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Abstract: Avalanche and Single-Photon Avalanche photodetectors (APDs and SPADs) rely on
the probability of photogenerated carriers to trigger a multiplication process. Photon penetration
depth plays a vital role in this process. In silicon APDs, a significant fraction of the short visible
wavelengths is absorbed close to the device surface that is typically highly doped to serve as
a contact. Most of the photogenerated carriers in this region can be lost by recombination,
get slowly transported by diffusion, or multiplied with high excess noise. On the other hand,
the extended penetration depth of near-infrared wavelengths requires thick semiconductors for
efficient absorption. This diminishes the speed of the devices due to the long transit time in the
thick absorption layer that is required for detecting most of these photons. Here, we demonstrate
that it is possible to drive photons to a critical depth in a semiconductor film to maximize their
gain-bandwidth performance and increase the absorption efficiency. This approach to engineering
the penetration depth for different wavelengths in silicon is enabled by integrating photon-trapping
nanoholes on the device surface. The penetration depth of short wavelengths such as 450 nm is
increased from 0.25 pm to more than 0.62 ym. On the other hand, for a long-wavelength like
850 nm, the penetration depth is reduced from 18.3 um to only 2.3 um, decreasing the device
transit time considerably. Such capabilities allow increasing the gain in APDs by almost 400x
at 450 nm and by almost 9x at 850nm. This engineering of the penetration depth in APDs
would enable device designs requiring higher gain-bandwidth in emerging technologies such
as Fluorescence Lifetime Microscopy (FLIM), Time-of-Flight Positron Emission Tomography
(TOF-PET), quantum communications systems, and 3D imaging systems.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Avalanche photodetectors such as APDs and SPADs are made of semiconductor materials with
an internal gain which yields higher overall signal-to-noise ratios in photoreceiver modules.
Enhancing their gain and bandwidth are critical for high-resolution imaging systems required in
the area of biophotonics, such as FLIM [1,2] and TOF-PET [3,4], in navigation systems based
on LIDAR, and in new optical communications systems such as quantum communications and
free-space optical links [5—8]. Photodetectors can generally present high responsivity, but low
bandwidth, or vice versa. This is a trade-off known as the gain-bandwidth product (GBP), an
important figure of merit for APDs.

The gain in APDs originates from impact ionization, a stochastic process that results in excess
noise relative to shot noise, and therefore limits the gain-bandwidth [9]. Different methods have
been explored to achieve low noise and gain-bandwidth, such as selecting a semiconductor with
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favorable impact ionization coefficients, scaling down the multiplication region to exploit the
impact ionization of carriers that become less dependent on the local electric field [10,11], or
impact ionization engineering using appropriately designed heterojunctions [9,12,13]. In an APD
structure with an N-on-P doping profile, with the multiplication region close to the surface, the
avalanche multiplication will be mainly triggered by the holes when short wavelengths illuminate
the device since most of the photons will be absorbed close to the surface. As the ionization
coeflicient for holes is smaller than that for electrons, the total current gain will be lower for
short-wavelength than that for longer wavelengths. Thus, two variants of APD devices are
commonly fabricated, N-on-P for greater gain and sensitivity at longer wavelengths (enhanced
red-NIR sensitivity) [14], and P-on-N for shorter wavelengths (enhanced UV/blue sensitivity)
[15]. In silicon, longer wavelengths penetrate deeper into the structure and require the use of
longer absorbing layers at the expense of a reduction in bandwidth [14]. One of the key material
properties that determine the gain-bandwidth product and the excess noise of APDs is the effective
k ratio of the ionization coefficient of electrons versus holes. Low k values are desirable for
high-performance APDs [16], making silicon an attractive material for APDs due to its low k
value (<0.1) that results in a low excess-noise factor, F. Another key parameter impacting the
gain is penetration depth. A penetration depth is a measure of how deep the electromagnetic
wave penetrates the material. It is defined as the depth at which the intensity of radiation inside
the material falls to 1/e (37%) of its value at the surface. This parameter plays a critical role in
APDs by making the gain a function of the incident wavelength [17].
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Fig. 1. (a) Conventional penetration depth of short and long wavelengths in an avalanche
PD structure with separate absorption and multiplication layers. Short wavelengths (such as
blue light from 380 nm to 485 nm) are mostly absorbed close to the surface due to their high
absorption coefficient. Longer wavelengths (such as red and near-infrared light from 625 nm
to 1100 nm) travel deeper into the device. (b) A potential engineered PD with integrated
photon trapping nanoholes can modify the penetration depth of the incident light. Shorter
wavelengths travel deeper while longer wavelengths can be absorbed at a shorter distance. (c)
Generated carrier concentration comparison between w/o holes and w/ holes PD structures
both for 450 nm and 850 nm wavelengths.

