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Photomultiplier tubes (PMTs) are often regarded as the pre-
ferred family of detectors for ultraviolet to near-infrared 
applications, due to their extremely high signal gains (>106) 

and superior low-noise performance1. In the decades since the first 
reported PMT2, these characteristics enabled seminal fundamen-
tal scientific breakthroughs such as single-photon counting3,4, and 
advances in radioimmunoassay5, positron emission tomography6, 
high-energy physics7,8, X-ray astronomy9 and electron microscopy10. 
Photomultiplier tubes continue to facilitate advances in biomedicine 
using superresolution11 and multiphoton12 microscopy, as well as 
numerous other industrial applications13; they rely on large potential 
differences between adjacent metallic dynodes to produce a cascade 
of secondary electrons, as illustrated in Fig. 1a. Secondary electron 
emission per dynode stage obeys Poissonian statistics, with yields 
varying from ~1–414–16. Variation in the output gain (M) for detectors 
is typically parameterized by the excess noise factor, F(M) ≡ 〈M2〉/
〈M〉2 ≥ 1, where a value of unity indicates noiseless amplification.

Despite their advantages, PMTs suffer from high operating volt-
ages (>1 kV), large sizes (~1 to 10 cm), sensitivity to mechanical 
and magnetic perturbations, fragile vacuum tubes and high pro-
duction costs1. Conventional avalanche photodiodes (APDs) are 
an attractive solid-state alternative as they can leverage semicon-
ductor integration to produce arrays, require lower operating volt-
ages (<100 V), possess more compact and rugged form-factors and 
typically offer lower costs17. Conventional APDs are designed with 
a high-field depletion region that produces multiplication gain via 
impact ionization; however, gain variations arise from the stochastic 
nature of impact ionization, which is exacerbated when both elec-
trons and holes are capable of initiating impact ionization events. It is 
well-established in the APD community that single-carrier-initiated 
impact ionization18 and discrete localization of impact ionization 
events19,20 are required for the lowest noise APD performance.

Strategic heterojunction placement in APD structures can meet 
both requirements, as they simultaneously propel charge carriers 
above the impact ionization energy threshold when crossing hetero-
interfaces and provide charge carriers with further energy due to band 

discontinuities, resulting in a change in the relative optical phonon 
scattering rate between electrons and holes21. In particular, Capasso 
and colleagues22,23 proposed a staircase APD structure that incorpo-
rates graded bandgaps across heterojunction interfaces. The staircase 
design, shown in Fig. 1b, offers a paradigm shift for low-noise device 
operation by localizing impact ionization at discrete regions of the 
structure, thus producing deterministic gain while simultaneously 
promoting single-carrier initiated impact ionization. It was heralded 
as the solid-state implementation of the PMT, where the role of PMT 
dynodes is replaced by the staircase steps.

The first attempted staircase APDs using the GaAs–AlGaAs 
material system24,25 suffered from insufficient band offsets, and 
high-energy charge carriers probably experienced intervalley scat-
tering before impact ionizing26. Further attempts at using GaP–
AlInGaAs27 and AlGaSb-GaInAsSb28 did not clearly demonstrate 
discrete step gain. The AlxIn1−xAsySb1−y material system (hereaf-
ter called AlInAsSb) grown as digital alloys29,30 recently exhibited 
a widely tunable direct bandgap between 0.24 and 1.18 eV (ref. 30)  
and has enabled conventional APDs with low excess noise31, 
high gain-bandwidth product32 and wavelength-flexible pho-
toresponse33,34. Although a complication for conventional APD 
operation, the change in bandgap occurs almost entirely in the 
conduction band35, suggesting that AlInAsSb is ideal for designing 
electron-initiated impact ionization structures36. Recent work using 
AlInAsSb to create a single-step staircase APD demonstrated an 
approximately twofold photogain enhancement across a wide wave-
length range37; however, it was rightly pointed out38 that this was not 
a clear observation of PMT-like behaviour as it demonstrated nei-
ther discrete gain scaling with the number of steps nor the predicted 
low-noise benefits19,20. Here we address these shortcomings by dem-
onstrating both clear gain scaling with the staircase step count and 
low-noise operation.

