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Abstract—The history-dependent recurrence theory for mul- time is by reducing the thickness of the APD’s multiplication
tiplication noise in avalanche photodiodes (APDs), developed |ayer (e.g., below 400 nm), as has been demonstrated by
by Hayat et al, is generalized to include inter-layer boundary many groups in the past few years [1]-[17]. The reduction
effects in heterostructure APDs with multilayer multiplication f th ise f in thin APDS i ibutabl h
regions. These boundary effects include the initial energy of of the excess noise a_Ctor In thin s Is attributable to_t e
injected carriers as well as bandgap-transition effects within a dead-space effect, which results from the role of a carrier’s
multilayer multiplication region. It is shown that the excess noise past history on its ability to create a new carrier pair via impact
factor can be significantly reduced if the avalanche process is jonization. A newly generated carrier is capable of causing
initiated with an energetic carrier, in which case the initial energy an impact ionization only after it travels a sufficient distance,

serves to reduce the initial dead space associated with the injected led the dead in th f which it gai h
carrier. An excess noise factor reduction up to 40% below the calle € aead space, In the course of which It gains enoug

traditional thin-APD limit is predicted for GaAs, depending onthe ~ €nergy from the field to permit it to cause another impact
operational gain and the multiplication-region’s width. The gen- ionization. The conventional avalanche multiplication model,
eralized model also thoroughly characterizes the behavior of dead first developed by Mcintyre [18], does not account for the
space as a function of position across layers. This simultaneouslydead_space effect nor does it predict the reduction of the excess
captures the effect of the nonuniform electric field as well as the . .

anticipatory nature of inter-layer bandgap-boundary effects. Such no!se factor for th'n, APDs. The effect of deaq space 9” the
anticipatory behavior of the dead space is ignored in simplified gain and excess noise factor has been extensively studied and
models where the dead space is assumed to change abruptly atmodern multiplication models that take carriers’ history into

the layer boundary. The theory is applied to recently fabricated account have been developed and tested against experimental
thin Alg.¢Gap 4As/GaAs heterostructure APDs exhibiting low measurements [6]-[13], [19]-[26].

excess noise factors. The excess noise factor predictions are in R " breed of het truct APDs h b
very good agreement with experiment. In one device, where the ecently, a new breed of heterostructure S have been

initia|_energy effect is pronounced’ the measured excess noisedemonstrated to exhibit excess-noise factors that are well
factor is 36% below the value predicted by previous analytical below the predictions of the dead-space-inclusive multiplica-
multiplication models which ignore the initial-energy effect. tion models for thin APDs [27], [28]. Although it has been
Index TermS_Bandgap_boundary effects’ carrier injection’ Strongly believed that the reduction in the excess noise faCtOI’
dead space, excess noise factor, heterostructure APDs, impactis a result of the heterostructure, no clear understanding exists

ionization, ionization threshold energy, thin APDs. for the reason for this behavior. In this paper, we show that
a reduction beyond the traditional dead-space-based limit
I. INTRODUCTION is possible in a heterostructure APD through the following

_ ~mechanism. In certain structures, injected carriers enter the

R ECENT increased demand for avalanche photodiodggitiplication region with substantial kinetic energy, gained
(APDs) for long-haul and metropolitan optical networkgyhen they traverse a short-lived field gradient just before

has fueled a renewed interest in the design of novel ARdptering the multiplication region. Such an initial energy serves
structures that exhibit both low avalanche noise and high reduce theinitial dead space associated with the injected
bandwidth. By now, it has become evident that a practicg|,ajanche-initiating carrier. This, in turn, will enhance the
way to reduce both multiplication noise and avalanche buildyRejihood that the injected carrier impact ionizes in the very
onset of the multiplication process. To get a feel for why this
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carriert For example, if we selecg = 20 for a 1000-nm In this paper, we generalize the dead-space multiplication
GaAs APD, the noise reduction factor is approximately 0.3theory (DSMT) developed by Hayat al.[22], [23] to include

The noise reduction in the above hypothetical situation fke injected-carrier’s initial energy and the bandgap-boundary
merely the result of the fact that the location of fliet impact effect. The theory is used to predict the extent of the reduction
ionization was assumed to be concentrated at the origin.iinthe excess noise factor and to establish the relationship be-
actuality, there will still be some uncertainty in the location ofiween this noise reduction and the width of the multiplication
the first ionization even if the initial dead space is completelayer. The theory is applied to three recently fabricated APDs.
eliminated. Nonetheless, the mere reduction of the initial dead

space will directly act to bias the location of the first ionization [I. IMPACT IONIZATION MODEL

toward the origin. . . : . .
There is yet a related mechanism, namely, the bandga In this section, we generalize the hard-threshold impact-ion-

boundary effect that mav also contribute to chanin tr|l£e)é\tion model for the distance between the carrier’s successive
M ' Y ging iOnizations, originally developed in [22] and [23], to include the

noise characteristics in APDs with multilayered multiplicatior andgap-boundary effect. Consider a multiplication region ex-

regions. In such heterostructures, a carrier traversing ‘ﬁ‘e%ding frome — 0tox — w. and assume that the electric field
{

multiplication region may encounter a sudden change in t e rein i€ (), pointing in the opposite direction. We will fur-

lonization threshold energy as it crosses the boundary betw?ﬁgr assume, in general, that the multiplication region consists

layers within the multiplication region. For example, it is qwf[eof multiple layers. The goal is to characterize the probability

