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Abstract—We propose and compare two back-side illuminated
GeSn avalanche photodiode (APD) mesa structures with 15% tin
content operating at photon wavelengths up to 3.3 µm, suitable
for applications like methane gas sensing and analysis of tampered
olive oil. The two structures have different multiplication materials:
a) silicon, which requires an additional Ge Strain-Relaxed Buffer
(SRB) layer for high-quality GeSn growth; b) germanium, which is
acting also as SRB layer. The latter design is innovative compared to
the state-of-the-art and it proposed to: i) reduce the space charge re-
gion (SCR) width by avoiding a too thick Ge SRB, which is required
for growing high-tin-content GeSn; ii) avoid one supplementary
non-lattice matched heterojunction in the SCR. Physical models for
GeSn are discussed for the most relevant parameters of APD design.
Simulations are performed in the electrical and optical domains,
for evaluating the main figures of merit of APDs and comparing the
expected performances between the two designs. Finally, we present
the modeling and design of a focalizing all-dielectric metalens,
integrated on the detector back-side, for improving the photon
collection efficiency at the same active volume size, thus improving
the signal-to-noise ratio.

Index Terms—Avalanche PhotoDiode (APD), germanium tin,
medium infra-red radiation (MIR), metalens integration, MIR
sensing application.

I. INTRODUCTION

M EDIUM Infra-red (MIR) radiation (between 3 and 50
μm) is widely exploited for various applications. In de-

tail, 3.3 μm radiation is also exploited for methane gas detection
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[1] and for the analysis of tampered olive oil [2], as investigated
within the Horizon Europe project “LastStep”.

Currently-available MIR detectors can be divided into two
families: bolometers and photodetectors [3]. The former ones are
based on the detection of temperature variation due to radiation
absorption, but they are affected by ambient temperature fluctu-
ations and their response time is slow. The latter ones exploit the
electron-hole pair photogeneration in different semiconductors,
such as HgCdTe, HgZnTe, InSb and InAs. More complex so-
lutions are based on GaAs/AlGaAs quantum well superlattices
and InAs/GaInSb strained layer superlattices [3], which contain
expensive and rare elements.

Germanium-Tin (Ge1-xSnx) is a group IV alloy that is much
more affordable compared to the previously-mentioned com-
pounds and its fabrication is considered CMOS compatible,
enabling the design of cost-effective photodetectors for different
spectral regions, from the SWIR (Short Wave InfraRed) to part
of the MIR regions, as its bandgap can be tuned by selecting
the tin content [4]. Additionally, GeSn LASER [5], [6], [7] and
LED [8], [9] sources have been demonstrated, thus opening the
path towards the demonstration of a group IV active photonic
circuits [10].

Few linear-mode APDs based on GeSn are reported in lit-
erature [11], [12], [13], all with low tin content (up to 10%),
showing cut-off wavelength far below 3.3 μm. When the tin
percentage rises, the SRB layer has to be thicker for growing
high quality GeSn [4] and the non-intentional doping (NID) level
becomes non negligible, giving issues mostly in the avalanche
multiplication layer, where the electric field has to be ideally
high and constant. Additionally, the built-in compressive stress
of the GeSn grown on Ge shifts the cut-off wavelength of GeSn
toward shorter wavelengths. Increasing Sn content extends the
cut-off, but also enhances compressive strain.

In this paper, we discuss the above-mentioned problems
and propose two structures for high Sn content GeSn-based
linear-mode APDs. In Section II, physical models of the most
relevant GeSn parameters for modeling purposes are discussed.
In Section III, two designs for GeSn-based APDs with 15%
Sn content, suitable for methane gas detection and tampered
olive oil analysis, are presented. Simulations are performed for
extracting the most relevant figures of merit. The performances
of the two designs are then discussed, identifying the best
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Fig. 1. Bandgap of GeSn as a function of Sn content and residual strain. The plot is divided into direct and indirect transition regions (a). The theoretical and
experimental absorption coefficients of Ge are compared to Ge0.85Sn15 one, with and without the effect of residual strain ε|| = −0.5% (b). Conduction band
effective density of state showing great decrease across indirect to direct transition (c). All parameters are reported at 200 K.

approach. In Section IV, we propose possible future develop-
ments to break the noise vs. detection efficiency tradeoff, by
exploiting an all-dielectric, CMOS compatible metalens opti-
mized for 3.3 μm radiation.

