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Abstract—This study reports the bandgap engineering of a Ge 
epitaxial layer on Si to tune the operating wavelength of optical 
intensity modulators and photodetectors in the C (1.530–1.565 
µm)+L (1.565–1.625 µm) band. A strip structure of elemental Ge 
is investigated, rather than wider-gap SiGe or narrower-gap 
GeSn alloy, to achieve the key property of a C band modulation 
and improved L band detection. By narrowing the strip to the 
submicron scale, a tensile lattice strain in Ge, induced by a 
thermal expansion mismatch with Si, is elastically relaxed by an 
edge-induced relaxation effect. The photoluminescence peak and 
photodetection spectra show a significant blue shift as the 
narrowed direct gap of ~0.77 eV is restored to 0.80 eV of 
unstrained Ge. A standard SiNx external stressor on a narrow Ge 
strip induces an increased blue shift or an opposite red shift, 
depending on the stress polarity in SiNx. The results show that it is 
possible to tune the operating wavelength of modulators and 
photodetectors of elemental Ge in the C+L band. 

Index Terms—Band engineering, germanium, intensity 
modulation, photodetectors, silicon photonics 

I. INTRODUCTION

e is the standard material for a near-infrared photodetector 
(PD) in Si photonics [1–25]. The Ge thickness is typically 

several 100 nm in a PD integrated with a Si optical waveguide 
(WG). The critical layer thickness for the pseudomorphic 
epitaxial growth is as low as <10 nm due to a large lattice 
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mismatch of 4.2%, whereas a high-quality Ge layer is grown on 
Si using low–high-temperature two-step growth (typically, 
350°C/600°C), followed by post-growth annealing at a high 
temperature of 800°C–900°C [26]. An important feature of 
such a Ge layer is its in-plane tensile lattice strain of about 0.2% 
[4–6]. A tensile strain, rather than a compressive strain due to 
the lattice mismatch, is induced after the cooling from the 
growth/annealing temperature to room temperature (RT) by a 
thermal expansion mismatch between the Ge layer and Si base 
substrate [27]. The tensile strain narrows the direct bandgap 
from 0.80 to ~0.77 eV, extending the fundamental optical 
absorption edge from 1.55 to ~1.61 µm in wavelength. This red 
shift helps increase the photodetection efficiency at 1.55 µm, or 
in the C band (1.530–1.565 µm) [4–6]. A Ge electroabsorption 
optical intensity modulator (EAM) [28], based on the 
Franz-Keldysh effect, is also a crucial device in terms of a 
significant reduction in the energy consumption over a Si-based 
electrooptic modulator. EAMs of elemental Ge on Si [29,30] 
showed an operating wavelength at around the absorption edge 
of 1.61 µm, or in the L band (1.565–1.625 µm), except for our 
recent work [31] on a submicron-wide Ge strip, where a C band 
modulation was obtained due to a strain relaxation effect 
presented in this study. For the C band modulation, a Ge/SiGe 
quantum well structure [32] or a wider-gap SiGe alloy with a Si 
composition as low as 1% [28,33–36] is generally required. 
However, similar to PD, elemental Ge is preferred to combine 
the Ge growth for PDs and EAMs into a single step. For a C 
band EAM, the direct bandgap of Ge, narrowed under the 
tensile strain, should be restored by the strain relaxation. A strip 
structure of Ge is probably effective, where edge-induced strain 
relaxation occurs, similar to the strip structure of compressive 
SiGe lattice-matched to Si [37]. Our group recently reported a 
gap restoration as a blue shift of about 10 nm in the 
photoluminescence (PL) peak when the Ge strip was narrowed 
to 2 µm [38]. A narrower submicron strip should achieve an 
enhanced blue shift required for a C band EAM. Such a 
submicron strip has recently played a significant role in PDs 
with operating frequencies higher than 50 GHz [22–25]; 
however, there has been no discussion on the strain relaxation 
effect. A recent study in ref. [36] used a strip structure of 
Ge-rich SiGe to control the operating wavelength of an EAM, 
but the focus is on the control of external stress applied by 
neighboring SiNx layers. 
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This study presents the bandgap engineering for an epitaxial 
layer of elemental Ge on Si toward the C+L band operation of 
EAMs and PDs, with the use of a narrow submicron strip 
structure, rather than wider-gap SiGe and narrower-gap GeSn 
alloys. Despite well-developed C band detection and L band 
modulation, the main goal is to achieve a C band modulation 
and improved L band detection. Significant blue shifts in PL 
and photodetection spectra of a narrow Ge strip are reported in 
Section IV after a theoretical analysis of the edge-induced 
strain relaxation in Section II and experimental procedures in 
Section III. A SiNx standard external stressor was also studied, 
in which an increased blue shift or an opposite red shift is 
efficiently induced in a narrow strip, depending on the stress 
polarity in SiNx. The results reveal the possibility of tuning the 
operating wavelength of EAMs and PDs of elemental Ge in the 
C+L band, as concluded in Section V. 

