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Abstract—A method is developed for solving the coupled
transport equations that describe the electron and hole cur-
rents in a double-carrier multiplication (DCM) avalanche pho-
todiode (APD) of arbitrary structure. This solution permits us
to determine the time and frequency response of the device.
The injection can be localized to one or both ends of the mul-
tiplication region, or distributed throughout an extended re-
gion where multiplication can occur concurrently. The results
are applied to conventional APD’s with position-dependent car-
rier ionization rates (e.g., a separate-absorption-grading-
multiplication APD) as well as to superlattice multiquantum-
well (MQW) structures where the ionizations are localized to
bandgap transition regions. The analysis may also be used to
determine the dark current and include the carrier trapping at
the heterojunction interfaces. Our results indicate that pre-
vious time-dependent theories only account for the tail of the
time reponse under high-gain conditions and are inaccurate for
high-speed devices.

I. INTRODUCTION

ITH THE recent advances in high-data-rate fiber-

optic communication systems, there has been sub-
stantial interest in avalanche photodiodes (APD’s). New
structures have been introduced to enhance the gain and
speed of these devices, and reduce their noise. Numerous
theories have been developed for the analysis of APD’s.
However, since these new APD’s involve inherently po-
sition-dependent carrier ionization rates and velocities, the
analysis is rather difficult.

The mean photocurrent response of a conventional APD
(CAPD) was initially calculated by Emmons [1], [2] by
solving the carrier transport equations assuming that the
ionization rates and velocities were independent of posi-
tion within the multiplication region. Single-carrier injec-
tion at one end of the multiplication region was assumed.
Lee er al. [3] and Chang [4] separately investigated the
frequency variation of the multiplication process in DCM-
CAPD’s when the period of the sinusoidally modulated
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detected light is much larger than the carrier transit times.
Nagqvi [5] used Lee et al.’s assumptions to determine a
frequency-dependent multiplication factor due to injec-
tion of carriers at any position and combined it with
Mclntyre’s noise analysis [6] to derive the mean-square
noise current as a function of the modulation frequency.
Riad and Hayes [7] determined the frequency response of
a back-illuminated InGaAsP APD with an exponentially
decaying photoabsorption profile and position-dependent
ionization rate, assuming single-carrier multiplication
(SCM). Riad and Riad [8] used numerical methods to de-
termine the frequency response in the double-carrier mul-
tiplication (CAPD) case.

Many researchers used Naqvi’s theory in the optimi-
zation and design of low-noise large gain-bandwidth
product separate/absorption/grading/multiplication
(SAGM) APD’s [9]-[18]. Jhee et al. [9] found Emmon’s
theory inconsistent with their calculated values of the ef-
fective transit time because their SAGM devices had non-
uniform ionization rates. Campbell et al. [10] found
Naqvi’s theory in closer agreement even though they as-
sumed equal electron and hole velocities. They [11] also
proposed a method for improved frequency response by
increasing (decreasing) the carrier concentration (width)
of the multiplication region.

Shiba er al. [12] studied the frequency response of an
InGaAs avalanche photodiode by solving transport equa-
tions with position-dependent ionization rates. However,
in their calculations they neglected the effect of the grad-
ing and absorption regions on the device performance.
They also did not indicate how they obtained their solu-
tions. Recently. Campbell er al. [13] studied the multi-
plication noise of SAGM APD’s with improved frequency
response and suggested that a sufficiently general conven-
tional theory is needed to include all the aspects of their
devices (such as position dependence of ionization rates,
and distributed injection). Osaka and Mikawa [14] re-

jected the assumption that no multiplication would occur

in the absorption region under the electric fields necessary
to extend the depletion region deeply into the absorption
region and studied the effect of ionization within the ab-
sorption layer of an SAGM-APD on the device gain and
excess noise factor under steady-state conditions.

