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ABSTRACT This paper presents a novel design for high-quantum-efficiency and broadband Ge-on-Si
photodetectors. The design entails placing a SiO,-filled nano-slit metasurface on a free-standing resonant-
cavity enhanced (RCE) Ge structure to achieve high quantum efficiency in a broad spectral range of
1000-1600 nm. This design addresses the limitations of narrow resonance linewidths for conventional RCE
devices with Fabry—Perot cavities. The SiO;-filled metasurface introduces diffraction and additional phase
matching of the incident light field to horizontal guided modes, thus enhancing light coupling to the active
region at non-resonance wavelengths of the Fabry-Perot mode. The device with this design exhibits an
average quantum efficiency of 73.28 % in the 1000-1600 nm spectral range and a minimum quantum
efficiency of approximately 60%, which is three times higher than a device without the metasurface structure.
The quantum efficiency at around 1300 nm reaches 76.65%, and that at around 1550 nm reaches 98.69%.
The estimated responsivity is 0.81 A/W and 1.23 A/W, respectively. For high-speed applications, a device
comprising a Si spacer below a thin Ge layer of 600 nm thickness is aimed for operation at a bandwidth
of 55 GHz. This device exhibits an average of 64.96% quantum efficiency with a minimum quantum
efficiency of around 60%. Its peak quantum efficiency reaches 92.61% at around 1300 nm and 94.65%
at around 1550 nm. The corresponding estimated responsivity is 0.98 A/W and 1.18 A/W, respectively. Both
designs are innovative solutions for high-speed infrared photodetectors of high quantum efficiency over a
broad spectral range.

INDEX TERMS Broad-bandwidth photodetectors, Germanium photodetectors, infrared photodetectors,
metasurface, resonant-cavity enhancement (RCE).

I. INTRODUCTION coefficient of Ge drastically drops at 1550 nm. Photodetectors

Germanium photodetectors are suitable for infrared pho-
todetection up to the 1600 nm wavelength [1]. However,
conventional Ge photodetectors have a low responsivity
beyond the 1550 nm wavelength because the absorption
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with a broad infrared spectrum are crucial in applications
involving infrared photodetection at different wavelengths.
Infrared photodetection is useful in several fields in sev-
eral fields, such as optical communications [2], [3], [4],
light detection and ranging (LiDAR) [5], agriculture [6],
and biomedical applications [7]. Conventional optical com-
munication systems operate in a transmission window of
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1310 nm and 1550 nm by using the dense wavelength division
multiplexer (DWDM) technology. DWDM combines several
signals of different wavelengths in a narrow wavelength
range for transmission through a single fiber to ensure high
data transmission capacity. By contrast, the coarse wave-
length division multiplexer (CWDM) technique utilizes a
broad infrared spectrum [8]. CWDM is typically used in
optical I/O and co-package optics for low-loss and high-
capacity chip-to-chip data communications. In addition to
optical communications, infrared spectra are used in agricul-
ture and chemical verification processes that entail measuring
the absorption spectrum of an organic substance [9]. These
applications increase the demand for broadband infrared Ge
photodetectors.

Ge photodetectors are compatible with silicon-integrated
circuits. Various methods are currently available for fabricat-
ing high-quality Ge thin film on Si. For example, the two-step
Ge epitaxial technique is effective to overcome the 4.2%
lattice mismatch between Ge and Si [10]. In this technique,
a Ge buffer layer is first deposited on a Si substrate, and
then a high-quality Ge layer is grown on the buffer layer
through chemical vapor deposition [11], [12] or molecular
beam epitaxy [13].

Various types of Ge photodetectors have been developed.
Waveguide-type Ge photodetectors realized high speed and
high responsivity by edge coupling to a narrow, long waveg-
uide [14], [15]. However, these photodetectors are only
suitable for optical communications because their coupling
angle into the waveguide structure is limited. Compared with
waveguide Ge photodetectors, vertical PIN photodetectors
are generally less complex to fabricate, but they have the
disadvantage of the trade-off between high speed and high
responsivity [16]. In a vertical PIN photodetector, a thick
active layer ensures high responsivity at the expense of speed,
whereas a thin layer increases the speed at the expense
of responsivity. To alleviate this limitation, various innova-
tions, such as light trapping holes [17], [18], guided-mode
resonance grating [19], [20], resonant-cavity enhancement
(RCE) [21], [22], [23], [24], metasurface [25], and surface
plasmonic resonance [26], [27], have been used in verti-
cal PIN photodetectors. In devices with a thin active layer,
RCE can substantially improve the quantum efficiency to
nearly 100%, with potentially high responsivity and high
speed [28].

RCE Ge photodetectors have an absorbing Fabry—Perot
cavity in the device. A strong standing wave in the cav-
ity dramatically enhances the absorbance of the device at
resonance. However, resonance only occurs at specific dis-
crete wavelengths. At non-resonance wavelengths, RCE Ge
photodetectors exhibit relatively low absorbance and, thus
low quantum efficiencies. This narrow linewidth of reso-
nance limits the broad-spectrum applications of RCE Ge
photodetectors.