: ! . 0cf'ensny function (pdf) of the distance from the birth location of
threshold energy for one material becomes immediately ca- " : . e L
L ) 3 carrier to the location of its first impact ionization thereafter.
pable of ionizing as soon as it crosses over to the other layer ~ S . .
) L lowing the notation in [23], if an electron (respectively, hole)
(assuming that the second layer has a lower ionization threshg o .
. . IS born at positionz, we leth.(¢ | z) [respectively,hy, (& | z)]
energy than the first layer). An opposite effect may occur fg : e
. ; : enpte the pdf of the distance to the first ionization, measured
the other species, as they encounter an increase in the thresho S .
A : L . rom the carrier’s birth position at. For exampleh. (¢ | z)A
energy. This will result in a reduction in the required dead space

for one species in a certain locality of the layer's boundaty approximately the probability that an electron bora: dirst

while the dead space for the other species increases. Such'éﬁ’?a lonizes somewhere in the interak-§, o+ + A]. We

- ; . jin by identifying the key physical parameters that govern
ticipatory behavior of dead space (as the carrier approachesgﬁg 0 dfy Thesefyarg' 1) they rﬁuﬁiplica’?ion-region’s ionigation
boundary) may contribute in localizing the ionizations and ma ) )

affect the excess noise factor. We emphasize that such possi ieshold-energy profile; 2) the carrier's dead-space profile;

NN o : hd 3) the profile of the ionization coefficients of enabled
ionization localization effect near the layer boundary is sole

related to the dead-space effect through the abrupt change in%lﬁre”ers (those that have traveled the required dead space). To

. accommodate the requirement that the multiplication region
threshold energy at the layer boundary. In particular, we do ng . . ) :
) ; SO L may consist of layers of different materials, we will allow the
assume any localized change in the ionization coefficients as a R .
. A electron and hole ionization threshold energi&s,(z) and
result of bandedge discontinuity at the layer boundary beyo . o
:n(2), respectively, to be position- dependent.

what is dictated by the type of material and the electric field: For an electron (respectively, hole) created at posttiptet

In fact, a recent Monte-Carlo study on ”:MG.af)-“A.S/ GaAs d. () [respectivelyd; ()] be the dead space with which itis as-
multilayers showed that bandedge discontinuities in multilayef \". . : . .
ociated. With this convention, an electron (respectively, hole)

structures offer no ionization-coefficient enhancement due %ich is newly created at position cannot impact ionize be-
carrier energy losses brought about by phonon scattering [Z%re reachings + d, (x) [respectivelys — da(x)]. Finally, let
e * 1 . )

Interestingly, both initial-energy and bandgap-boundary ef-

fects have one thing in common. In both cases. some form%fandﬁ denote the electron and hole ionization coefficients,
“puilt-up energy” is l?se dtore ducé the dead spac.;matiﬁclo- respectively, associated with carriers that have acquired the ion-

cations (i.e., either at the multiplication region edge or near thzgtlon threshold energy. The authors and others have lately de-

boundary of layers within the multiplication region), which WiIIveloped a methodology to extract these ionization coefficients

. o S Y from noise-versus-gain data [6], [7]. These coefficients are ma-
induce some level of localization in the ionization events. The . o o .
rial specific and depend only on the electric fi€ld:), inde-

difference between the two effects has to do with the cause of {he L i
X endently of the multiplication-layer width. For example, the
change in the dead space. In the case of the bandgap—boune?éxtron ionization coefficient is aiven b
effect, the dead space varies abruptharlocations where there 9 y
are jumps in the_l(_)nlzatlon thresholo!. The bandgap-boundary a(z) = Aexp[—(E./E(x))™]. 1)
effect has an anticipatory nature, which reflects the fact that a
carrier's dead space at a particular location depends on whethge parameters for the above exponential model for GaAs (as
or not the carrier will encounter a threshold jump in its futurewell as Al ,Gay sAs, InP, and 19.52Al, 4sAS) are reported in
[7] and will be used in this paper. For AddGa 4As, on the other
1To see this, we write the random gafhin the presence of the initial en- hand' the parameter_s used in this paper are Fhose_ deve_loped by
ergy of the injected carrier a8’ + G”’, whereG', andG"’ are independent Plimmeret al.[13] using a Monte-Carlo technique in conjunc-
and identically-distributed gains corresponding to the initial offspring pair @jon with multiplication data. When the above model for the ion-
electrons (with no initial energy). Now, compute the first and second moments _,. ffici . di . . ith th S 22
of G in terms of the respective quantities 16f, andG/, and use the fact that IZation coe 'C|enFS !S usedin conjuncthn with the DSMT [22],
(G1) = (G7) = 0.5(G) andF. = {(G1)2)/{G2)? = ((G")*) J(G)>. [23], correct prediction of the excess noise factor, the breakdown

