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Abstract—It has been recently found that the initial-energy
effect, which is associated with the finite initial energy of carriers
entering the multiplication region of an avalanche photodiode
(APD), can be tailored to reduce the excess noise well beyond the
previously known limits for thin APDs. However, the control of
the initial energy of injected carriers can be difficult in practice
for an APD with a single multiplication layer. In this paper, the
dead-space multiplication recurrence theory is used to show that
the low noise characteristics associated with the initial-energy
effect can be achieved by utilizing a two-layer multiplication
region. As an example, a high bandgap Al0 6Ga0 4As material,
termed the energy-buildup layer, is used to elevate the energy
of injected carriers without incurring significant multiplication
events, while a second GaAs layer with a lower bandgap energy
is used as the primary carrier multiplication layer. Computations
show that devices can be optimally designed through judicious
choice of the charge-layer width to produce excess noise factor
levels that are comparable to those corresponding to homojunction
APDs benefiting from a maximal initial-energy effect. A structure
is presented to achieve precisely that.

Index Terms—Al0 6Ga0 4As, avalanche photodiodes, dead
space, excess noise factor, GaAs, heterostructure APDs, impact
ionization, initial-energy effect, ionization threshold energy,
optimization.

I. INTRODUCTION

I T IS KNOWN that the excess noise factor in avalanche pho-
todiodes (APDs), which is a measure of gain uncertainty in

such devices, can be significantly reduced by decreasing the
thickness of the avalanche region. It is also well known that the
dead space, which is the minimum distance that a carrier must
travel before acquiring sufficient energy enabling it to impact
ionize, is the primary cause of this noise reduction.
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Lately, a new class of heterostructure APDs [1], [2] has been
demonstrated to exhibit excess noise factors that are well below
the predictions of the dead-space-inclusive multiplication
models for thin APDs [3]–[16]. In particular, Yuanet al. [1] in-
troduced APDs with an “impact-ionization-engineered” ( )
multiplication region and showed a minimum excess noise
factor of approximately 2.5 at a gain of 20. The corresponding
APD had a multiplication region consisting of three layers:
50-nm-GaAs, 85-nm-Al Ga As, and 50-nm-GaAs layers.
This is a remarkable noise performance as it surpasses all
previous experimental results and analytical predictions. For
example, theoretical models predict an excess noise factor of
approximately 6.5 (at a gain of 20) for a 100-nm homojunction
GaAs APD [17]. The original idea of the structure was
to sandwich a separation layer with high ionization threshold
energy between two thin layers with low ionization threshold
energy. Low multiplication noise is achieved by means of local-
izing the location of impact ionizations: Due to carrier-energy
considerations, electron ionizations are forced to occur in one
of the low-threshold layers while hole ionizations occur in the
opposite low-threshold layer, and at the same time, ionizations
are highly suppressed in the high-threshold separation layer
[1]. Subsequently, variants of APDs were introduced. For
example, Wanget al. [2] demonstrated an excess noise factor
of 3.8 at a gain of 20 using a four-layer graded multipli-
cation region consisting of 50-nm-GaAs, 10-nm-AlGa As,
30-nm-Al Ga As, and 50-nm-Al Ga As layers. The
localization of impact ionization in structures has been
recently confirmed by Monte-Carlo studies [18], [19].

More recently, it has been shown that noise reduction beyond
the traditional dead-space-based limit is indeed possible through
a mechanism called the initial-energy effect [17], [20]. In cer-
tain structures, injected carriers enter the multiplication region
with substantial kinetic energy. This energy buildup occurs, for
example, when a carrier experiences a sharp electric-field gra-
dient in the doped region just before the multiplication layer.
Such an initial energy serves to reduce the initial dead space as-
sociated with the injected avalanche-initiating carrier. This will,
in turn, enhance the likelihood that the injected carrier impact
ionizes near the edge of the multiplication region. The reduction
in the excess noise factor results from thestrong localization of
the first impact ionization event at the beginning of the multipli-
cation region, an event that is akin to having two injected car-
riers per absorbed photon [17]. For example, it has been shown
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that in thin devices (e.g., nm) for which injected carriers
accumulate a substantial initial energy (close to the ionization
threshold energy), a reduction up to 45% in the excess noise
factor is achievable in comparison to devices for which the ini-
tial-energy effect is absent [17]. Moreover, it has been theoret-
ically shown that as devices become thinner, the initial-energy
effect can become more pronounced [17].

