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ARTICLE INFO ABSTRACT

Keywords: Here we present the selective epitaxial growth of Ge on Si using reduced pressure chemical vapor deposition on
Germanium ) » SiOy/Si solid masks realized on 200 mm Si wafers, aiming at manufacturing integrated visible/short-wavelength
Reduced-pressure chemical vapor deposition infrared photodetectors. By a suitable choice of the reactants and of the process conditions, we demonstrated
(RP-CYD) . highly selective and pattern-independent growth of Ge microstructure featuring high crystalline quality. The Ge
Selective epitaxial growth (SEG) s . . .

Strain “patches” show a distinct faceting, with a flat top (001) facet and low energy facets such as e.g. {113} and {103}
Micro-photoluminescence (y-PL) at their sidewalls, independently on their size. Interdiffusion of Si in to the Ge microcrystals is limited to an
Photodiode extension of ~20 nm from the heterointerface. The Ge patches resulted to be plastically relaxed with threading

dislocation density values better or on par than those observed in continuous two-dimensional Ge/Si epilayer in
the low 107 cm™2 range. A residual tensile strain was observed for patches with size >10 um, due to elastic
thermal strain accumulation, as confirmed by p-Raman spectroscopy and p-photoluminescence characterization.
Polarization-dependent Raman mapping highlights the strain distribution associated to the tridimensional shape.
On this material, Ge photodiodes were fabricated and characterized, showing promising optoelectronic

performances.

1. Introduction

Germanium (Ge) is considered a key player in the microelectronic
industry thanks to the variety of applications in electronic and opto-
electronic devices manufactured using the silicon-based CMOS tech-
nology [1]. In particular, Ge is the active material in high performance
short-wavelength infrared (SWIR) waveguide photodetectors (PDs) [2]
to be integrated in the silicon photonics platform for wide band data
transmission [3]. Recently, it has been proposed the use of Ge for the
fabrication of VIS/SWIR vertical PD [4,5], since this spectral range is of
high interest for a score of different applications ranging from auto-
motive, to environmental monitoring to security screening [6]. Indeed,
Ge-based VIS-SWIR camera could be very attractive since the current
“off the shelf technologies” are mainly based either on photodetectors
made of compound semiconductors (such as InGaAs/InP, GaAsSb/GaAs,
or HgTe) or, more recently, on PbS quantum dots-based imagers [7]. All
these materials require a rather complex process flow for fabrication of
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PDs, and are difficult to integrate with standard CMOS read-out elec-
tronics, leading to a high cost per device (reaching the k€ range).
Furthermore, they are difficult to operate under low light or harsh
environmental conditions.

Typically, VIS-SWIR imaging cameras reach VGA-standard resolu-
tion, i.e. they are made of arrays of 640 x 480 up to a maximum of 1280
x 1024 individual photodetector. To monolithically integrate such a
large number of Ge vertical photodetectors together with Si microelec-
tronics, the most reasonable approach is, as was already developed for
waveguide PDs, to use front-end of the line process to deposit Ge on
selected area of the silicon substrates, defined by lithography via the so-
called selective epitaxial growth (SEG) [8]. However, the fabrication of
vertical Ge PDs on silicon (Si) has much more stringent process con-
strains as compared to the waveguide PDs, since a larger Ge thickness is
required to increase the PD responsivity. In fact, this requirement might
conflict with other steps of the back end of line.

As such, the major challenge is to develop a Ge SEG on Si substrates
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process that allows a very high control of the Ge thickness and thickness
uniformity, a low density of defects (threading dislocations) originated
by the plastic relaxation of the Ge/Si heterostructure, a high selectivity
to avoid Ge growth in unwanted regions of the wafer, a controlled shape
of the deposited material to allow for further processes (such as contact
formation), and, possibly, a pattern-independent growth to allow for
more robust fabrication.

Here we investigate the outcome of reduced pressure chemical vapor
deposition (RP-CVD) based SEG process carried out in a 130 nm SiGe
BiCMOS pilot line operating with 200 mm silicon substrates [9]. This
study aims to provide insight into sample geometry and orientation
employing a detailed analysis of polarization-dependent Raman spec-
troscopy and mapping to understand these complex relationships. In
particular, we thoroughly investigated the morphology, the selectivity
and the optical properties of Ge SEG patches of different size and
arrangement and we show preliminary results on the optoelectronic
characterization of Ge/Si PDs made of this material that demonstrate the
viability of such technological platform for the realization of integrated
VIS/SWIR imagers.

