
IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 47, NO. 3, MARCH 2000 625

Dead-Space-Based Theory Correctly Predicts Excess
Noise Factor for Thin GaAs and AlGaAs Avalanche

Photodiodes
Mohammad A. Saleh, Majeed M. Hayat, Member, IEEE, Bahaa E. A. Saleh, Fellow, IEEE, and

Malvin Carl Teich, Fellow, IEEE

Abstract—The conventional McIntyre carrier multiplication
theory for avalanche photodiodes (APD’s) does not adequately
describe the experimental results obtained from APD’s with thin
multiplication-regions. Using published data for thin GaAs and
Al0 2Ga0 8As APD’s, collected from multiplication-regions of
different widths, we show that incorporating dead-space in the
model resolves the discrepancy. The ionization coefficients of
enabled carriers that have traveled the dead-space are determined
as functions of the electric field, within the confines of a single
exponential model for each device, independent of multiplica-
tion-region width. The model parameters are determined directly
from experimental data. The use of these physically based ioniza-
tion coefficients in the dead-space multiplication theory, developed
earlier by Hayat et al. provides excess noise factor versus mean
gain curves that accord very closely with those measured for each
device, regardless of multiplication-region width. It is verified
that the ratio of the dead-space to the multiplication-region width
increases, for a fixed mean gain, as the width is reduced. This
behavior, too, is in accord with the reduction of the excess noise
factor predicted by the dead-space multiplication theory.

Index Terms—AlGaAs, dead space, excess noise factor, GaAs,
gain, impact ionization, ionization coefficients, thin avalanche pho-
todiodes.

I. INTRODUCTION

I N MANY optical systems, avalanche photodiodes (APD’s)
are preferred over p-i-n detectors because of the gain they

provide. Unfortunately, this gain is accompanied by excess
noise that arises from randomness in the coupled avalanche of
the very electrons and holes that give rise to the gain in the first
place.

APD noise is most readily characterized by a quantity called
the excess noise factor [1], [2]. A mathematical form for this
function was first obtained by McIntyre [3] in a classic paper
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published some 30 years ago. McIntyre showed that the excess
noise factor is solely dependent on the mean gainand on
the ratio of the ionization coefficients for holes and electrons.
This result is predicated on two assumptions, however: 1) that
the avalanche multiplication-region is uniform and 2) that the
ability of electrons and holes to effect an impact ionization is
not dependent on their past history. In spite of its simplicity,
McIntyre’s approach has been eminently successful in charac-
terizing the results of a whole host of experiments with conven-
tional thick APD’s.

McIntyre’s results can be generalized by relaxing either (or
both) of the assumptions implicit in his model. Modern bandgap
engineering has made it possible to create arbitrary multilayer
APD structures with decidedly nonuniform multiplication-re-
gions. In multiquantum-well APD’s [4], [5], the carrier multi-
plication process is constrained to take place at certain preferred
locations in the material, which are determined by the externally
engineered superlattice. This restriction reduces the randomness
in the birth locations, and thereby requires for its description a
theory that admits nonuniform multiplication [6]. Clearly, the
expression for the excess noise factor will then depend not only
on and but also on the detailed structure of the device [6],
[7]. Similarly, the effect of past history on the ability of a carrier
to impact ionize and create a new carrier pair can also be taken
into account, as has been demonstrated by Okuto and Crowell
[8] and Hayatet al. [9]–[11]. The physical rationale behind the
introduction of carrier history is as follows: after each impact
ionization an ionizing carrier must travel a sufficient distance
(the so-called dead space) to gain enough energy that will en-
able it to cause another impact ionization.

Both of these modifications typically reduce gain fluctuations
because they eliminate some randomness. This phenomenon
clearly cannot be accommodated within the McIntyre theory
[3], [12]. Okuto and Crowell [8] were the first to account for
the dead-space effect by replacing the conventional ionization
coefficient with a nonlocal coefficient. They developed a theory
for the mean multiplication and numerically calculated the mean
gain. Later, Hayatet al.[10], [11] formulated a dead-space mul-
tiplication theory (DSMT) that determines the mean gain, the
excess noise factor, and the probability distribution of the gain.
Moreover, the DSMT set forth in [11] assumes a nonuniform
electric field and can be used to accommodate arbitrary history-
dependent ionization coefficients. It was shown in [10] and [11]
that dead-space reduces the excess noise factor, and more impor-
tantly, this reduction increases as the ratio of the dead-space to

0018–9383/00$10.00 © 2000 IEEE



626 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 47, NO. 3, MARCH 2000

the multiplication-region width increases. Subsequently, exper-
iments and Monte Carlo simulation studies alike have demon-
strated that there is a concomitant reduction of the excess noise
factor as the multiplication-region width is reduced [13]–[17].
It is precisely because of this reduced noise that avalanche pho-
todiodes with thin multiplication-regions have evinced substan-
tial interest in the detector community. Recently, Liet al. [18]
and Onget al. [19] have shown that in thin APD’s the dead-
space represents a significant fraction of the multiplication-re-
gion width and that dead-space plays an important role in re-
ducing the excess noise factor.