Metasurfaces composed of subwavelength structures can
manipulate electromagnetic waves across a broad frequency
range [29]. By adjusting the geometry of each metaatom,
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we can design a metasurface to properly control wave
properties, including the amplitude and phase of a wave [30].
Recently, metasurfaces have been widely applied in wave-
form shaping, micro-nano resonators, and enhanced light-
matter interaction [31]. The push for miniaturization of
multifunctional devices has influenced fields such as photon-
ics and communications.

In this work, we propose a novel design for a broad-
bandwidth Ge infrared photodetector consisting of a
nanoscale SiO;-filled metasurface and a RCE Ge structure.
Compared with conventional RCE devices, the device has a
broadened spectrum of high quantum efficiency. The absorp-
tion spectrum of the device can be tailored by varying the
period and the Ge duty factor of the metasurface. We focus
on the case where the incident wave is polarized in the
direction perpendicular to the periodic direction of the meta-
surface as shown on the top of Fig. 1. Variations in wave
polarization will be discussed in future works. A theoretical
bandwidth model of photodetectors is utilized to estimate
the speed of the proposed device. To further optimize the
speed of the device, devices are designed both with and
without a Si spacer for comparison. A device comprising
a Si spacer and a thin Ge layer of 600 nm thickness is
designed for operation at a bandwidth of 55 GHz with a
3-dB cutoff. Both structures without and with a Si spacer
exhibit a broad spectrum of high quantum efficiency (from
1000 nm to 1580 nm) with the RCE mechanism. Overall, our
findings indicate that designs combining RCE with properly
tailored metasurfaces pave the way for infrared photodetec-
tors that possess both high quantum efficiency and broad
bandwidth.

Il. DEVICE CONCEPT

The proposed device comprises a free-standing Ge RCE
photodetector with a SiO»-filled nano-slit metasurface at the
top of the detector and a distributed Bragg reflector (DBR)
at the bottom as depicted in Fig. 1. The optimization of
the free-standing Ge RCE photodetector without a nano-
slit metasurface was carried out in our previous work [28].
To ensure total reflection at the interface between the Ge
layer and the bottom DBR, a three-period SiO,/Si DBR is
employed. The Ge metasurface, filled with SiO, for pas-
sivation, is integrated into the RCE structure. Beneath the
metasurface is a Ge base of 100 nm thickness to facilitate light
absorption and current extraction. This device structure is
suitable for various types of photodetectors. We also develop
a device with a Si spacer for comparison with that without a
Si spacer. Figure 1(a) shows the structure of a device without
a Si spacer, in which the resonant cavity consists of the
periodic metasurface and the Ge base. The structure of the
device in a single metasurface period is marked within a red
dashed square, and its detailed setting is illustrated on the
right side of Fig. 1(a). The overall thickness of the Ge layer,
dGe homo- 18 from the bottom of the Ge base to the top of the
metasurface. Figure 1(b) illustrates the structure of a device
with a Si spacer, in which the resonant cavity comprises a thin
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FIGURE 1. Schematics of the devices (a) without a Si spacer (b) and with
a Si spacer.

metasurface, the Ge base, and the Si spacer. The structure of
the device in a single metasurface period is marked within a
red dashed square, and the detailed setting is illustrated on the
right side of Fig. 1(b). The overall thickness of the Ge layer,
dGe hetero» and that of the Si spacer, ds;, constitute that of the
heterogeneous Ge/Si cavity. The device with the Si spacer is
aimed at high-speed applications and discussed subsequently.
The parameters used in this work are listed at the bottom
of Fig. 1. The details of the relationship between dge homo-
dGe hetero» and ds; is also discussed subsequently.

Assuming that the absorbed photons are completely con-
verted into electrons, the quantum efficiency of a conven-
tional RCE photodetector is expressed as [21]

RCE—PD

B (14 Rpe™?) (1 = Ry) (1 — )

"1 — JRiR2e=24 cos(2kned + @1 + ¢2) + RiRre—2d’
(D

where R; and R; are the reflectances of the top and bottom
reflectors, ¢ and ¢, are the phase shifts of the top and bottom
reflectors, respectively, « is the absorption coefficient, d is the
thickness of the absorption layer, k is the light propagation
constant in free space, and n. is the effective refractive index
of the cavity. In this equation, the thickness of the absorption
layer is assumed to be equal to the cavity length. Accord-
ing to (1), a sufficiently large R, and a relatively small R
are required for a high quantum efficiency. In addition to
the reflectances of reflectors, the total phase shift of light
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propagation within the cavity, 2kn.d, also affects the quantum
efficiency due to the interference effect.

The quantum efficiency of a RCE photodetector increases
at a specific resonance wavelength with a narrow linewidth.
At a specific resonance wavelength, light transmitted from
the top reflector and then reflected by the bottom reflec-
tor destructively interferes with light reflected from the top
reflector, resulting in optimal coupling between the incident
light and the absorbing cavity. By contrast, at a non-resonance
wavelength, the interference of the reflections from the two
reflectors results in high overall reflectance of the incident
light, leading to low coupling into the absorbing cavity.

