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Abstract—We report digital alloy AlxIn1−xAsySb1−y/GaSb
staircase avalanche photodiodes (APDs) that operate using carrier-
trapping induced tunneling gain. A model describing carrier injec-
tion and escape from non-square quantum wells is presented to help
explain and quantify the physics of carrier trapping in staircase
APD step regions. We show experimental electrical and optical data
demonstrating carrier trapping to corroborate this model. Further-
more, we derive electrostatic parameters that should be considered
when designing AlInAsSb staircase APDs with low-noise and deter-
ministic gain scaling that mitigate the deleterious effects of carrier
trapping and tunneling in the staircase step regions.

Index Terms—Photodiode, photodetector, staircase avalanche
photodiode.

I. INTRODUCTION

O PTICAL receivers used to probe wavelengths in the near-
to mid-infrared (IR) regime frequently use avalanche pho-

todiode (APD) architectures [1]. Conventional APDs operate
using impact ionization to produce internal gain, M , without
the use of an external amplifier. The impact ionization gain
mechanism is only possible under high-field conditions, leading
to faster carrier transit times with high gain-bandwidth prod-
ucts [2]. Additionally, the presence of an internal gain mecha-
nism can lead to excellent detector sensitivity for small input
signals [3]. The sensitivity benefit of APDs over photodiodes,
like p-n and p-i-n diodes, has led to APD adoption in applications
including for spectroscopy [4], [5], telecommunications [1],
data centers [6], imaging such as LIDAR [7], [8], and quantum
information processing [9], [10].

The impact ionization gain mechanism is, however, stochastic
in nature, which causes temporal variation in an APD’s output
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signal that is interpreted as noise. This variation is parameter-
ized using the excess noise factor, F (M) = 〈M2〉/〈M〉2 ≥ 1.
Single-carrier initiated and deterministic localization of impact
ionization events are long-known to produce the lowest noise
APDs [11]–[13].

As a result, low-noise APDs are constructed either by using
materials with inherently low F (M) due to single-carrier initi-
ated impact ionization [14]–[17] or by using Impact Ionization
Engineering (I2E) strategic heterostructure placement to local-
ize impact ionization to make gain more deterministic [18], [19].

Capasso and colleagues proposed a solid-state analog to the
photomultiplier tube called the “staircase” APD in the early
1980s that combined both of these features for low noise per-
formance [20]. The staircase APD was predicted to exhibit ex-
tremely low noise performance (F (M) ∼ 1) as a consequence of
deterministic spatial localization of impact ionization at “steps”
spaced across the device that only multiply electrons at step
edges. Capasso predicted that M would scale as 2N , where N
is the number of staircase [20], [21].

In the decades since Capasso’s staircase APD proposal, ad-
vances in crystal growth have enabled new material synthesis
and a greater ability to design complicated semiconductor het-
erostructure devices, such as the staircase APD. Initial attempts
to produce staircase APDs used the GaAs–AlGaAs material
system [22], [23] but demonstrated high noise characteristics,
likely due to intervalley scattering before impact ionization
could occur [24]. Recent work using optimized GaAs-AlGaAs
staircase structures that took advantage of non-local effects were
used to produce lower noise performance, but still higher than
Capasso’s initial predictions [25]. Additional attempts using
GaP–AlInGaAs [26] and AlGaSb-GaInAsSb [27] did not clearly
demonstrate discrete step gain. Advances in graded MnZnO
growth present a possible material solution for ultraviolet to
visible range staircase APD optical detection [28].

One material system that emerged is AlxIn1−xAsySb1−y

grown digitally as thermodynamically stable binary alloys
lattice-matched to GaSb [29], [30] (henceforth called AlI-
nAsSb). Digital AlInAsSb alloys demonstrate a tunable near-to-
mid-IR direct bandgap [30] where the change in bandgap occurs
almost entirely in the conduction band across a wide composi-
tion range [31]. Combining these features with the digital al-
loy growth technique, which enables controlled lattice-matched
compositional grading [32], has been used to produce an eclectic
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Fig. 1. Energy-position band diagrams illustrating the physics proposed by
Maddox and colleagues to explain the origin of the anomalously high-gain in
their 2-step staircase APDs. (a) Photo-generated electrons drift into the top
well formed by the staircase structure, becoming trapped. (b) A large density
of trapped electrons warp the band curvature. (c) The higher field produced
by band curvature induces band-to-band tunneling into the bottom step region,
resulting in tunneling gain. Figures reprinted from [40] with permission from
IEEE (©2016).

set of AlInAsSb optoelectronic devices, such as type-I lasers [33]
and low-noise avalanche photodiodes (APDs) [34]–[38]. Stair-
case APDs using AlInAsSb recently demonstrated Capasso’s
proposed ∼ 2N gain scaling [36], [39]. More remarkably, the
multi-step staircase by March et al. [39] actually showed sig-
nificantly lower shot noise power than was predicted for even
the best-case APDs and photomultiplier tubes, albeit at modest
gains. Work continues on increasing the number of staircase
steps for additional gain and noise benefits.

