 1
separation between consecutive impact ionizations. The pr TIME [ps]
dicted increase in the response time will, in turn, result in a band- , _ o
width that is lower than that predicted by the convenional m[%. 1. Mesn meuise responee ofan APD wih 100 Gans mutplcatn
tiplication model, as can be seen from the frequency-respoRge of 9.4. Solid and dashed curves represents the predictions of the dead-space
curves shown in Fig. 2. In this example, the conventional theo#jd the conventional models, respectively.
predicts a bandwidth of 37 GHz while the dead-space model
predicts a value of 30 GHz, a reduction of 23%. 10

As expected, the effect of dead space on the bandwidth b |
comes progressively more important as the multiplication-re £
gion thickness decreases and may be neglected for thick devic
This is a consequence of the well-known fact that dead-space ¢
cupies a larger fraction of the multiplication layer as the thick:
ness of the multiplication layer is reduced. To see this effect, w
have generated plots of the bandwidth as a function of the mei
gain for devices with different multiplication-region thicknesses
in the range 100—-800 nm. The results for GaAs and InP are d
picted in Figs. 3 and 4, respectively. For example, itis seen froi
Fig. 4 that the conventional multiplication model overestimate
the gain-bandwidth product by as much as 29% for the 100-n
InP device at gain value of 30; however, the discrepancy bt

RESPONSE
P
=]
o

300F-4 | ...................... - ,,,,,,,,,,,,,,,,,
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0

NOMALIZED FREQUENCY RESPO

tween the DSMT and conventional model predictions is signifi 10" 35— :”“1:(;,0 — 011 ——

10 10

- : 1
cantly less (approximately 8.7%) for the 582-nm InP APD. It is FREQUENCY (Hz)
also seen that the role of dead space becomes more significant

as the gain increases and the buildup time becomes longer. iFigy2. Normalized frequency response of the impulse response shown in
Fig. 1. Solid and dashed curves represents the predictions of the dead-space

o . . . g
example, it is seen from Fig. 4 that the conventional mUIt'plb'nd the conventional models, respectively. The dead-space prediction of the

cation model overestimates the gain-bandwidth product by &8B bandwidth is approximately 30 GHz; the conventional-model prediction
much as 32% for the 100-nm InP device at the high gain vali§e37 GHz.
of 37. In contrast, we see a discrepancy of 9% at a gain of 5.

In general, the presence of velocity overshoot (which we hagé 290 GHz and 130 GHz, respectively. (The experimental
neglected in our calculations) will tend to increase the bandnity-gain bandwidths were measured as 10 GHz and 24 GHz
width, which, in turn will serve to counteract the deleterioufor the 400-nm and 200-nm multiplication layers, respectively.)
effect of the dead space on the bandwidth. We expect that e theoretical bandwidth predictions are strictly buildup-time
spread in the velocity will not have a significant effect on thémited and hence they deviate from the experimental band-
mean impulse response and bandwidth (since its effect showlidths at low gains £ 10), where RC effects dominate the
be averaged out), but it is likely to have a noticeable effect dmandwidth. In general, the agreement with the experimental
the power spectral density. A definitive analysis of the role dfandwidth vs. gain plots is good in the range of high gains
velocity overshoot and spread on the accuracy of the simgle 15) with an approximate average error of 10%. The pre-
dead-space model is currently underway. dicted high-gain gain-bandwidth products are 253 GHz and

To compare our calculations to measurements, we consi®0 GHz for the 200-nm and 400-nm APDs, respectively. The
ered bandwidth measurements for a resonant-cavity-enhantzeder error in the 200-nm device may be partially attributable
(RCE) APD with 200-nm and 400-nm{n2Al 4sAs multipli-  to neglecting the velocity overshoot and/or to the nonuniform
cation layers, reported by Len@t al. [3]. These APDs were distribution of the electric field in the multiplication layer (as
demonstrated to have gain-bandwidth products (at high gaimsjesult of background doping). This could further confine the
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Fig. 3. Bandwidth-versus-gain characteristics for GaAs APDs with varioygg 5 Gain-bandwidth product as a function of the multiplication-layer width

multiplication-layer widths. Solid and dashed curves represent the predictiggs Gaas. Different curves correspond to different operational gains. Note that
of the dead-space model and the conventional model, respectively. Note #4atcrves are almost overlapping.

the conventional model overestimates the bandwidth and that the dead-space
effect becomes more significant as the thickness is reduced. The range of the
multiplication-layer electric field ist x 10°-7 x 103 V/cm for the 100-nm 1000
APD and2.7 x 10°-3.5 x 10° V/cm for the 800-nm device.
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! 10 100 Fig. 6. Same as Fig. 5, but for InP multiplication layers.
GAIN
TABLE |
MATERIAL-SPECIFIC PARAMETERS FOR THE
MODEL [GIVEN BY (16)] DESCRIBING THE DEPENDENCE OF THE
GAIN-BANDWIDTH-PRODUCT ON THEMULTIPLICATION-LAYER WIDTH

Fig. 4. Same as Fig. 3, but for InP multiplication layers. The range of the
multiplication-layer electric field i$ x 10°-9 x 103 V/cm for the 100-nm
APD and4 x 1055 x 10° V/cm for the 582-nm device.

location of impact ionizations, which would, in turn, cause @ poameter  Units P InppAlosAs GaAs  Alp;GagsAs
reduction in the buildup time in comparison with a uniform e GH/um® 1450850 1834421 1628848  37630.44

electric field. Part of the error could also be attributable to

the inaccuracy of the assumed saturation electron and hole
velocities in the model.