2. Experimental

SEG of Ge on SiOy/Si patterned substrate was carried out using RP-
CVD system. The samples were fabricated on 200 mm p-type Si (001)
substrate. 70 nm thick SiO2 was deposited by CVD using Tetraethyl-
orthosilicate onto the Si substrate. Then 2-10 pm square windows
with <110> oriented sidewalls with 7-40 pm pitch were structured by
photolithography and dry etching. In order to prevent surface damage,
the top 20 nm of SiO, were removed by wet etching. Afterward, the
wafer was cleaned by standard Radio Corporation of America clean
followed by 0.5% HF dip to remove native oxide in the windows. At this
point, SiOy mask thickness was 50 nm. After the HF last clean, the wafer
was loaded in into the RP-CVD reactor, and prebaked at 850 °C in Hy gas
to remove residual oxide on Si surface. Thereafter, the wafer was cooled
down to 350 °C. During the cooling, carrier gas was switched from Hj to
N, to form hydrogen-free Si surface. Then Ge seed layer was selectively
deposited using an No-GeHy gas mixture. After the Ge seed layer growth,
the main part of deposition was performed at 550 °C using Hy-GeHy gas
mixture. To improve crystal quality, several cycles of annealing steps at
800 °C were introduced by interrupting the Ge growth [10]. The
thickness of the RP-CVD of Ge patches was selected to be compatible
with further processing in the back end of the line (BEOL) between 500
and 700 nm. Four anneal cycles were carried out for a thickness of 500
nm and five for 700 nm.

Secco defect etching was used for etch pit count, to measure the
threading dislocation density (TDD). Scanning electron microscope
(SEM) is used to analyze and quantify the surface pits. In order to
measure Si diffusion in Ge near the interface, Time-of-Flight Secondary
Ion Mass Spectrometry (ToF-SIMS) was used. ToF-SIMS was completed
with a positive polarity, sputtering was achieved with O2 ions at 500 eV
over a 300 x 300 pm? area. The morphology of Ge patches was evalu-
ated through atomic force microscopy (AFM) in tapping mode (Bruker
Dimension Icon, Nanoscope V software). Raman spectra were obtained
with a Renishaw in Via Microscope system with a 532 nm wavelength
laser and a power of 0.13 mW, equipped with a 3000 lines/mm grating.
An objective with a numerical aperture (NA) 0.9 and a spot size of ~400
nm was used. p-PL measurements were obtained with a HORIBA iHR
320 spectrometer with a 600 lines/mm grating, equipped with a Syn-
apse/Symphony InGaAs II detector, an objective of 50x, and an infrared
laser of 1064 nm wavelength with a power of 17.4 mW. The temperature
dependence was determined by using a liquid-nitrogen flow cryostat. All
spectra were collected in backscattering geometry, and the setup
response was calibrated using a white lamp.

For fabrication of PDs, a sample with Ge thickness of 700 nm was
selected, and a ~50 nm thick non-selective P-doped Si layer with ~1 x
10*°cm™ % was deposited as capping layer to realize a top contact. Then
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the wafer was post-processed as follows. Square photodiodes with
lateral dimensions comprised between 45 and 480 pm were then fabri-
cated on selected large patches of the sample. The top and bottom
contact windows were defined by laser lithography with a Heidelberg
MLA 100 mask less aligner. Ohmic contacts on both the top polysilicon
layer (n-contact) and on the Si substrate (p-contact) were then realized
by depositing a Ti (10 nm)/Au (100 nm) metal stack with an Unaxis BAK
640 e-beam evaporation tool, followed by a lift-off process.

For photodiodes characterization, a Keithley 2450 source meter unit
was employed to measure DC current-voltage curves in the dark. Pho-
toresponse was obtained using a calibrated broadband light source
(1100-1650 nm) and a monochromator, and the light was shined on the
device through an optical fiber. The intensity of the light was modulated
by a mechanical chopper at 330 Hz. The photocurrent generated by the
photodiode was collected by microprobes and then fed to a tran-
simpedance stage to convert it into a voltage signal, which was
measured by a lock-in amplifier.