While pursuing multi-step staircase demonstration, Maddox
and colleagues observed large gains using a 2-step staircase APD
architecture with M � 2N [40]. They explained the anoma-
lously high gain as tunneling-induced amplification driven by
carrier trapping in the top step region of their devices, shown
in Fig. 1. This work highlights two major staircase APD de-
sign considerations: carrier trapping and tunneling in the step

regions. Understanding these processes serves as the founda-
tional motivation for the studies presented here.

Researchers studying carrier transport in optoelectronic de-
vice performance have examined carrier trapping and tunnel-
ing but primarily for symmetric square well geometries with
abrupt heterointerfaces, such as for single quantum wells [41],
multi-quantum well [42]–[44], and superlattice systems [45],
[46]. As an example, thermionic emission (TE) in semiconduc-
tors has long caused device challenges, especially for devices
that are sensitive to temperature, independent of applied field.
Mitigating TE is particularly important for optoelectronic laser
design, where TE is known to limit performance by causing
barrier leakage currents [47] and reducing active region carrier
confinement [48]–[50]. On the other hand, Zener band-to-band
tunneling [51], [52] (BTBT) leads to a separate set of design
challenges because tunneling breakdown in devices operating
at high applied fields impedes performance, independent of
operating temperature [53].

Here, we present a model for carrier trapping and tunneling
in staircase APDs by extending prior square-well theories [41]–
[43], [46]. We develop this in the context of the simplest multi-
step staircase (2-step structure) as it provides the opportunity
to tractably study staircase APDs with easy-to-model and easy-
to-measure system inputs and outputs. We use these theoretical
modifications to predict the density of trapped carriers in the
asymmetric non-square quantum wells formed in AlInAsSb
staircase APD step regions. Our calculations are compared
against bias-dependent photoluminescence spectroscopy (PL-
V) along with capacitance-voltage (C-V) and current-voltage
(I-V) electrical measurements to infer the presence of trapped
carriers and its influence on tunneling gain. In addition to en-
hancing prior carrier transport theory, this work provides a set
of important design parameters for the AlInAsSb digital alloy
system that should be considered when designing staircase APD
devices to mitigate the deleterious effects of carrier trapping and
tunneling, including increased noise and decreased frequency
bandwidth. In particular, we present a tolerable TE trapping
barrier height and critical BTBT distance that are more likely to
produce desirable M ∼ 2N staircase gain scaling and low-noise
performance.

II. THEORY OF INJECTION AND ESCAPE RATES FOR QUANTUM

WELLS FORMED BY NON-SQUARE POTENTIALS

The time rate of change of the electron density, N , in a
quantum well is given as a sum of the carriers injected into
the well region, dNinject/dt, and the carriers that are escaping,
dNescape/dt.

dN

dt
=

dNinject

dt
− dNescape

dt
(1)

The injection rate term is the sum of current caused by
injection into the top of the well (top), band-to-band tunneling
into the well (BTBT), and generation (G) as:

dNinject

dt
=

dNtop

dt
+

dNBTBT

dt
+

dNG

dt
(2)
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Fig. 2. Carrier transport mechanisms considered to model 2-step staircase APDs. (a) Carriers enter step wells by injection (top), band-to-band tunneling (BTBT),
or thermal generation (G). Carriers escape each well by thermionic emission (TE), trap-assisted tunneling (TAT), or recombination (R). At steady state, Qtrapped

electrons are trapped in the wells. (b) Energy parameters used to calculate TE, TAT, and G. (c) Parameters used to estimate the BTBT rate.

and the escape rate term is the sum of thermionic emission (TE)
over the well’s potential barrier, thermally assisted tunneling
(TAT), and recombination (R) as:

dNescape

dt
=

dNTE

dt
+

dNTAT

dt
+

dNR

dt
(3)

The injection and escape rates from (2) and (3) are illustrated
in Fig. 2(a). In the subsections that follow, we consider analytical
injection and escape rate terms, where the non-square potential
geometry in the conduction band most directly impacts the TE
and TAT escape expressions.

A. Injection Into the Top of the Well

For a system with M wells, carriers enter the top of the mth

well by TE and TAT from the preceding well (m− 1) and enter
the next well (m+ 1). In the presence of impact ionization over
the step edge, the rate change of carrier density is scaled by the
impact ionization probability [20], p, as:

dNtop,m

dt
= (1 + p)

(
dNTE,m−1

dt
+

dNTAT,m−1

dt

)
(4)

AlInAsSb staircase APD p values are typically 0.8 to 0.9 [36],
[39]. dNtop/dt for the first well (m = 1) is simply the pho-
tocurrent at unity gain, which can be measured using a step-free
control p-i-n photodiode:

dNtop,m=1

dt
= (1 + p)

(
Iphoto,control
qAdwell

)
(5)

where q, A, and dwell are the elementary charge, device area,
and well width, respectively. dwell is shown schematically in

Fig. 2(b). The output of the system at the M th well is measured
directly from a staircase APD with an M steps:

dNtop,m=M+1

dt
=

Iphoto,staircase
qAdwell

(6)

The measurement of a control p-i-n staircase current as de-
scribed later in the current-voltage characteristics Section.