II. SIMULATIONS OF LATTICE STRAIN AND ABSORPTION 
SPECTRUM IN A GE STRIP STRUCTURE 

A. Lattice Strain 
Distributions of stress/lattice strain were simulated using a 

finite element method to study the edge-induced strain 
relaxation in a narrow strip of Ge. Similar to the experiments 
shown later, the thicknesses of the Ge strip and Si substrate 
were set to 0.5 and 525 µm, respectively, while the strip width 
was changed from 1 to 10 µm as a parameter. The strip edge 
was assumed to consist of inclined facet planes, based on 
experimental results. The structure was cooled from the Ge 
growth temperature of 700°C to RT (25°C), generating a tensile 
stress/strain in Ge by the thermal expansion mismatch. There 
was no strain due to the lattice mismatch before the cooling due 
to the Ge thickness of 0.5 µm, which was substantially larger 
than the critical layer thickness. In the simulation, the thermal 
expansion coefficient, 𝛼!" , Young’s modulus, 𝑌 , and 
Poisson’s ratio, 𝜈, were 5.9 × 10−6 K−1, 103 GPa, and 0.26 for 
Ge, respectively, and 2.6 × 10−6 K−1, 170 GPa, and 0.28, 
respectively, for Si. The Si surface, outside the Ge strip, was 
covered with a 0.1-µm-thick SiO2 layer as a mask for the 
selective Ge growth. 𝛼!", 𝑌, and 𝜈 were 5.5 × 10−7 K−1, 73.1 
GPa, and 0.17, respectively, for SiO2. 

Fig. 1 shows typical distributions of lattice strain at the 
cross-section of a sufficiently long Ge strip. Fig. 1(a) for a 
10-µm-wide strip shows that a tensile lattice strain in the x 
(width) direction, 𝜀#, was as large as 0.20% at the strip center, 
which was similar to 𝜀$ of 0.22% in the y (length) direction 
(Fig. 1(b)). The value of about 0.2% is consistent with the 
experimental value for a Ge film [4–6]. A compressive strain, 
𝜀%, of about −0.15% was present in the z (thickness) direction, 
which was counter to the lattice tension in the x and y directions. 
Importantly, 𝜀# in Fig. 1(a) decreased toward the edge due to 
the edge-induced relaxation [37]. More significant relaxation 
occurs for a 1-µm-wide strip in Fig. 1(d), i.e., 𝜀# was almost 
relaxed within the strip. No such strain relaxation was observed 
in the length direction because of the absence of the edge in this 
direction. Thus, 𝜀$  of 0.22% was maintained independent of 
the Ge width, as in Fig. 1(e). On the other hand, the absolute 

value of 𝜀%  slightly decreased with narrowing the strip (Fig. 
1(f)). This behavior is reasonable because the tensile 
strain/stress decreased in x direction. 

 

 
Fig. 1. Typical distributions of lattice strain in the x, y, and z directions for a 
10-µm-wide Ge strip ((a) to (c)) and a 1-µm-wide Ge strip ((d) to (f)). 

      
                     (a)                                         (b) 

Fig. 2. (a) Lattice strains 𝜀!, 𝜀", and 𝜀# at the center of a Ge strip and (b) the 
sum 𝜀! + 𝜀" + 𝜀# at different locations in the vertical direction as a function of 
the bottom width of a Ge strip. 

