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Abstract: The germanium-on-insulator (GOI) has recently emerged as a new platform for
complementary metal-oxide-semiconductor (CMOS)-compatible photonic integrated circuits.
Here we report on resonant-cavity-enhanced optical responses in Ge photodetectors on a GOI
platform where conventional photodetection is difficult. A 0.16% tensile strain is introduced
to the high-quality Ge active layer to extend the photodetection range to cover the entire range
of telecommunication C- and L-bands (1530-1620 nm). A carefully designed vertical cavity
is created utilizing the insulator layer and the deposited SiO, layer to enhance the optical
confinement and thus optical response near the direct-gap absorption edge. Experimental results
show a responsivity peak at 1590 nm, confirming the resonant cavity effect. Theoretical analysis
shows that the optical responsivity in the C- and L-bands is significantly enhanced. Thus, we
have demonstrated a new type of Ge photodetector on a GOI platform for CMOS-compatible
photonic integrated circuits for telecommunication applications.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High speed and low noise make optical communication very attractive for long-distance com-
munication applications. Photodetectors (PDs) are crucial for high-performance electro-optic
conversion. While commercially available III-V compound semiconductors are inherently
suitable for present fiber-optic telecommunication windows (1265-1675 nm) [1,2], research
attention has recently shifted to group-IV PDs because of their complementary metal-oxide-
semiconductor (CMOS) compatibility, which enables large-scale, compact, low-cost electronic-
photonic integrated circuits (EPICs). Unfortunately, Si PDs cannot be used for fiber-optic optical
communication because the cutoff wavelength of their absorption spectrum is ~1100 nm [3]. On
the other hand, Ge, another CMOS-compatible group-IV semiconductor, has a smaller direct
bandgap (0.8 eV) than Si, corresponding to a direct-gap absorption cutoff wavelength of 1550 nm
[4]. This makes Ge PDs very promising for EPICs used in long-distance telecommunication
applications.

Although Ge PDs show promising performance for telecommunication, there are practical
challenges to overcome. First, the optical response of a Ge PD rolls off very rapidly beyond 1500
nm [4-6], making efficient photodetection difficult in the most important telecommunication
C-band (1530-1565 nm) and L-band (1565-1620 nm), widely used by dense wavelength division
multiplexing (DWDM) technology that significantly enhances the data transport rate. The direct
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bandgap of Ge can be reduced by Sn-alloying [6-9] and by imparting tensile strain to extend the
photodetection range [10—12]. By directly growing Ge on Si, a tensile strain of ~0.2% can be
introduced, redshifting the direct-gap absorption edge and thus covering the telecommunication
C-band and a large part of the L-band. However, epitaxy of Ge on Si leads to a defective Si/Ge
interface due to the large lattice mismatch (>4%) between Si and Ge, degrading the material
quality and thus device performance. In addition, the optical confinement between Si and Ge is
weak, because their refractive indices differ only slightly. Although growing Ge on Si-on-insulator
(SOI) substrates can enhance the optical confinement and thus the optical responsivity [13], the
problem of the defective Ge/Si interface remains.

Recently, Ge-on-insulator (GOI) platforms have attracted increasing attention for future
CMOS-compatible electronic and photonic applications. The quality of the Ge layer can be
significantly improved compared to that of Ge-on-Si structures, as the defective region which
increases the dark current of Ge PDs is absent [14—18]. In addition, the introduction of an
insulator layer between the Si and Ge can provide better optical confinement for the Ge active
layer, enhancing the optical responses of the devices. To date, only a few Ge PDs on GOI have
been demonstrated with photodetection range extended by tensile strain [14—17]. However, very
little has been done to enhance the optical responsivity of Ge PDs on GOI by improving the
optical confinement of the Ge active layer.

In this letter, we demonstrate, to the best of our knowledge for the first time, resonant-
cavity-enhanced responsivity in Ge PDs on a GOI platform for efficient photodetection in the
telecommunication C- and L-bands. A tensile strain is introduced into the Ge layer to reduce
the direct bandgap, thereby extending the photodetection range. In addition, the insulator in the
GOl platform provides excellent optical confinement because it has a much smaller refractive
index than Ge, and thereby creates a vertical cavity for enhancing the optical responsivity of the
device. By carefully designing the vertical cavity, the optical responsivity of the Ge PD near
the absorption band edge can be significantly enhanced, and thus efficient photodetection in the
telecommunication C- and L-bands can be achieved.