Application of the DSMT [10] requires knowledge of the non-
local ionization coefficients of enabled carries that have trav-
eled the dead space. Existing models [20], [21] of experimen-
tally determined ionization coefficients are, however, calculated
by applying the McIntyre theory [3], and thus are representative
of effectiveionization coefficients. Unfortunately, the ionization
coefficients of enabled carriers cannot be linked in a straightfor-
ward way to the experimentally determined effective ionization
coefficients [22]. However, based on mean-free-path considera-
tions, the reciprocal of the ionization coefficient of enabled car-
riers is sometimes approximated by the reciprocal effective ion-
ization coefficient less the dead space. In the absence of a com-
plete theory for the ionization coefficients of enabled carriers, Li
et al. [18] invoked the above mean-free-path considerations to
modify the experimentally determined effective ionization co-
efficients reported in [20] and [23]. The ionization coefficients
reported in [23] are based on a semi-analytical model and have
not been validated experimentally. Using these approximate ion-
ization coefficients of enabled carriers in conjunction with the
DSMT, Li et al. [18] predicted the gain-noise characteristics of
thin APD’s. More recently, McIntyre [24] and Yuanet al. [25]
used the DSMT developed by Hayatet al.[10], [11] to study the
excess noise factor and frequency response of thin avalanche
photodiodes. However, the formulation presented in [24] does
not provide a straightforward way of extracting the ionization
coefficients from a set of measurements. Nonetheless, the in-
troduction of certain nontrivial analytical approximations used
in calculating ionization coefficients, which depend on the so
called history-dependent electric fields, yielded good agreement
between the predicted and measured excess noise factors for
GaAs APD’s of varying thicknesses [25].

One of the main contributions of the current paper is to pro-
vide a methodology and procedure for calculating material-spe-
cific ionization coefficients of enabled carriersdirectly from
gain and noise measurements without having to resort to prior
analytical or simulation based models for the ionization coef-
ficients. Specifically, we extract the ionization coefficients by
fitting the gain and noise data to the DSMT directly. This is
the principal distinction between our work and that reported in
[18] where the ionization coefficients are obtained from mean-
free-path considerations. Moreover, in contrast to the technique
reported in [18], where the ionization threshold energies are
taken to be adjustable parameters obtained by fitting the data
to the DSMT, our approach utilizes ionization threshold en-
ergies available in the literature. Furthermore, the calculated
material-specific ionization coefficients of enabled carriers are

shown to obey a universal model (framed in terms of the elec-
tric field) which is independent of multiplication-region width.
Finally, we use the universal model for the ionization coeffi-
cients of enabled carriers in conjunction with the DSMT to cor-
rectly predict the gain and noise characteristics of GaAs and
Al Ga As APD’s.

II. DEAD-SPACE MULTIPLICATION THEORY

We begin this section by reviewing some germane aspects
of the dead-space multiplication theory (DSMT). dead-space
arises from the fact that band-to-band impact ionization can only
occur when an electron or hole has sufficient kinetic energy to
cause another electron to make a transition from a valence band
state to a conduction band state through their mutual interaction.
The smallest possible value for the kinetic energy of the ionizing
particle that can achieve this is termed the ionization threshold
energy. The minimum distance that a newly generated carrier
must travel in order to acquire this threshold energy is called
the carrier dead space [8]. In the ballistic model [8], the elec-
tron and hole dead spaces are given by

(1)

(2)

respectively, where is the uniform electric field in the multipli-
cation-region, and are the ionization threshold energies
of the electron and hole, respectively, andis the charge of an
electron.

The gain statistics under uniform and nonuniform electric
fields have been developed and reported in [10] and [11]. The
theory involves recurrence equations of certain intermediate
random variables and . The quantity ( )
is defined as the overall electron and hole progeny generated
by a single parent electron (hole) at the pointin the multipli-
cation-region. The multiplication-region is assumed to extend
from to , and the direction of the electric field
within the multiplication-region is assumed to be pointing from

to . For an electron-injection APD, the random
gain of the APD, , is simply which can
be further reduced to since .
According to [10, Eqs. (14) and (15)], the averages of
and , denoted by and , respectively, obey the
following recurrence equations:

(3)

(4)

where and are the probability density functions
(pdf’s) of the random free-path lengths and of the
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electron and hole, respectively. If we define the ionization
coefficients ofenabledelectrons and holes byand , a simple
(but reasonable) model for the above pdf’s is given by [10]

(5)

(6)

where is the unit step function [ if , and
otherwise]. Using these relations to obtain solutions

to (3) and (4) leads to the mean gain

(7)

while the excess noise factor, defined by , is
given by

(8)

Here, and are the second
moments of and , respectively, and are governed by
the following recurrence relations (these are [10, Eqs. (18) and
(19)]):

(9)

(10)

The recurrence equations (3), (4), (9), and (10) can be solved to
estimate and by using a simple iterative numerical recipe
(Picard iterations) as outlined in [10].