 
The strains of 𝜀#, 𝜀$, and 𝜀% at the strip center are plotted in 

Fig. 2(a) as a function of the bottom width of the Ge strip. 𝜀# 
and 𝜀%  approached to −𝜈𝜀$  ( 𝜈  = 0.26) when the strip is 
narrowed as small as 1 µm or below. This indicates 
approximately uniaxial stress, in contrast to biaxial stress in a 
wide strip. The sum, 𝜀# + 𝜀$ + 𝜀%, corresponding to the volume 
change, ∆𝑉 𝑉⁄ , is plotted in Fig. 2(b) at different locations in 
the z direction, i.e., at the top bare surface, bottom interface 
with Si, and the center, although the optical power in an 
EAM/PD of a Ge strip should be higher around the center [31]. 
The right axis shows an estimate of the direct bandgap energy, 
which was determined using the following relationship [39]: 

 𝐸&~𝐸&' + 𝑎-𝜀# + 𝜀$ + 𝜀%., (1) 
where 𝐸&' and 𝑎 are the direct bandgap energy of unstrained 
Ge (0.802eV at RT [40]) and the dilation deformation potential 
of Ge (−8.97 eV [41]), respectively. The ideal values of 𝜀# +
𝜀$ + 𝜀% for the biaxial and uniaxial stresses are indicated in Fig. 
2(b), which are expressed as [2 − 2𝜈 (1 − 𝜈)⁄ ]𝜀$  and 
(1 − 2𝜈)𝜀$, respectively. Fig. 2(b) shows that the strain was 
more relaxed at the top surface, approximately corresponding 
to uniaxial stress for a strip of <1 µm in width. A significant 
strain relaxation was also observed at the center and even at the 
bottom interface. The direct gap energy at the strip center was 
restored from 0.778 to 0.789 eV for the 1-µm-wide strip, 
corresponding to the optical absorption edge from 1.594 to 
1.572 µm in wavelength, or a blue shift of more than 20 nm. 
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B. Bandgap Energy and Optical Absorption Spectrum 
The direct gap energy was more precisely analyzed, 

considering the splitting between the light-hole (LH) and 
heavy-hole (HH) valence bands under nonhydrostatic stress 
[39]. The relationship between the crystallographic and stress 
directions is critical; a quasi-uniaxial [110] stress is applied to 
a submicron Ge strip ordinarily aligned in the [110] direction. 
Shear components in the lattice strain are present, enhancing 
the valence band splitting [42,43]. Fig. 3 shows the direct 
bandgap energies between the conduction (C) and LH/HH 
valence bands, calculated as a function of the stress in a (001) 
Ge layer. The deformation potentials in refs. [41] and [44] were 
used, and the uniaxial [110]  stress was compared with the 
biaxial stress. The biaxial tensile strain of 0.20% corresponds to 
the in-plane stress of 0.28 GPa using elastic constants of 𝑐(( = 
128.5 GPa and 𝑐() = 48.3 GPa for Ge. The same stress of 0.28 
GPa should be uniaxially applied for a narrow strip. Fig. 3 
shows that both the C-LH and C-HH gaps under the [110] 
uniaxial stress (0.784 and 0.798 eV, respectively, at 0.28 GPa) 
were wider than those for the biaxial one (0.773 and 0.786 eV, 
respectively). Particularly, the C-HH gap energy under the 
[110] uniaxial stress was 0.798 eV, which was comparable to 
the unstrained one of 0.802 eV, shifting the absorption edge to 
1.554 µm in the C band. 

 
Fig. 3. Direct bandgap energies as a function of stress applied to (001) Ge under 
biaxial (dashed lines) and [110] uniaxial (solid lines) stresses. The changes in 
the conduction and LH/HH valence bands are schematically shown at the top. 