Similar ionization localization effects have also been ob-
served in other structures. Herbertet al. [21] demonstrated
that a Si-SiGe MQW APD exhibits lower multiplication noise
than a Si APD. The noise reduction was attributable to the fact
that carriers are first heated in the Si layers before they ionize
in the thin SiGe layers. (They even showed lower noise in a
hetero-nipi structure by heating the electrons and cooling the
holes before they enter the SiGe layers.) Indeed, the heating
effect on both the MQW and the hetero-nipi considered by
Herbertet al. is akin to the initial-energy effect considered in
this paper in that electrons are first energized (heated) before
entering the “multiplication layer,” which results in a reduction
in the multiplication noise. Thus, in the context of our paper,
each Si layer serves as an “energy-buildup” layer whereas each
SiGe layer serves as a “multiplication layer.” In this paper,
however, we explicitly draw the connection between the energy
buildup (or heating) of a carrier in the high bandgap material
and the reduction of its first dead space in the low bandgap
multiplication layer. Moreover, we definitively establish the
reduction of the multiplication noise as a result of miniaturizing
the first dead space.

Plimmer et al. [22] also demonstrated noise reduction in
p –n junctions as a result of injecting carriers into a multiplica-
tion region exhibiting a steep downward electric-field gradient.
We believe that such a noise reduction is also attributable to the
reduction in the initial dead space of injected carriers. Namely,
carriers that are injected into the multiplication region will
initially experience a minimal initial dead space due to the field
gradient.

To date, means for accurately controlling the electric field
in the doped region just outside the multiplication layer (near
the boundary of the doped and intrinsic layers) during the
fabrication process are not available. As a result, the initial-en-
ergy effect may vary significantly from one sample to another,
making reliable production of such low-noise APDs difficult.
Fortunately, an alternate method has been proposed to bring
about the initial-energy effect [18], [20] without relying on
the presence of a sharp field gradient in the doped region just
before the multiplication region. The alternative technique
relies on the use of a two-layer heterostructure multiplication
region for which a high-field and high-bandgap intrinsic layer,
called the energy-buildup layer, is dedicated to elevating the
energy of carriers without incurring significant ionization
within the layer, while an adjacent high-field and low-bandgap
intrinsic layer is used to host the bulk of the impact ioniza-
tions. In this way,energizedcarriers are injected into the
low-ionization-threshold layer having a high probability of
bypassing the initial dead space entirely and impact ionizing
immediately. In this paper, we present a noise analysis for such
heterojunction multiplication-region APDs using a recently
developed analytical model that incorporates the initial-energy

effect in heterostructure APDs [17]. The analytical model also
enables us to design optimized APDs for which the width of the
layers (the energy-buildup layer, in particular) are judiciously
selected to minimize the excess noise factor.

In summary, the ionization localization effect near the edge
of the multiplication region, as described above, is attributed
to the combination of: 1) the energy that injected carriers
build up prior to entering the low-bandgap multiplication
layer and 2) the drop in the ionization threshold energy
from high-bandgap energy-buildup layer to the low-bandgap
multiplication layer. These two factors collectively lead to a
reduced initial dead space for each injected carrier and, thus, a
reduced multiplication noise. We wish to emphasize, however,
that the noise reduction mechanism described in this paper is
differentfrom that postulated by Williamset al. [23], in which
an enhancement in the ionization coefficients is assumed at
the Al Ga As–GaAs boundary. To the contrary, we do not
assume any accentuation in the ionization probability as a
result of the band-edge discontinuity at the hetero-interface.
In fact, several Monte-Carlo studies on AlGa As–GaAs
multilayers showed that band-edge discontinuities in multilayer
structures appeared to offer no ionization-coefficient enhance-
ment due to carrier energy losses brought about by phonon
scattering [24], [25].