The implementation of photon trapping nanoholes enhances the absorption of silicon photode-
tectors at long infrared wavelengths by diffraction of the light in the hole array and generation of
laterally propagating waves [18,19]. An increase in speed is also achieved by using a thinner
absorbing layer and by reducing the effective area of the device to decrease the capacitance by
more than 50% [20]. However, avalanche photodetectors are complex devices that also require a
low multiplication of noise while increasing their GBP.
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In this work, we propose a method to engineer the gain and bandwidth of avalanche photode-
tectors by controlling the penetration depth of light in the semiconductor with the implementation
of photon trapping nanoholes. We demonstrate the control of the penetration depth of light into
silicon APDs which promotes the initialization of impact ionization by electrons and leads to a
lower multiplication noise, and a higher gain-bandwidth desired in avalanche-based photode-
tectors [Fig. 1(a-b)]. We have fabricated Si-photodetectors with photon trapping nanoholes of
different profiles that change the penetration depth of 450 nm and 850 nm wavelength light and
observed how the gain is impacted in both devices.

2. Simulations, design, and fabrication
2.1. Optical simulations of photon trapping nanoholes

Optical and electrical simulations of a typical APD silicon photodetector (P-on-N) with imple-
mented nanostructures show the electromagnetic wave interference in presence of photon-trapping
structures. To study the impact of photon-trapping structures on generated conducting carriers
in presence of illumination, an ATLAS Silvaco TCAD simulation is performed. The presence
of photon-trapping structures increases the carrier generation by an order of magnitude for
450 nm as well as 850 nm light wavelengths as shown in Fig. 1(c). Such enhancement in the
generated carrier concentration could be attributed to penetration depth modulation for both
wavelengths. Due to the diffraction, the penetration depth for lower wavelengths such as 450 nm,
increases, and due to the very same diffraction, the penetration depth for higher wavelengths
such as 850 nm, decreases—resulting in enhanced absorption in the n-region—causing enhanced
carrier generation.

To strengthen our arguments, we have further performed Finite-Difference Time-Domain
(FDTD) simulations to study the interaction of the incident electromagnetic wave in silicon
with photon-trapping structures. Previously, a Rigorous Coupled-Wave Analysis (RCWA) was
performed to study the diffraction of light inside the different layers of a PD with a nanohole array
[19]. However, the FDTD analysis determines the power absorption more precisely in different
regions of the semiconductor and calculates the penetration depth of the incident light in the
engineered device. The light is incident from the top at an angle normal to the surface. Periodic
Boundary Conditions (PBC) are applied in the lateral directions and Perfect Matching Layers
(PML) are applied in the vertical directions. The total power of the light absorbed is calculated
throughout the semiconductors and integration is performed for every 50 nm of depth to calculate
the power decay against the distance from the surface. Such a process allows comparing the
penetration depth (6) of the incident light for PDs with different photon-trapping nanoholes
(6engineered) and conventional PDS (6 conventionat)-

The first set of FDTD simulations is performed to understand the penetration depth and the
optical generation of carriers when light with wavelengths of 450 nm and 850 nm are injected
into the fabricated devices. The next set of optical simulations is used to calculate the penetration
depths generated by varying parameters for holes with depths at a fixed wavelength, and when
different wavelengths are incident in the photodetector.