 
Fig. 4 shows optical absorption spectra of Ge under several 

applied electric fields (0–100 kV/cm), which were theoretically 
calculated in the C and L bands for the biaxial and [110] 
uniaxial stresses (0.28 GPa). A formula of the absorption 
coefficient 𝛼 as a function of the photon energy 𝐸 in ref. [45] 
was used, considering the Frantz-Keldysh effect, i.e., 
𝛼(𝐸) = (𝐴' 2𝜋⁄ )(2𝑚* ℏ)⁄ )+ )⁄ <ℏ𝜃-[−𝜂𝐴𝑖)(𝜂) + 𝐴𝑖.)(𝜂)], 

  (2a) 
 𝐴' = -𝜋ℏ𝑒)𝐸/. (6𝑛*𝑐𝜀'𝑚'𝐸)⁄ , (2b) 
 ℏ𝜃- = [(ℏ)𝑒)𝐹)) (2𝑚*)⁄ ]( +⁄ , (2c) 

and 
 𝜂 = -𝐸& − 𝐸. ℏ𝜃-⁄ . (2d) 

Here, 𝐴𝑖(𝜂) and 𝐴𝑖.(𝜂) are the Airy function and its derivative, 
respectively. 𝑚* is the interband reduced mass, ℏ the reduced 
Planck constant, 𝑒 the elementary charge, 𝐸/ the optical matrix 
energy parameter, 𝑛* the refractive index, 𝑐 the speed of light, 
𝜀' the permittivity in vacuum, 𝑚' the electron rest mass, 𝐹 the 
electric field strength, and 𝐸& the direct bandgap energy. The 
absorption coefficients are given by the summation of two 
components of the C-HH and C-LH transitions. The interband 
reduced masses are 0.0330𝑚'  for the C-HH transition and 
0.0195𝑚' for the C-LH transition [46]. 𝐸/  and 𝑛*  were 26.3 
eV and 4.0, respectively [46]. 

 
(a) Biaxial stress 

 
(b) [110] uniaxial stress 

Fig. 4. Spectra of the optical absorption coefficient under different applied 
electric fields for (a) biaxial stress and (b) [110] uniaxial stress (0.28 GPa). 

 
At 0 kV/cm, an inflection point was observed at the photon 

energy equal to the C-HH gap energy due to a superposition of 
two components of the C-LH and C-HH transitions; the C-HH 
transitions dominated the absorption coefficient in the shorter 
wavelength region, reflecting the higher optical density of 
states [5,46]. In the biaxial case of Fig. 4(a), the absorption 
coefficient increased under the electric field at wavelengths 
approximately longer than 1.578 µm, corresponding to the 
C-HH gap energy of 0.786 eV. This implies that the biaxially 
strained Ge applies to an EAM operating in a wide range of the 
L band, despite background absorption up to ~1.60 µm due to 
the C-LH transitions. The biaxially strained Ge also applies to a 
PD up to ~1.60 µm, whereas enhanced absorption under the 
electric field would support a PD operation in the entire L band 
[19]. Alternatively, the absorption spectra in the uniaxial case 
of Fig. 4(b) were shifted toward the shorter wavelength. An 
enhanced absorption due to the Franz-Keldysh effect appears at 
>1.554 µm, indicating applicability to an EAM operating in a 
part of the C band. As shown later, a bandgap widening induced 
by an external stressor of SiNx can increase the blue shift, 
potentially achieving an EAM operating in the entire C band. A 
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red shift is also possible by changing the stress polarity of SiNx, 
resulting in improved L band detection. 

III. PREPARATION OF GE STRIP STRUCTURES AND 
CHARACTERIZATION METHODS 

A. Selective Epitaxy of the Ge Strip Structure on Si 
The strip narrowing effects were experimentally investigated. 

4-inch (001) Si wafers were used as the starting substrate, on 
which a 100-nm-thick SiO2 layer was formed via thermal 
oxidation. The SiO2 layer was partly removed to open 
strip-shaped windows of the exposed Si surface in the [110] 
direction. As a parameter, the window width was changed from 
0.9 (±0.1) to 100 µm, while the length was sufficiently long (>1 
mm). A Ge epitaxial layer was selectively grown on the Si 
windows via ultrahigh-vacuum chemical vapor deposition 
(CVD) using a source gas of 9% GeH4 in Ar [46–48]. A 
two-step growth method [26] was used, in which a 50-nm-thick 
Ge buffer layer was grown at a low temperature of 370°C, 
followed by Ge growth at an elevated temperature of 700°C. 
The Ge thickness was designed to be 500 nm. The effect of a 
standard SiNx external stressor was also studied in terms of 
further controlling the direct bandgap. SiNx was deposited on 
the Ge strip surface as an overlayer using plasma-enhanced 
CVD. 10%-SiH4/N2, NH3, and N2 gases were supplied with a 
flow-rate ratio of 39:2:61 at an RF power of 100 W [49]. The 
sample temperature was 300°C, and two different chamber 
pressures of 200 and 50 Pa were used, resulting in SiNx film 
stresses of +0.60 GPa (tensile) and −0.15 GPa (compressive), 
respectively. The thicknesses were approximately 500 and 400 
nm for the tensile and compressive SiNx layers, respectively. 