3. Results and discussion
3.1. Morphology, composition and TDD of Ge patches

We fabricated different structures for the purposes of characteriza-
tion of the material, for the analysis of the optical properties and finally
for the PDs. Square patches of width 2-10 pm in arrays with pitch of
7-40 pm (as shown in Fig. 1 (a,b) and Table 1) allowed to study the
details of the SEG process in terms of morphology and strain relaxation,
and the related optical properties. This size range was chosen in view of
a possible application of this material to the manufacture of relatively
dense pixel arrays. Larger control structures, having lateral size between
50 and 600 pm? were used for structural and chemical characterization
(e.g. via ToF-SIMS and cross-sectional SEM). Furthermore, on these
structures vertical PDs of lateral size 45-480 pm were fabricated.

In Fig. 1 we show a SEM image of a SEG Ge in a SiO»/Si hard-mask,
with a square arrangement of 100 5 x 5 pm? wide and 500 nm-thick Ge
three dimensional microcrystals (“patches”) separated by a pitch of 10
pm. The SEG process was found to be highly selective, without any Ge
seeds on the SiO mask throughout the whole wafer.

All the Ge patches, investigated by AFM as shown in Fig. 2 (a), had a
truncated pyramid shape with a top plateau and faceted edges, inde-
pendently of their width and thickness. The cross-section of 500-nm-
thick patches of width 2, 3, and 5 pm in Fig. 2 (b) showed that
different growth window sizes did not affect the slopes of the edges, but
the plateaus widened for larger patch size due to the energetic favor-
ability of the (001) facet over the exposed surface. As long as growth
parameters remain relatively constant, increasing the thickness of the Ge
patches from 500 nm to 700 nm did not lead to significant changes in the
slope or plateau appearance. The consistent height and slope observed
over different patches with variations in width, specifically comparing
500 nm to700 nm thick patches, offer valuable shape predictability to
calculate the area of the top flat region.

To gain insight in the morphology of the patches, we analyzed the
facets according to the method described in refs. [11,12], finding well
pronounced facets {113}, {117} [13], {103}, and {223} [14], whose
extension was almost patch width-independent. Fig. 3 (a,b,c) show the
Ge faceting distribution with a 3D view and a stereographic map of a 10
x 10 pm? patch. With respect to the (001) plane, the non-centered spots
had polar angles of 25.3° and 46.5°, which correspond to {113} and
{223} facets, respectively [15]. Spots in another group are at 11.3° and
18.8°, corresponding to facets {117} and {103} [13]. Remarkably, these
facet orientations are all compatible with previous findings on nano-
metric size, elastically relaxed Ge/Si islands which grow following the
Stranski-Krastanov dynamics. This points to the dominant effect of the
surface energy density in determining the patch shape versus the lattice
strain [16]. Moreover, epitaxial growth of semiconductor materials,
such as Ge/Si patches, commonly exhibits the (001) facet,
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Fig. 1. (a) SEM plan view of a SEG Ge sample, with various patches arrays. (b) Magnification of Ge patch of 5 x 5 pm?. Definition of Pitch and Width are marked.

Table 1
Width and pitch of the patches under investigation.
Width [pm] Pitch [pm]
2 7
3 4
5 10,15,20
10 40

corresponding to a high-symmetry plane perpendicular to the growth
direction [16]. Due to its low surface energy, the (001) facet tends to
have a flat and smooth morphology if relaxed [11]. Also, {103} and
{117} facets introduce a tensile strain on the surface, which can coun-
terbalance the compressive strain from the lattice mismatch. The trun-
cation phenomenon of Ge structures is closely related to strain plastic

(2)

| 058um

L=10 pm

relaxation and has been described in the literature [17].