The above recurrence equations demand knowledge of the
electron and hole ionization coefficients ofenabledcarriers. In
addition, the calculation of electron and hole dead spaces from
(1) and (2) requires knowledge of the ionization threshold ener-
gies of the electron and hole ( and ). By assuming knowl-
edge of the electric field and ionization threshold energies, one
can search (by varying and and solving for and ) for
the values of and that yield specified gain and excess noise
factor.

The dependence of the electron ionization coefficient on the
electric field is often modeled by the equation

(11)

where , , and are parameters that are chosen by fitting
measured gain-noise data [20], [21]. A similar form is also used
for the hole ionization coefficient. After calculating unique pairs

of electron and hole ionization coefficients for every pair of ex-
perimental gain and excess noise factor (corresponding to a spe-
cific electric field ), one can obtain the parameters, , and

by fitting the ionization coefficients to the model given by
(11). In the next section, a search algorithm is outlined that ex-
ploits this scheme to estimate the ionization coefficients of en-
abled carriers.

III. A PPLICATION OF THEDEAD SPACE MULTIPLICATION

THEORY TO GAIN-NOISE DATA

To demonstrate the applicability of the DSMT to APD’s
with thin multiplication-regions of various widths, we make
use of the GaAs and AlGaAs homojunction APD data reported
by Anselmet al. [16]. These authors reported gain and excess
noise factor measurements for four GaAs APD’s with multi-
plication-region widths of 100, 200, 500, and 800 nm; and for
fourAl Ga As APD’s with widths of 200, 400, 800, and
1600 nm.

A. Estimating the Dead Space

In order to employ the DSMT recurrence equations (3), (4),
(9), and (10), it is necessary to determine the electron and hole
dead spaces ( and ) using (1) and (2). We consider the
electron and hole ionization threshold energies for GaAs to be
1.7 and 1.4 eV [26], respectively; and for AlGa As to be
1.84 and 1.94 eV [27], respectively. Calculation of the electric
field requires knowledge of the total voltage across the junc-
tion. Since the above information is not available in [16], we
estimate the electric field for each pair of gain-noise data by
using the width dependent model for the ionization coefficients
provided by Anselmet al. [16].1 By reverse-engineering their
model, we are able to determine the electric-field valuefor
each gain-noise data point for all devices.

We will call theeffectivehole and electron ionization coeffi-
cients modeled by Anselmet al. in accordance with McIntyre
theory [3], and , respectively, and denote their ratio as.
Anselmet al. fit the mean gain and the excess noise factor for
each device (with specified width) to determine a specific value
of by using the conventional expression for the excess noise
factor [2]

(12)

Hence, for each set , is given in [16]. The knowl-
edge of the multiplication-region width is then used in the
conventional expression for the mean gain [2]

(13)

and the coefficient is determined. Now by equating with
the corresponding device specific model forprovided in [16],

1The parameter values for Anselm’s width-dependent model used in this
paper (listed in Tables I and II) are taken from a preprint version of [16].
However, there seem to be typographical errors in the tabulated parameter
values in the published version of [16].



628 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 47, NO. 3, MARCH 2000

Fig. 1. Excess noise factor (F ) versus mean gain (hGi) characteristics of an
APD parameterized by the ratio of the hole coefficient to electron coefficient
k, according to the conventional McIntyre theory [3]. The points 1, 2, and 3
illustrate samples of (hGi, F ) pairs generated in the process of finding the
ionization coefficients of enabled carriers using the dead-space theory.

we can back-calculate the electric field.2 The electron and hole
dead spaces can then be calculated using (1) and (2).

B. Determining the Universal Model for the Ionization
Coefficients of Enabled Carriers

We estimate the ionization coefficients of enabled carriers
by a simple search algorithm. To clarify the rationale for the
search algorithm, we consider the general behavior of the excess
noise factor as a function of the mean gain with the hole to elec-
tron ionization ratio used as a parameter, as shown in Fig. 1.
Clearly, for a fixed mean gain, increasingresults in an increase
in the excess noise factor. Note that this general behavior is ex-
hibited by both the conventional multiplication theory and the
DSMT. It is clear from this general behavior that corresponding
to each pair , and for a specific material and electric
field, there exists a unique value of. Furthermore, the quanti-
ties , , and (along with knowledge of the electron and
hole dead spaces) uniquely determineaccording to the DSMT.
Hence, for each pair , a unique pair exists and
can be determined.