B. Characterization Methods 
Scanning electron microscopy (SEM) was used for the 

structural characterization. The Raman spectra were measured 
at RT using a 457-nm laser source and an arrayed Si detector to 
evaluate the strain relaxation [50]. The laser power and nominal 
1/e2 spot diameter at the sample surface were 1.0 mW and 1 µm, 
respectively. The 1/e penetration depth in Ge is approximately 
20 nm, which measures the near-surface region. PL spectra 
were measured at RT in the wavelength range of 1.4–1.7 µm to 
evaluate the bandgap energy [50]. A 785-nm laser was used as 
the excitation source. The laser power and nominal 1/e2 spot 
diameter were 4.0 mW and 2 µm, respectively. The 1/e 
penetration depth in Ge was approximately 100 nm. Further, to 
directly confirm the narrowing effect, photodetection spectra 
were measured for lateral pin PDs of a selectively grown Ge 
strip integrated with a Si WG on a Si-on-insulator (SOI) 
platform. The device was used as an EAM in ref. [31]. As 
shown later in detail, the device was composed of a rib-like 
(strip-loaded) structure of a Ge strip on a Si pedestal of SOI. 
Three different widths of the strip were prepared (0.5, 0.8, and 
1.2 µm at the bottom, denoted in ref. [31] as nominal widths of 
0.3, 0.6, and 1.0 µm, respectively) with a length of 40 µm. 
Concerning the single-mode light propagation for an EAM, the 
Ge height was reduced to approximately 200 nm, although a 
thicker strip should be preferable in terms of the edge-induced 

strain relaxation. A lensed fiber was used to couple the 
TE-polarized light from a tunable laser source (1.455–1.640 
µm) to the Si WG via a spot-size converter at the edge of the 
chip. The coupling loss was approximately −7 dB. The sample 
temperature was thermo-electrically controlled at 30°C.  

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS 

A. Structural Characterizations by SEM 
Fig. 5 summarizes typical cross-sectional SEM images of Ge 

strips selectively grown on Si. Fig. 5(a) shows that, for a 
relatively wide strip with a bottom width of 5.5 µm, a mesa 
structure was formed, consisting mainly of a (001) surface at 
the top and an inclined {113} facet sidewall, which is similar to 
previous works [1,48]. The {113}  facet sidewalls usually 
appear because of the low growth rate on the {113} plane [51]. 
The sidewall was more inclined than the 10-µm-wide strip in 
the simulation (Fig. 1) because the {113} facet dominated the 
sidewall. A small facet was observed at the bottom edge, 
approximately corresponding to the {112} plane rather than the 
{111} plane [48]. The strip thickness at the center was 470 nm, 
which is consistent with the 500-nm designed thickness. A 
mound was observed near the sidewall, probably resulting from 
the migration of Ge atoms from the facet sidewalls. The largest 
thickness at the mound was 530 nm. 

The area of the (001) top surface was reduced by narrowing 
the strip. The thickness/height of Ge for the 2.5-µm-wide strip 
in Fig. 5(b) was almost equal to 530 nm at the mound in Fig. 
5(a). When the strip was further narrowed to 1.5 µm, {111} 
planes appeared as a sidewall facet adjacent to the {113} plane 
(Fig. 5(c)). Vertical {110}-like facets were also observed near 
the bottom edge for the narrowest 0.9-µm-wide strip in Fig. 
5(d), which was similar to the structure in the simulation (Fig. 
1). The plane was slightly inclined at ~6° from the vertical 
direction, nominally corresponding to the {771} plane [48]. 
The Ge height decreased to 400 and 370 nm for strip widths of 
1.5 and 0.9 µm, respectively. Athough the surface was 
microscopically composed of the facet planes, the Ge strip in 
Fig. 5(d) was close to a semicylindrical shape, probably 
minimizing in the surface energy (surface area). Figs. 6(a) and 
(b) show typical images after the deposition of a SiNx layer with 
tensile (+0.60 GPa) and compressive (−0.15 GPa) stresses, 
respectively. In both cases, a SiNx layer uniformly covered the 
Ge strip. 