II. NOISEREDUCTION DUE TO THEINITIAL -ENERGY EFFECT

The noise characteristics of homojunction avalanche photodi-
odes can be modeled using the dead-space multiplication theory
(DSMT) [3]–[5], [8], [10], which has been recently generalized
to incorporate the initial-energy effect [17]. We call this gen-
eralized model the modified dead-space multiplication theory
(MDSMT). The key parameters needed by the MDSMT are the
material-specific ionization coefficients for electrons and holes,
which are independent of the multiplication-layer width, the
electron and hole ionization threshold energies, and the initial
energy that injected carriers possess. The ionization coefficient
for enabled electrons (those that have traveled the required dead
space) is given by

(1)

where , , and are parameters obtained from
noise-versus-gain data [7], [8], [14], and is the ap-
plied electric field. (A similar expression is available for
enabled holes.) These ionization coefficients are used in con-
junction with the dead-space profile and the initial energy of
injected carriers to yield the position-dependent impact ioniza-
tion probability density function (pdf) for carriers with injected
(parent) and offspring carriers having different densities since
only injected carriers have an initial energy. These pdfs are then
used in the recurrence equations for carrier multiplication [17]
to yield the gain and the excess noise factor. The details of the
MDSMT can be found in [17]. In this paper, the parameters for
the ionization coefficients and threshold energies for GaAs and
Al Ga As are taken, respectively, from Salehet al. [8] and
Plimmeret al. [14].
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Fig. 1. Electric-field profile for an Al Ga As homojunction APD with
a 140-nm multiplication layer. The profiles are parameterized by the applied
voltages.

A. Experimental Validation of the MDSMT Model

In Section III, we will synthesize the initial-energy effect
through the use of the energy-buildup layer and use the MDSMT
to optimize the design for minimum noise. But before that, we
will demonstrate the validity of the MDSMT model and show
its ability to predict the low-noise characteristics of an APD for
which injected carriers have a finite initial energy. We consider
an Al Ga As homojunction APD that was recently fabri-
cated and tested at the Microelectronics Research Center at the
University of Texas in Austin. The device has a single multipli-
cation layer whose width is 140 nm. Fig. 1 shows the electric
field distribution in the APD showing the sharp field gradient
in thep region near the edge of thei (multiplication) layer. The
initial energy buildup can be computed from the electric field
distribution in thep layer. For example at a gain of 20, the en-
ergized electrons start the multiplication process with an initial
energy of 0.9 eV, which is approximately 26% of the ionization
threshold energy for Al Ga As for which

[14]. Due to this initial energy, the first dead space is
also reduced by approximately 26%. The solid curve in Fig. 2
is the excess-noise-factor prediction of the device with the ini-
tial energy taken into account. As can be seen from the figure,
the results are in excellent agreement with the measurement.
Furthermore, our calculations show that if the device were fab-
ricated such that electrons would build up 100% of ionization
threshold energy before entering the multiplication layer, then
the noise would be additionally reduced by 35% at a gain of 20
(dashed curve). Note that the actual noise for this device would
have been considerably overestimated had we neglected the ini-
tial energy of injected carriers (dotted curve).

B. Noise Reduction due to the Initial-Energy Effect

Next, we consider the noise characteristics of heterostruc-
ture APDs that exhibit behavior similar to that of the initial-en-
ergy effect. In particular, we consider a heterostructure device
with a multiplication region consisting of two intrinsic layers,
Al Ga As and GaAs, for which carriers are injected into the

Fig. 2. Excess noise factorF versus the mean gainhGi for different
initial-energy scenarios. The theoretical (MDSMT) prediction which includes
the actual initial energy is in excellent agreement with experiment.

Fig. 3. Dependence of the excess noise factor in AlGa As/GaAs
heterostructure APDs on the width of the AlGa As energy-buildup layer.
The plots are parameterized by different initial-energy levels of the carriers that
are injected into the Al Ga As layer. The initial-energy values are taken
relative to the ionization threshold energy of GaAs.

Al Ga As layer. In the calculations, the excess noise factor
is computed for different widths of the Al Ga As layer while
the total multiplication layer width was fixed at 140 nm and the
mean gain was fixed at 20. We will also consider varying the
initial energy, , of the carriers that enter the AlGa As
layer. This is an important issue to examine since it is generally
hard to reliably reproduce devices with prescribed field gradi-
ents (in thep region near thei-layer boundary).

