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If a receiver system is circuit-noise limited, avalanche photodiodes can be beneficial, as their internal gain mechanism can
lead to a higher system signal-to-noise ratio. However, the extent of this benefit is intrinsically limited by the detectors’
excess noise factor. The higher the factor, the lower the overall signal-to-noise ratio. The staircase avalanche photodiode
proposed by Federico Capasso was designed to be a solid-state replacement for a photomultiplier tube in which discrete
and deterministic gain would lead to a unity excess noise factor. The predicted gains for a staircase avalanche photodi-
ode have recently been confirmed for one-, two-, and three-step structures [Nat. Photonics 15, 468 (2021)]. This paper
presents measurements of the excess noise factor of two- and three-step staircase avalanche photodiodes. At an average
gain of 4.01 and 7.24, the two- and three-step staircase avalanche photodiodes have an average excess noise factor of 1.02
and 1.08, respectively. © 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

The most common sources of noise in an optical receiver are dark
current and thermal noise in the detector, circuit noise in the
electronics that follow the detector, or the quantum noise in the
signal. Quantum noise is not an issue for most applications. Dark
current issues are usually addressed by materials studies or cooling
to reduce bulk sources and by developing passivation techniques
to suppress surface leakage. If circuit noise is the limiting mecha-
nism, using a detector with internal gain, such as a photomultiplier
tube (PMT) or an avalanche photodiode (APD), is beneficial.
The advantages and disadvantages of PMTs are well documented.
Their high gain, low noise, and large active area are offset in many
applications by their cost, size, fragility, limited response in the
infrared, and high bias voltage. APDs are complementary to PMTs
in that they can be designed to operate over a broad spectral range,
require lower bias voltages, cost less, operate at higher speeds, and
are more robust. However, conventional APDs exhibit higher
multiplication-related noise, and the active area diameter is typi-
cally tens of microns. The multiplication noise in a conventional
APD happens because impact ionization is a random process,
which results in a variation in the gain from one injected carrier to
the next. The mean squared noise current density of both types of
detectors can be expressed as

S = 2q(Iphoto + Idark)〈M〉2 F (M), (1)

where q is the elementary charge, Iphoto and Idark are the unity
gain (〈M〉 = 1) photocurrent and dark current, and 〈M〉 is the
average value of the gain. The excess noise factor, F (M), is defined

as the normalized second moment of the gain random variable for
a single input photocarrier, i.e., F (M)= 〈M2

〉/〈M〉2 accounts
for variation or randomness of the gain. The excess noise factor
can also be expressed in terms of the mean and variance of the gain
by F (M)= 1+ var(M)/〈M〉2. For deterministic gain, which
is characteristic of PMTs, var(M)= 0. For conventional APDs,
however, this is not the case, which results in overall higher noise
performance and reduced signal-to-noise ratio (SNR).

There have been many attempts to develop solid-state pho-
todetectors in which the gain is as deterministic as PMTs, with
concomitant low noise. One of the more intriguing approaches,
the staircase APD, was proposed in the early 1980s by Capasso and
co-workers [1]. The staircase APD structure consists of sequential
bandgap graded regions [Fig. 1(a)], which, under reverse bias,
create a series of steps, as shown in Fig. 1(b).

Electrons that move from the wide to narrow bandgap regions
acquire excess energy, which enables immediate, localized impact
ionization. These discontinuities are somewhat analogous to
dynodes in a photomultiplier, creating a more deterministic gain
process with a resultant reduction in gain fluctuations and, thus,
lower excess noise. Ideally, the probability of impact ionization is
unity at each step, generating a gain of 2n where n is the number
of steps [1]. If the probability for impact ionization is less than
one and differs for each step, the gain is characterized by a shifted
Bernoulli distribution. The gain is given by the expression

〈M〉 =
n∏

i=1

〈γi 〉, (2)
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Fig. 1. (a) Energy band diagram of unbiased staircase APD.
(b) Illustration of localized impact ionization under reverse bias.