2. Device design

Figure 1(a) illustrates the design of our surface-illuminated Ge PD on a GOI platform. The GOI
sample used in this study was fabricated using wafer-bonding and layer transfer techniques [16].
The layer structure, consisting of a top Ge layer and an insulator layer comprising 312-nm-thick
Si0;, 50-nm-thick SiN, and 216-nm-thick SiO, layers, is schematically displayed in Fig. 1(b).
Note that although the top Ge layer was unintentionally doped, it has an n-type background
doping concentration of ~6 x 10'® cm™3. The top Ge layer acts as the photon-absorbing layer. It
is passivated by a SiO; layer. Two metal pads are placed on top of the Ge layer. Carriers can be
generated in the Ge active layer when it is illuminated by normally incident photons. When a
bias voltage is applied across the metal pads, the induced electric field sweeps the photogenerated
carriers to the metal pads, causing an electric current to flow. In addition, because of the large
contrast between their refractive indices (n~1.45) and that of Ge (n~4.2), the insulator and the
deposited SiO; layer act as the bottom and top reflectors of a vertical cavity capable of effective
optical confinement, thus enabling a multiple-pass reflection scheme and recycling of light not
initially absorbed by the Ge active layer. When the resonant condition is reached, the light field
in the cavity can be built up by constructive interference, thereby enhancing the responsivity.
The resonant conditions are strongly dependent on the cavity length (the thickness of the
Ge active layer, ¢). This length must be carefully designed to shift the resonant wavelength
to the detection wavelength region of interest, in this case that of the telecommunication C-
and L-bands. Finite-element-method (FEM) analysis was performed to determine the resonant
wavelength of the device and the field distribution; a plane wave was used as the light source and
the material dispersion was taken into account [19]. Figure 1(c) shows simulated reflectivity
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Fig. 1. (a) Schematic diagram of resonant-cavity-enhanced Ge photodetector on a Ge-on-
insulator (GOI) platform. (b) Layer structure of the GOI platform. (c) Simulated reflectivity
spectra at the air/SiO, interface of the device with different Ge thicknesses.

at the air/SiO; interface of the device with different Ge layer thicknesses. The spectra display
ripple structures attributed to the interference in the layers; the reflectivity minima represent
constructive interference in the cavity [20]. As the thickness of the Ge active layer increases,
these reflectivity minima redshift. Since we aim to enhance the responsivity of the device in the
C- and L-bands, the optimal thickness of the Ge layer is in the range of 900—1000 nm. Based on
the simulation results, the thickness of the top Ge layer in the GOI sample was carefully thinned
by chemical-mechanical planarization (CMP) to the target thickness, and a thickness of 960 nm
was achieved.

3. Material characterization

The sample was characterized by cross-sectional transmission electron microscopy (XTEM),
atomic force microscopy (AFM), and Raman microscopy; the results are presented in Fig. 2.
Figure 2(a) shows the XTEM image of the sample, reveal clear and flat interfaces between
layers. Figures 2(b) and 2(c) show the high-resolution XTEM images in the Ge layer and at the
Ge/SiO; interface. No apparent threading dislocations were observed since the defective region
has been removed. A flat surface with an excellent root mean square (RMS) roughness of only
0.4 nm was obtained. Figure 2(d) shows the AFM image of the surface of the GOI sample. In
addition, from etch-pit experiments, we obtained an average threading dislocation density (TDD)
of 2.5 x 107cm™2 for the GOI sample, which is comparable with good-quality Ge films on silicon
substrates with a typical TDD of 2 x 107cm™2 [18]. These results confirm the good material
quality of the GOI sample. Figure 2(e) shows the measured spectrum compared with that of
bulk Ge. (The Raman experiments were carried out using a 532 nm laser under a back-scattering
scheme in which the LO-mode phonon was measured. The light penetration depth (d) for the
532 nm laser was estimated to be ~20 nm from d=1/a, where a is the absorption coefficient and
the value for Ge at 532 nm is 577214 cm™' [19], ensuring the detection of Raman signals from
the Ge layer only.) For bulk Ge, a peak at 300 cm™~! was observed, associated with the Ge-Ge LO
phonon mode. For the GOI sample, the Ge-Ge LO phonon mode was observed at 299.31 cm™".
This shift is attributable to the strain induced during the fabrication of the sample, indicating
that the top Ge layer was biaxially stressed. The in-plane strain level (&) can be deduced from
the Raman shift (Aw) by the equation Aw = b X &. Using b = —415 cm™! [21], & = 0.16% is
obtained. This tensile strain is attributed to the difference between thermal expansion coefficient
of Si and Ge during the Ge-on-Si growth [10], and it can slightly reduce the direct bandgap from
0.8 eV to 0.77 eV, according to calculations using deformation potential theory [22,23]. The
direct-gap absorption edge is thereby extended from 1550 nm to 1610 nm.
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Fig. 2. Material characterization results of the Ge-on-insulator (GOI) sample. (a) Cross-
sectional transmission electron microscopy (XTEM) image. High-resolution XTEM images
in (b) the Ge layer and (c) at the Ge/SiO, interface. (d) Atomic force microscopy image,
showing a low surface roughness. (d) Raman spectrum compared with that of bulk Ge.