c
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voltage, and the frequency response of a variety of IlI-V thigeterministic. In actuality, the dead space is a random variable
APDs is obtained [6]-[8], [16], [30]. since a carrier may not necessarily loose all of its kinetic energy
The above probability densities can be easily modified #ifter each impact ionization. The extension of the pdfs of the
utilize the more realistic soft-threshold ionization models fazarriers’ free-path distance to capture this effect is straightfor-
which the newly created carriers gradually attain their ionizavard. The trick is to first replace (2) and (3) by a conditional
tion capability [17]. However, in this paper we chose to ugedf (conditional on the actual realization of the random dead
the simplified hard-threshold dead-space model as an appregace) and then average over all possible realizations of the
imation. This model manages to capture the dead-space effdead space. In the case of a uniform-field multiplication region,
while keeping the mathematical complexity of the model to far example, iff,_(6) is the pdf of the dead-space distance (in
minimum. It also alleviates the need for estimating the softhe hard dead space model), then an easy calculation shows that
threshold profile of the ionization densities, which is typicallyi.(z) = avexp(—az) [, exp(ad) fa, (8) ds. The knowledge of
achieved by means of Monte-Carlo simulation. fa.(6) will ultimately depend on the knowledge of the energy
In the subsections to follow, we will describe a procedunerobability distribution after impact ionization. We will not
for calculating the position-dependent dead space in a multbnsider the stochastic dead space in our calculations in this
layer multiplication region. With the availability of profiles of paper since knowledge of the energy probability distribution is
the dead-space and the ionization coefficients, the expressimn presently available to us.
for h.(&]|x) is given by [23]
c lll. THE MODIFIED DEAD-SPACE MULTIPLICATION THEORY
—fd L al@zty)dy
he(€|x) = { afz +Ee e 7 de(r) (2)  Inthis section, we extend the DSMT recurrence theory [22],
0, de(z [23] to incorporate the initial energy of injected carriers gained
prior to entering the multiplication region.

s
N IV

and

hh(f | .1:) = { g(:l: — f)e_ fdh(r)

B(xz—y) dy
T > du(a) . 3) -
& < dp(z) A. Preliminaries

To make the above pdfs suitable for multilayer multiplication. V& begin by briefly reviewing the DSMT developed in [23].
regions, we must thoroughly characterize the dead space p'F e t_heory involves recurrence equations for th_e electron- and
files in heterostructures. hole-induced total offspring€ () and Y (x), deflned_ as the
overall electron and hole progeny generated by a single parent
A. Characterization of Dead Space in Heterostructures ~ €lectron (respectively, hole) at the positiern the multiplica-
o . . ._tion region. In the case of electron injection at the edge of the
Under the simplifying assumption that after each impact 'O'?riultiplication region (atr — 0), the random gairGpsyir of

ization a carrier starts from zero initial energy, the minimurﬁ1e APD is simply( Z(0) + 1)/2. According to [23, egs. (4) and
distance that an electron, born at positigrmust travel before (5)], the mean ofZ(x) andY(g.;) denoted byz(w,) andy(x)

acquiring the ionization threshold energy is governed by the f‘%lbey the following set of coupled recurrence relations:
lowing energy relation:

q [HF@ i Bt . @ A= [1 - [ i d&}

The above expression is a simple extension of the dead-space +/ [22(z + &) + y(z + E]he(|x) dE (7)
definition in [23], which now captures position-dependent ior5nd 0

ization thresholds. Recall that the threshold endgyz) may

vary withz according to the type of material at Furthermore, ®

observe that for each, the relevant ionization threshold energy  y(z) = [1 _/ hi (€] ) dg}

is the value at the point where the carrier attains the ionization o

threshold. Hence, for an electron born at locatigrthe dead _ _

spaced.(z) which must be traveled, is the minimum nonnega- - /0 A

tive solutioné to the following equation: ) . ) .
The first term in (7) is the probability that an electron,

born atz, does not impact ionize at all, and it simplifies to

x+6
q./z E(y) dy = Eie(w + 0). ®) exp{- [}/ S ale + ¢)de}. Similarly, the first term in (8)

simplifies toexp{— [, () Az — &) d¢}.

Similarly, the hole dead spadg (=) is the minimum nonnega-  The excess noise factor is given by

tive solutioné to the following equation:

o _ {(Ghsur)  22(0) +22(0) +1
o[ Ew = Bt =) © o= (G = G0+ 17 O

In our formulation of the dead-space model, we adoptetherez,(x) = (Z?(x)) andys(z) = (Y2(x)) are the second
the commonly-accepted assumption that the dead spacemismentsofZ(z)andY (z), respectively. Accordingto [23, egs.
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(8) and (9)], these quantities are governed by the following parned by (2). The key question is how to incorporate this initial
of coupled recurrence relations: dead-space concept into the DSMT recurrence technique. This
question is addressed next.

