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Abstract—We present numerical and analytically based calculations
of the impulse response function of a simple GaAs/AlGaAs multi-
quantum-well avalanche photodiode. The ical approach involves
the direct simulation of the electron and hole transport in the device.
An iterative approach is used in that the parent electron distribution
is first simulated yielding the velocity profile as a function of position,
transit-time distribution of the parent and daughter electrons, and the
daughter-hole distribution. The daughter-hole distribution is subse-
quently simulated using the time of birth and spatial location of each
secondary hole as initial conditions. The calculation continues itera-
tively in this fashion yielding a picture of the time evolution of the
impulse response function. The analytical calculation is based on the
use of a marked filtered Bernoulli branching process. Each event of
this process contributes electron and hole component currents appro-
priate to the times and positions of the particle births. Both analytical
and simulation results are presented for single-carrier-initiated single-
carrier-multiplication (SCISCM) devices. The similarities and
differences in the outcomes of the two approaches are instructive. Only
simulation results are presented for devices in which secondary hole-
initiated ionization occurs.

[. INTRODUCTION

HE performance of a lightwave communications sys-

tem is judged by its ability to transmit and receive
well-defined optical pulses at a high rate with a low in-
cidence of error. Receiver performance is determined by
measures such as the bit error rate (which is dependent on
intersymbol interference) and the bandwidth. Presently,
optical communications system performance is primarily
limited by detector or receiver noise.

Avalanche photodiodes (APD’s) are widely used as the
detector elements in high-speed digital lightwave com-
munications networks owing to their relatively large gain-
bandwidth product at acceptable noise levels. The gain,
and excess noise factor of an avalanching device, depend
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predominantly on the ratio of the electron to hole ioniza-
tion coeflicients [1]-[3]. However, the maximum bit de-
tection rate, as well as the probability of error, require a
more detailed description of the carrier currents.

APD’s operate by converting incident absorbed pho-
tons into cascades of electron-hole pairs [4], [5]. Specif-
ically, an absorbed photon produces an initial electron—
hole pair (parent carriers) within the front-illuminated p*
contact. Due to the action of a reverse-bias field, the hole
is immediately swept out of the contact while the electron
is accelerated through the depletion region. Under high
reverse bias, the electron, on average, attains sufficiently
high energy for impact ionization giving rise to a second-
ary electron-hole pair. The initial and secondary carriers
resume their flight through the device during which ad-
ditional electron-hole pairs are produced. In this way, a
cascade of secondary carriers is generated by each inci-
dent photogenerated electron.

The multiplication process introduces noise due to fluc-
tuations in the number of secondary carriers created per
detected photon. This noise, which arises in addition to
the usual shot and thermal noises present in an electronic
device (hence its name, excess noise), is minimized under
single-carrier-initiated ~ single-carrier ~ multiplication
(SCISCM) conditions [1]-[3], [6]. The bandwidth, which
is the inverse of the time of response of the detector, also
achieves its optimal (largest) value under SCISCM con-
ditions. Therefore, for high-speed and low-noise opera-
tion, an APD must be operated such that only one carrier
species ionizes.

APD’s that are made from most III-V semiconducting
material systems (which are sensitive to radiation most
useful in lightwave communications) cannot simulta-
neously provide high gain, low noise, and large band-
width owing to the nearly equal electron and hole ioni-
zation coefficients. Thus, further engineering of the
material, i.e., the use of superlattices or multiquantum-
well structures, is desirable. Chin et al. [7] first suggested
a means of artificially enhancing the electron-to-hole ion-
ization rates ratio, and consequently improving the gain,
noise, and bandwidth performance of the detector, through
the use of a multiquantum-well/superlattice structure.
Owing to the greater conduction to valence band-edge
discontinuity in the GaAs/AlGaAs lattice matched het-
erostructure system, they predicted that the electron ion-
ization rate would be sizeably greater than the corre-
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sponding hole ionization rate. Subsequent experimental
measurements [8]-[10] and theoretical analyses [11]-[14]
have confirmed that the electron ionization rate can be
significantly enhanced over both its bulk value and the
hole ionization rate within superlattice structures.

Several general methods have been devised that act to
artificially enhance the electron-to-hole ionization rates
ratio through selective heating of the electron distribu-
tion. Among these techniques are the use of heterostruc-
ture potential-step discontinuities as in a multiquantum
well/superlattice structure [7], [15], [16]; the use of a
built-in electric field arising from a fully depleted p-i-n
[17]-[19], p-n homojunction [20], or p-n heterojunction
[21] in conjunction with a band-edge discontinuity; the
use of impact ionization from confined quantum-well
states [22]-[24]; the use of resonant tunneling in a super-
lattice structure [25], [26]; and the use of a separate ab-
sorption grading and multiplication layer device (SAGM-
APD) [27]. In all of these devices, the electron ionization
rate is greatly enhanced over the hole ionization rate and
is also made more spatially deterministic than in conven-
tional APD’s. This has the additional feature of further
lowering the excess noise figure from that possible within
a conventional APD [3], [28].