2.2. Device design and fabrication

Silicon photodetectors are fabricated with a mesa-type structure, where the doping layers are
epitaxially grown as a P-I-N structure with a total thickness of 2.5 um as shown in Fig. 2(a-b).
This structure will favor the enhancement of shorter wavelengths, but a similar approach can
be implemented on an N-I-P structure for longer wavelengths. Different nanohole designs are
implemented in the silicon photodetectors: inverted pyramid, funnel shape, and cylindrical hole [
Fig. 2(c)]. These nanoholes have a diameter (d) of 1000 nm and a periodicity (p) of 1300 nm.
The depths of the cylindrical and funnel-shaped holes were measured to be 2 um and 2.5um,
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respectively, by Scanning Electron Microscopy (SEM). For the inverted pyramid hole, the depth
was measured to be 0.8 um, which is calculated by considering the etching angle in silicon of
54.7° with respect to. the surface, created when KOH is used to etch silicon in the <100 > plane.
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Fig. 2. (a) Schematic of engineered PD with photon trapping nanoholes with a PIN structure
for proof of concept. (b) SEM of fabricated PD. (c) Different photon trapping nanohole
profiles to study the penetration depth and gain.

2.3. Characterization of photodetectors

Current-Voltage (I-V) measurements were performed on different fabricated devices under dark
conditions and under optical illumination at 450 nm and 850 nm wavelengths with a total power of
1 uW for each. This light was delivered to the PD through an optical fiber with an incident angle
normal to the surface. A fiber splitter was used to tap 10% of the light for continuous monitoring
of the incident light power. From the I-V measurements, the multiplication gain in the engineered
and the conventional PD was calculated as M = [Lpjo10(v)-Laark(vy I/ [ Iphoto(Vref) -Ldari(vrer) |, Where
Ve was taken at 10 V. Multiple PDs with the same profile are characterized on different wafers
to evaluate the stochasticity of the APD behavior showing a variation of up to £9.6% in the
measured gain.

3. Results and discussion
3.1.  Multiplication gain for 450 nm and 850 nm wavelength

At an input wavelength of 850 nm, our devices exhibit a gain factor increase from M = 97.9, in the
conventional PD, to a maximum of M= 893 for the engineered PD with the inverted pyramid hole
profile, followed by the funnel (M = 770.3) and the cylindrical hole profile (M = 515.2) [ Fig. 3(e)].
The amount of light absorbed with respect to the thickness of the PD is presented in Fig. 3(b).
When overlapping the schematic of the doping profile of Fig. 3(c), it is observed that more light
is absorbed in the i-layer. The FDTD simulations showed that the penetration depth () of the
850 nm wavelength-light in the inverted pyramid design was reduced from O conventionar = 18.4 um
0 Oengineered = 2.3 um [Fig. 3(d)]. The implementation of this nanohole profile also reduces the
reflection from 32% to 17% and increases the absorption in the 2.5 um-thickness devices from 8%
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to 61% [Fig. 3(a)]. This nanohole design exhibited higher absorption, shorter penetration depth,
and greater maximum gain. The control of the penetration depth, the reduction of reflection, and
the increase of absorption, all collectively increase the gain and allow the fabrication of Si PDs
with thinner absorbing layers for high bandwidth operation.
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Fig. 3. (a) Power absorption of light at 850 nm wavelength in the conventional and
engineered PDs with diverse nanohole profiles, simulated by FDTD. (b) Percentage of
absorbed light with respect to. the depth. (c) Schematic of the doping profile of the
fabricated PD. (d) Comparison of the penetration depth between conventional (6 conyentional)
and engineered (Gengineered) APDs for 850 nm wavelength. ¢ is reduced from 18.7 um to 2.3
um. (e) Experimental multiplication gain measurements: comparison between conventional
PD and engineered PDs with different nanohole profiles.