Matsuo et al. [19] investigated the time dynamics of
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SCM in superlattice devices where the ionization rates
were localized at a finite number of stages, and obtained
the response of the CAPD in the limit of a large number
of stages [20]. Brennan et al. [21], [22] used Monte Carlo
calculations to find the electron and hole ionization prob-
abilities and compared the multiquantum-well (MQW),
graded barrier, and doped quantum-well GalnAs /AllnAs
APD’s based on their gain-bandwidth product and excess
noise factor. However, they calculated the bandwidth
based on a formula that neglects the avalanche buildup
time and therefore becomes inaccurate for DCM devices.
Fyath and O’Reilly [23] and Chakrabarti and Pal [24],
[25] separately applied Naqvi’s theory to superlattice
APD’s and studied their gain-bandwidth product.

Hakim et al. [26] presented a general steady-state anal-
ysis of the gain and the excess noise factor in an APD of
arbitrary structure in which position-dependent ionization
rates, double-carrier multiplication, and dark current were
included. Hollenhorst [27] introduced a new method to
obtain the steady-state gain and excess noise factor for
arbitrary structures with localized injection. He obtained

formulas for a staircase APD with identical stages, and .

for an InGaAs/InP separate-absorption-multiplication
(SAM) APD where the ionization rates in the two regions
were assumed to be constant but different.

In this paper we provide a method to analyze the mean
gain and mean-frequency response of avalanche photo-
diodes with arbitrary structure. In particular, this method
is very convenient to analyze SAGM APD’s accounting
for spatial variation of ionization rates, multiplication in
the absorption region, and quantum efficiency. It provides
a more accurate evaluation of the 3-dB bandwidth of high-
speed SAGM and superlattice MQW APD’s in which the
mean gain is contained within the transient part of the
impulse response. Hole accumulation can also be ac-
counted for by modeling it with an incremental region at
the heterojunction surfaces characterized by a very low
hole velocity. Dark current can be easily incorporated by
introducing a constant carrier-generation function. Super-
lattice APD’s are also analyzed by letting the ionization
rates become large within an incremental layer at the
bandgap transition regions.

We first solve the coupled transport equations which
describe the electron and hole currents for an avalanche
photodiode with arbitrary structure. The injection can be
localized to one or both ends of the multiplication region,
or distributed throughout an extended region where mul-
tiplication can occur concurrently. Then we analyze two
SAPD’s and an MQW APD. Their frequency-response
functions and impulse-response functions are found.

Our results indicate that Naqvi’s theory [5] underesti-
mates the 3-dB bandwidth of the mean-frequency re-
sponse of a high-speed APD by neglecting the transient
part of the current response assuming high gain and low-
frequency modulation. Our results are in close agreement
with those reported by Campbell ez al. We confirm the
arguments and findings of Osaka et al. regarding the exact
evaluation of multiplication occurring in the absorption

region. We find that the frequency response cannot be im-
proved indefinitely by shortening the multiplication re-
gion and that tunneling is not the ultimate limit for it.
Rather, it is the multiplication within the absorption re-
gion which increases the avalanche buildup time and
makes the device noisier. This happens because shorter
multiplication regions at the electric-field levels sufficient
to extend the depletion region into the absorption layer
are also large enough to permit multiplication. This often
makes the device unstable because of the very-large ion-
ization rates. On the other hand, if the multiplication in
the absorption region and instability were to be avoided
by lowering the applied voltage, then the quantum effi-
ciency would become unacceptably small. Therefore, an
optimum structure with sufficiently large gain and quan-

‘tum efficiency should be found for which both noise is

suppressed and bandwidth is improved. Such an optimi-
zation and design will be the subject of a later publication.