B. Injection From Band-to-Band Tunneling

The BTBT rate between as a function of the tunneling prob-
ability T (E) between the valence (v) and conduction (c) bands
is [54]:

dNBTBT

dt
=

(
1

qdwell

)(
qm∗KBT

2π2�3

)

×
∫
step

[n2D,v(E)− n2D,c(E)]T (E)dE

� is the reduced Planck’s constant, m∗ is the effective mass, KB

is Boltzmann’s constant, and T is the temperature. The n2D(E)
terms account for density of carriers in the xy-plane in either
band as:

n2Dvc =

∫
m∗

π�2
fvc(E)dE (7)

where fv(E) and fc(E) are the Fermi distributions as a function
of the energy E and Fermi energies EF,v and EF,c, as described
in Fig. 2(c), and are given as:

f(E)vc =
1

1 + e
E−EF,vc

kBT

(8)
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Typically Kane’s uniform-field BTBT approximation [55] is
used to calculateT (E); however, the complicated band structure
in the staircase APDs produces different quasi-fields in the
valence and conduction bands, making Kane’s approximation
inappropriate to use. Instead, we modelT (E)using the Wentzel–
Kramers–Brillouin (WKB) approximation as a function of the
integral over the imaginary wave vector inside the bandgap,
κ(x):

TWKB = exp

(
−2

∫
κ(x)dx

)
(9)

The spatial change κ due to band grading is captured with
a 2-band �k · �p model [56] by accounting for the spatial change
in Egap and the coupling between the valence and conduction
bands via Kane’s matrix element PCV [55].

κ(x) =

√(m0

�2

) E(Egap(x)− E)

E − 1
2Egap(x) +

PCV (x)
m

(10)

In this study, PCV was calculated through linearly interpola-
tion of alloy mixing parameters [57], [58] using the constituent
binary alloys that make up AlInAsSb.

C. Injection From Thermal Generation

The thermal generation rate into the well region is found using
the Shockley-Read-Hall generation rate [59], [60]:

dNG

dt
=

qni

τeffdwell
(11)

The intrinsic carrier concentration, ni, takes the form ni =√
NcNv exp(−Egap,eff/2KBT ) where we assume typical

parabolic band parameters. τeff was calculated from dark cur-
rent density data reported for the previously reported 1-step
AlInAsSb staircase APD [36] and are typically ∼1 μs. The
effective bandgap was calculated as the usual bandgap plus
the added energy between the band edge and the Fermi level,
Egap,eff = (Ec − Ev) + (EF − Ec)

D. Escape by Carrier Recombination

The carrier recombination rate in an APD is usually neglected
because the applied field sweeps out any carriers before they
have a chance to recombine. However, at low biases (thus low
applied fields) recombination can play a more significant role,
especially in a structure with carrier confinement. The recombi-
nation rate for carriers escaping a well using the same τeff as
for G above is [59], [60]:

dNR

dt
=

N

τeff
(12)

E. Escape by Thermionic Emission

We consider TE by following the work of Moss [41].
Thermionic emission over a potential barrier is not a function of
the barrier’s shape but only on the barrier height over which
carriers much overcome. The TE escape rate from (3) is a

function of the TE escape rate τ3D(k) as:

dNTE

dt
=

1

N

∫
3D

1

τ3D(k)
f(E, k)

d3k

4π3
(13)

The Fermi distribution f(E, k) in terms of the electron’s
energy E(k) for momentum k with Fermi Energy EF is:

f(E, k) 	 e
−E(k)−EF

KBT (14)

We make use of the Boltzmann approximation in (8) to
produce (14), where E(k) � EF . We note that the Boltzmann
approximation is less reliable for small barrier heights, when
EF is close to the top of the barrier, or at high temperatures such
that E(k)− EF 
 KBT .

τ3D is related to the width at the top of the well, dwell

and to the velocity of a carrier in the continuum, vz(k), as
τ3D(k) = dwell/vz(k), and vz = �kz/m

∗. Additionally, the
energy of a carrier in state k relative to the bottom of the
well Ewell is modeled using a parabolic band approximation
as E(k) = Ewell + �

2k2/2 m∗ and k2 = k2x + k2y + k2z . Thus,
(13) becomes:

dNTE

dt
=

1

N

(
1

dwell

�

m∗
1

4π3

)
e
−Ewell−EF

KBT

×
∫ +∞

−∞
dkx

∫ +∞

−∞
dky

∫ +∞

−kb

dkz

[
kze

−

(
�
2(k2

x+k2
y+k2

z)

2 m∗

)
KBT

]

Thermionic emission only impacts carriers above the well,
so we only consider confined carriers in the growth direc-
tion along z with energy in states kz > kb, where k2b =
(2 m∗/�2)ΔEbarrier, and where ΔEbarrier = Ebarrier,top −
Ewell. Modeling TE withΔEbarrier provides the slowest carrier
escape rate, leading to a conservative estimation to use when
designing staircase APD steps regions to mitigate electron trap-
ping. After evaluating each kx,y,z term, the final expression for
the thermionic emission out of the well region is given as:

dNTE

dt
=

1

N

m∗(KBT )
2

2π2�3dwell
e
−Ewell−EF

KBT e
−ΔEbarrier

KBT (15)

This is the same result at Moss [41] except in their derivation
for a square well, they quote dNTE/dt in terms of a uniform
applied electric field as the source for thermionic barrier lower-
ing; similar square well solutions are provided in [42], [43].
For a non-square barrier, we leave the expression in terms
of ΔEbarrier as the quasi-field in the conduction band of a
non-square potential in the presence of charge trapping is a
complicated function of an applied field. Equation (15) is still
in terms of the total N and requires knowing the carrier den-
sity within the 2D well region, which we consider next when
calculating TAT. A final expression for TE is given later as (25).