4. Characterization of GOl photodetectors

The sample was fabricated into PDs using CMOS-compatible processing. A square mesa with a
width of 1000 um was defined using optical lithography with reactive ion etching (RIE) techniques.
A 180-nm-thick SiO; passivation layer was then deposited using an e-beam evaporator. Contact
windows were created using wet-etching techniques with a buffered oxide etch (BOE) etcher that
provided excellent etching selectivity between SiO; and Ge. Finally, rectangular Au/Cr metal
pads with a thickness of 200/20 nm were deposited and patterned using an e-beam evaporation
together with lift-off techniques. A top-view scanning electron microscope (SEM) image of
the fabricated device is shown in the inset of Fig. 3. Figure 3 shows the room-temperature
current-voltage (I-V) characteristics of a fabricated GOI PD measured using a Keithley 2400
sourcemeter, both in a dark environment and when illuminated by a 1550-nm laser beam having
an optical power of 0.77 mW. For the dark current, a linear /-V relationship was found, revealing
good Ohmic contact between the metal and the semiconductor without any thermal annealing
steps. In addition, symmetrical I-V characteristics were obtained under forward- and reverse-bias
because of the symmetrical electrode design. From the slope of the I-V curve, the dark resistance
was found to be 31.87 kQ2. When the PD was illuminated, the /-V curve remained linear, and the
current significantly increased because of the photo-generated carriers. These results provide
clear evidence for photodetection.

Figures 4(a) and 4(b) shows the room-temperature reflectivity at the top surface and optical
responsivity spectra of the GOI PD with different applied bias voltages, measured using Fourier
transform infrared spectroscopy and calibrated using a commercial extended InGaAs PD (Thorlabs
DET10D2). The reflectivity spectrum exhibits oscillation features with minima located at 1380
nm and 1625 nm with a free spectrum range of ~245 nm, confirming the optical cavity effect.
In contrast to the smooth responsivity spectra of conventional Ge PD without a cavity [10,16],
the responsivity spectra of our device show two peaks at 1370 nm and 1561 nm. The former
matches the position of the reflectivity minimum at 1380 nm very well. For the responsivity peak
at 1561 nm, the position does not match the reflectivity minimum at 1625 nm. This observation
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Fig. 3. Current-voltage characteristics of the Ge-on-insulator resonant-cavity-enhanced
photodetector in a dark environment (blue dashed line) and with 1550 nm, 0.77 mW
illumination (red solid line). The inset shows a scanning electron microscope (SEM) image
of the fabricated device.