High-reflectance reflectors ensure a strong standing
wave at resonance when constructive interference occurs
within the cavity. However, a large R; allows little inci-
dent light into the cavity, thus reducing the effect of the
RCE. To optimize the RCE, the amplitude of the reflection
from the top reflector must be matched with that of the
reflection from the bottom reflector by adjusting R and R;.
Although decreasing the value of R| from that of perfect cou-
pling broadens the linewidth at a resonance wavelength and
raises the quantum efficiency at a non-resonance wavelength,
the peak quantum efficiency at a resonance wavelength is
reduced. This feature has been discussed in our previous
work [28]. To verify the concept, we consider an extreme case
that the reflectance R; of the top reflector is near zero and the
reflectance R; of the bottom reflector is near unity. Then, (1)
reduces to

n=1-—e 22, )

This relation indicates that the quantum efficiency of the
device in this case is equal to that of double-pass absorption
for the device containing a top reflector with perfect antire-
flection coating and a bottom reflector with total reflection.
In this extreme case, the quantum efficiency only weakly
varies with wavelength through the wavelength dependence
of the absorption coefficient « because RCE is clearly absent.
Indeed, for the highest peak quantum efficiency derived
from RCE, the optimum value of the surface reflectance R;
depends on the value of the product ad for a given value of
the bottom reflectance R;, such as its optimum value of unity.
For given values of the product ad and the bottom reflectance
R», lowering the value of the surface reflectance R below its
optimum value leads to a reduced peak quantum efficiency
and a broadened resonance linewidth, thus obliterating the
effect of RCE.

A nanoscale slit structure of the proposed metasurface is
introduced to the device to improve the low quantum effi-
ciency of RCE photodetectors at non-resonance wavelengths
without sacrificing the high quantum efficiency at resonance
wavelengths. The width of a nanoscale slit is smaller than
the wavelength of the incident wave, leading to a strong
diffraction effect [31]. Part of the incident wave is coupled
into the device by the nanoscale slit structure. Meanwhile,
the characteristics of the Ge cavity remain valid. As a result,
light coupling into the absorbing cavity at a non-resonance
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wavelength is improved while the high quantum efficiency at
a resonance wavelength remains.

Moreover, the periodic nano-slit metasurface provides an
additional phase shift of the resonance cavity. The effective
refractive index of the cavity is determined by the Ge duty
factor of the periodic metasurface, which is the fraction of
the Ge section in a period of the nano-slit structure. Besides,
scattering of the nanoscale structure offers additional phase
disturbance in the metasurface. This periodic metasurface
structure also facilitates phase matching, which enables inci-
dent light at a non-resonance wavelength of the vertical
cavity to be coupled with the horizontal guided modes of the
layers underlying the metasurface structure. Guided-mode
resonance provides an additional opportunity for tailoring a
broad absorbing spectrum.

Ill. THEORETICAL MODEL

A. CALCULATION OF QUANTUM EFFICIENCY AND
RESPONSIVITY

The quantum efficiency of a conventional RCE photodetector
can be evaluated with (1) based on the transfer matrix method.
However, (1) is not suitable for a RCE photodetector that
has a structured metasurface due to the complicated thin-film
interference and light diffraction. The finite element method
(FEM) is used to assess the quantum efficiency of the device
by calculating the steady-state electric field distribution. The
responsivity is further derived with (3):

q

R=mn"

where 7 is quantum efficiency, ¢ is the electron charge, 4 is
the Plank constant, and v is the optical frequency.

A FEM model utilized in this study comprises a single-
period unit, as shown on the right side in Fig. 1, with periodic
boundaries and incorporates perfect matching layers (PMLs).
This model configuration has undergone thorough verifica-
tion in our previous research [32], and numerous studies
have successfully adopted it. At a near-infrared spectral range
of 1000-1600 nm, Si and SiO, exhibit nearly wavelength-
independent refractive indices of 3.48 and 1.45, respectively.
Their extinction indices are set to O due to their infrared trans-
parency. Notably, the wavelength dependence of both the
refractive and the extinction indices of Ge cannot be ignored
in this spectral range. The refractive index of Ge as a function
of wavelength is determined from experimental data [33].
To account for the absorption enhancement resulting from
the strain between Ge and Si, the extinction index of Ge as a
function of wavelength is calibrated using the extracted Ge-
on-Si absorption curve [21].

3

B. BANDWIDTH

The 3-dB frequency characterizes the speed of a photodetec-
tor. It refers to the frequency at which the output electrical
power is attenuated by 3 dB compared to the DC output in
response to an unmodulated CW signal [34]. In this work,
we utilize a vertical absorbing structure to evaluate the 3-dB
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frequency of the device [34], [35]. Two factors set the limit
of the speed, thus the 3-dB frequency, of a photodetector:
the transit time, 7, of the photogenerated carriers across its
active region and the RC time constant, trc, of its equivalent
circuit [34].