F. Escape by Thermally Assisted Tunneling

The thermally assisted tunneling escape rate out of a well
region from the nth quantized level follows a similar form as
the TE escape rate from (13), but for confined carriers in the 2D
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states with energy below the thermionic barrier:

dNTAT

dt
=

1

N

∑
n

∫
2D

1

τ2D,n
f(E, k)

d2k

2π2
(16)

τ2D,n(k) is the tunneling escape lifetime out of the well region
from the level n. The lifetime term is constant with respect to
energy and independent of the in-plane momenta, so it may be
removed from the integral. After converting from momentum
space to energy for convenience, what remains is an integral over
the product of f(E) and the DOS, which is the carrier density
N2D,n. We express the DOS as the usual 2D DOS scaled by
the relative well width at level n, (m∗/π�2dn)Θ(E − En), and
integrating over E instead of k:

N2D,n =

∫ ∞

Ewell

f(E)
m∗

π�2dn
Θ(E − En)dE

=
m∗

π�2dn

∫ ∞

En

1

1 + e
E−EF
KBT

dE

=
m∗KBT

π�2dn
ln

∣∣∣∣1 + e
−En−EF

KBT

∣∣∣∣ (17)

We employed the Heaviside step functionΘ(E − En) used in
the density of states expression to adjust the limits of integration.
Moss also used a well-width-scaled DOS term but for a single
well width. Here, we adjust dn based on the shape of the
non-square potential. We note that within the Boltzmann approx-
imation for E(k)− EF � KBT , we can use ln |1 + x| ∼ x, so
N2D,n in (17) simplifies to:

N2D,n =
m∗KBT

π�2dn
e
−En−EF

KBT (18)

Next, we turn our attention to the τ2D,n lifetime term in (16).
Larsson et al. expressed the lifetime as the inverse of the escape
rate probability per unit time by relating it to the tunneling
probability through the barrier,Tn, and the frequency of a carrier
striking the barrier, fn [46].

τ2D,n(k) =
1

Tnfn

=
tRT

Tn
(19)

Larsson showed that fn can be found from the round trip time,
tRT,n, of a carrier oscillating back-and-forth at quantized level
En assuming that the carrier had a velocity, vz,n = �kz,n/m

∗:

tRT,n = 2

(
dn
vz,n

)
(20)

where the factor of 2 comes from the back-and-forth crossing
the well region. Larsson found tRT for a square well; however,
in the case of a non-square potential, a numerical solution for
tRT is needed. We propose that the dn/vz,n term in (20) can
be discretized based on the relative velocity Δvz,n over a small
region of the well Δz, as illustrated in Fig. 3. Reformulating

Fig. 3. Numerical determination of tRT a carrier at level n with energy En,
as described in (21).

(20) to account for these changes yields:

tRT,n = 2

⎛
⎝∑

j

Δzj
Δvz,n,j

⎞
⎠

=
(√

2 m∗
)⎛⎝∑

j

Δzj√
ΔEn,j

⎞
⎠ (21)

The final line of (21) uses the out-of-plane momentum
kz,n,j =

√
(2 m∗/�2)ΔEn,j . Tn is often difficult to evaluate

analytically, so we again use the WKB approximation.

G. Total Carrier Density and Calculating EF

The expressions in (15) and (16) notably rely on the total
carrier density inside the well region N , which is the sum of the
carriers in 2D states (at lower energies) and 3D states (at higher
energies). For carriers in the 3D states, n3D, we must consider
states in the continuum above the barrier.

N3D =

∫
3D

ρ3D(E)f(E, k)dE (22)

Evaluating the 3D carrier density term and combing it with
the summation of the 2D component in (18), N becomes:

N = N2D +N3D

=

subbands∑
n

m∗KBT

π�2dn
e
−En−EF

KBT

+

√
2

π2

(
m∗KBT

�2

)3/2(
e
−Ewell−EF

KBT

)

×
[∫ ∞

β

ξ1/2e−ξdξ −
√

βe−β

]

The form of n3D is borrowed directly from Moss [41] by
making use of Gamma functions, where β = ΔEbarrier/KBT .
Adopting Moss’s nomenclature, we further simplify N ,

N = 2

(
m∗KBT

2π�2

)3/2

e
−Ewell−EF

KBT N̄ (23)
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Fig. 4. Sample evaluation for finding EF using (27). ρDOS(E) increases in
steps of m∗/π�2dn for every quantized level increment, where the 2D DOS is
scaled by the well width dn. N is shown in red as the integral under the curve
between the first confined level E1 and EF .