is attributed to that fact that the resonant wavelength lies on the falling edge of the absorption
coefficient spectrum, as shown in Fig. 4(c). As the responsivity is a function of reflectivity and
absorption coefficient, the responsivity peak occurs at a smaller wavelength than the reflectivity
peak. At resonant condition, the reduced reflectivity suggests that more photons enter the device
and are absorbed by the Ge active layer then transferred to photocurrents. As the applied bias
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Fig. 4. Measured (a) reflectivity and (b) responsivity spectra of the GOI PD with different
applied bias voltages at room temperature. (c) Schematic plot of reflectivity, absorption
coefficient, and responsivity spectra near the direct-gap absorption edge. (d) Measured
responsivity at 1550 nm as a function of applied bias voltage.
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voltage rises, the responsivity significantly increases. Figure 4(d) shows the responsivity at
1550 nm as a function of the applied bias voltage, showing that the responsivity increases with
increasing bias voltage, but tends to saturate when the applied voltage is high. This observation
is attributed to the stronger electric field in the device that enhances the carrier collection
efficiency. In particular, a resonant peak is found at 1561 nm, indicating that responsivity in
the telecommunication C-band is significantly enhanced. As the wavelength increases further,
the responsivity decreases, and becomes small at 1621 nm. These results suggest that the
photodetection range of our device entirely covers the telecommunication O-, E-, S-, C-, and
L-bands. Beyond 1621 nm, the responsivity becomes small, since only inefficient indirect
interband transitions provide optical absorption. These results demonstrate the effectiveness of
combining tensile strain with a resonance cavity in a high-quality GOI platform for enhancing
the optical responsivity of a Ge PD. We anticipate that the resonant wavelength of the cavity can
also be widely varied by engineering the cavity length (the thickness of the Ge active layer, as
shown in Fig. 1(c)) to amplify the optical responsivity at other wavelengths of interest. It is noted
that the responsivity values are not higher than the reported values in Ge PDs [5,10,11], which
can be attributed to the device structure and the thickness of the Ge active layer. We believe that
further optimization of the device structures could also enhance the device performance.

5. Numerical simulations and discussion

To gain a deeper understanding of the resonant-cavity-enhanced responsivity in the Ge PD on
GO, theoretical analysis was performed on the responsivity. We start with the calculation of
the strained bandgap energies and absorption coefficient. The strained bandgap energies were
calculated using deformation potential theory [22,23], and the strained band structures were
calculated using a multi-band k-p method taking into account the band nonparabolicity effect
[23,24]. The direct-gap absorption coefficient was then calculated using Fermi’s golden rule
with a Lorentzian lineshape [23-25]:

he? 2dk |, y/(2r)
hw) = T . 2 1
@) nrcsoméhw;/ i T E R

where n; is the refractive index, c is the speed of light in free space, e is the electronic charge, i
is the reduced Planck’s constant, my is the free electron mass, g is the free-space permittivity,
o is the angular frequency of incident light, |& - pcy|® = moE, /6 is the momentum matrix with
E, being the photon energy, v is the full-width-at-half-maximum (FWHM) of the Lorentzian
lineshape (y = 15 meV is used), and Ecr(k) and E,,(K) are the electron and hole energies in the
direct conduction band and valence band, respectively, with m indicating the heavy-hole (HH)
and light-hole (LH) bands. Here interband transitions from the HH band to the I'-conduction
band (HH—cI") and from the LH band to the I"-conduction band (LH—cI") are considered. Here
the absorption coefficient due to indirect-gap interband transitions is neglected because it is much
smaller than the direct-gap absorption.

Figure 5(a) shows the schematic band structure for 0.16% tensile-strained Ge at T=300K. For
bulk Ge, the direct bandgap is 0.8 eV. When a 0.16% tensile strain is present, the direct conduction
band and valence band edges are shifted, and the LH band is pushed above the HH band, so
the LH—cI transition energy defines the direct-gap absorption edge. The calculated HH—cI”
transition and LH—cI transition energies are 787 meV and 770 meV, respectively. Figure 5(b)
shows the calculated direct-gap absorption spectra for bulk Ge and 0.16% tensile-strained Ge at
T=300K. The direct-gap absorption edge, defined by the LH—cI transition energy, is shifted to
1610 nm, which is in good agreement with the experimental results. With the shift of direct-gap
absorption edge, the optical absorption coefficient for 0.16% tensile-strained Ge is enhanced
compared to that of bulk Ge, which can improve the optical responsivity.
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Fig. 5. (a) Schematic band structure for 0.16% tensile-strained Ge. (b) Calculated absorption
spectra for bulk Ge and 0.16% tensile-strained Ge at T = 300 K. The inset shows the optical
absorption spectra for HH—cI” and LH—cI interband transitions and their superposition
for 0.16% tensile-strain Ge.