0.8234 0.8445 0.8690 1.0168

, , . a single characteristic gain-bandwidth-product (GB) model can
B. Modeling the Dependence of the Gain-Bandwidth Produgle \,seq for all operational gains. Indeed, we can infer from the
on the Multiplication-Layer Width graphs of Figs. 5 and 6 that for each material, there is a pair of

The dependence of the gain-bandwidth product on the multarameters; and«, for which
plication-region width is shown in Figs. 5 and 6 for GaAs and w
. o GB = cw™". (16)

InP, respectively. Similar curves (not shown) were also gener-
ated for Iny 52Alg.45As and Ab 2Ga sAs. Note that for each These parameters, for each of the four materials, are provided
material, the gain-bandwidth characteristic curves are almostin-Table I.
dependent of the operational gain. This is a very desirable feaTo exhibit the validity of the model given in (16), we apply the
ture from a device-engineering perspective, since it implies thabdel to devices whose gain-bandwidth product were recently
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Thin curves represent predictions provided by the conventional model. Note th@ependent of the multiplication-layer width.

reduction in the frequency-response fluctuations predicted by the dead-space

model.
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Fig. 8. Spectral SNR for three GaAs devices of different multiplication-layefevice is terminated at the corresponding bandwidth.

widths. Note that the thinner devices produce higher SNRs.

measured. Kinsest al.[2] recently reported a record 320-GHZO" & parallel computer. (The Qetailg of the computational as-
measurement of the gain-bandwidth product for a waveguiHSCtS and _the parallel computing will be reported elsewhere.)
InGaAs/InAlAs APD, with a 150-nm InAlAs multiplication re- 1he two-dimensional (2-D) Fourier transform of the autocor-
gion. The use of (16) and the parameters fariAl o 45As from relation function was nume_rlcally computed and its dlagonal
Table | yields a predicted gain-bandwidth product of 274 GHY2!ueés where obtained to yield the power-spectral density ac-

Again, we expect that the error (14%) is attributable to the corfrding to (15). Fig. 7 shows the power spectral density of the

bined effects of the nonuniform electric field, errors in the a<:00-Nm GaAs (solid bold curve) overlayed with the mean fre-

sumed saturation velocities and neglecting velocity overshodfU€ncy response (dashed bold curve). For comparison, the pre-
dictions of the mean frequency response and the power-spectral

. . density corresponding to the conventional model are also shown
'CA:I.D[F){Seduced Fluctuations in the Frequency Response for Thiﬂ the same figure (shown as thin solid and dashed curves). No-
tably, the plots in Fig. 7 demonstrate that the spectral fluctua-
The autocorrelation functions for the APDs considered in thions in the APD frequency response are reduced as a result of
paper have been computed by solving the recurrence equatithresreduction in the multiplication-region width. This is a very
(6), (8), (10)—(13). The numerical solutions are obtained usingpeomising result and it is the spectral generalization of the re-
simple iterative algorithm (as in [27]) which was implementediuction of excess noise in thin APDs.
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To establish this spectral-noise reduction more definitivelgain-bandwidth product in certain devices. We suspect that this

we define the spectral SNR error is due to factors such as nonuniformity of the electric
B field, inaccuracy in the saturation velocities and ignoring the

o(f) = () 17) carrier velocity overshoot.
S/2(f) Analysis of the frequency-response fluctuations showed that

the dead-space-induced excess buildup time is accompanied by
which is a measure of the relative spectral fluctuations as a fungy inherent benefit: the fluctuations in the frequency response,
tion of frequency. Fig. 8 shows the prediction of the spectragdpresented by the ratio of the mean frequency response to the
SNR for GaAs for devices with different multiplication-regionpower-spectral density, are reduced as a result of the dead-space
widths. For comparison, the predictions by the conventiongffect. Hence, the reduction in photocurrent fluctuations is not
model are shown in Fig. 9. Note that the conventional mulimited to the dc component of the frequency response (i.e., the
plication theory gives almost the sapealue regardless of the excess-noise factor) but generalizes to all operational frequen-
width of the device, just as it predicts the same excess-noiggs within the device bandwidth. Because dead space tends
factor regardless of the width. In contrast, the dead-space mogehake the spectral characteristics of the output of thin-APD-
clearly shows an increase in the spectral SN the multipli- based receivers “less random,” there is the potential that equal-

cation-region width decreases. For example in the case of IRRtion techniques may become more effective in Combating in-
as shown in Fig. 10p varies from 0.37 to 0.6 as the thicknessersymbol interference.

varies from 800-nm to 100-nm (the prediction by the conven-
tional model for InP is approximately 0.4 for all widths). The
significance of the reduction in spectral fluctuation is that as the
device becomes thinner, the contribution of ISI noise may de-
crease.