The consolidated term N̄ is a unitless weighting factor:

N̄ =
2√
π

[
d̄π

subbands∑
n

1

dn
e
− ΔEn

KBT

]

+

[∫ ∞

β

ξ1/2e−ξdξ −
√

βe−β

]

where d̄ is:

d̄ =

√
�2

2 m∗KBT
(24)

The final expression for the thermionic escape rate out of a
non-square potential quantum well is:

dNTE

dt
=

N

N̄

[
1

d

√
KBT

2πm∗ e
−ΔEbarrier

KBT

]
(25)

and the final expression for thermally assisted tunneling is:

dNTAT

dt
= N

2π1/2d̄

N̄

[
subbands∑

n

1

τ2D,n

1

dn
e
− ΔEn

KBT

]
(26)

The dependence of N on EF requires an iterative numerical
solution, where EF was first calculated by assuming a total
trapped charge within a well region isQtrapped =

∫
Ndz. Next,

we used the fact that the carrier density inside of the well is the
integral over the product of the well-width-scaled DOS and the
occupation probability. Well-width scaling the density of states
is consistent with more rigorous calculations of other non-square
potentials [61], [62]. EF is found by evaluating:

N =

E≤EF∑
n

∫ En+1

En

m∗

π�2dn
Θ(En − E)f(E) (27)

For simplicity, we assumef(E) ∼ 1 forE ≤ EF andf(E) ∼
0 otherwise, which is shown graphically in in Fig. 4.

Injection and escape rate calculations were performed using
openbandparams Possion electrostatic solver [63] where ma-
terial parameters for AlInAsSb lattice-matched to GaSb were
found from [30], [31], [64]. Qtrapped in the top well region
was adjusted to produce the best fit to a steady-state solution

where dN/dt = 0 in (1). Next, we compare our simulations
against measured data in the experimental section before using
simulations that are informed by measurement to determine
critical staircase APD design parameters. We note that while
our analysis here focuses on electrons, the same carrier-trapping
related mechanisms are also present for holes but are less in-
fluential on device performance as the AlInAsSb valance band
offsets over a wide aluminum composition show little change,
suggesting little hole accumulation is likely in the staircase
region [31].

III. EXPERIMENTAL DEMONSTRATION OF TRAPPING-INDUCED

TUNNELING GAIN

A. Crystal Growth, Fabrication, and Characterization

Staircase APDs were grown with modified top step geome-
tries by increasing the band grading rate out of the top step
region. Steeper step grading creates deeper well regions than the
nominal staircase step geometry [36], [39], thus better localizing
carriers. These devices function essentially as optically pumped
(gate-less) tunneling transistors, in which the top step’s charge
localization tunes the field of the bottom step region and induces
tunneling, as shown in Fig. 1. A layer structure of the modified
top step devices, conduction band profiles of the top step region,
and high-resolution X-ray diffraction spectra measured around
the (004) GaSb diffraction peak for structures grown in this
study are shown in Fig. 5. Three staircase samples were grown
along with a step-free control p-i-n as a gain reference. The top
step geometry of the staircase structures was modified so the
barrier seen by electrons leaving the well region produces more
confinement, where the barrier wedge is 5, 10 or 20 periods long.
A single period of AlInAsSb digital alloy used in this study is
10 monolayers thick (approximately 3 nm).

These staircase APDs were grown on n-type GaSb (001) sub-
strates via molecular beam epitaxy. The AlInAsSb layers were
grown as digital alloys of stable binaries using the repeating layer
sequence: AlSb, AlAs, AlSb, InSb, InAs, Sb 5-second soak.
AlInAsSb compositions were strain-balanced to (001) GaSb us-
ing high-resolution X-ray diffraction. Extensive growth details
regarding optimized growth conditions and layer structures are
provided in [29], [30], [36], [39]. Staircase APDs were fabricated
as circular mesas using standard photolithography processes
and chemically etched using a phosphoric/citric acid solution.
Titanium/gold p- and n-type Ohmic contacts were deposited
by electron-beam evaporation, and the mesa sidewalls were
passivated with SU-8 to reduce surface leakage and improve
device integrity.

B. Photoluminescence-Voltage Characteristics

Photoluminescence-voltage (PL-V) measurements were per-
formed from 80 to 300 K on 500-μm diameter mesas under
10-mW excitation from an 808-nm laser diode driven with a
10 kHz square wave. Spectrally-integrated measurements were
made by directing the PL signal through a 2.4-μm longpass filter
onto a cryogenic InSb detector, and signals were read out via a
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Fig. 5. (a) Side-profile view layer structure used in this study. A step-free
control p-i-n uses the same layer structure, but the step regions are replaced
with undoped Al0.7 In0.3As 0.31 Sb0.69. (b) Energy-position conduction band
profiles and aluminum (Al) fraction in Alx In1−xAs y Sb1−y of the top step
showing the 5-, 10-, and 20-period step ramps used to modulate carrier trapping.
The bottom step for all staircase APDs in this study uses the 20-period geometry.
(c) Measured high-resolution X-ray diffraction spectra of the staircases and their
control suggest samples are well lattice-matched with high-quality interfaces and
uniform period sizes.

lock-in amplifier. Spectra were collected under the same excita-
tion and filtering condition via amplitude-modulation step-scan
Fourier transform infrared spectrometer.