II. THEORY

A. Basic Transport Equations

Under high reverse-biasing electric fields, the carrier
transport equations in the depletion region of a p-n junc-
tion take the form [1], [10]

e Lo _ a(@J,(x, 0 + BT, 1) + qo(x, )
ox v, Ot

)]

Yy L3 a0 &, ) + BEIu(x, D + qb(x, 1)
ox Uy dt

¢3)

where J,(x, £) and J, (x, t) are the electron and hole cur-
rent densities at position x € [0, W], W being the deple-
tion-region width. The ionization rates o (x) and B (x) are
functions of the electric field, and ¢ (x, f) is the sponta-
neous or photo-induced rate of generation of electron-hole
pairs at x, and g is the electron charge. These partial dif-
ferential equations must be solved, given the boundary
condition of an injected electron current J, (0, 1) = 6(p) at
x = 0, and/or an injected hole current J, (W, 1) = 6(¢) at
x = W. OnceJ,(x, 1) and J, (x, 1) are determined, the total
current induced in the external circuit that results from
charge transport within the device is

1 w
0 =3 S " Velx, ) + Jy(x, D] dx. ©)

Since we are only concerned with the stable solutions.
Laplace transform techniques can be used. If J,(x, s),
J, (x, 5), and ¢ (x, s) are the Laplace transform of J,(x, 1),
J(x, 1), and é(x, 1), respectively, then (1) and (2) give

%J(x, s) = A(x, 5)J(x, 5) + ¢(x, 91 )
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where
AG, 5) = [a(x) - s/v, Bx) } _ {a b}
—a(x) s/v, — B(x) c d
Jo(x,
Jx, 5) = lr « s)}
Ju(x, 5)
and

=l )

The Laplace transform of the total current then becomes

w
1= vy s swora
W Ji=0

It is difficult to solve (4) in the general case when A is
a function of x, but analytical solutions exist for constant
A. Our approach is to divide the depletion layer of the
device into incremental layers within each of which o and
B are assumed constant, so that

ak) =o; B =8 o 5) = ¢(s)

A(x, s) = Ai(s)’ forxe [xl'—hxi]y i = la T, N

with xo = 0, and xy = W. We solve (4) forx € [x;_,, x;]
with arbitrary boundary value J(x;, s) and obtain the over-
all solution by matching the solutions at the layer bound-
aries.

Since analytical exact solution is obtained within each
incremental layer, computation is straightforward. How-
ever, our computation method can be improved if the ion-
ization rates could be approximated by piecewise-linear
functions rather than by constants. However, even a lin-
ear dependence of the matrix A(x) does not permit an an-
alytical solution to (4). If A(x) could be decomposed into
other special matrices which are suitable for analytical so-
lution then computation time would decrease and conver-
gence would be faster [28], [29]. .

B. Solution in a Single Layer

After diagonalizing the matrix A;(s), the solution within
the ith layer is

Jix, 5) = Pi(x, )J(x;_y, 5) + Gi(x, s),

xelx_y,xl, i=1-,N (6)
where

Pi(x, 5) = exp [A;(x — x;_)]

!:Ai(x = Xi_1,8) Bi(x —x_,, S)J
Clx —xi_1,8) Dix —x;_y, 5

X

Gi(x, ) = ¢:i(9) S exp [A;(x — x")]1 dx’

Xi—

~ [Gn(x, S)]
h Galx, )

and
A[(x7 S) = Al(xa S) + aAZ(xv S)
Ci(x, s) = cAy(x, s) Di(x, s) = A (x, s) + dAy(x, s)

¢i(s)
)\2 - )\]

B;(x, s) = bA;(x, 5)

Gi(x,s) =

[N —a+ bW

t@=b-N\N)HW)

¢:(5)
)\2 - )\]

+ e —d+N)HK)]

Gi2(x7 S) =

(=N —cH d)§i

with
Ay exp (Ax) — N\ exp (A\x)
)\2 - )\I

Al('x7 S) =
exp (Mx) — exp (M%)
N =N

-x-)] -1
A

CAyx, $) =

exp [A (x

Gix,8) =

exp [A(x —x_ )] — 1
A, '

A, and A, are the eigenvalues of A; and are given as

g‘Z(x’ S) =

_(a+d) + Va+d) - 4ad — bo)
1.2 — ) .