Aside from the gain and excess noise factor, it is im-
portant to determine the bandwidth, or equivalently the
temporal response of the device, as well as the bit error
rate in order to fully characterize the detector as a receiver
in digital communications systems [29]. Both the tem-
poral response as well as the bit error rate depend upon a
complete statistical description of the electron current.
The bit error rate, the ability of the detector to distinguish
between a ‘‘one’’ and a ‘‘zero,’’ is most dependent upon
the tails of the counting distributions, which are generally
only weakly reflected in the excess noise factor [30]. It is
difficult to analytically determine the bandwidth in the
presence of residual secondary hole ionization.

The bandwidth is determined in part by how quickly the
current pulse, generated by an incident pulse of photons,
decays. If an APD exhibits considerable time dispersion,
its ability to handle a high-speed data train is severely
compromised. Adjacent pulses ‘‘bleed’’ into one another
causing what is known as intersymbol interference [29].
Consequently, the APD will fail to discern separate
pulses, which leads to detection errors.

The time reponse of an APD is shortest in the absence
of secondary hole ionization; it then depends only upon
the combined transit times of the electrons and holes.
However, when the secondary holes (those produced from
electron-initiated impact ionization events) impact ionize
(SCIDCM conditions), the impulse response shows con-
siderable broadening [31]-[33].

We present numerical and analytical calculations of the
impulse response function of a simple multiquantum-well
superlattice avalanche photodiode (MQW SAPD) made
from the GaAs / AlGaAs material system (see Fig. 1). The
analytical formulation is based on the use of a Bernoulli
branching process [6], [30]. Each event of this process is
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Fig. 1. Energy-band diagram of the multiquantum-well (MQW) superlat-
tice avalanche photodiode (SAPD) under (a) unbiased (equilibrium) and
(b) reverse-biased conditions. For the purposes of illustration and cal-
culation, the device consists of m stages (m = 5 is shown), each of
which comprises a 500-A layer of GaAs followed by a 500-A layer of
AlGaAs.

marked by simple electron and hole component currents
appropriate to the times and positions of the particle
births. The analytical approach is similar to that used pre-
viously for the staircase superlattice APD [6]. The nu-
merical approach involves the direct simulation of the car-
rier transport in the device via an ensemble Monte Carlo
calculation. From the simulation, both the temporal re-
sponse as well as the gain fluctuation can be ascertained.
The details of the numerical and analytical formulations
are presented in Sections II and III, respectively. The cal-
culations for SCISCM conditions are discussed in Section
IV, while those for SCIDCM conditions are presented in
Section V. Finally, conclusions are drawn in Section VI.

II. DESCRIPTION OF THE NUMERICAL CALCULATIONS

The numerical calculations are based on the direct sim-
ulation of the underlying microscopic current processes
that dictate the device performance. The calculations are
performed using the ensemble Monte Carlo technique,
which consists of the simulation of the trajectories of a
collection of carriers in the device structure subject to an
applied electric field in conjunction with the device po-
tential profile. The carrier histories are traced in both real
and k-space including the full details of the conduction
and valence band structures and all of the relevant phonon-
scattering mechanisms [34]. In this way, the time evolu-
tion of a photogenerated pulse of electrons is rigorously
determined.

The temporal response of the device is defined as the
time course of the current delivered by the device to the
external circuit in response to a single photogenerated car-
rier pair. The total current is the superposition of the elec-
tron and hole currents generated in the circuit from within
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the semiconductor, which are instantaneously propor-
tional to the carrier velocities. Each initially injected pho-
togenerated electron (parent electron) traverses the entire
length of the device and, therefore, delivers a complete
charge g to the external circuit. Each secondary electron—
hole pair created within the device, from an impact ion-
ization event, also delivers a net charge g to the external
circuit. Therefore, each individual electron created within
the depletion region of the APD induces only a portion of
the total charge g in the external circuit, such that the total
charge arising from the motion of the electron and hole
taken together is g. Another way of understanding this is
to recall that current flow is defined as the passage of a
charge through a complete circuit. Within the semicon-
ductor, the total path is partly traversed by the electron
and partly by the hole, such that the total distance traveled
together is equal to the total device length W. As a simple
bookkeeping tool, we define the charge delivered by each
electron and hole separately as an effective charge whose
total for each electron-hole pair sums to q. The electron
and hole effective charges are defined, then, as

at = | i a
it = | (e e (1)

where g = ¢* + gj, and i, and i, are the electron and hole
currents, respectively. The total charge delivered is then

q= S i,(t)dt + S in(t) dt. (2)