Results
Deterministic gain, low-noise staircase APDs. In this work we 
demonstrate multistep AlInAsSb staircase APDs that produce  
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deterministic single-carrier initiated impact ionization events  
localized in the step regions. We show clear gain scaling, which 
is corroborated by Monte Carlo simulations, and find that large 
impact ionization step efficiency predicts low and effectively con-
stant excess noise factors near unity. We also find that the measured 
staircase APD noise power scales more slowly with multiplica-
tion than early theoretical predictions and estimate the resulting 
signal-to-noise ratio benefit. These results advance APD develop-
ment by marrying PMT-like performance with the practical advan-
tages afforded by solid-state devices.

Design of deterministic gain multistep staircase APDs. We 
expand on our previous one-step work37 by presenting one-, two- 
and three-step AlInAsSb staircase APD structures grown via 
molecular beam epitaxy (MBE). Staircase APDs were designed 
using an electrostatic solver to balance impact ionization in the step 
regions while minimizing band-to-band tunnelling dark current 
and carrier-trapping-enhanced gain39. We achieved this balance 
by adjusting the grade rate between the wide and narrow band-
gap regions to minimize heterointerface scattering and leveraging 
the favourable band offsets of AlInAsSb to promote electron-only 
impact ionization. Figure 2a shows an example of the three-step 
staircase APD layer structure employed.

Impact ionization is a scattering process where both momen-
tum and energy must be conserved. Typically, charge carriers must 
achieve energies that are considerably larger than the bandgap of the 
host material before impact ionization occurs40. Here we designed 
structures such that the electrons acquire energy that is substan-
tially greater than the bandgap energy of the AlInAsSb at the bot-
tom of each step. Each step simultaneously provides a large increase 
in electron kinetic energy while lowering the impact ionization 
threshold by grading into a smaller bandgap material, all on length 
scales comparable with the mean free path of impact ionization. Hot 
electrons above the impact ionization threshold impact ionize once, 
which doubles the photocurrent and the photogain, leading to gain 
that scales as 2N, where N is the number of steps.

To assess impact ionization behaviour, we developed Monte 
Carlo simulations of electron and hole transport, as described in the 
Methods. We find in Fig. 2b–d that one-, two- and three-step stair-
cases exhibit impact ionization events localized in the step regions 
that are dominated by electron initiation, making the staircase 
APD a spatially localized, single-carrier-initiated impact ionization 

device. This hints that the staircase operates under nearly ideal con-
ditions for low-noise performance18–20. Simulated gain distributions 
are plotted in Fig. 2e and corroborate that the majority of electrons 
contribute to 2N gain performance. The few electrons that do not 
fall in the 2N bins probably contribute to the non-unity component 
of F(M).

Deterministic 2N gain scaling. To demonstrate discrete twofold gain 
per step, we normalized the measured photoresponse of the stair-
case APDs to those of otherwise-identical step-free control struc-
tures, such as the control in Fig. 2a (see Supplementary Figs. 3 and 4 
for details). Monte Carlo simulations agree well with the measured 
data in Fig. 3a and predict similar 2N gain performance. The average 
measured gains for the one-, two- and three-step structures were 
1.77, 3.97 and 7.14, and the average Monte Carlo gains were 2.01, 
3.81 and 6.71, respectively. We calculated the gain versus step count 
relationship using power law curve fits in Fig. 3b for the measured 
and simulated data to be 1.92N and 1.95N, respectively, which closely 
follow the ideal 2N behaviour. Observation of deterministic 2N gain 
and the aforementioned electron-initiated impact ionization (Fig. 
2b–e) corroborate our expectation of single-carrier-initiated and 
spatially localized impact ionization events, suggesting low-noise 
amplification.