oale) =1 - / hel€ | ) de

C. Modified Recurrence Relations

v - Let Zo(z) be defined asZ(z) with the exception that for the

+ /0 [222(@ + &) + (v + &) parent electron at, the distancé to the first impact ionization
+ 4z(z 4 E)ylx + &) + 22%(x + )] he(€ | 2) dE (10) has a pdf.., (£). The key observation here is that upon the first
ionization of the injected electron, the two newly created elec-
x trons and hole will have zero initial energy, independently of the
yo(w) =1 — / hu(€|x) dE initial energy of their parent electron. Consequently, conditional

70 on the initial ionization occurring &, two independent copies

+ / 2y2(x — &) + zo(w — &) + 42(x — Oy(x — &) of Z(£) and one copy of (&) are generated. Now by averaging
0 over all possibilities fog, we obtain the following equation for

and

+ 2% (= E)]hn (€| ) dE. (11)  the mean valuey(z) = (Zo(x)):

Clearly, the above formulation assumes that all carriers (in- wo
cluding the injected carrier) start with zero initial energy. W&/ = 1- /0 heo (€) d€
will relax this condition in subsequent sections so that an in- w—
jected carrier may have an arbitrary initial energy (and hence a + / 2z(z + &) + y(z + ]he, (§ | x) dE. (14)
different initial dead space). v

Similarly, we obtain the following equation for the second mo-

B. Probability Density Function of the Initial lonization mentzoy(7) = (Z3(x)):
Distance

In cases when the avalanche process is initiated with a carriens(z) = 1 — / hey (§) d€
that has a finite initial energy, the energy that the parent carrier 0

needs to build up before reaching the ionization threshold is + /w x[ZZQ(x + O +ya(z+)

reduced by an amount equal to the carrier’s initial energy. Note Jo

that this one-time initial energy is acquired from the nonzero +4z(x + Ey(z + &) + 22%(x + E)]he, (€| ) dE.
field just before entering the multiplication layer and can be (15)

approximated in a deterministic fashion using the electric field
just before the multiplication region. (To be more realistic, thequations (14) and (15) establish the link between the multipli-
phonon energy loss must be deducted from the built-up energsafion process with an arbitrary pdf for the initial-ionization dis-
If the initial energy acquired by an injected electrorig then tance and the ordinary dead-space-based multiplication process
the initial dead spacé., is computed by solving the following for which there is no distinction between the pdf of the initial
modified dead-space equation. Find the minimum nonnegatigaization and that corresponding to the subsequent ones. We
6 for which call the totality of the DSMT recurrence model with the addi-
ots tion of the complementary relations (14) and (15) [including the
q / E(y)dy = B — Ey (12) definitions (12) and (13)] the modified dead-space multiplica-
Ja tion theory (MDSMT).

where E;. is the ionization threshold energy associated with C1€arly, the MDSMT is a two-step calculation. First, (7), (8),

the multiplication layer into which the parent carrier is injectecf.lo_)’ an(_j (11) are solved (_as done in the traditional DSMT, using

Clearly, if E, > Ei., we setd,, = 0. Moreover, the pdf of the an iterative technique, for instance). Second, the complementary
’ - e €9 . ’

distance to the first impact ionization for this parent carrier is€duations (14) and (15) are executed, utilizing the pdf of the

ionization distance of the initial carrier. Note that the second step

- j a(y) dy is a one-shot calculation. The gain and excess noise factors are
he.o (S) = a(f)e o 7 f 2 dSO (13) calculated usin@GMDSMT) = 0.5[1 + 20(0)] andFMDSMT =
0, £ <dey. (202(0) + 220(0) + 1)/(20(0) + 1)2, respectively.

In actuality the width of the pdf beyond the dead space is €5 Excess Noise Reduction

pected to be reduced as the initial energy increases. However,

in the above expression we assumed that the shape of the pdfo see the extent of the role played by the injected-carrier’s

beyond the initial dead space is independent of the dead-sp#ééal energy on the excess noise factor, we computed the gain

reduction (i.e., we only modified the dead space). This is doMersus noise characteristics for GaAs under two models.

as an approximation since the dependence of the width of thel) We first used the DSMT model, in which case the initial

pdf (beyond the dead space) on the initial energy is not analyt-  energy of injected carriers is assumed zero.

ically known to us at this point. 2) We then repeated the excess-noise calculations using the
We emphasize that the distance between subsequent impact maximal-MDSMT model, in which case we assumed that

ionizations for the parent electron, on the other hand, is gov- the initial energy of the injected carrier is equal to the ion-
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T : DEVICEI DEVICE II DEVICE IIT
1ol =*= Fosur (W= 100nm) S~ A ~—~— ——~—__~
W —— Fmin (W= 100 nm) e p: AlGaAs . AlGaA
« | --- Fpgyr (w=1000nm) ) p: GaAs (800 nm) P10 nfn)s
O 81 _ F_(w=1000nm) (820 nm)
2 min L’ p: GaAs (10 nm)
'-u'] 6l GaAs i : AlGaAs (100 nm)
@ .
o i : GaAs (120 nm) i: GaAs (130 nm)
é 4r i: GaAs (30 nm)
L : GaAs (10
g n : GaAs (20 nm) n: Gahs (10 nm)
w 2r . GaAs
n : GaAs n: AlGaAs
n: AlGaAs
0 \ , .
0 5 10 15 20