 

 
Fig. 5. Typical SEM images of Ge strip structures selectively grown on Si with 
bottom widths of (a) 5.5 µm, (b) 2.5 µm, (c) 1.5 µm, and (d) 0.9 µm. 
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                   (a)                                     (b) 

Fig. 6. Typical SEM images of a 0.9-µm-wide Ge strip structure on Si covered 
with a SiNx layer possessing (a) tensile and (b) compressive stresses. 

B. Raman Spectra 
Fig. 7 summarizes the Raman spectra for different widths of 

the strip without SiNx overlayer. The dots correspond to the 
experimental data points, whereas the lines correspond to the 
fitting curves with the Lorentzian function. The vertical lines 
indicate the peak positions based on the fitting. As a reference, 
a spectrum from an unstrained (001) bulk Ge wafer is shown at 
the bottom. A peak was observed at around 300 cm−1 in each 
spectrum, corresponding to the Ge–Ge bonding in Ge. For the 
100-µm-wide Ge at the top of Fig. 7, a negative shift of ∆𝜔 ~ 
−0.7 cm−1 was observed compared with the peak from the bulk 
Ge. The shift is attributed to a biaxial tensile strain, 𝜀∥, which is 
estimated to be 0.16% using the following relationship [52] 

 𝜀∥	(%) =	−0.23 × Δ𝜔	#cm–1$. (3) 
The strain of 0.16% is consistent with the reported one of 
around 0.2% in a Ge film [4–6]. The 10-µm-wide strip showed 
almost the same ∆𝜔 as that in the 100-µm case, whereas the 
negative shift was gradually reduced as the strip was narrowed 
below 10 µm, which corresponds to strain relaxation. The 
narrowing shift is not due to heating caused by high laser 
excitation, which results in a negative Raman peak shift [53]. 
 

 
Fig. 7. Typical Raman spectra at RT obtained for Ge strips (without a SiNx 
overlayer) with different widths. 

 
Fig. 8 shows the plot of the Raman peak position as a 

function of the width of the Ge strip. The negative shift was 
reduced to ∆𝜔 ~ −(0.3–0.4) cm−1 when the strip was narrowed 
to as small as 1 µm, which is almost a half of −0.7 cm−1 for the 
100-µm case. This is logical because the tensile strain should be 

relaxed in the width direction, whereas no strain relaxation 
occurs in the length direction, as shown in Fig. 2(a).  

 

             
Fig. 8. Raman peak positions as a function of the bottom width of Ge. 

C. PL Spectra 
Fig. 9(a) summarizes the PL spectra for different widths of 

the strip without SiNx. As shown at the bottom of the figure, an 
unstrained (001) bulk Ge reference revealed a PL peak at 
around 1.55 µm, corresponding to a photon energy of 0.80 eV. 
This value is consistent with the direct bandgap energy for 
unstrained Ge [40], implying that the observed PL emission is 
attributed to the direct band-to-band transitions. The peak was 
asymmetric, showing a tail toward the shorter wavelength. This 
is probably attributed to excited electrons and holes 
energetically distributed in the conduction and valence bands. 
The central wavelengths at the half maximum are indicated by 
dots due to the peak asymmetry. For the 100-µm-wide Ge at the 
top, the PL peak was located at a wavelength approximately 
30-nm longer than that of the bulk Ge. The presence of a tensile 
strain is qualitatively confirmed by this red shift. For 𝜀∥  ~ 
0.16% (the biaxial stress of 0.23 GPa), the theoretical C-HH 
and C-LH gap energies are 0.789 and 0.779 eV, respectively 
(Fig. 3). These energies correspond to the wavelengths of 1.572 
and 1.592 µm, respectively, implying that the observed PL 
emission is dominated by the C-HH transitions, with the optical 
density of states higher than that for C-LH. The PL red shift 
was gradually reduced when the strip was narrowed below 10 
µm due to the strain relaxation, as observed in Figs. 7 and 8. 
The heating effect caused by the laser excitation is not 
responsible for the reduced red shift since heating reduces the 
gap energy [40]. The central wavelength of the PL emission for 
a strip as narrow as 1 µm approached that of the unstrained Ge, 
making it useful for an EAM to shorten the operating 
wavelength toward the C band. However, the comparison of the 
central wavelength probably overestimated the effect of the 
strip narrowing because the highest PL intensity for the 0.9-µm 
strip was ~10-nm longer than that for the bulk Ge.  