where 〈γi 〉 is the mean gain at the ith staircase step. Bernoulli statis-
tics represent the probability distribution for impact ionization at
each step. If all the carriers crossing a step impact ionize, 〈γi 〉 = 2.
Conversely, if no ionizations occur, 〈γi 〉 = 1. Initially, Capasso
et al . used Alx Ga1−x As/GaAs to fabricate the staircase band struc-
tures [2,3]. Unfortunately, the Alx Ga1−x As/GaAs conduction
band discontinuity is insufficient to allow carriers to impact ionize
in GaAs, particularly for high-energy electrons scattered to satellite
valleys [4]. The Alx In1−x Asy Sb1−y material system, however, is
well suited for the staircase APD structure. The direct bandgap is
widely tunable from 0.24 eV (x = 0) to 1.25 eV (x = 0.8) [5], and
the change in bandgap occurs almost entirely in the conduction
band [6]. March et al ., using one-, two-, and three-step AlInAsSb
staircase structures, have successfully demonstrated 2n gain scaling
[7]. This paper reports measurements of the excess noise factor for
two- and three-step staircase APDs.

The staircase APD wafers were grown as digital alloys of the
binaries AlSb, AlAs, AlSb, and InSb on n-type GaSb (001) sub-
strates. Details of the crystal growth and properties of the resulting
materials are reported elsewhere [5,6,8,9]. Figure 2 shows the
epitaxial layer structure of the staircase APD and a corresponding
control structure where the staircase region has been replaced with
Al0.7InAsSb, allowing for staircase performance to be directly
compared to a simple homojunction. This control structure was
grown in the same batch as the complementary staircase APD,
back-to-back, and it is used to calculate its gain as detailed in a

previous publication [7]. Circular mesas were defined by standard
photolithography and formed by etching the mesas into the n-type
Al0.7InAsSb contact layer with a citric/phosphoric acid solution.
The devices were passivated with SU-8 to reduce surface leak-
age current. Ti/Au contacts were deposited using electron-beam
evaporation.

2. THEORETICAL EXCESS NOISE FOR
STAIRCASE APDs

Theories for the gain and excess noise factor for staircase APDs are
well documented [1,10–12]. The excess noise factor for an n-step
staircase APD in which a single carrier can initiate a single impact
ionization at each discontinuity in the band structure is given by
the expression [10,12]

F = 1+
var(γ1)

〈γ1〉
2
+

n∑
i=2

[
var(γi )

〈γi 〉
2
∏i−1

k=1〈γk〉

]
, (3)

where var(γi ) is the variance of the multiplication at the ith step.
This equation is valid for staircase APDs with a different gain value
at each step. Since it is difficult to determine the impact ionization
probabilities for individual steps, we estimate the excess noise
factor, assuming the probabilities are the same at each step. Under
this assumption, the excess noise factor becomes [1,10–12]

F = 1+
var(γ )

〈γ 〉(〈γ 〉 − 1)

[
1−

1

〈γ n〉

]
. (4)

For staircase APDs, Teich et al . [10] have shown that
〈γ 〉 = 1+ P and var(γ )= P (1− P ), as expected from Bernoulli
statistics. Using these expressions, Eq. (4) can be rewritten as

F = 1+
1− P
1+ P

[
1−

1

(1+ P )n

]
. (5)

For the two-step staircase, the measured gain at −2.5 V bias
is 4.01, which gives calculated values of ∼1 for P and F = 1.00.
The three-step APD exhibited a gain of 7.24 at −4 V bias. The
corresponding values of P and F are 0.93 and 1.03, respectively.

3. EXCESS NOISE MEASUREMENT SETUP

The noise for the two- and three-step staircase APD devices was
measured at a low frequency of around 70 kHz to ensure the devices
were not bandwidth-limited. Figure 3 shows a block diagram of the

Fig. 2. Epitaxial layer structure for an n-step staircase APD (left) and the epitaxial layer structure for a corresponding control structure where the staircase
step region has been replaced with Al0.7InAsSb.
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Fig. 3. Block diagram of the noise measurement setup.

setup. Essentially, a Keithley 2400 SourceMeter is used to provide
a DC bias, and a Femto DLCPA-200 trans-impedance amplifier
(TIA) is used to amplify the measured device noise so that it can
be measured by an Agilent E4440A spectrum analyzer (SA). This
measurement setup was used instead of a more conventional noise
figure analyzer (NFA) based configuration because the desired
measurement frequency is well below the minimum frequency of
common NFAs like the Agilent 8973 NFA with a minimum fre-
quency of 10 MHz. More details about this setup are described in a
previous publication [13]. The TIA is set to the low-noise perform-
ance range with a trans-impedance of 105 V/A. The SA is centered
at 69.4 kHz with a resolution bandwidth of 47 Hz. This specific
measurement frequency was selected since the system noise floor
was low enough to detect the generated noise from the measured
device. For reference, the system noise floor was −116.1 dBm,
and the low-measured noise power for both control structures was
−114.9 dBm.