For a Ge photodetector, the carrier transit time is calculated
at a Ge drift saturation speed of 6 x 10* m/s [36]. The transit-
time-limited 3-dB frequency can be calculated as [34]

0.443

fr,3dB ~ . 4)
Tir

The RC time constant is trc = Ry Cj, where Ry, is the load
resistance of the equivalent circuit of the photodetector and
C; is the internal capacitance of the photodetector caused by
the attribution of the electric circuit, which can be calculated
with (5). For a well-designed high-speed circuitry, the load
resistance Ry, is set at 50 €2 to match the RF impedance
of a standard measurement system. The internal capacitance
Cj is determined by the junction area and the thickness of
the active layer, which is the intrinsic layer in the case of a
PIN photodiode. The RC-time-limited 3-dB frequency can be
calculated as [34]

1 1
2rtre  27RLG;

&)

frC,3dB =

The overall 3-dB frequency can be calculated approximately
as [35], [36]

_ _ —12
faaB = (ftr,32dB +fRC2,3dB) : Q)

IV. RESULTS AND DISCUSSION

A. DEVICE WITH A SiO,-FILLED NANO-SLIT
METASURFACE FOR HIGH QUANTUM EFFICIENCY

Figures 2(a) and (b) show the quantum efficiency spectra
of the device structure without a Si spacer, as shown in
Fig. 1(a), for two different metasurface parameter settings,
which exhibit quite different spectra. This structure has a
periodic Ge/SiO; metasurface of 812.5 nm thickness on a Ge
base of 100 nm thickness, resulting in dge homo Of 912.5 nm.
This value of dge homo 18 designed for a horizontally uniform
plain Ge thin-film device of such thickness with an unstruc-
tured plain surface (equivalent to a Ge duty factor of 1 for
the metasurface) to produce Fabry—Perot resonances near the
wavelengths of 1310 nm and 1550 nm. The distinct peaks in
the quantum efficiency spectrum of the thin-film device with
an unstructured plain surface verify the expected Fabry—Perot
resonances, as seen in the spectrum shown as the black curves
in Figs. 2(a) and (b). For direct comparison, the spectra of the
device with a metasurface of two different sets of structural
parameters are shown as the red curves in Figs. 2(a) and (b).
The spikes marked with arrows and asterisks in these spec-
tra are respectively attributed to the Fabry—Perot resonances
of the metasurface and the guided modes of the multilayer
structure within the Ge metasurface and the DBR [37], [38].
The multilayers of the Ge metasurface and the DBR work as a
slab waveguide in the horizontal direction. The guided modes
in the multilayers are not solely confined to the Ge region
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with the highest refractive index; for certain guided modes,
they also penetrate the bottom DBR. Although the SiO,/Si
DBR exhibits high reflectance over a broad spectral range,
some diffraction modes from the metasurface couple into the
waveguide modes of the DBR.

Figure 2(a) illustrates the quantum efficiency spectrum
of the device with a metasurface that has a period of
2.5 um and a Ge duty factor of 0.7. The period is sig-
nificantly larger than the wavelength of the incident light,
indicating the small effect of phase shift on the Fabry—Perot
modes with diffraction of the metasurface. These peaks,
marked with downward arrows, indicate only small shifts
of the Fabry—Perot resonance peaks to shorter wavelengths.
The metasurface improves the quantum efficiency at non-
resonance wavelengths of Fabry-Perot through the slit
diffraction. Furthermore, the new peaks at 1426 nm and
1586 nm emerge from the phase-matched coupling of the
metasurface structure to the horizontal guided modes of
the Ge metasurface and the 100 nm Ge base with leak-
age coupling into the DBR. These relatively small peaks
are marked with asterisks for clarity. These new resonances
caused by the coupling of the metasurface significantly
increase the quantum efficiency of the device at wavelengths
away from the Fabry—Perot resonance peaks. As a result,
the quantum efficiency increases from 32.91% to 59.69 at
1230 nm, from 26.56% to 49.86% at 1425 nm, and from
20.85% to 52.37% at 1586 nm. The quantum efficiency at
these non-resonance wavelengths of the Fabry—Perot cavity
is enhanced nearly twice by the metasurface. On average,
the quantum efficiency for this structure is 61.27%, with
an estimated responsivity of 0.81 A/W at 1300 nm and
0.93 A/W at 1550 nm.

Figure 2(b) illustrates the quantum efficiency of the device
with a metasurface that has a period of 1 um and a Ge duty
factor of 0.6. The period is smaller than the wavelength of
the incident light, and the width of the Ge section is 600 nm.
In this case, the diffraction of the metasurface causes large
phase shifts in the Fabry—Perot modes, resulting in large
shifts of the Fabry—Perot resonance peaks from 1168 nm to
1094 nm, from 1314 nm to 1277 nm, and from 1549 nm
to 1486 nm. These resonance peaks of Fabry-Perot modes
are marked with downward arrows. Multiple new resonance
peaks are observed owing to the phase-matched coupling of
the subwavelength metasurface structure to the horizontal
guided modes with most of the field confined to the Ge
metasurface and 100 nm Ge base. These peaks are observed
at 1187 nm, 1383 nm, and 1552 nm in the spectrum, and
are marked with asterisks. The multiple resonance peaks
create a spectrum of high quantum efficiency, with an aver-
age quantum efficiency of 73.28% in the 1000-1600 nm
range, covering the key application wavelengths of 1064 nm,
1310 nm, and 1550 nm. Moreover, the estimated responsivity
is as high as 0.70 A/W at 1064 nm, 0.81 A/W at 1300 nm,
and 1.23 A/W at 1550 nm.