II. PHYSICAL MODELS

In this paragraph, we will discuss models of GeSn physical
parameters relevant for simulations, including their dependence
on Sn content, temperature and strain on the band structure, and
optical absorption. Material degradation due to lattice mismatch
and low temperature epitaxy is discussed.

A. Germanium-Tin Alloy

The band-structure of Ge1-xSnx alloy is strongly affected
by Sn content and residual strain. For a Sn content x ≈ 8%,
relaxed Ge1-xSnx becomes a direct-gap semiconductor with the
conduction band minimum at the Γ-point of the Brillouin zone.

In Ge1-xSnx/Ge heteroepitaxial layers, residual compressive
strain due to the partial relaxation of strain pushes the indirect-
to-direct transition to larger Sn contents [9].

Fig. 1(a) shows the evolution of the energy gap Eg for different
Sn contents and strain levels at T = 200 K. The relevant phys-
ical parameters required for the calculation of Eg (temperature
dependent bandgaps of Ge and α-Sn, bowing parameters and
deformation potentials) were taken from [14]. Device modelling
reported in the next sections was performed assuming x = 15%
and a residual compressive strain ε|| = −0.5% (a typical value
for GeSn epilayers) resulting in Eg = 0.41 eV with a Γ-L energy
separation of ∼ 0.1 eV.

Direct-gap Ge1-xSnx alloys feature a strong absorption coef-
ficient in the mid-IR [15]. The absorption coefficient was calcu-
lated using the model reported in [16] and originally developed
for Ge. Fig. 1(b) shows the calculated absorption coefficient
for Ge (compared with experimental data taken from [17]) and
that of relaxed and strained Ge0.85Sn0.15 alloys. Due to the
lack of reliable data on the refractive index n for Ge1-xSnx
alloys with x > 12% [15], n was extracted from n2 = κ2 +
ε1, where ε1 is the real part of the dielectric function of Ge and
κ the extinction coefficient of Ge0.85Sn0.15 obtained from the
calculated absorption coefficient.

Since the effective mass ofΓ valley electrons is approximately
an order of magnitude smaller than that of L valleys electrons, the
indirect-to-direct transition is accompanied by a strong reduction
of the conduction band density of states (see Fig. 1(c)). This
effect should partially mitigate the increase in intrinsic carrier
density and, as a consequence, in dark current, expected at large
Sn concentrations. However, the low deposition temperature, re-
quired to avoid Sn segregation and plastic relaxation, introduces
vacancies and dislocations in the epilayer. Such defects feature
an acceptor-like character leading to a p-type non-intentional
doping (NID) of approximately 9·1017 cm−3, as reported in [18],
giving a strong gradient of the electric field that reduces the
space charge region (SCR) width. As a result, many photons
are absorbed outside the SCR and the photogenerated carriers
are collected only after their diffusion towards the SCR. Given
such transport mechanism, GeSn thickness has to be about one
diffusion length beyond the SCR. A too thick GeSn absorption
layer would just degrade the noise without any advantage in the
photon detection. The diffusion length Ldiff is:

Ldiff =
√

D · τdiff (1)

where D is the diffusion coefficient and τdiff is the minority
carrier lifetime. The values of these parameters have been es-
timated from the few data available in literature. We used De

= 12.31 cm2/s and Dh = 24.62 cm2/s for diffusion coefficients
for electrons and holes, as reported in [19] for Ge0.95Sn0.05 at
200 K, while no values are reported for higher tin concentration.
However, the diffusion coefficient is expected to increase with
tin concentration. Minority carrier lifetimes were retrieved from
[18] for Ge0.875Sn0.125 at 300 K, reporting a value of 130 ps.
Despite the operating temperature for the proposed devices is
200 K, lifetime shows low dependency on temperature [18] and
the value at 300 K can well represent the one at 200 K.

B. Recombination at Heterointerfaces

Multiplication-based photodiodes are very sensitive to ma-
terial quality. In particular, lattice mismatched heterojunctions
give rise to defects generated from stress accumulation. In the
two APD structures presented in this paper, schematically shown
in Fig. 2, Ge/Si and GeSn/Ge heterojunctions are present, and
their positions influence the overall performance.
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Fig. 2. Schematic cross-section of Design A, where avalanche multiplication is in silicon (a). Schematic cross-section of Design B, where avalanche multiplication
is in germanium (b).