In Fig. 9(b), the central wavelengths were plotted as a 
function of the bottom width of Ge. The wavelengths 
corresponding to the bandgap energies estimated in Fig. 2(b) 
are also shown. Although the PL central wavelengths were 
approximately 30 nm shorter than theoretical ones from Fig. 
2(b), the amount of the wavelength shift with the strip 
narrowing revealed a good agreement between the PL and 
theoretical results. To directly and accurately confirm the 
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spectral shift with narrowing the Ge strip, the absorption 
spectra of pin PDs with different strip widths are evaluated in 
the next section. 

 

        
(a) 

 
(b) 

Fig. 9. (a) PL spectra at RT obtained for Ge strips (without a SiNx overlayer) 
with different widths, and (b) central wavelengths at the half maximum of the 
PL peak as a function of the bottom width of Ge. In (b), the wavelengths 
corresponding to the estimated bandgap energies in Fig. 2(b) are also shown.  

 
Fig. 10(a) summarizes the effect of the SiNx overlayer on the 

PL spectrum. The results were compared among the 
second-narrowest 1.1-µm-wide strips because the narrowest 
0.9-µm strip exhibited a significantly low PL intensity in the 
case of the tensile SiNx overlayer, reflecting that the resultant 
direct gap widening is unfavorable for PL emission from Ge. 
After depositing SiNx with tensile stress, which should provide 
compressive stress to the underlying Ge strip, the peak was 
shifted toward the shorter wavelength compared with the PL 
peak for a Ge strip without SiNx. In contrast, a red shift was 
observed when SiNx was subjected to compressive stress. No 
such shift was observed in the case of a sufficiently wide strip 
(100 µm, not shown). This is reasonable because a narrow 
structure is required for both the edge-induced strain relaxation 
and an efficient application of external stress. Fig. 10(b) 
summarizes the central wavelength of the PL emission as a 
function of the Ge width. Compared with the strip without SiNx, 

the deposition of a tensile SiNx layer revealed a blue shift as 
large as 20 nm for a strip as narrow as 1 µm. This implies that 
an EAM of a narrow strip can operate in the entire C band by 
optimizing the SiNx stressor technique. The compressive SiNx 
deposition revealed a red shift up to 1.58 µm, which is even 
about 20-nm longer than the 1.56 µm for the 100-µm-wide Ge. 
The L band photodetection could be efficiently improved. 

 

 
(a) 

         
(b) 

Fig. 10. (a) Typical PL spectra from the 1.1-µm-wide strip with and without a 
SiNx overlayer, and (b) central wavelengths at the half maximum of the PL peak 
as a function of the bottom width of Ge. 