The contribution to the circuit current i,(¢) for an in-
dividual carrier traversing a multiquantum-well superlat-
tice avalanche photodiode depends on the carrier velocity
in the device v,(t), in accordance with the relation ()
= (q/w) v, (1), where q is the electronic charge and w is
the length of the device. This relation is obtained by ap-
plying the well-known general result j (#) = pv(t) (where
J () is the current density and p is the charge density ) to
a volume comprised of cross-sectional area A and length
w. The time course of the overall current pulse i(¢) =
ir (t) generated in the external circuit by an avalanche of
carriers built up from a single photogenerated carrier is
simply obtained by superimposing the time-dependent ve-
locities of the initial carrier, and those of the daughter
electrons and holes created at the AlGaAs-GaAs conduc-
tion-band interfaces, as indicated below. The effective
charge delivered by the electron to the circuit is, there-
fore, the ratio of the integral of the electron instantaneous
velocity over time to the sum of the integrals of the elec-
tron and hole instantaneous velocities over time multi-
plied by the total charge g, i.e.,

g =gq S v.(t) dt/H v (1) dt + g v (1) dt}. 3)

Notice, however, that the denominator of (3) is simply
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equal to the total length of the device w. Therefore, the
total current delivered to the external circuit becomes

ir(1) = 2 (i, (1) + in(1))
ir(1) = (¢/w) L v.(1) + (q/w) Zu(t)  (4)

where the sums are taken over all of the carriers present,
parents and daughters. Therefore, the total current is
found from the sum, over the total number of carriers of
the instantaneous carrier velocity at that time multiplied
by the ratio of the electron charge g to the total device
length w.

The actual simulation involves an iterative approach.
First, a deterministic number of photogenerated electrons
are launched and their motion through the device is
tracked. When an impact ionization event occurs, the time
and spatial location of the secondary electron-hole pair is
recorded and the daughter electron is added to the simu-
lation. This continues until all of the initial parent elec-
trons, and all of the secondary electrons born of them, are
collected at the n* contact. The electron current at a fixed
time ¢ is given by the sum of the instantaneous electron
velocities calculated from the gradient of the E (k) rela-
tion. This current response is called the electron current
in the first iteration.

The hole transit histories are next simulated, using as
the initial condition the holes born in the first iteration for
the electrons. The random number of holes are launched
in accordance with their spatial locations determined in
the first iteration, and their time of flight is equal to the
sum of their transit time and the time delay prior to their
birth. The instantaneous hole current is found in a way
similar to that for the electrons. Again, the simulation ends
after the initial holes, and all of the secondary holes born
from hole-initiated impact ionization events, are collected
at the p* contact. The secondary electrons born from these
events are tracked in the second electron iteration, using
as initial conditions the spatial location of the electron
births as well as the time delay in their production. The
total current is calculated after the electron and hole first
iterations from (4). In general then, successive iterations
are based on the birth locations and times derived from
the former iteration, which are used as the input of the
current iteration. The birth locations and times of the
daughter carriers produced in the current iteration are re-
corded and used in the next iteration. It is important to
note that the behavior of each electron and hole, once
born, is statistically independent of the others. Therefore,
the electron and hole currents can be calculated as de-
scribed above.

We present results for three complete iterations of the
electron and hole transport in a simple GaAs /AlGaAs
multiquantum-well APD, consisting of 500-A barriers
and wells. The devices are assumed to have five full stages
(m = 5). We then calculate the standard deviation of the
impulse response function that results from both random-
ness in the gain and in the birth times. The standard de-
viation of the impulse response function is obtained by
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Fig. 2. Standard deviation of the electron current after 60 (curve 1) and
30 (curve 2) trials determined from use of the Monte Carlo simulation

simulating numerous subensembles of carriers. The mean
response and standard deviation of this set of subensem-
bles is then obtained. The number of trials is determined
by examining the rate of convergence of the calculation.
As an example, the standard deviation of the electron cur-
rent is shown in Fig. 2 after 30 and 60 trials. Although
the convergence is evident, we use 60 trials in all of our
calculations.

Because of computer time limitations, results are pre-
sented only for the standard deviation of the electron cur-
rent. In order to obtain different histories, the random-
number seed is altered after each trial.