Germanium features a lattice mismatch of about 4.2% with
respect to silicon. This non-negligible difference generates plas-
tic deformation, resulting in dislocations that act as strong
Shockley–Read–Hall recombination centres for minority carri-
ers, enhancing the noise generation. This effect can be included
in the simulations by tuning the lifetime of germanium. The
recombination rate induced by threading dislocations through
the Ge layer can be estimated from the lifetime given by the
following equation [20]:

τdislocation =
0.7

Ns
(2)

for p-type germanium at room temperature, where Ns is the
area density of dislocations. The dislocation density is expected
to decrease with the inverse square of the distance from the
heterointerface, going from a few 1010 cm−2 within the first ∼
50 nm to a few 106 cm−2 when the distance from the interface
reaches ∼10 μm, as reported in [21]. For simulation purposes,
the germanium region was divided into steps, each associated
to the corresponding discretized dislocation density and lifetime
from (2).

Ge0.85Sn0.15 also features a lattice mismatch with Ge of
∼ 2.2%. When GeSn-based devices need to be integrated on
silicon photonic platform, the growth of high quality, high tin
content GeSn is facilitated by a thick germanium SRB layer
between Si and GeSn [22]. Differently from Ge/Si interface,
to the best of our knowledge, in literature no relation between
minority carrier lifetimes in GeSn and mismatch-related defects
is available. For this reason, the recombination-generation in the
GeSn layer was modelled by using a uniform lifetime of 130 ps,
as reported in [18] (note that the lifetime of GeSn might vary
from tens of picoseconds to a few nanoseconds depending on
Sn concentration and temperature). It must be noted that the
GeSn/Ge hetero-interface is present in both GeSn APD designs
and we expect it to play a minor role when considering a relative
comparison between Design A and B. To validate this argument,

we also performed simulations setting the lifetime of GeSn one
decade lower (i.e., 13 ps) with respect to the literature one. This
is done to increment the contribution to overall noise and signal
loss from Ge/GeSn hetero-junction and analyze also in a worst
case scenario the relative performances of the two designs under
investigation. Despite the GeSn’s lifetime was reduce by one
order of magnitude, the noise associated to Ge/Si interface was
still dominant, confirming GeSn/Ge interface has minor impact
on overall generation.

III. GESN-BASED APD DESIGNS

APDs working principle is based on the possibility to multiply
photogenerated carriers by means of impact ionization [23]. This
translates into higher sensitivity, gain and bandwidth compared
to p-i-n photodiodes. However, also carriers generated in dark
conditions are multiplied. In this section, we present two APD
designs with Ge0.85Sn0.15 absorption layer (Fig. 2). The de-
vices are engineered to be manufactured on silicon wafers, for
their compatibility with CMOS silicon photonic platforms. Both
structures are based on SACM (Separate Absorption Charge
Multiplication) designs, already proven to be effective for APD
detectors. Back-illumination is used to enhance the absorption
of incoming photons by exploiting a double pass through the
absorption region and filter out short-wavelength radiation.

The multiplication material in Design A is silicon, while it
is germanium in Design B. The thickness of the Ge SRB layer
is chosen to be tSRB = 1.5 μm, while that of the charge layer
is tcharge = 20 nm, for both structures. The diffusion length of
electrons (which initiate the avalanche multiplication) is Le =
565 nm, so that the optimal thickness of GeSn layer is about
tGeSn = Le.

The radius of the active area was set to 5 μm, small enough
for short simulation times. Finally, a SiO2 antireflection coating
(with λ/4 thickness) is considered on the back of the structures
and a p++ GeSn layer (thickness tcontact = 50 nm) is used to
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guarantee ohmic contact on the anode side. All the simulations
are performed at a temperature of 200 K, which can be achieved
by means of a simple multi-stage thermo-electric cooler.