MEAN GAIN (G) Fig. 3. Structure of the three APDs considered in this paper. Device |
is a homostructure GaAs APD and it is used as a reference. Devices Il
Fig. 1. Excess noise factor as a function of the mean gain for two Gaasd Il are Ab ¢Ga 4As/GaAs heterostructure APDs, and the latter has a

APDs with multiplication-region widths of 100 nm (curves with diamonds) antivo-layer Al cGa.4As/GaAs multiplication region. Shaded areas represent

1000 nm. The solid curves represent the maximal MDSMT predickign,  the multiplication regions. Electrons are injected into the multiplication region

for which the initial energy is set to the ionization threshold energy (i.e., zeftom the top.

initial dead space for the injected electron). The dashed curves are the DSMT

predictionsFpsy-

this effect more profoundly than a thick device. An added fea-
ture seen from Figs. 1 and 2 is that the maximum excess-noise
-—- (G)=15 reduction is higher at higher operational gains. This latter char-
(G)=20 . acteristic may be potentially useful in lowering receiver sensi-
Gahs ___‘__N.‘_‘,_,V-ff-"‘“"' "" tivity as it will tend to elevate the optimal operational APD gain.

1

— (G =10

08¢

some Recall from Section 1 that the maximum excess-noise factor re-
] duction possible for a 1000-nm GaAs at a gain of 20 (with the
unrealistic assumption of a delta-function pdf at the edge of the
multiplication region) is 0.32, which is greater than the max-
g imum reduction of 0.85 shown in Fig. 2. However, we note that
, FLin in Figs. 1 and 2 is calculated using zero initial dead space
0.6F -7 ! without altering the shape of the pdf after the dead space (i.e.,
no delta-function is assumed at the edge of the multiplication re-
gion). Thus, the predicted noise in Figs. 1 and 2 is greater than
that predicted when ionization at the edge occurs with certainty.

0.8

Q.7F

MAXIMUM NOISE REDUCTION Fmin/FDSMT

0'50 200 400 600 800
MULTIPLICATION-REGION WIDTH w (nm)

1000

Fig. 2. Maximum possible reduction in the excess noise factar / Fosur IV. APPLICATION TO EXPERIMENTS

as a function of the multiplication-region width for GaAs. The mean gain is used

as a parameter, We now apply the theory to three devices, which are schemat-

ically shown in Fig. 3: Device | is a homojunction GaAs APD

vith w = 120 nm; Device Il is a GaAs/AsGay sAS

ization threshold energy. This assumption forces the iri|; ¢ truct APD. wh th ltiolicat ) fined
tial dead space of the injected carrier to vanish (withou erostructure , where he multiplication IS confine
 the GaAs layer andv = 130 nm; and Device Il is

altering the shape of the pdf), and it represents the m _
imal ingi]tial-energy effect pdf) P aAs/Al ¢Gay 4As heterostructure APD, for which the
) . : ultiplication takes place in both (adjacent) AGay 4As
We denote the excess noise factor under this assumption :
. ) . . . 0 nm) and GaAs (30 nm) layers. The width of the overall
Foin, as the excess noise will be minimal. Fig. 1 depicts bo L . . .
multiplication region for Device Il is thus 130 ntn.(The

Fpsyrr and Fiy for two widths, namelys = 100 nm and o a1 and fabrication details of these devices, beyond
w = 1000 nm. It is seen that the maximum reduction in the ex-

cess noise factor is more significant in the thin muItipIicatioWhat IS included in this paper, will be reported elsewhere.)

. g : PUCANOR .\ ices I and 11l are the devices of most interest in this paper,
layer than the thick one. This is expected since the initial-en- . . . .
. . while Device | is used here as a reference. Figs. 4 and 5 show
ergy effect plays its role through the dead-space effect, which |s o . . .
S . ST hie electric field profiles for Devices Il and Ill, respectively,
known to have a more significant impact on noise in thin mul- ; ; . .
tinlication lavers. This behavior is more clearly seen in Fi arameterized by the applied reverse-bias voltage. The electric
P Yers. y 9- fields were calculated using MEDICI software according to the

where the maximal excess-noise-reduction faéitgk, / Fosvt . ) . .
is plotted as a function of for three gain values. We empha_doplng profiles obtained from secondary ion mass spectroscopy

. . . . - (SIMS).
size that the conclusion drawn from Fig. 2 regarding the Wld{h )
holds for t.hemaX|mun"excess-n0|.se reductlon pOSS'?'ea a”‘?' !t °These devices were fabricated and tested at the Microelectronics Research
does not imply that an actual thin device necessarily exhibitenter at the University of Texas in Austin.
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, DEVICE II X, X, X, X, X,
) | | |
.. [GaAs |n — 2V 2 o.55} DEVICE ! : : |
<] S IR F IO --- 4V | 5 : : :
_ I N 6V S o5k ! ! !
€ b w . 1 1 |
1] A § R T 1 8V | O ! ! !
=° o T ; < 0.45} | | g ,
3 4F ] b 2 04 T 1
o T : ' A —) !
S T 2035 ' |
O3t B S . ! !
£ : zz 8 o\
o z N 0.3} ! !
2 2 | |
- 5 = 0.25 ! | d oow
1 | AIGaAs S o : ; 1
'J =0 i AlGaAs | i Gaas M
: 0.15— - ' i - A
800 500 600 700 820 840 860 880 900 920 940
POSITION x (nm) POSITION x (nm)