As shown in Fig. 2(b), the optimized device exhibits a
broad spectrum of high quantum efficiency, with a peak value
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FIGURE 2. Quantum efficiency spectra of the device with a metasurface
as shown in Fig. 1(a) for two sets of metasurface parameters: (a) a period
of 2.5um and a Ge duty factor of 0.7 and (b) a period of 1xm and a Ge
duty factor of 0.6. These spectra are shown as red curves. For reference,
the quantum efficiency spectrum of a horizontally uniform plain Ge
thin-film device with a Ge duty factor of 1 is also plotted in black. The
peaks of the Fabry-Perot modes are marked with downward arrows (}),
and those of the guided modes involved in the multilayers are marked
with asterisks (x).

reaching 98.69% at around 1550 nm. However, several factors
can lead to a decrease in quantum efficiency if they are
not properly managed. The most outstanding factors are the
electrical design of the device, the quality of the Ge layer, and
the passivation of the surface structure.

Proper design of a metal contact is crucial to ensure an
ohmic contact that maximizes the collection efficiency of
the photocurrent. Additionally, the patterns of the metal-
lic electrodes can influence the coupling of incident light
to the active region, which may reduce the quantum effi-
ciency, as observed in a RCE MSM photodetector [39].
Material defects and surface imperfections introduce addi-
tional recombination centers, further reducing the quantum
efficiency. Surface structures, often fabricated through etch-
ing, can result in surface defects, making effective passivation
necessary.

Achieving a high quantum efficiency in a device with a sur-
face structure is possible despite these challenges. From [17],
a device with nano-holes has achieved a high quantum effi-
ciency of 80%, and the measurement result is close to the
calculated results. It suggests that our proposed device could
also maintain a high quantum efficiency in experimental set-
tings. Thus, while the challenges are recognized, we believe
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that our device has the potential to achieve near-ideal quan-
tum efficiency in practice.

Thin Film

Metasurface
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. (V/m)
Ge X
1430 nm SEd
2.5E4
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Ge 0.5E4
1550 nm
0
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FIGURE 3. Comparison of the distributions of electric field amplitude in
the plain thin-film device and the metasurface device at the wavelengths
of (a, b) 1430 nm and (c, d) 1550 nm. The metasurface has a period of
2.5um and a duty factor of 0.7.

Figure 3 illustrates the distributions of the electric field
amplitude at two different wavelengths in a horizontally uni-
form plain thin-film device and those in a single period of
the metasurface device that has a period of 2.5 um and a
Ge duty factor of 0.7. Figures 3(a) and (c) show the distribu-
tions in the plain thin-film device at 1430 nm and 1550 nm,
which respectively correspond to a non-resonance and a res-
onance wavelength of the vertical Fabry—Perot cavity. The
field amplitude in the Ge cavity at 1550 nm is much larger
than that at 1430 nm, which is consistent with the spectrum
shown as black curves in Fig. 2. The field amplitudes of
the metasurface device at 1430 nm and 1550 nm are shown
in Figs. 3(b) and (d), respectively. At 1430 nm, the field
amplitude in the Ge pillar of the metasurface is significantly
larger than that in the Ge layer of the thin-film device, indi-
cating light coupling to the metasurface at the non-resonance
wavelength of the Fabry—Perot cavity. At 1550 nm, the field
amplitude in the Ge pillar of the metasurface device is even
stronger than that in the Ge layer of the thin-film device.
Although the localized electric field amplitude of the meta-
surface device is stronger than that of the thin-film device, the
quantum efficiency of the metasurface device at this wave-
length is lower than that of the thin-film device, as shown in
Fig. 2(a). The lower quantum efficiency of the metasurface
device can be attributed to the reduction of the Ge duty factor
to 0.7 for the metasurface device from 1 for the plain thin-film
device.

Vertical standing-wave patterns are observed in
Figs. 3(a) and (c) resulting from wave interference in
the vertical Fabry—Perot cavity of the plain thin-film
device. By comparison, the electric field amplitude patterns
shown in Figs. 3(b) and (d) show complicated horizontal
standing-wave patterns besides vertical standing-wave pat-
terns because of lateral diffraction caused by the metasurface
structure. At the two wavelengths of 1430 nm and 1550 nm,
the effect of diffraction becomes prominent in this meta-
surface device because the 750 nm width of the SiO,-filled
nano-slit is smaller than the wavelength of the incident light.
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The diffracted wave penetrates the Ge pillar from the slits
on the two sides, resulting in horizontal interference in this
region. The diffraction patterns at the corners of the Ge pillar
are consistent with the previous research [40], highlighting
the strong diffraction occurrence at the corners of the Ge
pillar.