The results are shown in Fig. 3. The solid curve represents
the theoretical excess noise factor with zero initial energy (i.e.,
normal initial dead space) and the solid curve with x-marks rep-
resents the excess noise factor with full initial energy (i.e., zero
initial dead space). The figure also shows the intermediate cases
of the initial energy for carriers that enter the AlGa As
layer. Note that the lowest noise, for the case , is ob-
served when the width of the Al Ga As layer is 30 nm. The
reason for this is that electrons build up energy in the range be-
tween [8] and
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Fig. 4. Electron ionization pdf. Low excess noise necessitates a peak at the
boundary layer (30-nm, solid curve). The shorter (dashed curve) and longer
(dotted curve) Al Ga As-layer widths result in a spread of pdf and hence
the ionization events. Vertical curves represent the physical layer boundary in
each case.

as they travel approximately 30-nm deep into the AlGa As
layer. As a result, electrons arrive at the boundary without ion-
izing and with an energy approximately equal to the ionization
threshold energy for Al Ga As. Now, as soon as these elec-
trons cross the boundary, they experience a sudden drop in the
ionization threshold energy to that of GaAs. Since they have al-
ready acquired an energy in excess of the required 1.90 eV, they
will be ready to impact ionize immediately after crossing the
boundary.

This can be seen from the electron ionization pdf plot shown
in Fig. 4. When the Al Ga As layer is 30 nm (solid curve),
there is a strong peak in the ionization density at 30 nm. This
quasi localization of the initial impact ionization is responsible
of the noise reduction. On the other hand, for longer widths
of the Al Ga As layer, 80 nm for example (dotted curve),
electrons acquire sufficient energy for impact ionization within
the Al Ga As layer. Consequently, they start impact ion-
izing before they reach the boundary. There is another strong
probability of impact ionization at the boundary at 80 nm. This
leads to increased uncertainty of the initial impact ionization
and higher excess noise factor. The noise characteristics in this
regime is consistent with that of an AlGa As–GaAs alloy.
Finally, for shorter widths of the Al Ga As layer, 10 nm for
example (dashed curve), injected electrons do not have suffi-
cient distance to travel in the Al Ga As layer to accumulate
energy in excess of the required . As a result, electrons
are not capable of immediate impact ionization at the boundary.
They must travel farther into the GaAs layer to acquire suffi-
cient energy and to overcome the residual dead space in the
GaAs layer. As shown in Fig. 4, the electron ionization pdf of
a short (10-nm) Al Ga As-layer (dashed curve) is flattened
and spread out, causing a loss of the localization effect.

It is interesting to note from Fig. 3 that the noise is also re-
duced when the width of the Al Ga As layer is approxi-
mately 120 nm. In this case, the electrons that are generated in
the GaAs layer cannot acquire sufficient energy to cause fur-

Fig. 5. Schematic of the proposed heterostructure APD. The energy buildup
layer is where electrons accumulate energy without initiating the multiplication
process. Its width,w , plays the key role in reducing the excess noise factor.

ther ionizations. Thus, the contribution of the GaAs layer to
impact ionization is partially hampered. This effect causes the
Al Ga As–GaAs heterostructure to behave, more or less,
like a 120-nm Al Ga As homostructure, which inherently
has low noise. As the width of the Al Ga As increases be-
yond 120 nm, the APD continues to behave like a homostruc-
ture, but with a thickness that is greater than 120 nm which, as
expected, will cause the noise to increase.

In summary, for a given initial energy of the injected
electrons, the heterostructure APD yields the best noise perfor-
mance if the Al Ga As layer is either 30 or 120 nm wide.
As seen in Fig. 3, the 120-nm-AlGa As/20-nm-GaAs
combination may result in the least excess noise factor if
the device allows injected electrons to build up full initial
energy (in excess of the ionization threshold of AlGa As),
which may be impractical. Otherwise, the excess noise factor
would be high if the initial energy is low. On the other hand,
a 30-nm-Al Ga As/110-nm-GaAs combination yields
a reasonably low excess noise factor but with the added
advantage of being less sensitive to the initial energy. As
can be seen from the vertical extent of the curves in Fig. 3,
the excess-noise-factor uncertainty (due to initial-energy
uncertainty) for the 30-nm-Al Ga As/110-nm-GaAs
combination is , while the uncertainty for the
120-nm-Al Ga As/20-nm-GaAs combination is .