Impact ionization probability predicts low excess noise factors. 
Staircase APD step performance depends strongly on the prob-
ability, p, of impact ionization, which is fundamentally a stochastic 
process in the step regions. As shown in Fig. 4a, we calculated p 
from 〈M〉 = (1 + p)N from refs. 19,20,23 using the measured gain data 
for the one-, two- and three-step devices. The step probability was 
>0.9 for all devices, suggesting efficient and scalable impact ion-
ization behaviour with step scaling. The link between p and F(M) 
for staircase APDs has been previously determined using multiple 
independent approaches20,23,41 and takes the form:

F (M) = 1+ 1− p
1+ p (1− (1+ p)−N) (1)

We see from equation (1) that, as expected, the largest possible p 
values produce the lowest F(M). Using the same fit-to-measurement 
p values from Fig. 4a, we calculated F(M) in Fig. 4b. We found that 
F(M) for these structures was below 1.1, suggesting that F(M) 
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Fig. 1 | A structural comparison of a low-noise PMT and multistep staircase APD. a, A PMT with four metallic dynode stages contained within a large 
glass vacuum. Typical PMTs have between 6 to 13 dynodes, all separated by >100 V potentials. Primary photoelectrons generate a cascade of high-energy 
secondary electrons that acquire energy from the large electric fields between adjacent dynodes. The increase in the secondary electron count over 
the primary electron count is registered as gain in the form of photocurrent at the anode. b, A multistep staircase APD energy–position band diagram 
illustrating localized carrier multiplication at the step regions. Electron-initiated impact ionization produces secondary electrons in the conduction band 
(Ec) and secondary holes in the valence band (Ev). The lack of valence band discontinuity prevents hole-initiated impact ionization. Localized, single-carrier 
initiated impact ionization events lead to low-noise performance.
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Fig. 2 | Staircase APD design used to produce localized, single-carrier 2N gain. a, A side-by-side comparison of mesa-layer structures for a three-step 
AlInAsSb staircase APD (right) and its step-free control p–i–n APD (left). The step regions were composed of grading between Al0.7In0.3As0.31Sb0.69 and 
InAs0.91Sb0.09 grown as digital alloys. Moderate acceptor (NA) and donor (ND) doping concentrations are supplied at the top and bottom of the mesa form 
contact regions, as described in the Methods. In the top 600 nm of the structure, photogenerated electrons acquire energy via diffusion from the p-contact 
region and field drift in the ungraded Al0.7In0.3As00.31Sb0.69 unintentionally doped (UID) region; however, at sufficiently small bias values, these electrons 
do not reach their impact ionization threshold. Electrons that enter the step region acquire sufficient energy to initiate discrete impact ionization events, 
leading to low-noise behaviour. b–d, Simulated bandstructures for one- (b), two- (c) and three-step (d) AlInAsSb staircase APDs operating at −4, −5 and 
−6 V, respectively, to produce ~2N gain. Modelled impact ionization events initiated by electrons (blue) and holes (red) indicate that electron-only initated 
impact ionization events dominate and are localized in the step regions. e, Fraction of electrons producing gain M, crossing the Nth step. The simulated 
gain (M) distributions of electrons for the same one-, two- and three-step staircase devices show clear spikes in the gain distributions when the gain is ~2N.
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is expected to remain low and near unity as the number of steps 
increases; moreover, F(M) should remain low even in the extreme 
case when the number of steps approaches infinity. Importantly, the 
large p values suggest staircase APDs should exhibit low shot-noise 
behaviour that essentially scales independently from the step count 
while simultaneously achieving 2N gain scaling.