The search algorithm for the unique pair,and , is based
on exploiting the above one-to-one correspondence between

and . To illustrate the procedure, consider
the sample data point marked by the symbol in
Fig. 1. The value of and are set to and , respectively,
to start the search procedure.3 Substituting and in (3), (4),
(9), and (10), and numerically solving these equations allow the
mean gain and the excess noise factor to be calculated using (7)
and (8). Note that the resulting pair , shown as point 1

2This method of calculating the electric field prevents us from incorporating
all of the data points reported in [16] since some of the gain-noise data points
do not fit well to the curve given by (12). This suggests that the values ofk

provided by Anselmet al. result in a marginal fit for these data points so that
the corresponding calculated electric-field values are not highly accurate. To
minimize such error, we excluded the 1600 nm AlGa As device from con-
sideration, for which most of the data points did not fit well to the curve given
by (12).

in Fig. 1, underestimates the measured values. We would then
increase until the calculated mean gain matches (shown
as point 2 in Fig. 1). From this point and on, we further adjust

and concomitantly to increase the excess noise factor,
bringing it closer to while maintaining the mean gain at

. In this last step, any increase inmust be accompanied
by a reduction in (and vice versa) to maintain the calculated
mean gain at . For example, in Fig. 1, point 2 is still
below , and must therefore be raised (causing the
calculated value of to increase) while adjusting to a lower
value to maintain the mean gain at . This results in point 3
in Fig. 1 where is now slightly overestimated.

The foregoing adjustments are repeated with progressively
finer changes in and until . (The
relative tolerance used in our calculation for establishing con-
vergence is 0.01.) This completes the procedure for estimating
the ionization coefficients of enabled carriers. Although this cal-
culation is highly accurate, it is computationally demanding be-
cause of the required numerical solution of the recurrence equa-
tions (each data point requires approximately 45 min of CPU
time on a SUN SPARC-20 workstation). Higher computational
efficiency may be achieved (with less accuracy) using the re-
cently reported analytical approximations of the mean gain and
the excess noise factor [28].

For each type of material, GaAs and AlGa As, we are
able to find a single set of parameters,, , and for the
exponential model provided in (11), that fits the estimated ion-
ization coefficients and as functions of the electric field,
independentof multiplication-region width. The applicability
of this universal model is confirmed by comparing the exper-
imental gain-noise data with the versus plot that is gen-
erated using the ionization coefficients predicted by this width
independent model. To plot as a function of for each de-
vice, we calculate and for the same range of the electric
field used in [16] to produce the gain-noise data. For each de-
vice, the data points from [16] with the lowest and highest mean
gains define the range of electric field used. In Section IV, this
theoretical prediction of mean gain and excess noise factor is
compared with the experimental data.

IV. RESULTS

The sets of width-independent parameters and that
yield the best fitting universal exponential model for the calcu-
lated values of and using the DSMT are provided in Ta-
bles I and II. In addition, Tables I and II also show the sets of
width-dependentparameters , and reported by Anselm
et al. [16] as well as those from Bulmanet al. [20] and from
Robbinset al. [21] for bulk materials.

Tables III and IV show the relative dead space, defined as
the ratio of the dead-space to the multiplication-region width,
for the different devices. A thin device requires a higher elec-
tric field to provide the same mean gain as a thick device,
and the dead-space associated with the thin device is therefore
less than that in the thick device. Nevertheless, the relative

3Recall that� and� are the coefficients obtained using the model in [16].
We used the values of� and� from [16] as starting points, instead of using
an arbitrary pair, to save computation time. The derived values of� andk are
not dependent on the McIntyre theory [3].
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TABLE I
PARAMETERS FOR THEEXPONENTIAL IONIZATION-COEFFICIENTMODEL FORGaAs

TABLE II
PARAMETERS FOR THEEXPONENTIAL IONIZATION-COEFFICIENT

MODEL FORAl Ga As

TABLE III
RELATIVE DEAD SPACE WIDTH FOR FOUR THIN GaAs APD’s PRODUCING

COMPARABLE MEAN GAIN. THE LOWER AND UPPERLIMITS OF THE ELECTRIC

FIELD PRODUCE THELOWER AND UPPERLIMITS, RESPECTIVELY, OF THE

MEAN GAIN AND THE RELATIVE DEAD SPACE

dead-space in Tables III and IV is seen to increase as the mul-
tiplication-region width is reduced. This behavior is in agree-
ment with the results reported by Liet al. [18] and Onget al.
[19]. This explains the observed reduction in the excess noise
factor in thin devices as a consequence of its dependence on
the relative dead-space [10].

TABLE IV
RELATIVE DEAD SPACEWIDTH FOR THREEAl Ga As APD’s PRODUCING

COMPARABLE MEAN GAIN. THE LOWER AND UPPERLIMITS OF THE ELECTRIC

FIELD PRODUCE THELOWER AND UPPERLIMITS, RESPECTIVELY, OF THE

MEAN GAIN AND THE RELATIVE DEAD SPACE

Fig. 2. Electron ionization coefficient (�) of GaAs as a function of the electric
field. Symbols represent the ionization coefficients of enabled carriers obtained
from the data of four thin GaAs APD’s [16] in conjunction with the DSMT while
the solid curve represents the universal exponential model for these coefficients.
The dashed curve represents the effective ionization coefficients obtained by
[20] using the McIntyre theory [3] on bulk GaAs.