II1. DESCRIPTION OF THE ANALYTICAL MODEL

The simulation studies described in Section II have been
used to provide the electron velocity profile, as a function
of position, for a single electron traversing the entire de-
pletion region of the MQW SAPD device. Presently we
lack the full details of the AlGaAs conduction band. In its
place, we use a modified version of the pseudopotential
generated GaAs conduction band in the sense that the
bandgap and threshold energy are adjusted accordingly.
The lack of the current low-energy details of the AlGaAs
conduction band has little effect on the impact ionization
rate, but can significantly effect the calculation of the ve-
locities. Nevertheless, the calculations presented here give
a reasonable estimate of the velocity profile. A more re-
fined calculation is in progress. This velocity profile is
shown in Fig. 3(a) for a five-stage device (m = 5) con-
sisting of 500- A alternating layers of GaAs and AlGaAs.
The analogous velocity profile for a single hole, transiting
backward through four stages of the depletion region of
the device, is illustrated in Fig. 4(a). The electron veloc-
ities are on the average larger in the small bandgap ma-
terial than in the large bandgap material. This is in accord
with expectations from a simple model in which momen-
tum increases with increasing energy. The hole velocities
have just about the same average value in both materials.
For both electrons and holes, there are substantial peaks
in the carrier velocity at both the GaAs/AlGaAs and the
AlGaAs /GaAs band-edge discontinuities.
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A. Underlying Physical Basis

These position-dependent electron and hole velocity
profiles are most readily idealized by using the average
carrier velocities in the two materials as shown in Figs.
3(b) and 4(b), respectively. The mean electron velocities
in the two materials are then v, (GaAs) = 1.0 X 10’ cm/s
and v,(AlGaAs) = 9.10 X 108 cm/s, and the mean hole
velocities are taken to be the same, 7.30 X 10° cm/s.
Comparison of Figs. 3(a) and (b) with Figs. 4(a) and (b),
respectively, shows that the use of a simple two-velocity
model for the analytical calculations is far from ideal, but
it is of interest to see how well this simple model will do
in predicting the impulse response function.

Calculation of the MQW SAPD circuit current requires
the time-dependent velocity profiles of the carriers, rather
than the position-dependent velocity profiles. This con-
version is readily effected for the two-velocity model, and
is illustrated in Fig. 5. The current contribution af("‘)(t)
for an electron born (or injected) at the kth unit cell (see
Fig. 1) is presented in Fig. 5(a). The mean electron transit
times in the two materials, 7,(GaAs) and 7,(AlGaAs),
are indicated. These transit times are obtained from the
relationship 7, ,(GaAs, AlGaAs) = d/v, ,(GaAs, Al-
GaAs), where d is the layer width (500 A). The sketch
shows 7,(AlGaAs) > 7,(GaAs). This is a result of the
fact that v, (AlGaAs) < v,(GaAs), i.e., that the electron
spends more time in the AlGaAs on average. The analo-
gous current contribution b{™ (1) for a hole born at the
kth unit cell is shown in Fig. 5(b). Here, 7,(AlGaAs) ~
7,(GaAs), because the hole spends about the same time
in the AlGaAs as in the GaAs on average. More gener-
ally, T, will differ in the two materials as shown in the
sketch. T, and T, are defined as the mean electron and
hole transit times across one unit cell of the structure, re-
spectively, i.e.,

T, (5a)
T, = 7,(GaAs) + 7,(AlGaAs). (5b)

The mean current is g/mT, and ¢q/mT, for the electron
and hole, respectively. The total charge contributed to the
MQW SAPD circuit from an electron-hole pair born at
an arbitrary location within the depletion region (1 < k
< m) is q. This may be easily verified by integrating the
two current pulses shown in Fig. 5 and then summing
them.

An examination of Fig. 1(b) demonstrates that the ini-
tially injected electron drifts the entire length of the de-
vice before arriving at the n* contact. Assuming short-
circuit device conditions, this produces a current pulse in
the circuit beginning at = 0 and extending to t = 57,
with mean value q/5T,, as shown in Fig. 5(a) with k =
1. The total charge delivered to the circuit by this electron
is g. The initial hole does not contribute to the current
because it is immediately swept out and traverses no dis-
tance.

If one of the initial electrons creates an electron-hole
pair at the second AlGaAs-GaAs interface, for example,

7,(GaAs) + 7,(AlGaAs)

i
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Fig. 3. Electron velocity profile, as a function of position, for a single electron traversing the entire depletion region of the MQW SAPD device. The
velocity profile obtained from the multiparticle Monte Carlo simulation is shown in (a) for a five-stage device (m = 5) consisting of 500- A alternating
layers of GaAs and AlGaAs. The idealized profile shown in (b), with mean electron velocities in the two materials given by v,(GaAs) = 1.0 x 10’
cm/s and v, (AlGaAs) = 9.1 X 10° cm/s, is used for the analytical calculations.

where £ = 2 (this happens with probability P), the daugh-
ter electron will give rise to a current pulse in the circuit
that is delayed by 7, and of shorter duration than the pri-
mary pulse (i.e., of duration (m — 1) T, rather than mT,),
but of the same magnitude (q/mT,). On the other hand,
the conjugate hole travels backward, traversing one unit
cell before reaching the contact. It, therefore, contributes
a current pulse delayed by 7,, with duration 7},, and mean
magnitude q/mT,.