Noise comparison with other detectors. In Fig. 5a, we compare 
the experimentally determined F(M) from Fig. 4b with Monte 
Carlo simulations, where F(M) was calculated directly from the 
carrier transport using F(M) = 〈M2〉/〈M〉2. Importantly, the simu-
lated excess noise factors agree well with the measured data. We 
also compare staircase performance against the lowest expected 
F(M) for conventional APDs (that is, when k = 0 in McIntrye’s local 
field limit)18 and one-, two-, and three-dynode PMTs (that is, when 

b = 0)15,20. An N-step staircase APD with extremely low and stable 
F(M) is clearly less noisy than an N-dynode PMT and also outper-
forms the best case conventional APDs when the staircase operates 
with 2N gain scaling.

The noise benefits of the staircase APD are not fully captured by 
the excess noise factor. A more useful measure of detector sensitiv-
ity is the noise power spectral density, sf, which is typically expressed 
as:

sf = 2q (Ip + Id) ⟨M⟩

2F (M)R+
σ2
circuit
Δf (2)

The first term on the right side of equation (2) is the noise asso-
ciated with the detector, where q is the elementary charge, Ip and Id  
are the average photo and dark currents, and R is the AC load  
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resistance of the noise figure analyser (see the Methods for details). 
The second term σ2

circuit/Δf  is the external circuit noise power spec-
tral density, where Δf is the measurement bandwidth. Figure 5b 
plots noise power spectral density against gain of both k = 0 APDs 
and b = 0 PMTs, for the case when the circuit noise is smaller than 
the detector noise and the detector is shot-noise limited. Both 
exhibit the classic quadratic dependence of noise power with the 
gain, as do measurements of a k ≈ 0 AlInAsSb p–i–n APD included 
for completeness. Also shown in Fig. 5b are measured noise powers 
for the one-, two- and three-step staircase APDs.

Remarkably, our measurements show that the staircase noise 
power increases considerably more slowly than for either con-
ventional APDs or PMTs. Figure 5b predicts that the three-step 
staircase APD should exhibit ~50-fold lower noise power than con-
ventional k = 0 APDs and ~30-fold lower noise power than b = 0 
PMTs at the same gain. Moreover, the measured noise power more 
closely follows a linear, rather than quadratic, dependence upon 
gain; this is consistent with Monte Carlo noise power simulations 
described in the Methods and Supplementary Fig. 8. This anom-
alously low noise power was unexpected and is likely a unique 
consequence of the single-carrier initiated, discrete localization 
of impact ionization events inherent to the staircase architecture. 
This holds tremendous promise for greatly increasing device 
signal-to-noise ratio (SNR) beyond the limits of existing detector 
technologies, which inherently exhibit the quadratic noise power 
dependence upon gain seen in equation (2). This is illustrated in 
Fig. 6, which plots the ratio between the signal-to-shot-noise ratios 
for the staircase APDs and conventional APDs versus multiplica-
tion. The ratio grows approximately linearly with M, regardless of k 
for the conventional APD.

Discussion
We have demonstrated that AlInAsSb staircase APDs with 
electron-initiated, discretely localized impact ionization events 
produce near-unity p values, resulting in deterministic 2N gain scal-
ing with N and extremely low noise. Furthermore, staircase APD 
behaviour indicates fundamentally improved noise characteristics 
over conventional APDs, and this added noise benefit is expected to 
scale favourably with gain as step count increases.

The primary challenge to further step scaling is the finite back-
ground carrier concentration in unintentionally doped AlInAsSb 
and the impact it has on band curvature. There is room for optimism 
in this regard as one of the AlInAsSb digital alloy binary constituents, 
InAs, has shown approximately two-orders-of-magnitude-lower 
background carrier concentration under optimized growth condi-
tions42,43. Furthermore, we have recently realized AlInAsSb with 
background carrier concentrations of ~1 × 1015 cm−3 (around ten-
fold lower than those in this study) through refinements in the 
growth process. Corrective techniques, such as compensation 
or delta-doping25,44 to favourably adjust the electric field profile, 
could also be employed in the future to yield wider 2N operating 
bias ranges. The other key challenge is to reduce the dark current; 
fortunately, the band-engineering flexibility of AlInAsSb affords 
considerable opportunities to reduce dark currents by suppressing 
band-to-band tunnelling across each step. We have recently demon-
strated that the dark currents of one-step staircase APDs could be 
reduced by ~100-fold with only a minimal impact on gain.