It must be pointed out that if thep andn regions are included
in the analysis of multiplication, as part of the multiplication
region (instead of only considering thei layers), then the initial-
energy effect will be automatically accounted for by the dead
space through the strong modulation of the electric field near
thei–p andn–i boundaries. However, if only the intrinsic layers
are considered as the multiplication region, the initial-energy
effect must be accounted for separately, as above.

III. D ESIGN CONSIDERATIONS

In the proposed heterostructure APD, shown in Fig. 5, an
Al Ga As energy-buildup layer is inserted between thep
layer and the GaAs multiplication layer. The energy-buildup
layer is intrinsic so as to benefit from the presence of a high
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electric field. If the width of the energy-buildup layer is carefully
designed, carriers that are injected into the energy-buildup layer
(possibly with an unknown initial energy) are able to acquire and
maintain energy up until entering the GaAs multiplication layer.
However, by the time electrons pass the boundary and cross into
the GaAs multiplication layer, their acquired energy will exceed
the ionization threshold energy of GaAs. Consequently, these
energized electrons will become capable of impact ionizing in
the GaAs without any significant dead space. Hence, as far as
the GaAs multiplication layer is concerned, carriers injected into
it have high initial energy and negligible initial dead space, and
the initial-energy effect will thus be strongly present.

In general, there is a small possibility of impact ionization for
holes that were created in GaAs far away from the boundary.
To address the hole ionization issue more concretely, consider
one of the configurations that exhibits a minimal excess noise
factor (its analysis was not considered in Section II-B), namely,
a device with 40-nm-Al Ga As and 200-nm-GaAs layers.
The dead space for a hole in the AlGa As layer is approx-
imately 72 nm (assuming that Al Ga As for the hole is
3.6 eV and the electric field for a gain of 20 is about 500 kV/cm)
and 31 nm in GaAs layer (assuming for
the holes [8]). Thus, holes born at a distance of 71 nm or less
from the outer edge of the Al Ga As energy-buildup layer
(i.e., in the GaAs layer and 31 nm from the boundary) are not
able to impact ionize in the GaAs layer nor in the AlGa As
layer since they cannot overcome the dead space in either layer.
However, holes born farther than 71 nm from the outer edge of
the Al Ga As energy-buildup layer may impact ionization
within the GaAs layer. In such an event, an offspring hole en-
ters the Al Ga As layer with low energy and it will be un-
likely for it to further ionize in the Al Ga As layer. Thus,
over all, the feedback inflicted by holes is expected to be weak-
ened, which may be a contributing factor in noise reduction.

A. Optimal Width of the Energy-Charge Layer

From the above discussion, it is clear that the width of the
energy-buildup layer should be large enough so that photogen-
erated injected carriers can accumulate energy in excess of the
electron ionization threshold energy of the multiplication layer.
At the same time, the width should be small enough so that
the accumulated energy does not exceed the electron ioniza-
tion threshold energy of the energy-buildup layer. These require-
ments can be cast as

(2)

where is the electron ionization threshold energy of the
multiplication layer, is the electron ionization threshold
energy of the energy-buildup layer, and is the total energy
accumulated in the energy-buildup layer plus the initial energy
obtained inp-layer, i.e., , where is
the initial energy of electrons injected into the energy-buildup
layer. Recall that the initial energy can be computed once
the doping profile of the device is determined using the exact
electric field distribution along the device. Clearly, the acquired

TABLE I
EXAMPLES OF THE RANGE FOR THE OPTIMUM WIDTH OF THE

ENERGY-BUILDUP LAYER FOR DIFFERENT MULTIPLICATION

LAYER WIDTHS. THE APPLIED ELECTRIC FIELDS CORRESPOND

TO A MEAN GAIN OF 20 FOR EACH DEVICE

energy in the energy-buildup layer depends on the applied elec-
tric field

(3)

where the integration is over the energy-buildup layer. For a
constant electric field and if we let denote the width of the
energy-buildup layer, we will have

(4)

and

(5)

(In (5), all energies are divided by so that their unit is the
electron Volt (eV). Thus, the width of the energy-buildup layer
must satisfy

(6)

In the above analysis, we assumed that , which
is consistent with the measurements for which [17].
Since the applied electric field determines the gain of the APD,
the allowed range for given by (6) depends upon the desired
gain and the required electric field dictated by the gain. Several
optimum width ranges for different devices are given in Table I.