From AFM topography, the volume of each patch was calculated, and
reported in Fig. 4 (a) for width 5 pm at different pitch size (10, 15 and 20
pm). The volume, and thus the growth rate, was nearly independent of
the pitch size. We also used ToF-SIMS to investigate SiGe interdiffusion
at the heterointerface, on a control patch with very large width (600
pum). Concentration profiles, shown in Fig. 4 (b), were analyzed by Fick’s
diffusion fits [18], and the calculated interface width was of 17 nm.
Interdiffusion in such a narrow region reduces the likelihood of forming
defects, with benefits toward device application.

Finally, in Fig. 5, the results of the TDD count on the patches are
presented for the samples of different Ge thickness as a function of the
patch width. Exemplary SEM pictures employed for the quantification of
TDD is shown in Supplementary Material Fig. S1. TDD of the 500 nm
sample was independent of patch width and comparable to the case of

(b)
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Fig. 2. (a) AFM 3D topography of 3, 5, 10 pm-wide patches. (b) Corresponding height profiles.

(001)
W13
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W (223
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Fig. 3. (a) Identification of facets on AFM 3D topography of a 10 x 10 pm? patch on the 500 nm sample for different pitch sizes. (b) Faceting distribution for 10 x 10

um? patch. (c) Angular distribution of the facet from AFM analysis.
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Fig. 4. (a) Volume (height x area) of 5 x 5 pmz patches on the 500 nm sample for different pitch sizes. (b) Si and Ge concentration at the Ge/Si heterointerface as

measured by ToF-SIMS.
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Fig. 5. TDD in patches of different width with thickness (blue) 500 nm and
(orange) 700 nm.

non-SEG Ge/Si layers of the same thickness and deposited using the
same process parameters [19]. The TDD was lower for thickness of 700
nm than for 500 nm at all patch widths, and for Ge/Si layer from the
literature [19,20]. The primary driving force for the motion of
Threading Dislocations (TDs) is their interaction with other TDs. As the
thickness of a Ge patches increases, and interaction between TDs
enhanced their annihilation as well. When the patch size increases from
3 pm to 10 pm, TDD increased by one order of magnitude but did not
increase further at 20 pm, because the chance of an annihilation process
decreases with increasing TDD, thus causing saturation. The marked
drop of the TDD observed in 700 nm-thick epilayers also can be attrib-
uted to the increased capacity for dislocations to annihilate at the
patches sidewalls [21,22]. This mechanism seems to be less effective in
the 500 nm-thick counterparts, probably because the much higher initial
TDD values observed in these samples is associated with an “hardening”
of the epilayer itself, that hinders further TDD dynamics and, eventually,
their annihilation at the patch sidewalls. The low TDD found in these
samples indicates that SEG does not alter plastic relaxation and does not
significantly impacts material quality.

3.2. Raman spectroscopy and strain

The multifaceted strained patches form an ideal system to study the
effect of strain. Using polarized Raman mapping, we can at the same
time evaluate the modulation of the strain on the surface of the patches
with sub-pm resolution, due to the tridimensional shape, and verify the

validity of common approximation in the analysis of strained layers by
Raman spectroscopy. We used the backscattering configuration, and
analyzed the data with the strain-shift coefficient b = —395 cm™! re-
ported in ref. [23] and a bulk Ge wafer as reference. At the center of the
patch, where biaxial strain can be assumed, we observed tensile in-plane
strain which increased with patch size (Fig. 6), reaching the value of a
continuous Ge/Si reference layer of the same thickness as measured on a
SIMS control structure. The observed higher strain in the 700 nm-10 pm
structures compared to the SIMS control structure could be attributed to
the variation of the strain in the patches, that can be associated to both
strain distribution of the 3D shape and the surface morphology.

To have more insight in the strain distribution, we employed
polarization-resolved pRaman measurement in two configurations, as
shown in Fig. 7 (a)(b). In- and outgoing light propagated in z and z di-
rections [24], respectively, parallel to the growth direction. Samples
were aligned to the edge of the patch, i.e. in the <110> crystal di-
rections. In parallel configuration, noted as (z(x’x’) z) in Porto notation,
both the incident and detected polarization directions are parallel and
aligned to the x’ direction (corresponding to the [110] axis). In
perpendicular configuration, the incident polarization is orthogonal to
the detected polarization (z(x’y’) 2), where y° = 1. The
longitudinal-optical (LO) mode is allowed in the parallel configuration
and forbidden in the perpendicular configuration, while the transverse
optical (TO) phonons are always forbidden. However, the patches