A. Design A

As shown in Fig. 2(a), the stack of the first structure resembles
the one discussed in [11]. However, GeSn for 3.3 μm radiation
needs a much higher tin content of around 15% (with respect
to the 5%-10% used in [11] and [12]), thus requiring a thick
Ge SRB layer before GeSn growth and also leading to a high
non-intentional doping level in the absorbing material. Its main
advantage is that avalanche multiplication is electron-initiated in
silicon, whose low k (i.e., the ratio between holes and electrons
ionization coefficients) leads to a low excess noise factor [24].
The thickness of the silicon multiplication region is set to tmult,A,

= 1.5 μm. Such thickness is chosen to be equal to that of the
SRB/multiplication layer of Design B.

The dark current is proportional to the active volume of
the device, thus making the Ge SRB layer contributing to this
unwanted phenomenon. Passivation of Si sidewalls is a well-
established technique [25], which allows to safely neglect gen-
eration from sidewall surface for Design A. Recently, strategies
involving oxidation and nitride deposition have been reported
for Ge passivation [26], [27], leading to interface state densities
similar to those typically reported for Si. Therefore, also in the
case of Design B the role of lateral surface generation has been
neglected. Overall, the Ge SRB layer does not directly contribute
to any optical and electrical parameter of the APD, since it is
present just for improving the quality of the GeSn layer, but
it contributes to the noise. Additionally, such Ge SRB layer
increases the APD breakdown voltage, which is not convenient
in practical applications.

Another issue of Design A is associated to the presence inside
the active volume of two non-lattice matched heterojunctions,
i.e., GeSn/Ge and Ge/Si. As discussed in Section II, the disloca-
tions resulting from such hetero-interfaces strongly contribute
to the dark current. In the following Design B, one of such
hetero-interfaces is kept outside the active volume, thus avoiding
its contribution to the dark current.

B. Design B

The second design is novel compared to what reported in
literature [11] and it is presented in Fig. 2(b). In Design B, the
multiplication layer is made of germanium and the SRB layer
itself is exploited for this purpose, thus reducing the overall vol-
ume of the active region. The thickness of the Ge multiplication
layer is tmult,B = tSRB = 1.5 μm, like the one of Design A, but
it can also be increased (or decreased), if needed, for a different
trade-off between the different APD parameters. Moreover, in
Design B, the Ge SRB layer is not grown on silicon, but on
relaxed germanium, which leads to higher quality SRB and,
eventually, to a GeSn layer with a better crystal-quality. Since
non-intentionally doped GeSn shows a high p-type doping, GeSn
must be employed on the anode side, as in Design A, resulting
in electron-initiated avalanche multiplication in the germanium
multiplication region. However, differently from silicon, the

electron impact ionization coefficient is lower with respect to
the hole one in germanium, thus degrading the APD gain. This
also translates into higher k value, thus leading to a stronger
excess noise factor F for electron-initiated avalanche.

In Design B, the Ge/Si interface is buried below the active
volume, i.e., outside the SCR. A thick NID Ge relaxation layer
is grown over the silicon wafer to screen the high defects density
region resulting from the non-lattice matched heterojunction.
For simplicity purposes, the thickness of both relaxation and
buffer Ge layer (see Fig. 2(b)) is set at 1.5 μm. Despite such
layers, a few threading dislocations can still be present inside
the active volume. On top of the Ge relaxation layer, a highly
n-type doped Ge buffer is deposited to serve as cathode contact.
Differently from Design A, this approach reduces the number
of non-lattice matched heterojunctions inside the active volume,
just the GeSn/Ge one, thus enhancing the material quality for
improving the APD performance.

C. Comparison

Optical and electrical simulations were performed with a
commercial Technology Computer Aided Design (TCAD) tool
(Synopsys Sentaurus), extracting dark and illuminated current-
voltage curves. Then, custom codes (in MATLAB environment)
have been written to calculate responsivity R, multiplication
factor M, excess noise factor F, noise equivalent power NEP
and shot noise ishot:

R
[
A/W

]
=

Iph
Pin

(3)

M =
Ie,out
Ie, in

(4)

F = kM + (1− k)

(
2− 1

M

)
, k =

β

α
(5)