The electron and hole ionization coefficients for GaAs are
presented in Figs. 2 and 3, whereas those corresponding to
Al Ga As are presented in Figs. 4 and 5. It is evident from
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Fig. 3. Hole ionization coefficient (�) of GaAs as a function of the electric
field. Plot symbols are the same as in Fig. 2.

Fig. 4. Electron ionization coefficient (�) of Al Ga As as a function
of the electric field. Symbols represent the ionization coefficients of enabled
carriers obtained from the data of three thin AlGa As APD’s [16] in
conjunction with the DSMT while the solid curve represents the universal
exponential model for these coefficients. The dashed curve represents the
effective ionization coefficients obtained by [21] using the McIntyre theory [3]
on bulk Al Ga As.

Figs. 2–5 that for each material, the calculated electron and
hole ionization coefficients of enabled carriers,and for all
devices, with different multiplication-region widths are fit by
a single exponential model. This is very much in accord with
expectation since physical principles dictate that the ionization
coefficient of an enabled carrier should be independent of
multiplication-region width. These figures also show that the
effectiveionization coefficients for the bulk materials (obtained
from [20] and [21], corresponding to widths of3–5 m) are
smaller than the ionization coefficients of enabled carriers in
thin APD’s, as expected. The hole ionization coefficient of
Al Ga As (shown in Fig. 5) is the only exception, where
it turns out that the ionization coefficients of enabled carriers
are comparable with the bulk coefficients. The cause of this

Fig. 5. Hole ionization coefficient (�) of Al Ga As as a function of the
electric field. Plot symbols are the same as in Fig. 4.

Fig. 6. Comparison of the DSMT-predicted and experimental excess noise
factor F and mean gainhGi for four thin GaAs APD’s with different
multiplication-region widths. Symbols represent experimental data (obtained
from [16]) and curves represent the predictions using the DSMT.

anomaly is not clear. It is important to recall, however that
Bulmanet al. [20] and Robbinset al. [21] both calculated the
effective ionization coefficient by applying the conventional
multiplication theory to the experimental data.

Figs. 6 and 7 show the gain-noise data of Anselmet al. [16]
along with the DSMT prediction of the gain-noise character-
istics for GaAs and Al Ga As APD’s, respectively. It can
be seen that the predicted gain-noise characteristics, using the
DSMT and the universal model for the ionization coefficients,
closely approximate the experimental data. However, in com-
parison to the experimental data, the predicted gain-noise curves
exhibit two minor discrepancies: 1) a number of the predicted
curves lie slightly below or above the experimental results and
2) some of the mean-gain ranges of the predicted curves are less
than the data ranges. (Recall that in predicting the gain-noise
curves, the range of values of the electric field used was the same
as the range associated with the experiments.) For brevity, we
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Fig. 7. Comparison of the DSMT-predicted and experimental excess noise
factorF and mean gainhGi for three thin Al Ga As APD’s with different
multiplication-region widths. Plot symbols are the same as in Fig. 6.

explain these two types of discrepancies only for the 500 nm
GaAs device. In this case, the predicted gain-noise curve lies
slightly above the experimental data points and the range of the
predicted mean gain is narrower than the range of the experi-
mental mean gain. These discrepancies are both due to small
errors in predicting and from the universal model. To ex-
plain the up-shift of the predicted gain-noise curve, we examine
Figs. 2 and 3 and observe that for the 500 nm GaAs device, the
predicted values of (from the solid curve) are slightly lower
than the actual values (represented by triangles) while the pre-
dicted values of are slightly higher than the actual values. As
a result, the predicted value ofis slightly higher than its actual
value. Consequently, the predicted gain-noise curve is above the
experimental data in accord with the general dependence of the
gain-noise characteristics on the ionization coefficient ratio (as
depicted in Fig. 1).

The reduced range in the predicted mean-gain values, on the
other hand, is explained as follows. Since the predicted values
of are lower (with an average relative error of 5%) than the
corresponding actual values, the predicted values ofmust be
sufficiently higher than their actual values if the experimental
mean gain is to be achieved. However, despite the fact that the
predicted values of are indeed higher (with an average relative
error of 2%) than the actual values (as seen from Fig. 3), this
increase is not sufficient to fully compensate for the reduction
in the predicted mean gain due to the low prediction of.

We believe that one of the sources of the slight misfit of
and to the universal model is the error in calculating the

electric field which may be attributed to the inaccurate fit of
the gain-noise data in [16] to their width-dependent ionization
model. Another factor that plays a role in the quality of the
fit of and to the universal model is the accuracy of the
values of the electron and hole ionization threshold energies
and . To demonstrate this point, recall that in calculating
the dead space, the electron and hole ionization threshold en-
ergies for GaAs are taken to be 1.7 and 1.4 eV [26], respec-
tively, whereas for Al Ga As, these energies are taken to be
1.84 and 1.94 eV [27], respectively. However, when the value

eV is used for GaAs (according to [27]) in place
of eV, the fit of and to the universal model is
slightly degraded, and the reduction of the predicted gain range
for some of the gain-noise devices becomes more pronounced.
An accurate estimate of the ionization threshold energies
and is, therefore, important for the successful application
of the DSMT to modeling the ionization coefficients of enabled
carriers. The ionization threshold energies used here are lower
than those that have been predicted by the use of high-field car-
rier transport theory [29]. However, since high-field hole trans-
port theory and experimental data are not available to date [22],
we instead used the established results from [26] and [27].