Representative PL spectra at 300 K for the 20-period, 10-
period, and 5-period structures at different applied biases are
shown in Fig. 6(a)-(c), respectively. An emission peak between
2 and 5 μm was observed that does not correspond to the GaSb
substrate emission peak (∼ 1.7μm). The emission peaks fell
within the range of bandgaps observed in low-Al concentration

Fig. 6. Measured 300 K PL spectra for 500-μm diameter mesa staircase APDs
in this study for several applied bias values for the (a) 20-period, (b) 10-period,
and (c) 5-period top well geometry. Integrated PL-V curves measured versus
temperature (100 to 300 K) for structures with (d) 20 periods, (e) 10 periods,
and (f) 5 periods. Increasing confinement produces a stronger PL signal at higher
reverse bias values, suggesting carrier trapping. Interestingly, the PL signal for
the 20-period sample almost completely stops below −2 to −2.5 V across the
entire temperature range.

AlInAsSb [30], which are only present in the step regions of
these devices. Furthermore, unbiased spectra for the control
p-i-n structure showed no photoluminescence at wavelengths
beyond the 2.4 μm, confirming that the PL signal originated in
the step regions of the APDs.

Integrated PL spectra were collected in 50-mV steps from −4
to 0.5 V and in 20 K steps from 80 to 300 K shown in Fig. 6(d)-(f).
The integrated PL signal shows that emission abruptly ceased
from the 20-period structure at biases beyond −2 V for all
temperatures studied. The 10- and 5-period structure exhibited
similar behavior, but did not experience as abrupt of a signal
drop. A loss of confinement in the step regions likely accounts for
the drop in PL signal as the staircase step unfolds with increasing
reverse bias, where the rate of confinement loss is slower for the
10- and 5-period structures.

Simulated Qtrapped in the top step versus applied bias is
shown in Fig. 7(a)-(c). Qtrapped in the 20-period structure
showed a dramatic decrease beyond −2 V at all temperatures.
Also, the 10- and 5-period structures showed a similar drop
followed by a slow decrease in Qtrapped as reverse bias in-
creased. This behavior agrees well with the relative PL-V signal
drop seen in Fig. 6. Generally, Qtrapped was large for all the
simulated curves at low bias values, before experiencing a 10
to 100× reduction and asymptotically approaching the system
background doping of the well region. Simulated values indicate
that confined carriers in the top well require a larger applied bias
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Fig. 7. Simulated Qtrapped =
∫

Ndz in the top step region of a 2-step
staircase APD for (a) 20-period, (b) 10-period, and (c) 5-period staircase
structures at 100, 200, and 300 K. The amount of trapped charge was larger
for lower temperatures. The system background across the top well region for
these structures assuming a background unintentional doping carrier density of
1016 cm−3 was Qtrapped ∼0.5 to 1×1011 cm−2.

at lower temperatures, suggesting a strong thermal dependence
on the ability to trap carriers, likely due to a TE barrier.

C. Capacitance-Voltage Characteristics

Capacitance-voltage (C-V) measurements were performed
from 100 to 300 K under dark and illuminated (1-mW 635-nm
continuous-wave laser) conditions on 100-μm diameter staircase
structures and their control p-i-n, shown in Fig. 8. The step-free
control exhibited little capacitance change over a wide bias
range under both dark and illuminated conditions. The staircase
structures, however, showed a large change in the capacitance,
suggesting the depletion of a high density of localized mobile
charge, particularly under illumination.

Schubert demonstrated that it is possible to directly measure
the amount of trapped charge in quantum confined structures
with high spatial resolution [65], [66]. However, Debye length
thermal smearing and charge trapping at heterointerfaces make a
spatial charge mapping from conventional C-V analysis in stair-
case structures challenging without extremely low-temperature
measurements or advanced electrostatic fitting [67]. Kroemer
showed that the amount of spatial charge measured,Qintegrated,
in a structure from a conventional C-V measurement carrier
density profile, NCV (z), is related to the actual spatial charge
distribution,Nactual(z), from charge conservation as [68]–[70]:

Qintegrated =

∫
NCV (z)dz =

∫
Nactual(z)dz (28)

The inset in Fig. 8 shows Qintegrated integrated between
the contact regions versus temperature for the staircase APDs
considered in this study, relative to the system background
determined from the control p-i-n. In all staircase structures, the
depletion width was already beyond the bottom step, suggesting
that charge trapping in the bottom step is not contributing to
Qintegrated. The presence of a significantly larger Qintegrated

for the staircase structures than the control p-i-n suggests the
presence of charge trapping in the step region. While the accu-
racy of Qtrapped calculated from C-V is limited by the voltage
resolution used during the measurement,Qintegrated follows the
same trend of lower trapped charge at higher temperatures seen
in the simulations of Qtrapped plotted in Fig. 7.