The staircase APD clearly mimics the discrete gain performance 
associated with PMTs, consistent with its original conception as the 
solid-state analogue of the PMT22,23. Unlike PMTs, however, stair-
case APDs exhibit a weaker dependence of normalized noise power 
on gain. This advantage over PMTs has its primary origin in the 
stochasticity of the Poissonian dynode secondary electron yield, μ, 
which is known to vary between one and four secondary electrons 
produced per dynode generation event1,14,15. Further sources of 
PMT gain noise include variations in the primary electron veloci-
ties and spatial non-uniformity of the electric field between dyn-
odes, which result in a spread in the electron trajectories and carrier 
transit times within PMTs15,20. By contrast, the staircase APD oper-
ates with a tighter, Bernoulli-like distribution of impact ionization 
yield at each step, greater uniformity of electric fields, and reduced 
susceptibility to geometrical constraints that cause carrier trajectory 
spread, resulting in fundamentally lower noise.

To put these results into context, as shown in Fig. 6, we consid-
ered the SNR ratios of the staircase APDs compared with conven-
tional low-noise APDs. We used the linear normalized noise power 
relationship found in Fig. 5b and estimated a SNR improvement 
of 20 and 50 dB over conventional solid-state detectors for gains 
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between 100 and 1,000. Direct SNR comparison between staircase 
APDs and PMTs is difficult, but the linear versus quadratic noise 
power dependence suggests that staircase APDs probably experi-
ence a SNR benefit that grows approximately M-times faster than a 
PMT, which is substantial even for modest values of N. This effect 
is even more pronounced when staircase APDs are compared with 
more realistic PMTs (0 > b > 1) whose SNR grows as ~μ2/(μ2b + μ) 
and asymptotically approaches1 1/b.

In the ideal case, the staircase steps cause high-energy electrons 
to only initiate a single impact ionization event. We do see evidence 
of spread in the carrier gain distribution with Monte Carlo analy-
sis (Fig. 2e), suggesting deviation from the ideal case; however, it is 
well-known from Shockley et al.45 and Friis46 that the noise of the 
first stage of a multistage amplifier is the most important, with each 
successive stage wielding less influence on the overall noise. The 
carrier distribution models shown in Fig. 2e suggest that the first 
step is the least noisy with each successive step becoming noisier; 
this favourable arrangement should still produce low overall noise 
values at further elevated step counts.

As p approaches unity, F(M) ceases to be a useful APD perfor-
mance metric—there must be other, more dominant, sources of 
noise that should be considered, or a reformulation of the excess 
noise factor is required. For example, the APD noise power from 
equation (2) was derived for double-carrier, non-discrete impact 
ionization events across a uniform gain medium18, which we see is 
not valid in Fig. 2b–d; this results in the anonymously low depen-
dence of the noise power with multiplication shown in Fig. 5b. 
Comparing normalized noise power (Supplementary Fig. 8), the 
three-step staircase APD exhibited approximately tenfold lower 
normalized noise power than the best-case APDs and around 
threefold lower normalized noise power than the best-case 
PMTs with the same gain, which would directly translate into 
an approximately tenfold higher SNR compared with those ideal 
detectors—we report a lower noise detector than a PMT, which 
has been the most sensitive room-temperature-amplified detector 
throughout its >70-year history, but with the benefits afforded by 
a solid-state platform.