For an input wavelength of 450 nm, our conventional Si PDs exhibited a maximum multiplication
gain of 11.9. On the other hand, our engineered PDs present a gain of M =4707.9 for the
cylindrical hole, followed by the funnel-shaped nanohole (M =3925) and the inverted pyramid
(M =3508.3) [ Fig. 4(d)]. FDTD simulations of the PD with cylindrical holes show that the
450 nm-wavelength light penetrates deeper into the semiconductor [Fig. 4(b)], moving from a
penetration depth of 0.25 pum in the conventional PD to a maximum of 0.75 um in the engineered
PD with cylindrical nanohole [Fig. 4(c)]. Contrary to the 850 nm wavelength case, at 450 nm the
gain increases in devices with nanohole designs that allow a deeper penetration depth. In addition
to the gain enhancement, the implementation of nanoholes increases the absorption in silicon from
60% to 83.5%, and a reduction in reflection from 40% to 14% [Fig. 4(a)]. Figure 4(e)-(g) shows
the current-voltage characteristics under dark conditions and illumination for a conventional PD
(e) and for engineered PD-Cylindrical with an input wavelength of 450 nm (f), and 850 nm (g).
Lastly, Table 1 summarizes the obtained results with respect to. the penetration depth, gain and
External Quantum Efficiency (EQE) obtained in our fabricated devices at 450 nm and 850 nm
wavelength light.
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Fig. 4. (a) Power absorption of light at 450 nm wavelengths in the conventional and
engineered PDs with different nanohole profiles, simulated by FDTD. (b) Percentage of
absorbed light with respect to the depth. (c) Comparison of penetration depth between
conventional (O conventionat) @nd engineered (J,ngineered) APD. 8 increased from 0.25 um to
0.75 pm. (d) Experimental multiplication gain measurements comparing conventional PD
and engineered PDs. The gain increases by nearly a factor of four hundred, from 11.9 to more
than 4000. (e-f) Current-Voltage under dark conditions and illumination for a conventional
PD (e), and Engineered PD-Cylindrical with an input light wavelength of 450 nm (f), and
850 nm (g).
3.2. Engineering of penetration depth at 450 nm wavelength

As shown in the previous section, engineering of the penetration depth allows the modification
of the gain obtained in an APD. Furthermore, the bandwidth of photodetectors is enhanced
by reducing the transit time of the photogenerated carriers. A series of simulations have been
performed in Si PDs with absorbing layers of only 1.2 um-thickness to understand the influence
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Fig. 5. (a) Penetration depth of 450 nm wavelength light in varying photon-trapping
nanohole depths. The penetration depth increases with the depth of the hole from 250 nm to
620 nm. (b) Absorption and penetration depth for different hole depths at 450 nm wavelength.
A maximum of 84% of absorption can be obtained at 800 nm nanohole depth. (c) Optical
absorption profile obtained by FDTD for an incident light of 450 nm.

Table 1. Penetration depth, multiplication gain, and EQE in silicon photodetectors
with different nanohole profiles. The gain in APDs with photon-trapping holes is
measured to be almost 400-fold higher at 450 nm and almost 9-fold higher at 850 nm

Wavelength | Conventional Inverted Cylindrical | Funnel
(nm) Pyramid
Penetration depth 450 0.25 0.55 0.75 0.61
(um) 850 18.7 23 >2.5 >2.5
Multiplication 450 11.9 3508.3 4707.9 3925.8
Gain (M) 850 97.9 893.8 515.8 770.3
External Quantum 450 54 82 74 79
Effici fi
e (1%) or 850 14 56 39 2