The relative magnitude of Qintegrated was slightly higher for
the 10-period structure. We suspect this is due to the interplay
between relative carrier density in the top well region coupled
with the difference in well width. The 5-period structure likely
provides stronger carrier confinement due to its narrower well
geometry; however, the wider well width of the 10-period design
allows for a higher number of carriers to be trapped, ultimately
yielding similar trapped electron densities.

D. Current-Voltage Characteristics

Like the C-V measurements, current-voltage (I-V) measure-
ments shown in Fig. 9(a) were performed from 100 to 300 K un-
der dark conditions and under 1 mW of 635 nm continuous-wave
laser excitation on devices with 100-μm diameters. Under these
illumination conditions, ∼99% of light entering the structure
was absorbed before reaching the step region.

Photogain from I-V was determined by normalizing the
photocurrent of the staircase to the photocurrent of a con-
trol p-i-n APD. The photocurrent was calculated as Iphoto =
Ilight − Idark. Photogain is calculated by taking the ra-
tio of a staircase to the step-free control p-i-n, gain =
Iphoto,staircase/Iphoto,control, given in Fig. 9(b). We used the
step-free p-i-n control for gain normalization because it exhib-
ited a flat photoresponse in its light current curves across the
entire measurement range (Fig. 9(a)). By contrast, the staircases
showed dramatic changes in the photoresponse with bias.

Staircase devices showed a flat gain response before experi-
encing tunneling breakdown at higher biases, such as the large
gain spike in the 20-period structure around −6 to −8 V at ele-
vated temperatures, likely caused by narrowing of the bandgap.
The 20-period staircase, which is identical to the 2-step staircase
presented by March [39], showed a flat gain of approximately
4, and it follows Capasso’s predicted staircase gain scaling of
2N , for N steps. Interestingly, the 10- and 5-period staircases
showed elevated gains > 2N before device breakdown, like
those reported by Maddox [40], which is corroborated by dark
I-V measurements.

The gain increased with temperature for the 10- and 5-period
devices. This is in contrast to the reduction of the simulated
Qtrapped from Fig. 7 and the measured Qintegrated from Fig. 8,
but agrees with the increase PL signal at higher temperatures
shown in Fig. 6. The model proposed by Maddox implies that
more charge trapping should produce more tunneling gain, but
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Fig. 8. C-V measurements of the step-free control p-i-n and 2-step staircase APDs with 20-period, 10-period, and 5-period top step geometries performed under
(a) dark and (b) illuminated conditions. The inset indicates Qtrapped versus temperature calculated using (28), suggesting a gradual decrease in Qtrapped at
higher temperatures, like those seen from simulation in Fig. 7.

Fig. 9. (a) I-V measurements of the step-free control p-i-n and 2-step staircase APDs with 20-period, 10-period, and 5-period top step geometries performed
under dark (dashed lines) and illuminated conditions (solid lines) from 100 to 300 K. (b) Photogain measurements calculated from the ratio of the photocurrent of
the staircases to the photocurrent of the control p-i-n. All devices experience a large increase in the gain between −1 and −3 V, followed by a relatively flat gain
region for several volts, before reaching device breakdown characterized by a large increase in the dark current, leading to a spike in the gain. The inset shows the
maximum gain versus temperature between approximately 0 and −6 V for each device before reaching breakdown.

that does not seem to be the case and suggests a more compli-
cated interplay between charge trapping and BTBT gain, likely
due to additional thermal generation of carriers that will be the
focus of future work.

IV. DETERMINATION OF CRITICAL STAIRCASE PARAMETERS

In this final section, we present electrostatic parameters that
should be considered when designing AlInAsSb staircase APDs,
where we focus on the TE barrier formed from the top steps in
our study and the BTBT distance.

A. Tolerable Step Barrier Height

The simulatedQtrapped in the top well region from Fig. 7 was
mapped to the electrostatically calculated TE barrier,ΔEbarrier ,
shown in Fig. 10(a) at the bias values to produce Fig. 10(b).
There was a roll-off in Qtrapped in the top well for all three
devices before approaching the system background which was
∼ 1× 1011 cm−2 in the well region when scaled by dwell, and
the roll-off became more abrupt at higher temperatures.

The critical barrier height, ΔEbarrier,crit, was found from
Fig. 10(b) as the average ΔEbarrier from the Qtrapped
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Fig. 10. (a) TE barrier ΔEbarrier for a staircase step region. (b) Simulated
Qtrapped versus ΔEbarrier for 2-step staircase 20-, 10-, and 5-period top step
geometries at 100, 200, and 300 K showing a roll-off in the amount of trapped
charge. (c) Critical barrier heights ΔEbarrier,crit found from the average of
the roll-off in Qtrapped. The upper and lower bounds of the calculated width
are indicated by the error bars.

roll-off, which is presented in Fig. 10(c). The error bars indicate
the minimum and maximum values calculated. ΔEbarrier,crit

increased with temperature, as expected from TE theory. Carriers
at lower temperatures have less thermal energy and have a lower
likelihood to overcome and energy barrier.