0.28F
__________________________________________________ +_____
;\2 0.21F
r
n
L 4
0.14r -
* ¢ 500nm
0.07- | | | | 700Inm
2 4 6 8 10

Width (um)

Fig. 6. Strain measured by Raman spectroscopy at the center of the patches, as
a function of patch width for thickness (blue) 500 nm and (orange) 700 nm.
Values are obtained from 9 points around the center of the patch, and reported
as average and standard deviation. Dashed lines mark the strain value measured
in the large SIMS control structures.
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Fig. 7. Polarized Raman mapping with facet distribution of a 5 x 5 pm? patch with thickness 700 nm. Intensity of (a) parallel and (b) perpendicular configuration;
the left right asymmetry of the measured intensities can be the effect of substrate tilt during measurements. Black lines outline the facets of the patch as measured

by AFM.

provide additional strain to the system and the presence of faceting and
the use of a large NA of the objective can enable the observation of TO
phonons [25].

As a consequence of this selection rules, the intensity of Raman
spectra (Fig. 7) for parallel configurations in center was almost ten times
higher than for perpendicular configurations [26]. Also, it should be
noted that in perpendicular polarization (Fig. 7 (b)) intensity was higher
on the border of the patch, while the opposite occurs in parallel
configuration (Fig. 7 (a)) due to crystallographic orientation of the side
facets and thus to the Raman selection rules.

Also the energy of the Raman peak showed spatial dependence, with
different values for parallel and perpendicular configuration (Fig. 8(a
and b). In particular, we observed a spatial distribution both on the
plateau and on the lateral facets (marked in Fig. 8(e)). To highlight these
mode shifts, we consider the maps reported in Fig. 8 (c,d). The asym-
metry observed in the Raman peak position maps (Fig. 8) may be
attributed to a slight tilt in the substrate during measurements and
faceting on the sample surface, so that the beam is not perfectly aligned
with the (001) direction and the signal comes from an average of

adjacent regions.

These were calculated as the difference between the peak positions in
parallel and perpendicular configuration and the value oy, obtained as
the average of the central region of the parallel configuration in Fig. 8
(a), with o, = 299.9 cm’l, corresponding to the LO mode [27]. In this
way, the maps in Fig. 8 (c,d) show the shift of the mode with respect to
the LO mode. In parallel configuration (Fig. 8 (c)), on the plateau, the
mode shifted to lower energy at the sides, near the {117} and {103}
facets, and to higher energy at the corner near the {113} and {223}
facets. In perpendicular configuration (Fig. 8 (d)), a higher energy was
measured at the center of the plateau, with an average of 300.3 cm™ 1. In
the perpendicular configuration in the strained Ge, both TO and LO
modes have non-null intensity, and then the measured peak is shifted
with respect to the LO mode [28]. This suggests a split LO-TO modes,
due to strain [29], that appeared as a single peak not resolved by the
spectrometer. Indeed, the LO peak in the parallel configuration had a
lower full width at half maximum (FWHM) than the LO + TO peak in the
perpendicular configuration. The average FWHM in parallel was around
2.5 cm™ ! and perpendicular 3.8 cm™!. Because of the faceting, the
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Fig. 8. (a) (b) Peak position from polarized Raman mapping of Ge 5 x 5 pm? for parallel and perpendicular configuration. (c) (d) Map of the difference between the
peak positions and the peak position in the center of the patch in parallel configuration. (e) AFM topography with marked facets.
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FWHM distribution across the patch had a spatial dependence (not
shown), similar to that of the peak position in Fig. 8 (a,b).