A, Ny AL Ay, 4, 6, and a, b, ¢, d all depend on i; their
indices have been suppressed for convenience.

C. Overall Solution

We now combine the solutions at the different layers
and match the boundary values to obtain the overall so-
lution. Denoting J; = J;(x;, s), P, = P;(x;, 5), and G, =
G;(x;, 5), and using (6), we get the recursion formula for
the boundary values

Ji=PJi_, +G, i=1+-+,N. (7

If J, were known, J; could be determined by applying (7)
iteratively. Since Jy is not known, we relate Jy to J, by
successive application of (7) to obtain

Jy=RJ, + H 8)
where

N R, R
- R_{ . ]

j=t R, Ry

N—-1 N H
H:Z{H P,}GMGN:[']

k=1 (j=k+1 H,

Since J, (W, s) and J, (0, s) are the only two unknowns in
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the vector equation (8), it can be solved, yielding
‘Ih(W’ S) - HZ - RZIJe(09 S)

Jh(o, S) = R22
so that the vector
J. 0, s)
JO = J(O! S) =
Jh(o, S)

is determined.

D. Impulse Response Function

The total current density in (5) can now be expressed
as a sum

J(s) = lwé S:| V., s) + Jplx, )] dx
1 N
=5 B @i+ C)JGimy)
+ (B; + D)Jy(xi—y) + Gy + Gy &)

where 4;, B;, C;, D;, G;;, and G, are the integrals of 4;(x),
B;(x), Ci(x), G; (x), and G (x), respectively, within the
ith layer. They are given by

(O L el QRO L ¢

where
, exp ()\]l,) -1
A
and
g_, _ eXp ()\21,) -1
2 )\2 .

Equations (7) and (9) describe the total electric current in
the device for any carrier ionizations rates, velocities, and
generation rates.

The frequency response function of the device (i.e., the
response to a harmonically modulated light intensity) is
J(j2xf). The impulse response function J(z) is the inverse
Laplace transform of J(s) when ¢ (x, f) is an impulse in
time, i.e., equals g(x) 6(?).

E. Gain .

The value of J(j2xf) at f = 0 (which is equal to the
area under J(£)) is the gain. We have verified numerically
that this gain is consistent with the conventional formula.
In the literature superlattice devices are often described
by discrete localized multiplication regions in which the
distributed ionization coefficients « and 8 are lumped into
probabilities P and Q. The foregoing analysis, however,

10)

A = N - N used the general case of the continuous ionization rates.
Therefore, for the sake of comparison, correspondence
B = b -6 between «, 8 and P, Q is derived in the following. The
TN N general gain formula is [6], [14]
. X w x '
Jeo + Jino €XP [— SO (a@x") — 6(x’))] dx' +4q SO &(x) exp [— SO (a(x") — B&")) dX’] dx
M= w x
Jo {1 - SO a(x) exp {—S (@) — BG) dx']dx}
0
C=c -8 where J.q and J,,,, are electron and hole injection currents,
! N - N respectively, g(x) is the carrier injection rate distribution,
and J, is the total injected current
b o Qe = )it = O = ) v
MM JO=JE'(,+JhW+qS_0g(x)dx.
and T
N For the case of electron injection only, Jj, = 0 and g(x)
G, = ¢i(s) »—atb & - 1) = (, whereupon the gain simplifies to
NN N !
1
a—b— N\ M, = ‘ .
S v (e 1.-)} v < ,
) 1 - . a(x)exp | — , (a(x') — B&')) dx' | dx
dis) (=M —c+d
Gy = i
v ol B W G
Since «(x) is zero everywhere except in the ionization
+ c-d=- N & - l-)} regions as shown in Fig. 1, the outer integral will only
N ' need be evaluated within these regions. By evaluating the

(11

(12)
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Fig. 1. The device structure and the ijonization rate profiles for