The Monte Carlo simulations presented were produced from 
conventional first-principles expressions for carrier transport and 
agree well with measurements, suggesting that there is no need 
to introduce new physics to capture the deterministic, low-noise 
behaviour of the staircase APD. However, the deviation from the 
classic quadratic noise power theory reinforces the need to develop 
a better noise model for this new class of extremely low-noise APD.

Conclusion
We report the first demonstration of staircase APDs that operate as 
anticipated with gain scaling as 2N, confirmed with measurements 
and Monte Carlo simulations. Importantly, we have also identified 
unexpectedly low-noise properties that stem from the inherent deter-
minicity of impact ionization at each step. As a result, this becomes 
a room-temperature-amplified detector that could eventually prove 
more sensitive than PMTs, but with the advantages afforded by a 
solid-state platform, including the potential for two-dimensional 
imaging arrays and wavelength flexibility by adjusting the absorber 
bandgap33,34. Future work will focus on scaling to still higher step 
counts, hence higher gains; however, the estimated SNR ratios pre-
sented in Fig. 6 suggest that staircase APDs with only a few steps can 
already compete directly with conventional APDs and find rapid 
deployment. Ultralow noise impact-ionization-engineered (I2E) 
APDs already find application in position sensing and communi-
cations47 despite only offering low noise up to gains on the order 
of ten, similar to the gain levels demonstrated here experimentally.
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Methods
Epitaxial growth. Device structures were grown on n-type GaSb(001) substrates 
at a growth temperature of 450–480 °C, as determined by blackbody thermometry 
(k-Space BandiT). Solid-source valved-crackers provided As2 and Sb fluxes, and 
solid-source effusion cells provided Al, Ga, In, Be (acceptor) and GaTe (donor) 
fluxes. The AlInAsSb layers were grown as digital alloys of stable binaries using 
the repeating layer sequence: AlSb, AlAs, AlSb, InSb, InAs, Sb (5 s soak) with a 
total period thickness of ten monolayers (ML). The relative layer thicknesses were 
adjusted as-required to perform compositional grading. The following v:iii beam 
equivalent pressure ratios were used: Sb:Al ≈ 20, Sb:In ≈ 7, As2:Al ≈ 14, As2:In ≈ 5. 
AlInAsSb compositions were strain-balanced to GaSb(001) using high-resolution 
X-ray diffraction and grown at 0.75 ML s–1 to produce well-defined superlattice 
interfaces. Sample rotation was 22.5 r.p.m. to synchronize with the growth rate and 
shutter timings to assure layer uniformity. Further growth details and properties of 
the resulting materials are reported elsewhere29,30,35.

Device fabrication. Circular mesas with 100 μm diameters were defined by 
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 further reduce surface leakage. An example fabrication process flow is shown in 
Supplementary Fig. 1 and representative scanning electron microscope images of 
the fabricated devices are shown in Supplementary Fig. 2.

Current–voltage characteristics. Current–voltage (I–V) characteristics 
were measured with a Keithley 2400 source meter under blackout (dark) and 
illuminated (light) conditions at room temperature, as shown in Supplementary 
Fig. 3. A 543 nm He–Ne continuous-wave laser was used to illuminate the APDs 
with ~0.1 mW of power focused onto the top of the sample surface, which 
resulted in >99.9% absorption of the incident radiation in the p-contact layer and 
above-the-step UID region. The photocurrent was calculated as the difference 
between light and dark I–V curves. Temperature-dependent measurements were 
performed in a liquid-nitrogen-cooled cryogenic chamber and measured with a 
Agilent 4155 semiconductor parameter analyser.