B. EFFECTS OF THE PARAMETERS OF THE METASURFACE
In this section, we study the effects of the metasurface param-
eters. We find that the width of the SiO; slit in a period
affects light diffraction of the metasurface, while the width of
the metasurface period determines the number of resonance
peaks in a specific spectral range, as seen in Fig. 2. We also
study the quantum efficiency of the device for various meta-
surface periods and Ge duty factors, as shown in Fig. 4. The
device configuration is depicted in Fig. 1(a). We vary the
Ge duty factor from 0.3 to 0.85 and the period length from
0.5 um to 2.5 um. Figures 4(a-e) show the results for period
lengths ranging from subwavelength to one wavelength (from
0.5 pum to 1.5 wm), while Fig. 4(f) illustrates the outcome
for the 2.5 um period, which is significantly larger than the
wavelengths in the 1100-1600 nm spectral range of interest.
As shown in Fig. 4(f) for a metasurface period of 2.5 um,
the spectrum in the range of 1000-1600 nm exhibits three dis-
tinctive peaks for a Ge duty factor larger than 0.5, which are
attributed to Fabry-Perot resonances. Only small wavelength
shifts caused by varying the Ge duty factor are observed
for the three resonance peaks at 1150 nm, 1300 nm, and
1530 nm, while the peak values decrease as the Ge duty
factor decreases. By contrast, large wavelength shifts caused
by varying the Ge duty factor are observed for the resonance
peaks in the spectrum of a metasurface with a subwavelength
period of 0.5 um shown in Fig. 4(a). In this case, the period
was considerably shorter than the wavelength of the incident
light. As the Ge duty factor decreases, the peaks of Fabry-
Perot resonances shift to shorter wavelengths, and a new
resonance peak occurs at a longer wavelength that varies
with the Ge duty factor. Thus, for a device with a small
period length below the wavelength of the incident light, the
wavelengths of the Fabry-Perot resonances are tunable with
the Ge duty factor. However, the effect is not observed for a
period length larger than the wavelength of the incident light.
The metasurface not only produces a shift of the peak
wavelength of a Fabry-Perot resonance but also leads to the
broadening of the peak, as seen in Figs. 2(a) and 4(f) of the
devices with a 2.5 um period. The nano-slits also enhance
the light coupling at the non-resonance wavelengths. The
broadening effect becomes prominent when the metasurface
period is less than 1.5 um, such as at a small Ge duty factor
of 0.4 for the 1-um period. The resonance peaks split and
overlap, as seen in Fig. 4(c), and additional peaks can be
observed between the Fabry-Perot peaks. These additional
peaks arise from the phase-matched coupling of the incident
to the horizontal guided modes in the periodic metasurface.
For a period in the range of 0.8 um to 1.5 um, a broad
spectrum of high quantum efficiency is observed for a Ge
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duty factor around 0.4, as seen in Figs. 2(a)-(e). By contrast,
such a continuous spectrum is not observed in Fig. 2(a),
which indicates less phased-matched coupling to the hori-
zontal waveguide modes from the metasurface in the spectral
range of 1000-1600 nm

C. DEVICE WITH A SPACER FOR HIGH-SPEED
APPLICATIONS

Figure 5 illustrates how the thickness of the active layer
affects the calculated 3-dB bandwidth (BW). The overall 3-
dB BW is influenced by two factors: the transit time and the
RC delay time. A thicker active layer results in a smaller BW
because it takes a longer time for the electrons and holes to
travel across the device. However, a thicker active layer also
means a smaller capacitance, thus a smaller RC time constant.
Therefore, the optimized thickness of the active layer involves
a trade-off between the transit time and the RC time. The
dimensions of the device also affect the capacitance of the
device. A larger device area leads to a larger capacitance, thus
a larger RC time that limits the BW. For example, a device
with a 10-um diameter has a maximum overall 3-dB BW
of 57.8 GHz. However, it reduces to 37.8 GHz and 28 GHz
for devices with diameters of 15 um and 20 pum, respec-
tively. An effective design for a high-speed photodetector
entails a small diameter and an optimally thin active layer.
As the device diameter decreases, the optimum thickness
of the active layer also decreases. The optimum thicknesses
of the active layer are 0.35, 0.5, and 0.65 pum for device
diameters of 10, 15, and 20 pm, respectively.
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FIGURE 5. Calculation of the 3-dB frequency for the device shown in
Fig. 1(a) as a function of the thickness of the active layer for three
different device diameters of 10, 15, and 25.m.

In previous sections, we analyze the device shown in
Fig. 1(a), the thickness of the Ge photodetector is the same as
that of the cavity. However, the thickness of the active layer
affects the device speed as shown in Fig. 5. Therefore, we pro-
pose a device, as shown in Fig. 1(b), that uses a high-speed
Ge photodetector with a Ge/Si heterogeneous cavity and a
metasurface to improve its performance. The metasurface is
placed on top of a 100 nm Ge base located underneath for
current extraction. The dge,hetero, 1S chosen to be sufficiently
small to create a high-speed Ge photodetector. A Si spacer is
placed underneath the Ge base layer to match the Fabry—Perot
resonance. Since the refractive index of Si is similar to that of
Ge, the reflectance and phase change of the interface between
Ge and Si are not significant. We design the heterogeneous
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Ge/Si cavity using the relation:

nGedGe,homo = nGedGe,hetero + nsids;. @)

Equation 7 shows the relationship of the light phase
between the homogeneous Ge cavity and the heterogeneous
Ge/Si cavity without considering the metasurface. In the
equation, nge and ng; are the refractive indices of Ge and Si,
respectively, dGe homo 1S the thickness of the homogeneous Ge
cavity, and dge hetero, and ds; are respectively the thicknesses
of the Ge layer and Si spacer in the heterogeneous Ge/Si cav-
ity. Moreover, dGe homo» dGe hetero- and ds; have been defined
on the right sides of Fig.1 (a) and (b).