Fig. 4. Electric field profile for Device II. Solid vertical lines represent layeiFig. 6. Electron and hole dead-space profiles in the multiplication layers for
boundaries, and the dashed vertical line is used to illustrate the loegtiari  Device lll. The solid vertical line represents theAlGa, 4 As/GaAs boundary.

the onset of the field buildup. The point marks the start of the multiplication

Iaygr. The _fields were calculated using MEDICI software according to the

doping profiles obtained from SIMS data. Notice the extent of the spread of tEle,AlGaAs = 34 eV to Eie,GaAs = 1.90 eV for electrons,

field gradient to the left of the i-layer.
leld gradient to the left of the I-layer. and fromEmGaAs = 1.55 eV to Eih,AlGaAs = 3.6 eV for
holes. We will examine the electron dead space first. Referring

,x10° Xe %o X DEVICE I to Fig. 6, we first definer; as the point that is exactly one
e | GRAS S — 2V electron dead-space to the left of the boundary, i.ehas the
6f s --- 4V ] propertyz; + d.(z1) = 3. Hence, if an electron is born to
S R S A =BV the left of 21, then it will complete the required dead space
§5' o “““““ 8V within the Aly ¢Ga 4As layer (i.e.d.(x) + = < ;). Thus, for
a i £ z < z1,d.(x) is the solution tgy ff” E(y) dy = FEie A1GaAs-
o - ] On the other hand, if an electron is born to the rightzef
53- 3 1 ] then it will complete the required dead space once it is in the
T GaAs layer (i.e.d.(xz) + = > z;, andd.(z) is the solution to
@2_ a [\\ qfxeré E(y)dy = Eie,caas)- NOW 25 is defined as the point
w M for which the electron energy, accumulated fremto z;, is
1t i AlGaAs n: GaAs . exactly equal talie gaas- Thus, if an electron is born in the
rangez; < x < x2, then by the time it reaches the boundary
900 500 1000 1100 point z, it will have already acquired the ionization threshold
POSITION x (nm) for GaAs. Consequently, for; < = < z9,d.(z) = x, — x,

) ) ) ) ~_and this is the reason for the abrupt change in the graph of

E?éfs', ni;ﬁ@%i'gﬁﬁ‘;fgﬁ eGVa'ICAeS_'”'Th'S structure has two multiplicatio () 14 a negative slope at = 1. Finally, when an electron
is born to the right ofc5, then it must travel a further distance
. (beyond the boundary point) in GaAs before accumulating

A. Dead-Space Profile the threshold energyi. caas, and the dead space increases

The dead-space profiles in the i-layers for Devices | argtadually thereafter as a result of the linear decrease in the
Il were calculated using the fact that the field is linear in théield. In summary, the abrupt change in the threshold energy at
i-layers. An analytical solution to (5) and (6) was obtainedhe boundary brings about a steep transition in the dead space
involving the voltage-dependent parameters that comprise tter = z1, which occurs well before the layer boundary.
linear electric-field profile. For Devices | and Il, the multipli-This is a manifestation of the anticipatory behavior of dead
cation region consists of a single GaAs layer, and as expectgpace prior to the layer boundary.
calculations show that the dead space slightly increases withThe situation is somewhat different for holes as, unlike elec-
x as the field decreases. In the case of Device |, electron anohs, they experience an upward transition in the ionization
hole normalized dead spacés/w) are approximately 0.21 threshold energy as they cross the material boundary fabm
and 0.17, respectively, and the corresponding values for Devigght to left. Referring again to Fig. 6, we define the paint
Il are 0.25 and 0.20, respectively, for electrons and holes.  with the propertyzs — di(z3) = = (i.e., qui"' Ely)dy =

The dead-space behavior is more complex for Devidéy qaas). Thus, if a hole is born to the left afs, then it will
Il (as shown in Fig. 6) for which the threshold energyomplete traveling the required dead space only after itis inside
changes abruptly at the AGay 4As/GaAs boundary point the Aly Ga& 4As layer. In particular, fox: = x3, the energy that
marked z;, in Fig. 6. At z;, the threshold changes fromthe hole acquires by the time it reaches the GaAséiSlay 4As
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Fig. 7. Ratio of the injected electron’s initial dead spdceto the dead space Fig- 8. Excess noise factor as a function of the mean gain for Device I.
in the absence of any initial energy(0) as a function of the average electric Circles represent measured values and the solid curve represents the MDSMT
field in the multiplication region. Note that an injected carrier in Device IPrédiction Fupswer. For reference, the DSMT predictionSyswr (which
exhibits a significant reduction in the initial dead space from the customary (zét&SUme zera initial energy for the injected carrier), and the maximal-MDSMT

initial-energy) dead space, especially at high fields. In contrast, such a reductfdictionsF i (for which the initial energy is set to the ionization threshold
is minimal in Devices | and III. energy) are shown by the dashed-dotted and dashed curves, respectively. Since

the initial energy of the injected electron is small in this device, both DSMT
) ~and MDSMT accurately predict the experimental data.
boundary atr; is short ofEj, aigaas Dy €xactly 2.05 eV, and it

must travel a further distance insideAlGa, 4As before accu- 8 r
mulating a total energy ofi, aicaas- This is the cause of the o Experimental
large upward jump in the graph d@f,(z) atz = z3, which is 7f --- Foswr o
again a manifestation of the anticipatory behavior of the dead ¢l — FMDSMT
space. o --- Foin