B. Theory

The flow diagram for the current pulse generated in the
circuit of a general m-stage SAPD, by a single photoge-
nerated carrier undergoing random Bernoulli multiplica-
tion, is presented in Fig. 6. The single photogenerated
carrier is represented by the input 8 (¢). The current pulses
generated by individual electrons and holes created at the
kth unit cell are designated a{™ (¢) and b{™ (1), respec-
tively, as illustrated in Fig. 5. The current pulse arising
from the carrier born at the first unit cell (k = 1) is iden-
tical to that created by the initial photogenerated carrier

since they both traverse all m stages of the device. Thus
ag” (1) = ai™(1). (6)

As indicated above, holes at the p* contact will contribute
no current so that

bi™ (1) = 0. (7)

The quantities z,, 25, * "+, %, * * * , 2, are independent
identically distributed Bernoulli random variables satis-
fying Pr{z = 0] = 1 — P and Pr[z = 1] = P. The
electron current pulses i{™ () and the hole current pulse
i™ () are sums of the constituent a,’s and b,’s, respec-
tively, weighted by the appropriate Bernoulli random var-
iables representing their likelihoods of contribution. The
total current pulse i (1) is, in turn, a superposition of
the electron and hole currents. Since the total current pulse
represents the response to a single primary event, it is
equivalently designated as i(¢) or as the single-injected-
carrier impulse response function A (1), i.e.,

i7(t) = h™(1) = i(1). (8)
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Fig. 4. Hole velocity profile, as a function of position, for a single hole transiting backward through four stages of the depletion region of the device.

The velocity profile obtained from the multiparticle Monte Carlo simulation is shown in (a) for an m = 5 device consisting of 500-A alternating layers
of GaAs and AlGaAs. The idealized profile shown in (b), with mean hole velocities in the two materials both given by 7.0 x 10° cm/s, is used for

the analytical calculations.
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Fig. 5. Current contributions for (a) an individual electron and (b) an in-
dividual hole born (or injected) at the kth unit cell of an m-stage MQW
SAPD. These current contributions are proportional to the time-depen-
dent velocity profiles of the carriers. The electron and hole transit times
7 in the two materials are shown, as are the mean electron and hole transit
times across one unit cell of the structure, denoted T, and T, respec-
tively. The mean current is g¢/mT, and q/mT), for the electron and the
hole, respectively. The total charge contributed to the MQW SAPD cir-
cuit from an electron-hole pair born at an arbitrary location within the
depletion region (1 < k < m)is q.
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Fig. 6. Flow diagram detailing contributions to the single-photon impulse
response function k™ (1) for the m-stage SAPD with time dynamics.
The input 6(r) represents the presence of a single photogenerated car-
rier. the a;’s and b,’s are component electron and hole currents, respec-
tively, whereas the z,’s are Bernoulli random variables. The total current
is equivalently designated as i {™ () or A" (r) or simply i(¢).

Although the diagram presented in Fig. 6 is the same
as that used previously for the staircase SAPD [6, Fig.
6(a)], the a;’s and b;’s differ in the two structures. This
is because the velocities of the electrons and holes in the
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graded regions of the staircase SAPD are well modeled
by constant values whereas the MQW SAPD requires a
more complex velocity model for the electrons.

The flow diagram of Fig. 6 is easily translated into a
mathematical expression for the (random) total current
i(1) [6, eq. (13)]

() = af(0) + 3 wfaf(0) + 67(0)]

k-1

L (1 +2,), (9)

The functions a{™(¢) and b{™)(t) are displayed in Fig. 5.
The mean of (9), therefore, is written as

m = 1.

(G(0) = (af () + P 3 (14 P
[(a @) + (o)) (10)

representing the mean circuit-current impulse response
function induced by a single injected carrier. Expressions
for the mean-square current ([i()]?) and the autocor-
relation function of the current R™(¢,, t,) are omitted
because of their length.

C. Random Transit Time

A more accurate model would ascribe randomness to
the four velocities (and, therefore, to the four transit
times) of the carriers, and would also permit them to as-
sume values that differ from stage to stage. We have ob-
tained an approximate probability density function for the
electron transit time across an MQW SAPD device struc-
ture consisting of five unit cells for a field of 400 kV /cm
using our simulation analysis. The result is illustrated in
Fig. 7; it turns out to have a shape that is rather Gaussian-
like with a standard deviation o, that is about 14 percent
of the mean electron transit time ¢ 7, ), i.e., the coeffi-
cient of variation of the transit time is given by

a,/{1,) = 0.14. (11)

Although the impulse response function can be ob-
tained for an analytical model that incorporates random
transit times [6], the expression is complex and difficult
to deal with. The idealization that we have used here,
which invokes three constant velocities, turns out to be
acceptable as will become apparent when we compare the
analytical and simulation results for the impulse response
function in the next section.