—— 100 nm Ge layer
—— 500 nm Ge layer
—— 900 nm Ge layer,

e e =
= o @
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FIGURE 6. Quantum-efficiency spectra of thin-film devices with a Si
spacer for three different thicknesses of the Ge base layer. The thickness
of the Si spacer is designed with (7), in which the original Ge thickness is
912.5 nm, and the Ge thickness of the heterogeneous cavity, dge,petero IS
varied from 100 nm to 500 nm and 900 nm.

Figure 6 displays the quantum-efficiency spectra of hor-
izontally uniform plain thin-film devices with a bottom Si
spacer. The values of dge hetero considered in this figure are
100, 500, and 900 nm, while the thickness of the Si spacer
is determined using (7). By incorporating the Si spacer,
a homogeneous Ge cavity with a thickness of 912.5 nm con-
sidered in earlier sections and subsections is transformed into
a heterogeneous Ge/Si cavity. The resonance wavelengths of
the devices with the heterogeneous Ge/Si cavity are around
1150 nm, 1310 nm, and 1550 nm, which are in line with those
of the device with the homogeneous Ge cavity. These results
indicate that the approximation of (7) is appropriate.

To optimize the quantum efficiency with the thin-film Ge
cavity, one must consider two factors: The first is the Ge
single-pass absorption, and the other one is the resonant inter-
ference within the cavity. As seen in Fig. 6, for the resonance
peak at around 1150 nm, the quantum efficiency increases
with the thickness of the Ge layer. The peaks near 1150 nm
are lower than the corresponding peaks near 1310 nm and
1550 nm because of the high single-pass absorption at this
short wavelength, which reduces the reflected light from
the bottom reflector. The consequence is a decrease in the
effect of constructive interference in the cavity such that the
RCE is not effective at this wavelength. By contrast, the Ge
absorption coefficient drops abruptly at a wavelength around
1550 nm. Therefore, the effect of the RCE is more effective
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at 1550 nm, resulting in dramatic increases of the quantum
efficiency as the thickness of the absorbing Ge layer increased
to 500 nm and further to 900 nm. At wavelengths close
to 1300 nm, the peak quantum efficiency increases as the
thickness of the absorbing Ge layer increases from 100 nm
to 500 nm, but it decreases slightly as the thickness of the Ge
layer further increases to 900 nm.

After analyzing the calculated data presented in
Figs. 5 and 6, we can determine the optimum thickness of
the active layer for the device. For this purpose, we consider
a device with a diameter of 10 um, as it provides a high 3-dB
BW. In this case, the optimum thickness of the active layer
is found to be 400 nm. Considering that the thickness of the
active layer is equal to or a little smaller than that of the Ge
layer depending on the type of photodetector, dge hetero 1S Set
as 600 nm. Based on (7), ds; for this device structure is found
to be 386 nm.

Figures 7(a) and (b) illustrate the quantum efficiency of the
metasurface device with a Si spacer shown in Fig. 1(b) as a
function of the Ge duty factor and the wavelength of the inci-
dent light for metasurface period lengths of 1 umand 1.5 pum,
respectively. Compared to those shown in Figs. 4(c) and (e)
for the device without a Si spacer shown in Fig. 1(a), the
resonance peaks seen in Figs. 7(a) and (b) for the devices with
a Si spacer exhibit narrower linewidths. The device with the
Si spacer had a thin Ge layer, which was associated with
low single-pass absorbance. Consequently, the quantum effi-
ciency of the device with a Si spacer is lower than that of the
device without a Si spacer at non-resonance wavelengths.

The thickness of the metasurface is noted to influence the
guided mode of the Ge region. In addition, the resonance band
patterns of the device with the Si spacer differed from those
of the device without the Si spacer. As indicated in Fig. 7(a),
for a device with a Si spacer and a Ge duty factor of 0.6, the
resonance peak of the guided mode is close to and partially
overlapped with the Fabry—Perot mode peak at approximately
1300 nm. By contrast, as depicted in Fig. 4(c), at the same
Ge duty factor, the resonance peak for the device without a
Si spacer is located at approximately 1383 nm between the
two Fabry—Perot mode peaks near 1300 and 1500 nm. This
discrepancy is more pronounced at a smaller Ge duty fac-
tor, where multi-resonance peaks of guided modes appeared.
As shown in Fig. 4(c), at a Ge duty factor of 0.35, the peaks
of the guided modes are observed at approximately 1330 and
1530 nm. As illustrated in Fig. 7(a), at a Ge duty factor of 0.4,
only one peak of the guided mode is observed at 1330 nm.
The guided mode is influenced by the construction of the
metasurface, with the guided-mode resonance wavelength
abruptly changing when a thinner metasurface and a lower
Ge duty factor are used. At a period length of 1.5 yum, the
results for the device with the Si spacer in Fig. 7(b) differ
from those for the device without the Si spacer in Fig. 4(e).