of the nanohole depth and incident light wavelengths, in the penetration depth. By varying
the nanohole depth from O nm (conventional PD) to 1200 nm, the impact of this parameter on
penetration depth could be studied. For this study, an incident wavelength of 450 nm illuminated
the PD, with an incident angle normal to the surface of the device. Cylindrical holes, with 480 nm
diameter (d) and 500 nm period (p) are used in this study. The power absorption with respect
to. depth is calculated for each 50 nm segment along with the depth. Figure 5(a) shows that the
penetration depth increases from 0.25 um in the conventional PD to a maximum of 0.63 um
when cylindrical holes are etched with 1200 nm depth. However, etching the nanoholes can also
reduce the absorption and increase the transmission of the light, making it necessary to optimize
the etching depth. Figure 5(b) shows that the maximum absorption and penetration depth for this
design is obtained with a nanohole depth of 800 nm where 84% of the light is absorbed and the
penetration depth is 0.54 pm.
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Fig. 6. (a) Penetration depth engineered on silicon for incident light wavelengths between
300 nm to 700 nm. (b) Comparison of penetration depth between conventional and engineered
PDs. At wavelengths below 450 nm, the penetration depth is dramatically increased, reducing
the loss of carriers by recombination, slow diffusion transport, and high excess noise
multiplication. Above 500 nm wavelength, the penetration depth is reduced by more than
50%. At 850 nm the penetration depth is reduced from 18.3 pm to only 2.3 um, an 87%
reduction in the depth. (c) The power distribution of incident light at different wavelengths
on conventional and photon-trapping photodiodes for nanoholes depth of 400 nm, a diameter
of 480 nm, and a period of 500 nm.

At 450 nm wavelength, silicon exhibits a high absorption coefficient but also reflects 40% of the
incident light. With the integrated nanohole approach, the reflection is reduced to approximately
10%. Figure 5(c) shows the power distribution of the 450 nm wavelength light in the engineered
PDs with different nanohole depths.

3.3. Engineering the photon penetration depth for visible and NIR wavelengths

A broad range of applications works in the visible wavelengths, making it important to study
the change in penetration depth inside of silicon for different input wavelengths from 300 nm to
850 nm when implementing the nanoholes in silicon. We fixed the nanohole depth at 400 nm and
kept the diameter and the period unchanged (480 nm diameter and 500 nm period).

Figure 6(a) shows the normalized power absorption for different wavelengths in the engineered
PD with respect to its thickness. These curves are used to calculate their respective penetration
depth. Figure 6(b) compares the penetration depth of conventional devices and the engineered
PDs. For wavelengths below 450 nm, our simulations show that a greater penetration depth is
achieved [Fig. 6(b), inset]. On the other hand, from 500 nm to 850 nm wavelength, the increase in
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absorption achieved with nanoholes decreases the penetration depth to a range between 0.55 um
to 2.3 um. Shorter wavelengths (such as 450 nm) are observed to penetrate deeper into silicon.
On the other hand, photons with longer wavelengths (such as 850 nm) are forced to propagate
to shallower depths. Figure 6(c) represents the different distribution of light absorbed in the
conventional silicon PD and the engineered PD, for 450 nm wavelengths.

4. Conclusions

We have demonstrated that it is possible to guide photons to a critical depth in a semiconductor
and maximize the gain-bandwidth performance and absorption efficiency in avalanche-based
photodetectors by integrating photon-trapping nanoholes with different profiles and depths on
the device surface. Such nanoholes allow for the engineering of the penetration depth for
different wavelengths on silicon. A longer penetration depth for short wavelengths such as
450nm can reduce the absorption close to the surface of the device, where carriers can be
lost by recombination or slowly transported by diffusion. On the other hand, the penetration
depth for the long wavelengths such as 850 nm is reduced from 18.3 um to only 2.3 ym. Such
reduction in penetration depth allows decreasing the device transit time with a direct impact on
the bandwidth of the devices. These results allow increasing the gain in APDs by 400 times
at 450 nm and by more than 9 times at 850 nm. The engineering of the penetration depth in
APDs and SPADs allows designing devices with higher gain-bandwidth required in a myriad
of emerging applications including biomedical imaging systems such as FLIM and TOF-PET,
quantum communications systems, and 3D imaging systems.
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