V. CONCLUSION

The previously developed avalanche multiplication theory
incorporating dead-space [10] was employed to correctly pre-
dict the gain-noise characteristics of GaAs and AlGa As
thin APD’s for a variety of multiplication-region widths.
In addition, we provided a methodology and a procedure
for calculating the material-specific ionization coefficients
of enabled carriers that have traversed the dead space,
directly from gain and noise measurements, without having
to resort to prior analytical or simulation based models for
the ionization coefficients. These ionization coefficients are
fit in a universal exponential model with parameters that are
independent of multiplication-region width.

Together with the dead-space multiplication theory, the
model for the ionization coefficients of enabled carriers devel-
oped here, quantitatively explains what has long been observed
both in experiments and Monte Carlo simulations: dead-space
reduces the noise in thin APD’s by regularizing the ionization
locations and reducing the randomness of the avalanching
mechanism. Furthermore, it is observed that although main-
taining a constant mean gain in a thinner multiplication-region
requires an increase in the electric field, and hence a reduction
of the dead space, this effect is overcompensated by the
decrease in the multiplication-region width. What is important
is that for a fixed mean gain, the relative dead-space (the
ratio of the dead-space to the multiplication-region width)
increases as the multiplication-region width decreases, as has
been previously observed by Liet al. [18] and by Onget al.
[19]. This observation results in a reduction of the excess noise
factor in thin devices in view of the dead-space multiplication
theory reported in [10].

ACKNOWLEDGMENT

The authors would like to acknowledge J. Campbell for pro-
viding a preprint of the paper by Anselmet al.[16], and the help
of K. Brennan.

REFERENCES

[1] M. C. Teich, K. Matsuo, and B. E. A. Saleh, “Excess noise factors for
conventional and superlattice avalanche photodiodes and photomulti-
plier tubes,”IEEE J. Quantum Electron., vol. QE-22, pp. 1184–1193,
1986.

[2] B. E. A. Saleh and M. C. Teich,Fundamentals of Photonics. New
York: Wiley, 1991, ch. 17.



632 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 47, NO. 3, MARCH 2000

[3] R. J. McIntyre, “Multiplication noise in uniform avalanche photodi-
odes,”IEEE Trans. Electron. Devices, vol. ED-13, pp. 164–168, 1966.

[4] R. Chin, N. Holonyak, G. E. Stillman, J. Y. Tang, and K. Hess, “Impact
ionization in multilayered heterojunction structures,”Electron. Lett.,
vol. 16, pp. 467–469, 1980.

[5] G. F. Williams, F. Capasso, and W. T. Tsang, “The graded bandgap mul-
tilayer avalanche photodiode: A new low-noise detector,”IEEE Electron
Device Lett., vol. EDL-3, pp. 71–73, 1982.

[6] N. Z. Hakim, B. E. A. Saleh, and M. C. Teich, “Generalized excess noise
factor for avalanche photodiodes of arbitrary structure,”IEEE Trans.
Electron Devives, vol. 37, pp. 599–610, 1990.

[7] K. Matsuo, M. C. Teich, and B. E. A. Saleh, “Noise properties and time
response of the staircase avalanche photodiode,”IEEE Trans. Electron.
Devices, vol. ED-32, pp. 2615–2623, 1985.

[8] Y. Okuto and C. R. Crowell, “Ionization coefficients in semiconductors:
A nonlocalized property,”Phys. Rev. B, vol. 10, pp. 4284–4296, 1974.

[9] B. E. A. Saleh, M. M. Hayat, and M. C. Teich, “Effect of dead-space
on the excess noise factor and time response of avalanche photodiodes,”
IEEE Trans. Electron Devices, vol. 37, pp. 1976–1984, 1990.

[10] M. M. Hayat, B. E. A. Saleh, and M. C. Teich, “Effect of dead-space on
gain and noise of double-carrier-multiplication avalanche photodiodes,”
IEEE Trans. Electron Devices, vol. 39, pp. 546–552, 1992.

[11] M. M. Hayat, W. L. Sargeant, and B. E. A. Saleh, “Effect of dead-space
on gain and noise in Si and GaAs avalanche photodiodes,”IEEE J.
Quantum Electron., vol. 28, pp. 1360–1365, 1992.

[12] J. N. Hollenhorst, “A theory of multiplication noise,”IEEE Trans. Elec-
tron Devices, vol. 37, pp. 781–788, 1990.