NEP [W ] =
Idark
Rbias

(6)

ishot [A] =
√

2∗q∗Iph∗F∗M2∗ (1 Hz) (7)

where Iph and Idark are the photocurrent and the dark current,
respectively; Pin is the optical power impinging onto the active
area; Ie, in and Ie, out are the current of photogenerated electrons
that are injected into the SCR from the GeSn layer and electron
current exiting the SCR, respectively. Rbias is the responsivity
calculated at 90% of the breakdown voltage for 3.3 μm radia-
tion. The coefficients α and β represent the electron and hole
impact ionization coefficients, respectively. The dependence of
impact ionization coefficients on the electric field follows [28]
and [29], respectively for germanium and silicon. The overall
value of k corresponds to the average of β/α values calculated
point-by-point over the multiplication region, thus considering
the dependence of impact ionization coefficients on the electric
field. For the shot noise, we considered a bandwidth of 1 Hz.
Additionally, since dark current is very small compared to
photocurrent in typical operating conditions, it can be neglected
in the calculation of the shot noise itself.
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TABLE I
CALCULATED FIGURES OF MERIT OF DESIGN A AND DESIGN B FOR DIFFERENT VALUES OF P-TYPE DOPING DENSITY OF THE CHARGE LAYER AT 0.9 Vbreakdown

Simulated values for the proposed figures of merit (calculated
at a bias voltage of 90% of the breakdown voltage) are summa-
rized in Table I, for different values of charge p-type doping,
for both Design A and Design B. As previously mentioned,
the GeSn/Ge hetero-interface was not explicitly modelled and
an average recombination time was used to take in to account
recombination-generation in the GeSn layer. However, this ap-
proach affects the absolute value of the simulated dark current.
Since we are mainly focused on the relative comparison between
design A and B, the NEP is reported as the ratio between a
specific NEP and the best NEP among all investigated structures.
With high enough illumination, multiplication factor, respon-
sivity and excess noise factor should not be affected by the
uncertainty on dark current and are thus reported as absolute
values. However, shot noise depends on the active area size, so
we reported its ratio with respect to the best case.

For charge doping pcharge ≤ 5·1017 cm−3, Design A features
an increase of R and M, along with a reduction of NEP when
charge doping density gets higher. This can be explained by the
decrease of electric field inside the Ge SRB (reducing tunneling
generation), while enhancing the one inside the multiplication
layer (increasing multiplication). However, the electric field
inside the SRB must be large enough to transport photogenerated
carrier towards the multiplication region. Further increase of the
charge doping level is indeed not beneficial to device perfor-
mance, as seen in the case of pcharge = 7.5·1017 cm−3: photo-
generated carriers cannot transit inside the Ge SRB layer and
recombine, cutting down the responsivity. For this reason, M, F
and shot noise cannot be defined for this configuration. Finally,
the excess noise factor is kept low in all Design A variations,
thanks to the low k value of the silicon multiplication layer.

Concerning Design B, the space charge region can still pene-
trate the NID GeSn layer despite its quite high doping level.
By changing charge layer doping density, we can tune how
much electric field is present in the absorption layer, as shown
in Fig. 3(a). Ge0.85Sn0.15 features a very short lifetime and,
combined with its small bandgap energy, it can be a strong source

of tunneling generation. This is shown by the sharp decrease
of the NEP when increasing the charge layer doping from
pcharge = 0.5·1017 cm−3 to 3.5·1017 cm−3. Further increment of
pcharge beyond 3.5·1017 cm−3 has no effect on the electric field
penetration into the GeSn absorption region. This could be
exploited during fabrication, by slightly exceeding the target
doping of the charge layer, a layer where tolerances are always
very tight. Finally, the excess noise factor of Design B is higher
compared to Design A because electron-initiated avalanche mul-
tiplication in germanium is not as good as the one in silicon.

By comparing the two designs, it is possible to notice the
great decrease of NEP in Design B compared to Design A,
which is due to the expected better material quality of the
former one. By excluding the Ge/Si interface from the active
volume, the dark current is reduced. Concerning responsivity
and multiplication, Design A can achieve higher value compared
to the other structure (see Fig. 3(b)). This can be ascribed to the
higher electric field achievable inside the multiplication region
in Design A, resulting in increased ionization coefficients, as
shown in Fig. 3(c).

The overall photon detection performance of the detector can
be analysed with the NEP. Comparing the best proposed designs,
NEP of Design A is 294 times higher with respect to that of
Design B, thus showing that the latter is better.