Fig. 6 shows the calculated excess noise factor, as a function
of the energy-buildup layer width, for a mean gain of 20. Dif-
ferent multiplication-layer (GaAs) widths are considered. The
curves clearly verify the optimum width ranges obtained from
(6), which was determined solely based on energy consider-
ations. For example, for a 100-nm GaAs-multiplication-layer
device (dashed curve), the excess noise factor is lowest when
the width of the Al Ga As energy-buildup layer is 29 nm. It
should be pointed out that the optimum width turns out to be al-
most independent of the operational mean gain. For example, a
100-nm GaAs APD requires electric-field values of 630 kV/cm
and 660 kV/cm in order to generate mean gain values of 10
and 30, respectively. It turns out that such a 5% variation in the
electric field results in a 5% variation in the optimal width of
the energy-buildup layer (which is equivalent to approximately
1.5 nm). Thus, a 50% swing about a mean gain of 20 results
in swing of 5% about the optimal width of the energy-buildup
layer. This robustness feature of the optimization is more clearly
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Fig. 6. Excess noise factorF as a function of the width of the energy-buildup
layer (Al Ga As) for different multiplication layer (GaAs) widths for a
mean gain of 20. Note that each multiplication-layer width has its own optimal
energy-buildup-layer width.

Fig. 7. Excess noise factorF as a function of the width of the
energy-buildup layer (Al Ga As) parameterized by the mean gain,
hGi. The multiplication-layer width is fixed at 100 nm. Note that the least
excess noise factor is observed at the same energy-buildup layer width (29 nm)
almost independently of the mean gain.

shown in Fig. 7, where the excess noise factor is plotted as a
function of the width of the energy-buildup layer for various
mean gain scenarios. Note that the least excess noise factor
is always achieved approximately at an energy-buildup-layer
width of 29 nm, almost regardless of the gain. This is a remark-
able feature from a design perspective, which implies that the
excess-noise-factor optimization is achieveduniformly in the
mean gain.

Moreover, if we compare the optimal excess noise factor in
the heterostructure device to the excess noise factor in a ho-
mostructure device (with the same multiplication-region width),
we see that the reduction in the excess noise factor rendered
by the heterostructure becomes more significant as the mean
gain increases. This result is shown in Fig. 8, where theex-
cess-noise-factor improvement, defined as the net reduction in

Fig. 8. Percentage excess-noise-factor improvement, as a function of the
mean gain, in the optimal heterostructure APD relative to a homojunction APD
(without the initial-energy effect).

the excess noise factor relative to the zero-initial energy case,
is plotted as a function of the mean gain. This behavior is at-
tributable to two factors. First, we observe that a milder in-
crease in the electric field is required for a device whose in-
jected carriers possess an initial energy than that required to
cause a similar gain increase in a device that does not exhibit
any initial energy. [This observation is supported by the mean
gain vs. electric field curves shown in Fig. 10(b) and (d)]. Thus,
as the gain increases for both devices, the dead spaces in the
device with the initial energy are longer than the dead spaces
associated with the device without the initial energy. Clearly,
the device with longer dead space (i.e., the one whose injected
carriers have an initial energy) will enjoy a more significant re-
duction in the excess noise. Second, as the field increases in
the device that exhibits the initial-energy effect, itsinitial dead
space becomes progressively smaller and the pdf of the dis-
tance to the first ionization (for the injected electron) becomes
more “impulse-like.” This effect enhances the initial-energy ef-
fect as it causes it to more closely resemble the ideal case where
the first ionization occurs at the edge of the multiplication re-
gion, for which the excess-noise improvement attains its highest
value of 0.751 . In the example considered in Fig. 8, the asymp-
totic excess-noise-factor improvement is approximately 0.35,
however. The reason for not achieving the maximal 0.75 ex-
cess-noise-factor improvement is due to the fact that even when
the initial dead space is zero (i.e., at very high fields), the pdf
will still have a finite spread. One would therefore conclude
from this result that the use of an optimized heterostructure APD
becomes more important in high-bandwidth applications (e.g.,
high-speed receivers) where Johnson noise is dominant and high
operational gains (as much as the bandwidth constraint permits)
are needed to overcome the noise.