[13] J. C. Campbellet al., “Multiplication noise of wide-bandwidth InP/In-
GaAsP/InGaAs avalanche photodiodes,”J. Lightwave Technol., vol. 7,
pp. 473–477, 1989.

[14] V. Chandramouli, C. M. Maziar, and J. C. Campbell, “Design considera-
tions for high performance avalanche photodiode multiplication layers,”
IEEE Trans. Electron Devices, vol. 41, pp. 648–654, 1994.

[15] C. Hu, K. A. Anselm, B. G. Streetman, and J. C. Campbell, “Noise char-
acteristics of thin multiplication-region GaAs avalanche photodiodes,”
Appl. Phys. Lett., vol. 69, pp. 3734–3736, 1996.

[16] K. A. Anselmet al., “Characteristics of GaAs and AlGaAs homojunction
avalanche photodiodes with thin multiplication-regions,”Appl. Phys.
Lett., vol. 71, pp. 3883–3885, 1997.

[17] C. Lenox et al., “Thin multiplication-region InAlAs homojunction
avalanche photodiodes,”Appl. Phys. Lett., vol. 73, pp. 783–784, 1998.

[18] K. F. Li, D. S. Ong, J. P. R. David, G. J. Rees, R. C. Tozer, P. N. Robson,
and R. Grey, “Avalanche multiplication noise characteristics in thin
GaAs p -i-n diodes,” IEEE Trans. Electron Devices, vol. 45, pp.
2102–2107, 1998.

[19] D. S. Onget al., “A Monte Carlo investigation of multiplication noise
in thin p -i-n GaAs avalanche photodiodes,”IEEE Trans. Electron
Devices, vol. 45, pp. 1804–1810, 1998.

[20] G. E. Bulmanet al., “Experimental determination of impact ionization
coefficients in (100) GaAs,”IEEE Electron Device Lett., vol. EDL-4,
pp. 181–185, 1983.

[21] V. M. Robbins, S. C. Smith, and G. E. Stillman, “Impact ionization in
Al Ga As forx = 0:1–0:4,” Appl. Phys. Lett., vol. 52, pp. 296–298,
1988.

[22] A. Spinelli, A. Pacelli, and A. L. Lacaita, “Dead space approximation for
impact ionization in silicon,”Appl. Phys. Lett., vol. 69, pp. 3707–3709,
1996.

[23] S. Millidgeet al., “Nonlocal aspects of breakdown in pin diodes,”Semi-
cond. Sci. Tech., vol. 10, pp. 344–347, 1995.

[24] R. J. McIntyre, “A new look at impact ionization—Part I: A theory
of gain, noise, breakdown probability, and frequency response,”IEEE
Trans. Electron Devices, vol. 46, pp. 1623–1631, 1999.

[25] P. Yuanet al., “A new look at impact ionization—Part II: Gain and noise
in short avalanche photodiodes,”IEEE Trans. Electron Devices, vol. 46,
pp. 1632–1639, 1999.

[26] C. L. Anderson and C. R. Crowell, “Threshold energies for electron-hole
pair production by impact ionization in semiconductors,”Phys. Rev. B.,
vol. 5, pp. 2267–2272, 1972.

[27] J. P. R. Davidet al., “Measured ionization coefficients in AlGa As,”
in Proc. 11th Int. Symp. on GaAs and Related Compounds, Biarritz,
France, 1984, pp. 247–252.

[28] M. M. Hayat, Z. Chen, and M. A. Karim, “An analytical approximation
for the excess noise factor of avalanche photodiodes with dead space,”
IEEE Electron Device Lett., vol. 20, pp. 344–347, 1999.

[29] H. K. Jung, K. Taniguchi, and C. Hamaguchi, “Impact ionization model
for full band Monte Carlo simulation in GaAs,”J. Appl. Phys., vol. 79,
pp. 2473–2480, 1996.

Mohammad A. Saleh was born in Bangladesh in
1973. He received the B.S. degree (magna cum
laude) in physics from the City College of the City
University of New York, in 1996, and the M.S.
degree in electro-optics from the University of
Dayton, OH, in 1999, where he is currently working
toward the Ph.D. degree.

His research interests include gain-noise character-
ization of opto-electronic devices.

Mr. Saleh was awarded with the Kaplan and the
Karle scholarships in 1994 and 1996, respectively,

from City College, for significant research in biophysics.

Majeed M. Hayat (S’89–M’92) was born in Kuwait
in 1963. He received the B.S. degree (summa cum
laude) in 1985 from the University of the Pacific,
Stockton, CA, and the M.S. and Ph.D. degrees
in electrical and computer engineering from the
University of Wisconsin, Madison, in 1988 and
1992, respectively.

From 1993 to 1996, he worked at the University of
Wisconsin-Madison as the co-principal investigator
of a major project on statistical modeling and detec-
tion of minefields, which was funded by the Office of

Naval Research. He is currently a Tenure Track Assistant Professor of electro-
optics and electrical and computer engineering, University of Dayton, Dayton,
OH. His research interests include noise in optoelectronic devices, optical and
digital communications, image and signal processing, quantum imaging, detec-
tion and estimation of nonclassical light, and applied point processes.