Figure 7(c) illustrates two detailed spectra of the quantum
efficiency of the metasurface device with a Si spacer for two
different sets of metasurface parameters. The upper spectrum
represents a device with a 1 um metasurface period and a
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FIGURE 7. Quantum efficiency of the metasurface device with a Si spacer
shown in Fig. 1(b) as a function of the Ge duty factor and the wavelength
of the incident light for two metasurface period lengths of (a) 1xm and
(b) 1.5um. (c) Detailed spectra of quantum efficiency for two different
sets of parameters for the metasurface grating.

0.45 Ge duty factor. It shows a significant quantum efficiency
in the spectral range of 1250-1520 nm, with four adjacent
peaks over 80% quantum efficiency. The lower spectrum
represents a device with a 1.5-;um metasurface period and a
0.65 Ge duty factor. Although the peaks in this spectrum are
less pronounced and thus appear to be more separated than
those in the upper spectrum, the overall quantum efficiency
of the spectrum is still around 60%.

The device with a 1 um period exhibits a high quantum
efficiency with four adjacent peaks across a broad spectral
range from 1250 nm to 1520 nm, but its quantum efficiency
at 1550 nm is drastically reduced. By contrast, the device
with a 1.5 um period exhibits a high quantum efficiency at
1300 nm, 1450 nm, and 1550 nm, effectively covering the
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FIGURE 8. Quantum efficiency spectra of the metasurface device and the
plain thin-film device with 600 nm Ge thickness (Period/Ge duty factor =
1.54m/0.65). Both devices have a Si spacer.

primary wavelengths relevant to major infrared applications,
such as optical communications.

A comparison between devices with and without a meta-
surface is presented in Fig. 8. The period is chosen to be
1.5 um, and the Ge duty factor is 0.65. Both devices have
a bottom Si spacer that has a thickness of 386 nm. The
metasurface device shows a high quantum efficiency over a
broad spectral range, which is supported by previous results
obtained from devices without a Si spacer (refer to Fig. 2).
The peak values of the spectrum of the metasurface device
are comparable to those of the plain thin-film device. Addi-
tionally, the valley values of the spectrum of the metasurface
device are three times those of the plain thin-film device.
The peak quantum efficiency of the metasurface photode-
tector reaches 92.61% at around 1300 nm and 94.65% at
around 1550 nm, with the corresponding estimated responsiv-
ity being 0.98 A/W and 1.18 A/W, respectively. The average
quantum efficiency reaches 64.96% in the range of 1000-
1600 nm with only a 600-nm Ge layer, which makes it
suitable for high-speed infrared photodetection applications.

As shown in the red curve of Fig. 8, the optimized device
with a Si spacer demonstrates a lower average quantum effi-
ciency of 64.96%. In contrast, the optimized device without
a Si spacer shows a higher average quantum efficiency of
73.28% as illustrated in the red curve of Fig. 2(b). This
reduction is primarily attributed to the decreased absorption at
non-resonance wavelengths, which is a result of the thinner
Ge layer in the configuration with a Si spacer. Despite this
difference, both designs achieve comparable quantum effi-
ciencies at the resonance wavelength. It is worth noting that
the BW of the optimized device with a Si spacer is twice that
of the device without the spacer. Therefore, depending on the
intended application, the Si spacer design is more suitable for
ultra-high-speed detection, whereas the design without the Si
spacer is better optimized for broadband detection.

V. CONCLUSION

We have proposed a new design of Ge-on-Si RCE photode-
tectors to achieve high quantum efficiency for broadband
infrared sensing applications. This is done by creating a
metasurface of nano SiO,-filled slits on a free-standing RCE
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Ge structure, which demonstrates high quantum efficiency in
a broad spectral range of 1000-1600 nm. The design over-
comes the distinct drawback of conventional RCE devices,
which have narrow linewidths due to the limitations of
the Fabry—Perot cavity. Light diffraction of the SiO,-filled
nanoscale metasurface improves the light coupling to the
absorbing Ge region at non-resonance wavelengths. Further-
more, the additional phase shift caused by the slit scattering
introduces new resonances at non-resonance wavelengths of
the Fabry—Perot cavity through phase-matched coupling with
the horizontal guided modes. The optimized device exhibits
a 73.48% average quantum efficiency in the spectral range of
1000-1600 nm. The quantum efficiency at around 1300 nm
and around 1550 nm reaches 76.65% and 98.69%, respec-
tively, for a device with a Ge layer of 912.5 nm thickness.
Even at 1430 nm, the minimum quantum efficiency is 60%,
which is three times that of the plain thin-film device. The
estimated responsivity is as high as 0.70 A/W at 1064 nm,
0.81 A/W at 1300 nm, and 1.23 A/W at 1550 nm. To enhance
the response speed, a device with a Si spacer is designed for
a 55 GHz bandwidth. With a Ge layer of 600 nm thickness,
the device exhibits a 64.96% average quantum efficiency
in the spectral range of 1000-1600 nm. The peak quantum
efficiency of the metasurface photodetector reaches 92.61%
at around 1300 nm and 94.65% at around 1550 nm, with the
corresponding estimated responsivity being 0.98 A/W and
1.18 A/W, respectively. This design paves the way for high-
speed infrared photodetectors of high quantum efficiency
over a broad spectral range that is needed in a wide range
of fields, including telecommunications, sensing, and imag-
ing, where precise and efficient infrared photodetection is
essential.
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