1The maximal excess-noise improvement can be established as fol-
lows. Let F (hGi) denote the excess noise factor for an idealized
device for which the first impact ionization occurs instantaneously
at the edge of the multiplication layer. Then, according to [17],
[F (hGi) � F (hGi)]=F (hGi) = 1 � ((1+F (hGi=2))=2F (hGi)),
which converges to 0.75 ashGi ! 1 sinceF increases linearly withhGi
for largehGi.
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Finally, let us now compare the above noise reduction results
to the maximal noise reduction in a 200-nm GaAs homojunction
which would result from the initial-energy effect (i.e., without
the use of an energy-buildup layer). This will show how well
the energy-buildup layer in a heterostructure APD is capable to
mimic the maximal initial-energy effect in homojunction APDs.
Our calculations show that for a 200-nm GaAs homojunction
device with zero initial energy, the excess noise factor is 8 (at
a gain of 20), and it is 5.4 when the initial energy is equal to
the ionization threshold energy (corresponding to a maximal
initial-energy effect). Now, by introducing the energy-buildup
layer in the proposed heterostructure device, the minimal pre-
dicted excess noise factor is 5.8, which occurs at .
Hence, in this example, the optimized proposed heterostructure
is within 8% of the absolute minimum noise attainable using the
initial-energy effect. This difference may be a result of residual
hole multiplication events in the energy-buildup layer.

B. Sensitivity to Uncertainty in the Initial Energy of Injected
Carriers

In Fig. 6, it was assumed that carriers entering the
Al Ga As energy-buildup layer had zero initial energy.
However, it is important to address the noise behavior in the
presence of uncertainty in the initial energy. Fig. 9 shows
the excess noise factor as a function of the AlGa As
energy-buildup-layer width for the case when the GaAs mul-
tiplication width is 100 nm (at a mean gain of 20) for various
initial energy scenarios. As seen in the figure, overall, the
excess noise factor is reduced even more in the presence of the
initial energy. More importantly, the optimum configuration for
the minimal excess noise factor depends upon the initial energy
of carriers entering the Al Ga As energy-buildup layer. For
example, if injected carriers have zero initial energy, then the
minimal excess noise factor ( ) occurs at .
On the other hand, if carriers have initial energy equivalent
to 50% of the ionization threshold energy, then the minimal
excess noise factor ( ) occurs at when .
In addition to minimizing noise, the optimal width renders the
added advantage that its associated excess noise factor is least
sensitive to uncertainty in the initial energy. This can be seen
from Fig. 9, in which the uncertainty in the excess noise factor

, defined as the maximum vertical swing inas varies
between 0 and (i.e., the vertical distance between the
top and bottom solid curves in Fig. 9), is clearly at a minimum
at the optimal width of nm. The point we are making
is that the device configuration that results in the least excess
noise factorassuming no initial energyalso exhibits the least
excess-noise uncertainty (due to the unknown amount of initial
energy). Hence, from a design perspective, it is more robust
to optimize the the proposed structure assuming zero initial
energy (for carriers entering the AlGa As layer).

Finally, we examine the dependence of the mean gain and the
excess noise factor on the initial energy of injected carriers in an
optimized heterostructure. The excess noise factors are shown
in Fig. 10 for a 100-nm GaAs homojunction APD [Fig. 10(a)]
and a 30-nm Al Ga As energy-buildup layer with a 100-nm
GaAs multiplication layer [Fig. 10(c)]. The latter is calculated
twice: once with a maximal initial energy (solid curve) and once

Fig. 9. Sensitivity of the excess noise factor,F , to uncertainty in the initial
energy of the injected carriers, as a function of the width of the energy-buildup
layer. The GaAs multiplication-layer width is 100 nm and the mean gain is 20.
The plots are parameterized by different initial-energy levels for carriers that are
injected into the Al Ga As layer.