IV. CoMmpARISON OF IMPULSE RESPONSE FUNCTIONS
OBTAINED FROM SIMULATION AND ANALYTICAL STUDIES

It is of interest to compare the MQW SAPD impulse
response functions obtained from simulation and from an-
alytical modeling. This is useful in establishing the valid-
ity of, and ascertaining the roles played by, various ele-
ments in both models. The examples provided are for a
five-stage (m = 5) MQW SAPD structure with alternat-
ing layers of GaAs and AlGaAs, each of 500-A thick-
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Fig. 7. Simulation result for the approximate probability density function
for electron transit time across five unit cells of the MQW SAPD, with
a field of 400 kV /cm. The shape of the distribution plotted in curve 2
resembles the Gaussian distribution plotted in curve 1, where g, = 0.677
and (7, ) is equal to the mean of the total transit time, 4.97 ps.

ness, operated at a field of 400 kV /cm. Hole-initiated im-
pact ionization is assumed to be absent in both cases (Q
= 0).

The impulse response functions obtained from the sim-
ulation and from the analytical model are illustrated in
Fig. 8(a) and (b), respectively. The electron impact ion-
ization probability P used in the calculations was chosen
to be 0.338 to render the gain identical in both cases. The
ordinate units for the simulation result are proportional to
the total number of carriers used for the simulation
whereas those for the analytical result assume a single ini-
tial carrier. The abscissa units for the simulation results
are directly in picoseconds whereas those for the analyt-
ical results are in units of 7,, which is the electron transit
time across one unit cell of the device. Since the width of
the unit cell is 2d = 1000 A, and the mean electron ve-
locity is = 107 cm/s, T, = 1 ps, and the abscissas are
essentially identical.

The general similiarity of the impulse response func-
tions presented in Fig. 8(a) and (b) is apparent, indicating
the general capabilities of both models for predicting the
impulse response function. In particular, both curves ini-
tially exhibit a rising region with undulations. The gen-
eral increase is associated with the multiplication process
whereas the undulations reflect the velocity modulation as
the electrons alternately traverse GaAs and AlGaAs. Both
curves peak at about 47,; this is, in fact, the time at which
the last impact ionization occurs in this five-stage device.
Finally, beyond 47,, both curves decay and exhibit a
rather flat tail that reflects the backward transit of the non-
ionizing holes through the depletion region of the device.

Several subtle distinctions between the curves are wor-
thy of mention. These are interesting in that they reflect
differences in the two approaches. The analytical impulse
response function is generally less smooth than the sim-
ulation function and it exhibits a shorter tail. Both of these
characteristics can be attributed to the assumption of con-
stant transit time (velocity) for each carrier in each ma-
terial in the analytical model. As indicated earlier, transit-
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Fig. 8. Comparison of impulse response functions obtained from (a) sim-
ulation and (b) from analytical modeling for a five-stage MQW SAPD
structure with alternating layers of GaAs and AlGaAs, of 500-A thick-
ness each, operated at a field of 400 kV /cm. Hole-initiated impact ion-
ization is assumed to be absent in both cases (Q = 0). The ordinates are
arbitrary but the abscissas have essentially identical units. Although the
general similarity of the impulse response functions is apparent, subtle
distinctions reflect differences in the two approaches.

time dispersion is embodied in the simulation model but
not in (this version of) the analytical model. We have
previously shown that the effect of transit-time dispersion
is to smooth and extend the impulse response function
(compare [6, Figs. 7 and 11]). Finally, the simulation
current begins at zero whereas the analytical current does
not. The flat initial portion of the analytical impulse re-
sponse function is a result of the assumption of delta-
function photon absorption at the p* boundary of the de-
vice (see Fig. 1). Photon absorption actually takes place
more gradually, introducing a dispersion into the initial
carrier injection. The principal consequence of this effect,
which can be readily calculated, is to remove the flatness
from the initial portion of the analytical impulse response
function shown in Fig. 8(b). Furthermore, various kinds
of specially designed absorption regions can be intro-
duced prior to the MQW device to optimize absorption.
This would permit greater multiplication to take place in
the device, but at the expense of a decrease in the time-
bandwidth product.