Gag 471ng s3As /Al 4sIng s,As simple multiquantum-well APD. There are
nine 500- A layers with 100- A wide ionization regions at their interfaces.
The electron and hole ionization rates are « = 4.57 x 10°cm™' and 8 =
5.45 x 10* cm™', within the ionization regions, and zero outside. These
rates correspond to probability of ionization P = 0.58 for electrons and Q
= 0.056 for holes. Single electron injection is assumed at the left-most
layer so that g(x) is a delta function at x = 0.

integral for x in the kth region, and summing for all such
identical regions each with width D, we get

1

N
1 - kZ e HP@=B gD _ 1
=1

M =

n

Now, by defining P and Q such that

P=exp[SSa(x)dx} —1=e® -1

and

1l
Q

Q= exp[ssﬁ(x) dx} -1

where S indicates that the integral is over one stage, we
obtain the well-known discrete formula [5]
M= P-00+p"
n P(l + Q)N+l _ Q(l + P)N+|-

(13)

III. APPLICATIONS

We have applied the foregoing equations to two differ-
ent APD structures; a superlattice multiquantum-well
APD and a conventional multilayer APD.

A. Superlattice or Multilayer Heterojunction APD

The first example is a Gag 4Ing 53As / Alj 45Ing 5As sim-
ple multiquantum-well APD in which electrons and holes
ionize at abrupt bandgap transition regions [22]. The de-
vice structure and the ionization rate profile is illustrated
in Fig. 1. There are nine 500-A layers with 100-A long

jonization regions at their interfaces. The electron and

hole ionization rates are « = 4.57 X 10° cm™ and 8 =
5.45 x 10* cm™', respectively, within these regions, and
zero outside. These rates correspond to P = 0.58 and Q
= 0.056, which are plausible estimates based on simu-
lation studies [22]. Single electron injection is assumed at
the left-most layer. The electron velocity is 10" cm /s and

the hole velocity is 3 X 10° cm/s. A total of 34 incre-
mental layers are used in the computations.

The frequency response has a 3-dB bandwidth of 8.5
GHz as shown in Fig. 4 (labeled MQW). The value of
J(f) at f = 0 is the area under the current response and
corresponds to a gain of 15.5. Brennan [22] estimated the
3-dB bandwidth of this device as 9.2 GHz by using the
approximate relation [19]

1

- 2ant, + Tp) (14)

where m is the number of stages, and 7, and 7, are the
electron and hole transit times per stage, respectively.
Clearly the assumption that the avalanche buildup time is
negligible is not correct and even residual amount of hole
ionization (Q = 0.056) is sufficient to reduce the band-
width.

The impulse response is shown in Fig. 5. Time re-
sponse is clearly nonexponential. However, the tail is ex-
ponential with a time constant of 19 ps. The initial re-
sponse has multiple peaks corresponding to the arrival
times of the original injected electrons and their first and
second generations. The small lobes at the end of the fre-
quency response correspond to these sharp peaks of the
current. As compared with SAM-APD’s of the same gain,
MQW-APD’s have much faster time responses and lower
excess noise factor because of their short width and lo-
calized ionization layers. An expression for the excess
noise factor F, is readily available in the literature, and
F, for this device is 2.72 [22].

B. Conventional Multilayer APD

The second example is a three-layer InP/InGaAsP /
InGaAs SAGM APD described by Osaka and Mikawa
[14]). Two devices are considered with multiplication
widths 2 pm (Fig. 2) and 1 um (Fig. 3). They will be
hereforth referred as SAM2 and SAM1, respectively. The
photogeneration-rate profile is the same for both devices
as shown in Fig. 2. The doping in the multiplication,
grading, and absorption layers for both devices are 1.5 X
10'%, 1.0 x 10'°, and 1.0 x 10'"® em™3, respectively. The
spatial variations of electric field, depletion region width,
carrier-ionization rates, and photogeneration rate are given
by Osaka and Mikawa [14, eqs. 1-3, 8-9]. Ionization rate
profiles are schematically shown in Figs. 2 and 3. For a
gain of 15.5, the maximum field in SAM1 and SAM2 is
504.6 and 550.5 kV /cm, respectively. Electron and hole
velocities are 10" and 5 x 10° cm /s, respectively. A total
of 3000 incremental layers are used in the computations.