4. MEASURED EXCESS NOISE FOR STAIRCASE
APDs

For all measurements, a bias of −2.5 V was used for the two-step
staircase and its control, and a bias of−4 V was used for the three-
step staircase and its control. These biases yield the maximum gain
in each of the staircase structures. By using the same bias for both
the control and its staircase, we ensure the control has the same
depletion characteristics as the staircase, resulting in a direct com-
parison of only the signal and noise performance. All devices were
illuminated with 543 nm light from a He-Ne continuous-wave
laser, and all measurements were performed at room temperature.

The shot noise powers for an APD and a PIN are shown in
Eq. (6) and Eq. (7), respectively. These equations are similar to
Eq. (1) except the system impedance, R = 50�, and measurement
bandwidth,1 f = 47 Hz, have been introduced:

NAPD,shot = 2q
(
Iphoto + Idark

)
R1 f 〈M〉2 F (M), (6)

NPIN,shot = 2q
(
Iphoto + Idark

)
R1 f . (7)

A. Measuring the Noise Power of the Control
Structures

To measure the excess noise of the two- and three-step staircase
APDs, the noise versus photocurrent was first measured for the
corresponding control structure. The control structure is simply a
PIN photodiode producing a unity gain and unity excess noise. By
varying the incident light intensity, and thus the photocurrent, a
noise power of the control structures was measured corresponding
to 2q(Iphoto + Idark)R1 f + Nsystem. When plotting the measured
noise versus photocurrent, there is a y -intercept at zero photocur-
rent corresponding to the dark noise contributions and any system
noise. By subtracting the intercept, we are left with a line that scales

Fig. 4. (a) Measured noise power for a two-step staircase APD and its
control. (b) Measured noise power for a three-step staircase APD and its
control.

linearly with photocurrent and represents 2q Iphoto R1 f . These are
the control photo lines in Figs. 4(a) and 4(b).

B. Measuring the Noise Power of the Staircase
Structures

A similar measurement was performed for the staircase APD. With
the staircase APD biased to achieve maximum output photocur-
rent, the device was illuminated with the same intensities exposed
to the control. The staircase APD gain is its measured output pho-
tocurrent divided by the photocurrent of its control under the same
illumination. The noise power was also measured at each intensity
and corresponds to 2q(Iphoto + Idark)R1 f 〈M〉2 F (M)+ Nsystem,
the “n-step total” line in Figs. 4(a) and 4(b). The intercept of the
“n-step total” line corresponds to the dark noise of the staircase
APD and any system noise contributions. By subtracting the inter-
cept, we get the “n-step photo” lines in Figs. 4(a) and 4(b), which
are the photo noise power of the staircase devices corresponding to
2q Iphoto R1 f 〈M〉2 F (M).
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Fig. 5. Theoretical, 2n , gain and measured gain for a one- [15], two-,
and three-step staircase APD. The bias required to reach the plotted gain is
in parentheses.

C. Calculating the Excess Noise Factor of the
Staircase Structures

At the same input light intensities, the measured control noise
corresponds to 2q Iphoto R1 f , and the measured staircase APD
noise corresponds to 2q Iphoto R1 f 〈M〉2 F (M). Therefore,
the excess noise factor of the staircase APD can be calculated by
dividing the measured noise of staircase APD by the measured
noise of the control and the squared gain of the staircase APD,
F (M)= NAPD/Ncontrol〈M〉2. This method for determining
F (M) accounts for any uncertainties with system gain and band-
width, as well as any noise contributions from the laser source
[14]. Since the staircase APD noise is divided by the control noise,
these uncertainties will cancel, and only the excess noise intrinsic
to the staircase device will remain. This method is preferred for
determining F (M) compared to direct calculation with Eq. (7).