The nature of mixed LO + TO in the perpendicular configuration is
further supported by studying its dependence on patch size. Raman
spectra at the center of the 5 x 5 um? 700 nm patch for parallel and
perpendicular configuration are shown in Supplementary Material
Fig. S2. The difference between the peak energy at the center of the
patch in parallel and perpendicular configurations are shown in Fig. 9
for different patches and thickness, as a function of the strain calculated
at the center of patch. This difference became wider as the strain in-
creases, and can be compared with the expected splitting for LO and TO
phonons given by [30].

w,—w; —1+4+a

& T p—q)A 1
o 5 (P —a)Ae, €))

where p and q are phonon deformation potentials (p = 0.18 w2, ¢ = -1

(ug), and a = 0.698 [23,31] and reported as continuous line in Fig. 9. The
calculated splitting was larger in amplitude as the measured one,
because in perpendicular configuration a convolution LO + TO is
measured. Nonetheless, this shift is an indication of an unsuppressed TO
phonon, that can be due to a non-perfectly biaxial strain in the patch,
even at the center.

The dependence of strain (and thus of LO-TO splitting) on the patch
size can be explained as follows. For small patches, the growth process is
limited in the lateral size by the presence of the hard mask, resulting in
the formation of relaxed faceted crystals. As the patch size increases, the
build-up of a strained layer becomes energetically favorable over the
exposed surface, approaching the case of an unpatterned layer [32].
Indeed, relaxation at the edges is expected in narrow microstructures,
increasing with decreasing width [33,34], and furthermore the reduced
stress in the microstructure will reduce the formation of TDs, supporting
our observation in Fig. 5. As shown in the maps (Fig. 8 (c,d)), the strain is
not uniform (possibly not biaxial) in the patch, and the corners of the top
facet appear more relaxed than the center. This is the result of the
relaxation at the edges, but also of the combined effect of the geometric
constraint of the mask and the formation of the facets. Despite the
complexity of the strain distribution, the possibility of demonstrated
control on the strain in the patch allows to tune the optical property, as
shown in the following, with great advantage in PD design.

0.0 —— Theory
= —4— 500 nm
g —02k 700 nm
5
E
% —0.4r
o,

S
- —0.61
2
=
=
~ .81
0.10 0.15 0.20 0.25 0.30
Strain (%)

Fig. 9. Difference of the average peak position in the center of the maps in
parallel and perpendicular configurations for different samples and patch size
versus biaxial strain measured in the center. The black line is calculated as
described in the text.
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3.3. Photoluminescence and band gap

p-PL temperature-resolved measurements were used to investigate
the optical properties of the patches. In Fig. 10 (a), PL spectra are re-
ported for patches of different width and thickness 700 nm at 80 K. High
emission efficiency was observed around 0.8 eV, associated to the direct
transition at the I" point. The emission shifted to lower energy as the
width of the Ge patches increased. We could also distinguish a shoulder
in the spectra, assigned to radiative transition with light holes states
(LH), while the main peak is associated to the heavy holes (HH) valence
band. The combination of LH and HH transitions enables a wider range
of energy transition, leading to strong carrier generation, that could
enhance the sensitivity and responsivity of the Ge photodetector.

These spectra (Fig. 10 (b)) were investigated with the van Roos-
broeck equation [31,35]. The result was studied as a function of patch
width in Fig. 10 (c). A clear shift of both LH and HH transitions to lower
energy was found as the width of the Ge patches increases [36], as a
consequence of the increase of tensile strain. The split between LH and
HH also increased (Fig. 10 (d)) as the strain of Ge increased, and the LH
peak was stronger at larger strain. The significant errors are due to the
fitting process sensitivity for these closely spaced energy states. The
splitting followed the expected trend for Ge on Si, reported as solid line
in Fig. 10 (d) [37].

Temperature dependence was measured for 2,3,5,10 pm width for all
samples. The bandgap energy shifted to lower values as the temperature
increases, as shown in PL spectra Fig. 11 for a 10-pm patch with thick-
ness 700 nm. As the temperature increases, the non-radiative recombi-
nation reduces the intensity of the emission, and make the peak broader,
and the splitting between the LH and HH not well-resolved (Fig. 11). The
growth in intensities above 200K results from the thermal excitation of
electrons to the I'—valley of the conduction band, increasing the direct
radiative recombination [38]. The emission was observed up to room
temperature for larger patches, the strongest being the 10-pm patches.