The simulation and analytical electron-current contri-
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Fig. 9. Electron-current contributions to the impulse response function,
together with their one-standard-deviation (1-SD) limits, for (a) simu-
lation and (b) analytical calculations. Uncertainty can arise from both
gain randomness and transit-time randomness, as reflected in (a). Only
gain randomness is permitted to occur in (this version of) the determin-
istic transit-time analytical model.

butions to the impulse response function, together with
their one-standard-deviation (SD) limits, are shown in
Fig. 9(a) and (b), respectively. The simulation 1-SD lim-
its were obtained by repeated computer runs, each using
a small number of electrons. The analytical 1-SD limits,
on the other hand, were obtained from (9) and (10) or,
equivalently, on the basis of formulas for the mean and
variance of the gain random variable at each stage [3],
[6]. Uncertainty can atise from both gain randomness and
transit-time randomness in the physical device, and this
is clearly reflected in the uncertain height and uncertain
width of the simulation results presented in Fig. 9(a). Only
the former source of randomness, however, is permitted
within the confines of the deterministic transit-time ana-
lytical model.

V. IMPULSE RESPONSE FUNCTION FOR THE MQW
SAPD UnDer SCIDCM CoONDITIONS

All of the resuits for the MQW SAPD presented to this
point pertain to structures that exhibit only single-carrier-
initiated single-carrier multiplication (SCISCM). Using
the simulation technique, we are able to obtain the im-
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pulse response function under single-carrier-initiated dou-
ble-carrier-multiplication (SCIDCM) conditions.

Previous work [12], [14] indicates that significant hole
multiplication occurs in GaAs/AlGaAs simple multi-
quantum-well structures operated at sufficiently high re-
verse bias to be useful. Therefore, it is necessary to fur-
ther investigate the temporal response of these devices in
the presence of secondary hole ionization. The analytical
theory has not yet been extended to the double-carrier
multiplication case. However, the numerical model can
be used.

The numerical simulation completely tracks all of the
carriers, electrons, and holes born during the passage of
the initial electron pulse through the device. As described
in Section II, an iterative solution is employed. The first
electron iteration includes the dynamics of the parent pho-
togenerated electrons and all of the subsequent secondary
electrons born from the parents or their direct ‘‘descen-
dents.”” The time and spatial location of the secondary
holes born in the first electron iteration are recorded and
later simulated in the first hole iteration. In Section IV,
we repeated the hole flights in the absence of further car-
rier multiplication. The response terminated once all of
the carriers, electrons, and secondary holes were col-
lected. In the calculations presented below, hole multi-
plication is included. Therefore, multiple iterations are
necessary in order to determine the temporal response.
As shown below, the solution converges after three iter-
ations. Therefore, all of the SCIDCM calculations treated
here are taken to three iterations.

The instantaneous electron and hole currents, as a func-
tion of elapsed time, for the first three iterations are pre-
sented in Figs. 10 and 11, respectively, for a five-stage
GaAs/AlGaAs simple multiquantum-well APD operated
at a reverse-bias field of 350 kV /cm. The lower field used
in this case is necessary to avoid avalanche breakdown
conditions. The apparent ‘‘noisiness’’ of the hole current
is in part due to the choice of scale in the figure. Notice
that the hole response lags and extends the electron re-
sponse significantly; for the first iteration, the hole re-
sponse (Fig. 11) requires more than 12 ps to decay,
roughly twice that for the electrons (Fig. 10).

The overall impulse response function, which is the sum
of the electron and hole currents, is presented in Fig. 12.
There is a significant difference between the first and third
iterations; the duration is increased by =8 ps. The pres-
ence of only a relatively small amount of secondary hole
ionization acts to greatly extend the duration of the pulse.
In the case presented in Fig. 12, the hole ionization prob-
ability is 0.035 per stage while the electron ionization
probability is 0.338. Of course, the second and third it-
erations arise only because of the secondary hole ioniza-
tion. In its absence, the pulse decays in a much shorter
time as illustrated in Fig. 8.

At lower applied fields, where the hole ionization rate
is lower, the pulse delay is correspondingly shorter. At
sufficiently high applied fields, avalanche breakdown oc-
curs and the impulse response function will not decay at
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Fig. 10. Electron-current contributions to the impulse response function
calculated using the simulation technique in the presence of secondary-
hole-initiated ionization events.
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Fig. 11. Hole-current contributions to the impulse response function cal-
culated using the simulation technique under single-carrier-initiated dou-
ble-carrier-multiplication (SCIDCM) conditions.
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Fig. 12. Overall impulse response function calculated using the simulation
technique under SCIDCM conditions. The presence of only a relatively
small amount of secondary hole ionization (Q = 0.035) acts to greatly
extend the duration of the pulse.

all. This is an unstable operating condition of the device.
The applied field of 350 kV /cm chosen here is used as a
means of illustrating the temporal response of the device
and is not to be considered as the optimal operating point
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of the simple multiquantum well device. Future work will
investigate the temporal response of other devices, such
as the doped quantum well structures, whose performance
is expected to be superior to that of the simple multiquan-
tum-well APD’s.