After the absorption coefficient was calculated, we investigated the resonant-cavity-enhanced
responsivity of the GOI PD. Here we theoretically compare the responsivity of the GOI PD (with
cavity) with that of the Ge-on-Si PD (without cavity) with a 960-nm-thick, 0.16% tensile-strained
Ge active layer to show the enhancement in responsivity. FEM simulations were performed using
a plane wave as the light source. In the simulation, the absorption coefficient of the Ge active
layer is taken from Fig. 5(b) and the wavelength-dependent refractive indices of the materials are
taken from Ref. [19]. The field distributions in the structures and the reflectivity, transmissivity,
and optical absorption of the Ge active layer were then calculated. Assuming an internal quantum
efficiency of unity, we then calculated the optical responsivity from the optical absorption within
the Ge active layer. Figures 6(a) and 6(b) shows the calculated reflectivity at the air/SiO, interface
and responsivity spectra for Ge-on-Si and GOI PD structures, respectively. For the Ge-on-Si
structure, the reflectivity spectrum exhibits slight oscillation features due to the interference in
the layers. The responsivity decreases with increasing wavelength, and becomes very small near
1610 nm, corresponding to the direct-gap absorption edge of the 0.16% tensile-strained Ge active
layer. On the other hand, for the GOI PD, the reflectivity spectrum shows stronger oscillation
structures than that of the Ge-on-Si structure in which the reflectivity minima represent the
resonant conditions. Two reflectivity minima were found at 1370 nm and 1590 nm, which are in
good agreement with the experimental results as shown in Fig. 3(a). The discrepancy may arise
from the refractive indices of the materials used in the simulations. In addition, the reflectivity
of the GOI PD at resonant conditions is smaller than that of the Ge-on-Si structure, indicating
that less light is reflected by the structure and more light can enter the GOI PD. As a result,
the responsivity of the GOI PD is significantly larger than that of the Ge-on-Si PD at resonant
conditions, as shown in Fig. 6(b). The inset in Fig. 6(b) shows the calculated enhancement factor
for responsivity in the telecommunication C- and L bands, which is defined as the ratio of the
responsivity of the GOI PD to that of the Ge-on-Si PD. The responsivity can be enhanced up to a
factor of 171% for the GOI PD in the spectral range, showing the effectiveness of using a resonant
cavity to enhance the responsivity. To further confirm the resonant-cavity effect, Figs. 6(c)
and 6(d) shows the simulated optical field for GOI and Ge-on-Si PD structures, respectively, at
resonant conditions (1590 nm). For the Ge-on-Si PD structure, as shown in Fig. 6(c), despite
strong reflection of the incident light at the air/SiO, interface, a certain amount of light can enter
the structures. However, the small contrast in refractive index between Ge (n~4.2) and Si (n~3.45)
cannot provide effective optical confinement for the light, resulting in weak light intensity in the
Ge active layer. On the other hand, for the GOI PD structure, as shown in Fig. 6(d), a significant
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amount of light can enter the Ge active layer due to the lower reflectivity at resonant conditions.
In addition, the light propagating in the Ge active layer can experience strong reflection at the
air/SiO, and insulator/Si interfaces because of the high refractive contrast between Ge (n~4.2)
and SiO; (n~1.45), developing a clear standing wave pattern to enhance the light intensity in
the Ge active layer. The squared electric field in the Ge active layer for the GOI structure is
significantly larger than that for the Ge-on-Si structure by a factor of 187% at resonant conditions
(1590 nm), confirming better optical confinement in the GOI structure. These results suggest
that the resonant-cavity effect significantly enhances the optical responsivity to enable sensitive
photodetection in the telecommunication C- and L-bands. Given their extended photodetection
range, enhanced optical responsivity, and CMOS-compatibility, we conclude that Ge PDs on
GOl platforms are promising candidates for efficient optical receivers for telecommunication
applications.
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Fig. 6. (a) Calculated reflectivity and (b) calculated responsivity spectra for Ge-on-insulator
(GOI) and Ge-on-Si photodetectors (PDs) at 7= 300 K. The inset shows the responsivity
enhancement factor for the GOI PD. Simulated optical field distribution of the (c) Ge-on-Si
and (d) GOI PD structures at 1590 nm. The thickness of the Ge layer is fixed to 960 nm.

6. Conclusion

In conclusion, we have successfully demonstrated resonant-cavity-enhanced Ge photoconductors
on a GOI platform. The high-quality top Ge layer is the active layer. Tensile strain can
extend the photodetection range, and the resonant cavity created utilizing the insulator layer
and the deposited SiO, layer significantly enhances the optical responsivity, enabling effective
photodetection in the entire telecommunication C-band and L-band. This letter presents a
new Ge photodetector integrable with Ge-based electronic-photonic integrated circuits for
telecommunication applications.
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