As pointed out before, germanium is not the ideal choice for
electron-initiated multiplication, but the shot noise values of the
photogenerated currents result comparable among the lowest
NEP configurations of the two designs.

Finally, another advantage of Design B over Design A is its
lower breakdown voltage, which is advantageous in practical ap-
plications where limited power supply voltages can be managed
more easily.

IV. METALENS INTEGRATION

In a standard photodetector, higher photon collection effi-
ciency can be achieved by increasing the active area, at the
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Fig. 3. Electric field profile at GeSn/Ge interface in Design B for different
charge layer doping density (a). Multiplication factor of the modelled configu-
rations from 85% to 99% of the corresponding breakdown voltage (b). Electron
impact ionization coefficient α in the multiplication region for the best NEP
configurations of Design A and Design B (c).

expense of higher noise (thus degrading the NEP). In order to
break such trade-off, focalizing optical elements can increase the
photon collection area while keeping the active region small. Mi-
crolens have been used for micrometer scale detectors. However,
recently-developed metalenses emerged as a valid candidate to
substitute refractive lenses [30], [31], because they are less bulky
and more flat, thus enabling the possibility to engineer very
compact optical systems.

A metalens is an optical element consisting of a periodic
composition of nanorods, whose dimensions must be lower
than the wavelength of the reference radiation. Exploiting sub-
wavelength interaction with the structures, light properties can
be manipulated. In addition, compared to classical lenses, met-
alens have the advantage to possibly manipulate a wider set of
radiation properties, including phase and polarization.

We hereby present a polarization-insensitive all-dielectric
metalens acting as focalizing element designed for 3.3 μm
radiation. The metalens can be monolithically integrated on the
back-side of the device and light can be focalized into the active
area, also exploiting the metallic mirror on the front-side of the
device for a double pass inside the absorbing region. Integration
on the back of the device is favourable since a longer focal length
is needed with respect to front-side integration, thus enhancing
the focalizing efficiency [32]. The proposed metalens is designed
in CMOS compatible materials. The substrate is made of silicon
dioxide with λ/4 thickness, while the cylindrical pillars are
made of patterned amorphous silicon.

The metalens phase profile is designed to be equivalent to the
hyperbolic one:

Φ (x, y) = −2π

λ0
nsub

(√
x2 + y2 + f2 − f

)
(8)

where x and y are the spatial coordinates on the radiation plane of
incidence, λ0 the vacuum wavelength of the radiation, nsub the
refractive index of the device substrate (i.e., silicon), while f is
the focal length of the metalens. Without any loss of generality,
the radius of the metalens is set at a value of r = 50 μm, while
the focal length at f = 350 μm, similar to what we would expect
on a real scenario. However, different diameter and focal length
can be properly tuned.

The metalens design begins by engineering a single unit cell,
composed by a square SiO2 pedestal (with side length P and
height H = 575 nm), on top of which an amorphous silicon
cylindrical pillar (with height h and radius r) is grown (Fig. 4(a)).
With fixed height, a range of radii must be found so that the unit
cell can vary the phase of the incoming radiation over 0-2π range,
while preserving the transmission. Then, the complete unit cell
database can be exploited to represent every phase shift given by
(8). Finite-Difference Time Domain (FDTD) simulations were
carried out by a commercial software (Ansys Lumerical) and
a valid combination could be found: h = 2.25 μm, P = 1.75
μm and r ∼ 250 ÷ 525 nm. These dimensions yield a maximum
pillar aspect ratio of 3.75, making the design feasible with an
EBL (Electron Beam Lithography) patterned hard mask plus
ICP-RIE (Inductively Couple Plasma - Reactive Ion Etching)
fabrication process. The phase and transmission dependence on
the radius for the unit cell database are shown in Fig. 4(b). The
phase can be modulated over 0-2π range and transmission is kept
always above ∼85%, apart from radii around 400 nm, which are
excluded from the database since they result in poor transmission
due to Fabry-Perot like interferences inside the nanorod [33].
The metalens design is built by placing the properly-sized unit
cell at a pitch P on a K x K square grid (where K is equal to the
ratio between the diameter of the lens and the pitch of the unit
cell), yielding the phase shift calculated by (8). The simulated
focalizing effect of the metalens for 3.3μm radiation is shown in
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Fig. 4. Illustration of metalens unit cell (a). Relative phase and transmission vs. radius of unit cell with fixed height h = 2.25 μm. The region in red is excluded
from unit cell database due to low transmission caused by Fabry-Perot interferences inside the nanorod (b). XZ section of simulated relative intensity of focalized
radiation after interaction with metalens. The effective focal length is 346 μm (orange dashed line) (c). XY section on the effective focal plane of the relative
intensity (d). Cut at x = 0 of relative intensity at effective focal plane. The maximum increase of intensity at focal plane is ∼190. The focalized radiation exhibits
a FWHM of ∼3.8 μm (e).