Multiplication gain. We followed the same gain calculation method established 
in ref. 37 and determined the multiplication gain by normalizing each staircase 
APD photoresponse to their corresponding p–i–n control structure. We 
calculated the photocurrent (Iphoto) from the total illuminated current (Itotal) 
and dark current (Idark) for both the staircase APD and its step-free control as: 
Iphoto = Itotal − Idark. Next, the photogain M shown in Fig. 3 was calculated as 
follows: M = Iphoto,staircase/Iphoto,control. Normalizing directly to a homojunction 
p–i–n control allowed us to directly measure the multiplication gain caused by the 
presence of the staircase step(s). Over the measured and simulated (see the next 
section) bias range in which the staircase demonstrated 2N gain, the p–i–n control 
structures exhibited a flat photoresponse versus bias (see Supplementary Fig. 3), 
indicating that neither conventional impact ionization gain nor band-to-band 
tunnelling breakdown occurred before staircase breakdown. Supplementary Fig. 4 
describes the measured gain algorithm and staircase operating range. The presence 
of tunnelling breakdown was corroborated using temperature-dependent dark 
current density measurements (see Supplementary Fig. 5).

Capacitance–voltage characteristics. Capacitance–voltage characteristics in 
Supplementary Fig. 6 were measured under blackout conditions with a calibrated 
HP 4275 A LCR meter at 1 MHz.

Monte Carlo simulations. Transport expressions for semiconductor carrier 
scattering mechanisms were derived from first-principles using Fermi’s golden 
rule and impact ionization was modelled using the Keldysh formula49,50. Material 
parameters used to model AlInAsSb were determined from homojunction p–i–n 
APDs and are reported elsewhere33,51.

To achieve appropriate gain distribution statistics, 10,000 simulation iterations 
were run for each device in 1 V bias increments, where Poisson’s equation was 
self-consistently solved at each bias step. Noise power performance of both 
staircase devices and their p–i–n controls were evaluated using time-dependent, 
first-principles expressions52 (see Supplementary Fig. 7 for an example) to compute 
sf versus frequency, f, within the shot-noise limit, using:

sf = 2⟨n⟩ |I (f)|2

where 〈n〉 is the average number of charge carriers produced from a simulation run 
and I(f) is the Fourier transform of the time-dependent current, I(t), which was 
calculated from Ramo’s Theorem using the junction’s depletion region thickness, L, 
and individual carrier velocity, vi(t):

I (t) =
q
L
∑

i
vi(t)

Noise power. Staircase APDs and a conventional AlInAsSb digital alloy p–i–n 
APD in Fig. 5b were biased at room temperature with a Keithley 2400 source 
meter. A 543 nm He–Ne continuous-wave laser was used to illuminate the APDs. 
The alternating current component of the output current was measured with 
an Agilent 8,973 A noise figure analyser with a 50 Ω load impedance through a 
standard radio frequency bias tee. Careful system calibration was carried out via a 
calibrated Agilent 346 A noise source to remove background noise. Devices were 
measured and simulated in the 2N gain regime over a 4 MHz bandwidth centred 
at 50 MHz. In Fig. 5b, the noise power spectral density data points were scaled 
according to their measured unity-gain photocurrents to allow for an accurate 
comparison. Supplementary Fig. 8 describes the normalized noise power, which 
was computed by dividing each staircase noise power value by the noise power for 
its corresponding control p–i–n (which we define as 〈M〉 = 1). Conventional APD 
and PMT detector reference curves shown in Supplementary Fig. 8 were calculated 
using equation (2) and (S1).

SNR estimation. We assumed reasonable performance values for the staircase37 
and conventional low-noise APDs17, using external quantum efficiencies of 80%, 
photocurrents of 10 µA, and dark currents of 1 µA. In the shot-noise limit, the ratio 
of SNRstaircase to SNRconventional APD as a function of gain can be approximated from 
equation (2) as:

SNRstaircase

SNRconventional APD
≈ M

( F (M)conventional APD
F (M)staircase

)

where a F(M)staircase value of 1.07 was found from Fig. 5b and 
F (M)conventional APD = kM + (1 − k)

(
2 −

1
M
)
; k is the ratio of the electron 

to hole impact ionization coefficients and the average gain is ⟨M⟩ = (1 + p)N  
assuming a fixed value of p = 0.9 (see Fig. 4a).
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