The frequency responses are the solid curves in Fig. 4
labeled (SAM1) and (SAM2). The low-frequency portion
of these responses indicate that the impulse response dies
off exponentially for large times. The multiple peaks at
high-frequencies correspond to the onset of multiplication
occurring during the first hole transit time. The dashed
curves in Fig. 4 are obtained by Naqvi’s formula for the
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Fig. 2. The SAM2 device geometry and jonization-rate profiles for a three-
layer InP/InGaAsP/InGaAs SAGM APD with a multiplication region
width of 2 um. Carrier ionizations occur essentially in the multiplication
region. The photogeneration-rate profile g(x) is shown schematically. The
doping in the multiplication, grading, and absorption layers for both de-
vices are 1.5 x 10'®, 1.0 x 10'°, and 1.0 X 10'® cm™*, respectively.
Photogenerated holes are injected from the left.

M |G| A

lym .5 pm 2}1m

b
31 pw
21/
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17 \‘-:.\ ..

1 2 3 X(pm)

Fig. 3. SAMI. Same as SAM2 except that the multiplication region width
is 1 pm. Carrier ionizations occur both in the multiplication and absorption
regions. Photogeneration is not shown; it is same as in SAM2 but extends
deeper into the absorption region.

current response due to an injected photoelectron [35, eq.
13 adjusted for hole injection]

15)

M, is the mean gain given by (12) and 7, is the ‘‘corrected
intrinsic response time’’ for electrons

Tn

w w
exp [— S (a(x’) — B(")) dx'] dx

- v, + vy, SO x
(16)

where « is the ‘“correction factor’’ to include the effect of
carrier induced displacement current [30]. According to
Naqvi {5] « = 0.5 for /o = 0.1 and v, /v, = 2, and
k = 1.5 for 8 = a and v, = v,. The dashed curves in
Fig. 4 are obtained for x = 1.0 and 0.5 for SAMI and
SAM2, respectively. These curves show a similar low-
frequency behavior. A precise low-frequency match can
be obtained for SAM1 by adjusting the value of . Since
Nagqvi’s theory neglects the divergence of the total current
density in solving the transport equations, it does not pre-
dict the high-frequency response and is less accurate for
high-speed devices. Clearly, Naqvi’s formula does not
account for the multiple peaks at high frequencies. The

(3]

W) /q
3

w

0
10" 1 10 10°
FREQUENCY (GHz)
Fig. 4. Mean frequency responses of the three devices considered. The
3-dB bandwidth for MQW, SAM2, and SAMI are 8.5, 3, and 0.8 GHz,
respectively. The low-frequency behavior corresponds to the exponential
tails of the corresponding time responses. The lobes at high frequencies
corresponds to the peak of the time response. The dashed curves are ob-
tained by Naqvi’s theory [5], and they agree well for the low frequencies
but differ at higher frequencies.

discrepancy with Naqvi’s simplified theory is greater for
SAM?2 even for k = 0.5 because it is a high-speed device,
i.c., the half-power response time is comparable to the
carrier-transit times.

The bandwidths for SAM1 and SAM2 are 0.8 and 3
GHz, respectively. Thus the multiplication in the absorp-
tion layer reduces the bandwidth considerably. Cambell
et al. [9] report 3-dB bandwidths between 1.4 and 3.8
GHz at a gain of 10 for SAGM APD’s with similar geom-
etries to the ones considered here.