Fig. 4(c) and (d). The effective focal length is f = 346 μm. The
ratio between incoming and transmitted intensity at the focal
plane results in a maximum increment of ∼190 times and the
focal spot features a FWHM of 3.8 μm (Fig. 4(e)). Overall, the
design exhibits a η = 30% efficiency, calculated as the ratio
between the optical power within four times the FWHM on the
focal plane and the impinging power on the metalens [31].

To quantify the advantage of metalens integration, we can
compare the photon collection of a device with the same radius of
the designed metalens (i.e., 50 μm) and one with 2.5 μm radius,
suitable to collect the focalized radiation from the metalens. In
particular, the more representative figure of merit for assessing
the performance improvement is the NEI (Noise Equivalent
Intensity), which is the minimum impinging optical intensity
to generate a photocurrent equal to the dark one:

NEI =
Idark

R∗Acollection
(9)

where I is the incoming optical intensity, while Acollection

represents the photons collection area. The dark current Idark
scales linearly with the active area of the device (if the peripheral
dark current is negligible). A reduction by a factor 400 of dark
current occurs when scaling the radius from 50 μm to 2.5 μm.
The photocurrent increases linearly with the active area. The 50
μm radius device can thus provide 400 times the photocurrent
with respect to the 2.5 μm one, at a given incoming optical

intensity I . Also, the responsivity R does not vary with the area,
on first approximation.

For the 50 μm device, Acollection is equal to the active area
while, for the 2.5 μm one with a metalens, the collection area
is equal to a device with 50 μm radius as well. However, the
non-unitary focusing efficiency η of the metalens must be taken
into account. We thus obtain:

NEIno−metalens

NEImetalens
=

400 ∗ Idark, 0/R0 ∗Ar = 50µm

Idark, 0/R0 ∗Ar = 50µm ∗ η
= 120

In conclusion, with a simple CMOS-compatible metalens,
the minimum optical intensity impinging onto the device that
provides a unitary signal-to-noise ratio is reduced by a factor
120. This gives the opportunity to exploit the low dark current
from the small active area device combined with the large
collection efficiency of a wide metalens.

V. CONCLUSION

In this article, we presented two APD designs based on
Ge0.85Sn0.15 absorption layer for methane and tampered
olive oil detection. Design A exploits silicon as multiplication
material, while Design B germanium. The former presents a
Ge-on-Si heterointerface within the active volume, while in
the latter the interface is buried below the space charge region.
While the former design was already reported in literature, the
latter is a novel and promising approach. TCAD simulations in
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electrical and optical domain were carried out to assess dark and
illuminated current of the devices. Material degradation due to
Ge/Si interface was implemented in the model by tuning the re-
combination lifetime as a function of dislocations density inside
germanium. Considering the configurations with the highest
responsivity from the two structures, in Design A we could reach
approximately twice the responsivity value with respect to De-
sign B thanks to the higher electric field in the multiplication re-
gion. However, the NEP of Design A showed an increment of 294
times with respect to Design B, due to the presence of the Ge/Si
interface. In addition, despite electron-initiated avalanche multi-
plication is exploited in germanium, Design B showed shot noise
comparable to that of Design A. Overall, Design B features better
detection performances at 3.3μm. Finally, a monolithically inte-
grable CMOS-compatible, all-dielectric metalens can improve
the collection capabilities of the device while keeping active area
low.

As a perspective, this study on the design of linear-mode
APDs might influence the design of future GeSn SPADs (single-
photon avalanche diodes), as they both need to minimize
the main contributions to carrier generation from the device
bulk.
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