Dr. Hayat is a recipient of a 1997 National Science Foundation CAREER
Award.

Bahaa E. A. Saleh(M’73–SM’86–F’91) received
the B.S. degree from Cairo University, Egypt, in
1966, and the Ph.D. degree from Johns Hopkins Uni-
versity, Baltimore, MD, in 1971, both in electrical
engineering.

He has been Professor and Chairman of the
Electrical and Computer Engineering Department,
Boston University since 1994. He held faculty
and research positions at the University of Santa
Catarina, Brazil, Kuwait University, the Max Planck
Institute, Germany, the University of California,

Berkeley, the European Molecular Biology Laboratory, Columbia University,
and the University of Wisconsin, Madison, where he was a faculty member
from 1977 to 1994, and served as Chairman of the Department of Electrical
and Computer Engineering from 1990 to 1994. His research contributions
cover a broad spectrum of topics in optics and photonics including statistical
and quantum optics, optical communication and signal processing, nonlinear
optics, photodetectors, digital image processing, and vision. He is the author
of Photoelectron Statistics(Berlin, Germany: Springer-Verlag, 1978) and
co-author (with M. C. Teich) ofFundamentals of Photonics(New York: Wiley,
1991), chapters in seven books, and more than 180 papers in technical journals.

Dr. Saleh served as Editor-in-Chief of theJournal of the Optical Society of
America Afrom 1991 to 1997, and is presently Chair of the Board of Editors of
the Optical Society of America. He is a Fellow of the Optical Society of America
and the Guggenheim Foundation. He is the recipient of the 1999 Optical Society
of America Esther Hoffman Beller Award for outstanding contributions to op-
tical science and engineering education. He is a member of Phi Beta Kappa,
Sigma Xi, and Tau Beta Pi.



SALEH et al.: THIN GaAs AND AlGaAs AVALANCHE PHOTODIODES 633

Malvin Carl Teich (S’62–M’66–SM’72–F’89)
received the S.B. degree in physics from the Massa-
chusetts Institute of Technology (MIT), Cambridge,
the M.S. degree in electrical engineering from
Stanford University, Stanford, CA, and the Ph.D.
degree from Cornell University, Ithaca, NY. His
doctoral dissertation reported the first observation
of the two-photon photoelectric effect in metallic
sodium.

He joined the MIT Lincoln Laboratory in 1966,
where he worked on coherent infrared detection. He

joined the faculty at Columbia University, New York, in 1967, where he served
as a member of the Electrical Engineering Department (as Chairman from 1978
to 1980), the Applied Physics Department, the Columbia Radiation Laboratory,
and the Fowler Memorial Laboratory for Auditory Biophysics. At Columbia, he
conducted work on heterodyning and carried out research in the areas of photon
statistics and point processes, noise in fiber optic amplifiers and avalanche pho-
todiodes, and the generation of squeezed light. In 1996, he was appointed Pro-
fessor Emeritus of Engineering Science and Applied Physics at Columbia Uni-
versity, NY. He has been teaching and pursuing his research interests at Boston
University, Boston, MA, since 1995, as a faculty member with joint appoint-
ments in the Departments of Electrical and Computer Engineering, Physics,
and Biomedical Engineering. He is a member of the Quantum Imaging Lab-
oratory, the Photonics Center, the Center for Adaptive Systems, the Center for
BioDynamics, and the Hearing Research Center. He is most widely known for
his work in quantum optics, and for his studies of fractal stochastic processes
in physical and biological systems. Among his professional activities, he served
as a member of the Editorial Advisory Panel for the journalOptics Lettersfrom
1977 to 1979, as a Member of the Editorial Board of theJournal of Visual Com-
munication and Image Representationfrom 1989 to 1992, and as Deputy Editor
of Quantum Opticsfrom 1988 to 1994. He is currently a member of the editorial
board of the journalJemná Mechanika a Optikaand a Member of the Advisory
Board of the IEEE Press SeriesEmerging Technologies in Biomedical Engi-
neering. He is a also member of the Scientific Board of the Czech Academy of
Sciences’ Institute of Physics. He has authored or co-authored some 250 tech-
nical publications andis the co-author ofFundamentals of Photonics(New York:
Wiley, 1991). He holds two patents.

Dr. Teich is a Fellow of the Optical Society of America, the American Phys-
ical Society, the American Association for the Advancement of Science, and the
Acoustical Society of America. He is a member of Sigma Xi and Tau Beta Pi. In
1969, he received the IEEE Browder J. Thompson Memorial Prize for his paper
“Infrared Heterodyne Detection.” He was awarded a Guggenheim Fellowship
in 1973. In 1992, he was honored with the Memorial Gold Medal of Palacky
University in the Czech Republic and, in 1997, he was the recipient of the IEEE
Morris E. Leeds Award.