The time responses (Figs. 5 and 6) have sharp peaks
corresponding to the hole transit time but, unlike the
MQW APD, they decay smoothly. This is because carrier
multiplication is equally likely to occur at any position in
these devices. The tails are exponential with decay times
of 200 ps for SAM1 and 53 ps for SAM2. Even though
SAM2 has a faster response at the same. gain, it suffers
from low quantum efficiency. Quantum efficiencies for
SAM1 and SAM2 are 0.75 and 0.23, respectively.

The design of such multilayer devices involves trade-
offs between the effects of transit times and the avalanche
buildup time to attain high-gain, low-noise, and high-
speed devices. The transit time is the time it takes for a
carrier to transverse the device length. The response time
is the time it takes for the carrier-multiplication process
to end. Clearly the response time is greater than the transit
time because of the avalanche buildup time. The speed of
the device is governed by its response time. A short mul-
tiplication region enhances the speed of the device since
it corresponds to shorter carrier transit times. This, how-
ever, results in an undesirable increase of the ionization
rates in the absorption region due to the large electric field.
This in turn increases the avalanche buildup time as well.
as increases the noise. In devices with longer multiplica-
tion region the electric field becomes sufficiently small so
that no (or minimal) multiplication occurs in the absorp-
tion region. This, of course, comes at the expense of in-
creased transit times and noise, and reduced speed. The
results indicate that the former short-multiplication-re-
gion device (SAM1) is slower than the latter (SAM2),
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Fig. 5. The mean impulse response current as a function of time for the
MQW APD. The first sharp peak corresponds to the first arrival time of
the injected electron and the subsequent peaks are due to arrivals of sec-
ondary generations of electrons and holes.
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Fig. 6. The mean impulse response currents as a function of time for (a)
SAM2 and (b) SAMI. The sharp peaks correspond to the arrival time of
the injected holes. The time response of SAMI1 is longer because it suffers
from the multiplication in the absorption region, even though it has a shorter
multiplication region width. The SAM2, on the other hand, suffers from
low quantum efficiency, and instability at high bias voltages.

confirming that the effect of avalanche buildup time on
device speed outweighs the effect of longer transit time.
The latter device suffers less noise since it does not have
concurrent multiplication and carrier injection which carry
more uncertainty than localized lumped injection.

IV. CoNCLUSION

We have derived equations for the time and frequency
responses of APD’s with arbitrary structures, including
position-dependent ionization rates. The analysis also ad-
mits concurrent spontaneous or photo-induced electron-
hole generation with an arbitrary distribution. This theory
is applicable to different devices with varying architec-
tures. The results have been used to determine the re-
sponses of two important structures whose time responses
have not been accurately determined before. The dark
current can also be studied by using a uniform thermal
generation rate within each layer of the device. The hole
accumulation at the heterojunction interfaces can be char-
acterized by incremental layers in which the hole velocity
is small.

Our results indicate that Naqvi’s theory [5] underesti-
mates the 3-dB bandwidth of the mean frequency response
of a high-speed APD by neglecting the transient part of
the current response assuming high gains and low-fre-
quency modulation. Our method provides a more accurate
evaluation of the 3-dB bandwidth of high-speed SAGM
and superlattice MQW APD’s in which the device gain is
contained within the transient part of the impulse re-
sponse.

We confirm the arguments and findings of Osaka et al.
[14] regarding the exact evaluation of multiplication oc-
curring in the absorption region. We find that the fre-
quency response cannot be improved indefinitely by
shortening the multiplication region and that tunneling is
not the ultimate limit for it. Rather, it is the multiplication
within the absorption region which increases the ava-
lanche buildup time and makes the device noisier. This
happens because shorter multiplication regions at the
electric field levels sufficient to extend the depletion re-
gion into the absorption layer are also large enough to
permit multiplication. This often makes the device un-
stable because of the very large ionization rates. On the
other hand, if multiplication in the absorption region and
instability were to be avoided by lowering the applied
voltage, then the quantum efficiency would become un-
acceptably small. Therefore, an optimum structure with
sufficiently large gain and quantum efficiency should be
found for which both noise is suppressed and bandwidth
is improved [31].
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