Four devices were measured for both the two- and three-step
staircase structures, and their excess noise was averaged. The
measured average excess noise factors for the two- and three-step
staircase APDs are 1.02 and 1.08, respectively. The corresponding
average gains for the two- and three-step staircases are 4.01 and
7.24. The gain for a previously reported one-step [15] and the gains
for the two- and three-step staircase APDs are plotted with the
theoretical 2n gain in Fig. 5.

Figure 6(a) shows the measured excess noise compared to the
theoretical scaling of the best-case k = 0 conventional APD based
on the local field model [17]:

F (M)= k〈M〉 + (1− k)
(

2−
1

〈M〉

)
, (8)

where k is the ratio between β, the hole impact ionization coef-
ficient, and α, the electron impact ionization coefficient. Also
plotted is the excess noise of a Si APD [16] and two best-case
high-gain first-dynode PMTs with two and three dynodes. For
both PMTs, the gain of the first dynode, A, is equal to 10, and
the “degrees-of-freedom,” D, is ∞ (the least noisy) [10]. These
degrees-of-freedom describe the variability of secondary-emission
efficiency across the dynode surface [10]. The measured excess
noise of both devices is much lower than that of the best-case k = 0

Fig. 6. (a) Measured excess noise factor for a two- and three-step stair-
case APD compared to the excess noise, based on Eq. (8), of a k = 0 con-
ventional APD, a Si APD [16], and the theoretical excess noise of two best-
case PMTs (A= 10, D=∞) [10]. (b) Measured excess noise compared
to the theoretical excess noise for a two- and three-step staircase APD.

conventional APD and both best-case PMTs. Figure 6(b) shows
the measured excess noise compared to the theoretical excess noise
of staircase APDs expressed in Eq. (5). Instead of plotting directly
versus the probability, P , the average gain was first calculated from
the expression 〈M〉 = (1+ P )n and used. There is excellent agree-
ment between the theoretical and measured noise for the two- and
three-step staircase APDs.

5. CONCLUSION

We present excess noise measurements for both two- and three-step
staircase APDs. The average gain for the two-step at −2.5 V is
4.01, with an average excess noise factor of 1.02. The average gain
for the three-step at −4 V is 7.24, with an average excess noise
factor of 1.08. Both values are much lower than the excess noise
of a best-case k = 0 conventional APD. Additionally, the mea-
sured excess noise factors agree well with the original theoretical
predictions made by Capasso et al . [1] and Teich et al . [10]. The
near-unity excess noise factor of staircase APDs offers an exciting
outlook on the potential future of high-sensitivity receiver systems.
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Future iterations of this structure offer exciting implications
for receiver sensitivities. First, due to the exponential gain scal-
ing in staircase APDs, each additional staircase step added to the
structure has the potential to double the gain. With the same
near-unity excess noise factor, a future staircase APD design with
four or five steps would provide double or quadruple the gain of a
three-step device, while maintaining a receiver system that is still
circuit noise limited. The main limitation, however, in realizing
higher step count staircase APDs is ensuring that all the staircase
steps unfold simultaneously. With each additional staircase step
added, it becomes more difficult to balance the electrostatics of
the device in a way to ensure all steps unfold together. If only some
of the steps are unfolded, there could be significant charge trap-
ping in the unfolded steps as they essentially act as an energy well.
Additionally, suppose one step has completely unfolded and begins
to flatten before the others. In that case, carriers may start to tunnel
in the narrow bandgap region at the bottom of the step, resulting
in increased dark currents. The addition of intermediate charge
layers between steps may become necessary for higher step counts
to ensure the proper step unfolding.

Additionally, for simplicity, the staircase APDs presented pre-
viously [7] and in this publication were grown with a relatively
wide-bandgap absorber (∼1.2 eV). Future staircase APDs could
incorporate a narrow bandgap material as the absorber in a separate
absorption, charge, and multiplication structure where the con-
ventional wide-bandgap multiplication region has been replaced
with a staircase multiplication region, thus challenging the wave-
length limitations of typical PMTs. Such a structure will be the
subject of a future publication.
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