We next use the above dead space profiles along with the %5- DEVICE I -~
initial-energy effect in conjunction with the MDSMT to predict w | 5
the excess noise factor for the three devices. S . e

A - o

B. Excess Noise Factor @

To have a good initial feel for the magnitude of the initial %2'
dead space in each of the three devices, we computed the ratio 1}
of the injected-electron’s initial dead spatg to the customary °
dead spacé, (0) at the edge of the multiplication region. To do % 5 10 15 20
so, the initial energy, (in electronvolts) of the injected elec- MEAN GAIN (G)

tron was_ C.alcu.lated by integrating the electric flel(.j Jus.t befo'i'—?g. 9. Same as Fig. 8, but for Device Il. The MDSMT model provides
the multiplication layer, fromzg to z, as shown in Figs. 4 eycellent agreement with the experimental data, while the DSMT model
and 5. For each devicéj, was calculated as a function of thesignificantly overestimates the excess noise factor as a result of ignoring the
applied reverse-bias voltage. (A parametric model, not shoWiia! energy of the injected electron.
here, for the electric field prior to the multiplication, frome
to x, was derived and used to computg as a function of the significant in Device Il, and far less significant in Devices |
reverse-bias voltage.) The quantitiés andd.(0) were then and Ill. Indeed, the MDSMT predicts just that, as shown in
calculated using (12) and (5), respectively, and their ratio waggs. 8—-10. We particularly note that the MDSMT accurately
plotted as a function of the spatial average of the electric fiefdtedicts the low excess noise factor in Device Il, whereas the
in the multiplication region, as shown in Fig. 7. For Device [IDSMT (in which the initial energy is ignored) overestimates the
d.,/d(0) is expected to decrease to zero when the average fieloise by approximately 45% in comparison with measured data
is 6.7 kV/cm, in which case the initial energy acquired by the ifat(G) = 20). Moreover, the reduction in the excess noise factor
jected carrier equatds. caas. In contrast, itis seen that for De-is near its maximal level for Device Il, as seen by comparing the
vices | and Ill, the initial dead space remains within 10% of th&,,;;, and F\ipsyr curves, and the significant reduction in the
ordinary dead space within the operational range of the electnigise is primarily a result of the initial-energy effect. For De-
field. This is a direct consequence of the contrast in the natwiee |, on the other hand, the discrepancy between the DSMT
of the electric-field buildup in the region just to the left of the and the MDSMT is small<4%), and both models represent the
multiplication region in Device Il and Devices | and . data closely. This is because the initial-energy buildup in Device
In light of Fig. 7, we would expect that the role played by is negligible relative to the ionization threshold energy. Sim-
the initial-energy effect in carrier multiplication would be mostlarly, the discrepancy between the DSMT and the MDSMT is
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8 r . . . . .
o Experimental in this particular de_wce. prever, we §qspect thgt this reduc-

7t --- Fosur tion can be further intensified by optimizing the widths of the
wi _ F ey individual layers within the multiplication region. In general,
s61 MDSMT we believe that the ultra-low-noise characteristics of more elab-
5 min orate heterostructure APDs [28] may be attributed in part to a
O AlGaAs ] inati ier initi
w o combination of carrier initial energy, bandgap-boundary effects,
® 4} DEVICE Il T ] proper selection of the widths of layers, and effective bandgap
e - engineering.
$3' ‘‘‘‘‘‘‘‘‘‘ ] Throughout the calculation of the initial energy, losses due to
”§<§2. """""""" phonon scattering were ignored. To have an assessment of the
w o magnitude of this loss, let us consider Device II, for which the

T ° initial-energy effect was high, and compute the average energy

0 . loss in the p-type Al sGa).4As. We take the total phonon scat-

0 15 20 tering distance (segment of theregion over which the field

10
MEAN GAIN (G) gradient exists) as approximately 40 nm (see Fig. 4). Further-

Fig. 10. Same as Fig. 8, but for Device IIl. As a result of the small initiadlOre, as an approximation, we take the phonon scattering mean
energy, the discrepancy between the MDSMT and the DSMT predictionsfige path). and the phonon energyw from Chiaet al. [29]

small. The dotted line represents the MDSMT prediction for a hypothetic 0 ! . .
version of Device IlI for which both multiplication layers are A)Ga, 4 As. E‘l‘?r 45% Al Concentrat'on) as4nm and 32.5 meV, respectively.
lonization threshold energies for Ak Ga, 4 As and the ionization-coefficients With these estimates at hand, we estimate the total phonon loss
parameters were taken from [13]. in the p region in the vicinity of the GaAs i-layer as approxi-