3.4. Photodiode characterization

In the previous sections, we have demonstrated the control over SEG
method and high crystalline quality of the Ge patches, that had low
defect density enabling direct bandgap emission. For large patch width,
the large tensile strain allows to extend to the optical response beyond
1550 nm. Beyond a certain width, the strain did not increase further and
is dominated by the epitaxial growth of Ge/Si. These features were
exploited to fabricate PDs of with lateral size of width 45-480 pm and
700 nm thickness. The use of this relatively large features lateral size
makes the prototype fabrication simpler.

The dark current density of the processed photodiodes was charac-
terized by acquiring J-V curves between -2V and 1V. In Fig. 12 (a) we
show the dark current density as a function of the voltage for photodi-
odes of different width. Each curve was obtained by averaging J-V ac-
quisitions of five PDs.

All the investigated photodiodes showed the expected rectifying
behavior. The dark current of a reversed-biased Ge-on-Si p'-i-n*
photodiode is dominated by the Shockley-Read-Hall generation within
the depletion region (bulk component), which is strongly enhanced by
the presence of dislocations, and by the generation at the Ge surface
(surface component). Such components can be evaluated by performing
a linear fit of the dark current density at a specific voltage, for photo-
diodes featuring different size L [39,40] as expressed in the following
formula:

4L
Jiark = Ej:mf + Jbuik 2
In Fig. 12 (b) we report the dark current density values at a bias voltage
of -1V, for devices with L = 480, 95, 70 and 45 pm. The values were
averaged over 5 devices, and the error bars represent the standard
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ness 700 nm.

deviation. The linear fit gave a bulk component Jpjx = 35 mA/cm?and a
surface component of 72 pA/cm. By assuming that the depletion region
at -1V extends throughout the entire Ge epilayer, we estimated the mi-
nority carrier lifetime 7 and the surface recombination velocity Sy as:

W
=2 _ 6 3, 3
Jouik
and
W
So =TT _ 35 o™ @
erf N

where q is the elementary charge, n; is the intrinsic carrier concentration

of Ge and W is the width of depletion region. The obtained values were
close to those reported for Ge-on-Si photodiodes in literature [41]. It is
important to note that no surface passivation was applied, which could
lead to a substantial reduction of the surface recombination velocity.

The photoresponse was measured from 1100 nm to 1650 nm only for
photodiodes with width of 480 pm, at modulation of 330 Hz, in top-
illumination geometry. The responsivities at reverse bias voltage of
0V, 0.03V and 1V are reported in Fig. 12 (c). The misfit dislocation
network formed at the Ge/Si interface, from an electrical perspective, is
equivalent to a charged layer, which could effectively reduce the built-in
electric field, thus reducing the responsivity at OV. As shown by PL
spectroscopy, the tensile strain allows to extend the band edge toward
longer wavelength, and the responsivity maintained rather high values
beyond A = 1550 nm, reaching a value of ~20 mA/W at 1600 nm at a
reverse bias voltage of 0.03 V. We notice from Fig. 12 (d) that the
responsivity reached its maximum value at a very low reverse bias
voltage of ~150 mV, opening the possibility to operate the device in a
quasi-photovoltaic mode.

4. Conclusions

We successfully achieved selective epitaxial growth (SEG) of Ge on a
SiO4/Si patterned substrate. Our approach allows the fabrication of
high-quality, well-controlled Ge microstructure with desirable optical
properties. SEG allows patterning of Ge patches with high precision in
size and position, and with high crystalline quality, which can enhance
the integration of the photodiode with other components or structures.
The strain characteristics, including the strain distribution and strain-
induced splitting of vibrational modes and electronic states, influence
the optical properties of the Ge material. The observed shifts and dis-
tributions provide valuable insights into the properties of Ge from
polarization-dependent Raman shifts, with potential implications for the
design of optoelectronic devices. By optimizing the patches size and
strain, photodiodes whose spectral response can be adjusted to fulfill
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specific requirements can be designed. A well-defined and intense PL
peak at 0.8 eV indicates a high absorption efficiency at that energy,
suggesting that the photodetector will be sensitive to light at wavelength
longer than 1550 nm. Furthermore, we demonstrated that the high
responsivity of relatively large photodiodes at longer wavelengths
beyond 1550 nm, enhances their suitability for sensing applications and
highlights the potential of strain engineering in optimizing photodiode
properties, making it a valuable component for various applications in
optoelectronics and photonics.
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