VI. DiscussioN AND CONCLUSION

The impulse response function for an MQW SAPD was
obtained from simulation studies based on electron and
hole transport in the device, via an ensemble Monte Carlo
approach. The trajectories of a collection of carriers in the
device structure were simulated, subject to an applied
electric field in conjunction with the device potential pro-
file. The carrier histories were traced in both real space
and k-space and the full details of the conduction and val-
ence-band structures and all of the relevant phonon scat-
tering mechanisms have been included. Results were ob-
tained both in the absence of, and in the presence of, hole-
initiated impact ionizations. The simulation results in the
absence of such events were found to accord reasonably
well with calculations based on an analytical model.

The analytical expression for the time course of the im-
pulse response function arising from a single photocarrier
entering the multiplication region of an MQW SAPD was
derived under the assumption of SCISCM. The model
comprises 1) constant (but different) velocities for each
carrier in each material and 2) Bernoulli multiplication at
each stage of the device. Mathematically, the impulse re-
sponse function can be described as resulting from a
marked filtered Bernoulli branching process [6], where the
(deterministic) filter-function shape depends on the stage
of initiation, the number of stages of the device, and the
mean electron and hole transport times in the two mate-
rials. Delta-function absorption was assumed at the p*
boundary of the multiplication region. The avalanche
buildup time 7,, was zero since SCISCM conditions were
assumed to prevail [28].

The numerical results, using the ensemble Monte Carlo
simulation, indicate that the simple analytical expression
for the bandwidth

B=1/m(s, + 1,) (12)

where m is the number of stages, and 7, and 7, are the
electron and hole transit times per stage, respectively, is
invalid due to significant hole multiplication at high ap-
plied electric field strengths. Therefore, the bandwidth of
these devices can be very much smaller than that pre-
dicted under SCISCM conditions, leading to poor tem-
poral response.

Recently, a new device, the doped quantum-well APD
[17]-[21], has been proposed that provides nearly four
orders or magnitude enhancement in the electron-to-hole
ionization rates ratio. As a consequence, this device can
provide significant gain while operating under near-
SCISCM conditions. The time response of a typical
GaAs/AlGaAs p-i-n doped quantum-well APD is pre-
sented in Fig. 13. As can be readily seen from this figure,
the first and second iterations of the current are essentially
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Fig. 13. Overall impulse response function for the doped quantum well
device calculated using the simulation technique. Notice that the pres-
ence of a vanishingly small hole ionization rate has little effect on the
overall time response as indicated by the virtually identical curves for
the two iterations.

identical. This implies that the secondary hole ionization,
owing to its vanishingly small magnitude, has virtually
no effect on the time response of the device. Therefore,
the simple bandwidth relation is valid for the doped quan-
tum-well device leading to very high speed performance.
The overall applied field used in the simulation is 150
kV /cm, which yields an electron impact ionization prob-
ability of 0.332. Future work will investigate in more de-
tail the temporal response of the doped quantum-well
structures.

The time response of an APD depends not only upon
the avalanche buildup time, but also on the carrier diffu-
sion time and the device RC time constant. These quan-
tities, though important in assessing overall device per-
formance, are less controllable in the design of APD’s
than the avalanche buildup time. Both the RC time con-
stant and carrier diffusion delay will be roughly the same
in comparable APD’s since they depend upon parameters
that cannot, in general, be further engineered.

An additional factor influencing the temporal response
of a multiquantum-well APD is carrier pile-up at the het-
erobarriers. This effect, present in superlattice/multiquan-
tum well structures, can greatly decrease the bandwidth
of the device. In material systems in which the conduction
band edge discontinuity is large and the applied electric
field is relatively low, extensive trapping of charge car-
riers within the wells can occur [35]. This in turn leads to
very slow device response. We have found [14], [35] that
carrier trapping is of greatest importance in the Ga-
InAs /AllnAs system since the conduction band edge is
significantly larger, ~0.55 eV, and the applied fields
necessary to induce impact ionization are much lower than
in the GaAs /AlGaAs system. Generally, carrier trapping
within GaAs/AlGaAs simple multiquantum well struc-
tures does not occur until the applied field becomes less
than ~ 150 kV /cm. At this low an applied field, the ion-
ization rate is too low for effective device operation.

In summary, we have presented the basic physics of the
temporal response of multiquantum-well APD’s using
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both analytical and numerical models. It is found that the
doped quantum-well APD can mimic SCISCM conditions
at useful gain, while the simple MQW APD exhibits a
much longer time response than that predicted on the basis
of single-carrier-multiplication conditions. Therefore, for
high-speed high-gain low-noise operation, the doped
quantum-well APD is predicted to well outperform the
simple MQW APD. '
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