For a staircase APD to operate over a wide temperature
window, we recommend designing a step with as small of a
thermionic barrier as possible to mitigate carrier trapping. To

be conservative, the barrier needs to be less than ∼0.3 eV at
high temperatures and ∼0.1 eV at low temperatures. These
values are comparable to other III-V optoelectronic devices
operating with similar bandgaps and thermionic barriers,
such as InGaAs/InP [48], [50], InGaAs/AlGaAs [49], and
GaInAsSb/AlGaAsSb [71], [72] lasers.

The TE barrier for our study is located in the top well region
based on 0 V C-V, but TE barriers for multiple steps can be
present in multi-step staircase APD structures. A moderate
background carrier concentration of even 1×1016 cm−3 can
exacerbate carrier trapping via band bending throughout the
intrinsic region. Strategic placement of compensation doping
across the staircase APD is one possible route toward addressing
this challenge.

B. Critical Tunneling Distance

We calculated the BTBT rates into the bottom well region
using the measured staircase I-V curves in Fig. 9(a). BTBT
is a strong function of the shortest electrostatically calculated
distance between the valence and conduction bands into the
bottom step, Wtunnel. A representative calculation for the 5-
period staircase device as a function of temperature is given
in Fig. 11(a). We chose tunneling distance instead of tunneling
field, as is typically quoted for APDs, due to the disparity in the
quasi-fields experienced by holes and electrons in the valence
and conduction bands, respectively, that result from staircase
step band grading.

The BTBT rate increased exponentially, for 40 nm <
Wtunnel < 55 nm. Additionally, at higher temperaturesWtunnel

was both larger and the BTBT rate into the bottom well was
faster, which can be explained by Egap narrowing. The BTBT
rate for the 10-period also exhibited a turn-on between 40 and
55 nm with the same temperature trend as the 5-period structure.
The 20-period structure produced a negligible tunneling rate that
was below 1024 cm −3 s−1 and showed tunneling distances above
55 nm.

To corroborate our tunneling calculations, we compared
our BTBT results against tunneling breakdown inferred from
temperature-dependent dark current measurements of AlInAsSb
homojunction p-i-n APDs [73], [74], shown in Fig. 11(b). We
used Kane’s BTBT probability approximation which was de-
veloped for a region with a uniform-field F , such as a depleted
p-i-n APD i-region under moderate reverse bias [55]:

TKane = A0 exp

(
−C0E

3/2
gapm∗1/2

�F

)
(29)

A0 = (π/3)2 and C0 = π/23/2. The effective mass is related to
Kane’sPCV matrix element asm∗ = m0Egap/2P

2
CV .PCV was

determined by linearly interpolating the constituent binary alloys
mixing parameters that make up AlInAsSb [57], [58]. P-i-n data
was fit with (29) to estimate the critical tunneling field, Fcrit,
of AlInAsSb and the critical BTBT distance, dtunnel,crit. By
using the uniform-field approximation, we can relate dtunnel to
F from (29) as dtunnel = Egap/F .

The bottom of the staircase step was digital InAsSb (zero
aluminum in the digital period), which should have a tunneling
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Fig. 11. (a) BTBT tunneling rates calculated for the bottom step of a 5-period
staircase in this study for 100, 200, and 300 K as a function of the BTBT distance
Wtunnel. Dashed lines indicate guides to the eye. (b) Critical tunneling distance
calculated for AlInAsSb p-i-n APDs from temperature-dependent dark current
measurements in [73] and [74] using (29) and dtunnel = Egap/F .

distance that is larger than ∼60 nm, based on dtunnel,crit for
the homojunction p-i-n APDs. Wtunnel is less than ∼55 nm for
our staircase APDs. The proximity to the tunneling threshold
helps explain the larger increased gain for the 10- and 5-period
staircase structures. Furthermore, Wtunnel 20-period structure
stayed above 55 nm and produced 2N gain (see Fig. 9(b)),
suggesting that only staircase-driven impact ionization gain,
rather than tunneling gain, is the source of enhancement in output
signal. Below Wtunnel ∼30 nm, the BTBT simulation became
numerically unstable. Conservatively, the tunneling distance of
AlInAsSb staircase APDs should be above 55 nm to avoid less
deterministic, > 2N , gain.

V. CONCLUSION

We have presented a model to describe injection and es-
cape rate dynamics for non-square quantum well potentials,
with a focus on staircase APD design applications. We have
measured and modeled 2-step staircase APDs with different

top step geometries to modulate carrier confinement-induced
tunneling gain and used our model to evaluate important physical
parameters of those structures. By pairing experimental data and
simulations, we determined a suitable set of design requirements
for constructing staircase APDs with 2N gain: The thermionic
emission barrier formed by the step regions should not exceed
∼0.1 to 0.3 eV, depending on step geometry and targeted op-
erating temperature; and the band-to-band tunneling distance
into the step region should remain above ∼55 nm, independent
of temperature. Additionally, the calculated critical tunneling
distance agrees with measured simple p-i-n diodes and single-
step staircases. These design parameters agree well with recent
efforts that successfully produced room-temperature single- and
multi-step staircase APDs with low-noise performance and de-
terministic 2N gain scaling [36], [39]. Staircase APDs present
a promising new technology for infrared optical detectors.
This work charts a path forward for staircase APD researchers
pursing the gain and noise benefits afforded by higher step
counts.
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