Finally, in all cases studied it was observed that the spectralye provide the details of the analysis that yields the develop-
noise is reduced at frequencies beyond the bandwidth of h@nt of the recurrence equation given in (6). Consider a parent
device, as can be seen in Fig. 8 for the 800-nm GaAs APR\ectron at: (born at timet = 0) and suppose that it first impact
Although operational frequencies beyond the bandwidth of thei-es at positio > . To this parent electron, we associate
device may not be of interest in applications, it is interestinge random counk.(t, z), as defined earlier. Now let the elec-
to understand why this seemingly strange behavior occursy$§, counts?’ (tl_(g_x)/%g) andZz” (t, —(&—) /v, €) cor-
can be a_ttnb_uted to the fact that the photocurrent at such.h@%pond to the first and second offspring electrons, respectively,
frequencies is very low and the avalanche mechanism, whicthi§in at positiore. Also, letY, (t; — (£ — x)/v., £) correspond
the very source of multiplication uncertainty, is weak. to the offspring hole born &t According to the discussion di-

rectly preceding (6), which described the three possibilities for
the time of the first impact ionization, the events associated with
V. CONCLUSION these cases can be further analyzed as follows:

APPENDIX
DERIVATION OF THE RENEWAL EQUATION FOR Cz_(¢,x)

In this paper, we investigated the effect of reducing the widil  case 1. The First lonization Occurs Before
of the multiplication region on the bandwidth, gain-bandwidth

product and spectral SNR for thin 11V APDs. The theory Inthis case, the position of the first ionizati¢satisfies(§ —
developed for the time response specifically incorporates/ve < t1 since the distance to the first ionizationds- =.
dead-space effects and extends the dead-space recurrétfjece

theory of Hayat and Saleh [27] to the autocorrelation function

of the APDs impulse response. Our predictions showed thatZ, (¢;,x) =2/ <t1 - 5_—35,5) +Z <t1 — 5; x,g)

although the gain-bandwidth-product increases with the reduc- Ve €

tion of multiplication-region width, as a result of the reduction +Y. <t1 &= “77£> (18)
of the carrier transit time in the multiplication region, this Ve

increase is accompanied, to a less degree, by an excess buildup and

time resulti_ng from the dead—spacg effgct due to Fhe .inhibition Zo (ta,z) =2 <t2 & x7§> n <t2 & x7£>

(or dead time) between successive impact ionizations. The Ve .

discrepancy between the bandwidth predictions of the conven- E—2x

tional theory and the dead space-based theory can be high in +Ye <t2 T 75) ’ (19)
certain thin APDs, depending on the gain and the width of the '

multiplication layer. As an example, for an InP APD with dn this case, the conditional correlation, given the knowledge
100-nm wide multiplication layer operating at a gain of 30, thef £, becomes the equation shown at the top of the next page.
discrepancy in bandwidth prediction is 29%. Our theory shovidote that the range of for which this case occurs is to

that the gain-bandwidth product characteristics of APDs camin(z + v.1,w). Also note that the process&s(-, -), Z//(-,-)

be represented by a simple hyperbolic-type model that deperaisl Y. (-, -) are mutually independent, as they are generated by
only on the material. Comparison of the theoretical resultse independently-acting two electrons and the hole. Moreover,
with experiments indicate that the theory underestimates t#e(-, -) andZ” (-, -) are identically distributed.
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B. Case 2. The First lonization Occurs Betwegmand ¢, [4]

In this case, the position of the first ionizati¢satisfiest; < 5]

(&€ — x)/ve < t2. Note that in this cas&. (¢1,z) = 1 but

ety = 2 (1 2 6) w2 (1 E220)

Ly (tQ— ,s). (20)

(6]

5_

e

T

(7]

Hence

E[Z. (t1,2) Z (t2,0 >|§1—E[( (- 0e)
(oo (o 2]

Note that the range df for which this case occurs isin(z +
Vety, w) 10 min(x + wveta, w).
C. Case 3. The First lonization Occurs Aftgr

In this case,(¢ — z)/v. > t» and hence necessarily
Z.(t1,2) = Z.(t2,xz) = 1. Hence

(8]

(9]

Ve

(20]

[11]

_ [12]
E[Z. (t1,2) Z ¢

e (t2,2) [(] =1, t2 <

(21)

and [13]

5_

e

x

E [Zﬁ (tl, )

(tQ’ ) |£] 0, t22

(22)

(14]
Note that the probability that the first ionization occurs after
is1— H.(min{w — z, vet2}).

The final step is to average the conditional correlation
E[Z.(t1,2)Z.(t2,2)|&] over all possibleé in the interval
[, min(z + v.t, w)] with the careful consideration of the three
cases mentioned earlier. This yields the recurrence relatio6]
given in (6).
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