mately 0.325 eV, which is approximately 17% of the initial en-

within 7% in Device Ill, as the initial-energy buildup is once€fdy When the mean gain is 20. Accounting for such a phonon
again small, and the MDSMT approximates the data very wedpss will therefore reduce the initial-energy effect and the pre-
The small error between the MDSMT predictions and the daécted excess noise factor is expected to be slightly higher than
in Devices | and 11l is most probably attributable to the fact thdhat shown in Fig. 9.
the parameters of the ionization-coefficient model for GaAs andAnother approximation used in our calculations for Device
Alo.¢Gay.4As were extracted using models that ignored the inil was that secondary holes are not allowed to ionize in the
tial-energy effect. In actuality, it is very likely that the device®-type Ab.¢Gay 4As layer, just before the i-type GaAs layer.
that generated the data used in the model fitting exhibited a wedlkhough such an ionization is theoretically possible, we expect
form of field gradient in the p-layer. Thus, the ionization coeffithat its probability is extremely small because holes entering the
cients for GaAs and AlsGay.1As inherently capture a small Alo.sGa 4As layer will encounter a sudden increase in the ion-
level of the initial-energy effect. In order to exclude the rolé&ation threshold (from 1.55 eV to 3.6 eV). Thus, in order for
of the initial energy from the ionization coefficients, the ini2 hole to impact ionize, it must gain a net energy of 2.05 eV
tial-energy-effect should be included, in conjunction with thisom the field gradient in the p-type layer. This is improbable as
MDSMT, in future model fittings which render the ionizationour calculations show that the maximum initial energy (at the
coefficients for various materials. The resulting ionization cdlighest measured reverse bias) that can be built up in Device II
efficients will then be truly material specific and independer$ No more than 1.7 eV.
of both the layer thickness and the initial energy of injected We finally point out that we have discovered that including
carriers. the mild nonuniform nature of the electric field in the calcula-
To examine the role of the bandgap-boundary effect withfiPhs was not critical at all for the devices considered in this
the two-layer multiplication region in Device I, we repeatedP@per. Excellent accuracy can be achieved by adopting the con-
the gain-noise calculation, according to the MDSMT mode$tant-field assumption, which reduces the computational com-
but with the simplistic assumption that the dead space chandiéexity significantly.
abruptly at the layer boundany,. This action clearly ignores
the bandgap-boundary-induced anticipatory nature of the elec-
tron and hole dead-space profiles depicted in Fig. 6. However,
the excess noise factors obtained under this assumption (noA number of thin heterostructure APDs have been lately
shown) are approximately 5% higher than the MDSMT praleveloped and shown to exhibit excess noise factors that
diction shown in Fig. 10, which used the correct dead-spaaee well below the predictions rendered by state-of-the-art
profile shown in Fig. 6. For comparison, we also generated thealytical avalanche multiplication models. Existing analytical
MDSMT predictions for a hypothetical version of Device Il formultiplication models, including the DSMT, all assume a
which both multiplication layers are {kGay 4As (the same single multiplication layer, and more importantly, they ignore
injected-carrier initial energy was assumed as in Device llllayer-boundary effects such as the effect of the initial energy
From Fig. 10 we see thdtpsnir iS approximately 8.5% lower of injected carriers and the boundary-bandgap effect. For ex-
than the excess noise factor for the single multiplication-layample, ignoring the initial carrier energy of an injected carrier
Alg.6Gay 4As APD (shown as a dotted curve). We thereforis convenient from a modeling perspective, as it simplifies the
conclude that the bandgap-boundary effect is not very stroagalysis by imposing that all carriers, including the injected

V. CONCLUSION
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carrier, impact ionize according to a common probability law.[10] P. Yuan, K. A. Anselm, C. Hu, H. Nie, C. Lenox, A. L. Holmes, Jr.,
However, if an injected carrier has an initial energy comparable
to the ionization threshold energy, then this is shown to cause a
significant reduction in the excess noise factor (e.g., a reduction
of 36% at a gain of 20 for a 100-nm GaAs multiplication layer).[11]
In this paper, we have generalized the DSMT recurrence tech-
nique to account for boundary effects such as the initial energy
of injected carriers and to accommodate multiple multiplication12]
layers. The effect of bandgap boundary on the dead-space
profile is also thoroughly characterized taking into account the
anticipatory nature of the dead space relative to the materidl3]
boundary. The generalized model was applied to three APDs
and very good agreement with data was achieved, whereas jy)
the case when the initial-energy effect was significant (as in
Device Il), the DSMT could not account for the data.

Finally, a type of APDs that inherently has a mechanism
for building up carrier initial-energy is the separate-absorp{1is]
tion-charge-multiplication (SACM) structure [15]. In the
SACM structure, photo-generated carriers are generated in a
low field absorption layer and travel through a charge layele]
with a linear field gradient before entering the multiplication
region. The charge layer can therefore affect the excess noise
as it may energize carriers before they enter the multiplication 7]
region. However, close attention must be given to the width of
the charge layer as it not only governs the amount of initia 18
energy but also the significance of any phonon scattering

effects, which may result in losses in the initial energy.
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