Fig. 10. Excess noise factor as a function of mean gain (left) and the mean
gain as a function of the applied electric field (right). (a) and (b) correspond
to a 100-nm GaAs homojunction APD while (c) and (d) correspond to a
heterostructure APD with a 30-nm Al Ga As energy-buildup layer. Solid
curves represent the full initial-energy scenario and dashed curves correspond
to the case where the initial energy is zero.

without any initial energy (dashed curve). As seen from the
plots, the uncertainty in the excess noise factor,, is signif-
icant for a homojunction APD but relatively small in an opti-
mally designed heterostructure APD. In addition, the fluctua-
tions in the mean gain (due to uncertainty in the initial energy)
is large in a homojunction APD and small in an optimally de-
signed heterostructure, as seen from Fig. 10(b) and (d). For ex-
ample, if a homojunction APD is assumed to have zero initial
energy, then the electric field required to produce a mean gain
of 20 is approximately 690 kV/cm. However, due to uncertainty
in the initial energy, the mean gain with the same electric field
may increase to 30, resulting in a 50% mean-gain fluctuation.
In contrast, this gain uncertainty in the optimally designed het-
erostructure APD is only 10%.
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IV. CONCLUSIONS

In this paper, we used the newly developed modified dead-
space multiplication theory to optimize the design of APDs with
two-layer heterostructure multiplication regions. The key mech-
anism exploited here is the initial-energy effect, which arises
from the finite initial energy that carriers possess as they are in-
jected into the multiplication region. This initial energy serves
to reduce the first dead space in the avalanche process, which
serves to enhance the probability of the first ionization being
in the locality of the edge of the multiplication region. The ini-
tial-energy effect, or equivalently, the dead-space reduction in
the first impact ionization of injected carriers, has been previ-
ously shown, both theoretically and experimentally, to reduce
the excess noise factor below the limits customarily known for
thin APDs.

To exploit this effect in a practical design, we proposed a
two-layer Al Ga As–GaAs multiplication-region structure
for which an intrinsic Al Ga As layer, called the energy-
buildup layer, is used primarily to energize the injected car-
riers while the intrinsic GaAs layer is used to host the ion-
ization events. In effect, the initial-energy mechanism is natu-
rally brought about in the proposed heterostructure without re-
quiring any initial energy for the carriers that are injected into
the Al Ga As layer, a task which would be difficult to en-
force in fabrication. It is shown that there is an optimum width
of the energy-buildup layer for which the excess noise factor is
minimized almost independently of the operational gain. More-
over, such a noise improvement, relative to a homostructure in
the absence of the initial-energy effect, becomes more signifi-
cant at high operational mean gains. Notably, the predicted noise
reduction for the optimized structure is very close to that cor-
responding to the maximal initial-energy effect in homojunc-
tion APDs. Moreover, based on the noise reduction seen in this
paper, it would be conceivable to consider devices with several
stages of two-layer multiplication regions.

The analysis presented here used an idealized model for the
dead-space effect for which carriers abruptly become capable of
impact ionizing after traveling the field- and material-dependent
(but otherwise deterministic) dead space. However, we caution
the reader that some of these assumptions may not be very ac-
curate under very high electric-field conditions. In a more real-
istic setting (especially for very thin structures where the opera-
tional electric fields are high), a soft-threshold ionization model
should be used for which newly created carriers gradually at-
tain their ionization capability [26]. Moreover, as the amount
of energy that a carrier may assume immediately after ioniza-
tion is random, the dead space itself may be random. The com-
bination of these to nonidealized effects results in a free-path
distance pdf that is deviant form the simplified shifted exponen-
tial function that we assume in the hard-threshold model. How-
ever, in this paper we chose to use the simplified hard-threshold
dead-space model as a convenient approximation, which man-
ages to capture the dead-space and initial-energy effects while
keeping the mathematical complexity of the model at a min-
imum. Another approximation adopted here was to neglect the
phonon scattering effect in the doped region preceding the en-
ergy-buildup layer where the initial energy is accumulated. In

an earlier work, phonon losses were estimated and subtracted
from the initial energy, which in turn caused a slight increase in
the predicted excess noise factors [17].
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