D. Optical Absorption Spectra 
Responsivity spectra for lateral pin PDs of a selectively 

grown Ge strip integrated with a Si WG were measured to 
observe the effect of strip narrowing more directly. As shown in 
Fig. 11(a), a strip-loaded structure of a Ge strip on a Si pedestal 
of SOI was used. In the fabrication, a lateral pin junction was 
formed in the SOI layer by phosphorus and boron implantations, 
followed by a patterning of the SOI layer to form a Si channel 
WG connected to the Si pedestal. Then, a selective growth of a 
Ge strip (approximately 200 nm in thickness) was performed on 
the Si pedestal with a SiO2 mask. After phosphorus and boron 
implantations at the sidewalls of the Ge strip, an overcladding 
layer of SiO2 was deposited. Finally, Al/Ti contanct electrodes 
were formed. More details are described in ref. [31]. Fig. 11(b) 
shows typical responsivity spectra of 40-µm-long Ge PDs with 
different strip widths of 0.5, 0.8, and 1.2 µm. Here the spectra 
were taken at 0 V to minimize the Franz-Keldysh effect. The 
noisy spectra for the 0.8- and 1.2-µm devices were derived 
from Fabry-Perot resonances because the wavelength positions 
of the fluctuations were well reproduced in the repeated 
measurements. The responsivity at the shortest wavelength of 
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about 1.46 µm was as large as 0.2 A/W, which was almost 
independent of the Ge width. This value corresponds to 
approximately 1.0 A/W when subtracting the coupling loss of 
−7 dB, indicating a quantum efficiency as high as 80%. The 
responsivity of the 1.2-µm strip decreased above 1.56 µm, 
whereas that of the 0.8- and 0.5-µm strips started to decrease at 
shorter wavelengths of about 1.53 and 1.50 µm, respectively. 
This is direct evidence of a blue shift in the optical absorption 
spectrum with the narrowing of the strip. 

 

 
(a) 

 
(b) 

Fig. 11. (a) A schematic top view of a lateral pin PD of a Ge strip and a typical 
cross-sectional transmission electron microscope (TEM) image for the Ge 
bottom width of 0.5 µm, and (b) typical responsivity spectra at 30°C. 

 
The responsivity of the 0.5-µm-wide strip was significantly 

low at around 1.55 µm. This suggests an EAM of elemental Ge 
operating in the C band, in contrast to the wider-gap SiGe alloy 
used in previous studies [28,33–36]. The same device has been 
found to operate as an EAM in the C band, as reported in ref. 
[31]. On the other hand, the 1.2-µm-wide strip revealed a high 
responsivity in the C band, i.e., a wider strip is appropriate for a 
PD in the C band. This implies that the Ge growth for PDs and 
EAMs in the C band can be merged into a single step, favorably 
simplifying the process steps for their integration. There is still 
an issue for the 0.5-µm strip, such that the low responsivity at 
around 1.55 µm appears to contradict the large optical 
absorption coefficient (>1000 cm−1) in the calculated result in 
Fig. 4(b). A compressive strain may be applied by a SiO2 
over-cladding layer to cause a blue shift. A wider-gap SiGe 
alloy formed accidentally during the annealing process may 
also be responsible for a blue shift; however, more research is 
needed to clarify this point. No special band engineering, 
except for the strip width control, is required for an EAM in 
terms of the L band operation, whereas the deposition of 
compressive SiNx is useful for PDs to enhance optical 

absorption in the L band and potentially in the U band of 1.625–
1.675 µm. In fact, the present PL result in Fig. 10(a) showed a 
significant emission intensity in the U band, suggesting a 
potential photodetection. The Franz-Keldysh effect should also 
be effective for PDs in the entire L band [19]. An enhanced 
responsivity in the L and U bands has been experimentally 
obtained by applying a reverse bias to the PDs used in Fig. 11; 
however, the detailed spectral responsivity under the reverse 
bias will be described elsewhere. The current results on the 
narrow strip show the possibility of tuning the operating 
wavelength of EAMs and PDs of elemental Ge in the C+L 
band. 

V. CONCLUSIONS 
Bandgap engineering was presented for a Ge epitaxial layer 

on Si to tune the operating wavelength of EAMs and PDs in the 
C+L band, without the use of SiGe and GeSn alloys. The key 
concept is to use a strip structure of Ge; a tensile lattice strain in 
Ge is relaxed by narrowing the strip to the submicron scale, 
restoring the narrowed bandgap of ~0.77 eV toward 0.80 eV of 
unstrained Ge. A significant blue shift was observed in the PL 
peak and photodetection spectra. A SiNx stressor also caused an 
increased blue shift or an opposite red shift. The results show 
the possibility of tuning the operating wavelength of Ge EAMs 
and PDs in the C+L band, combining the Ge growth for the 
devices into a single step. 
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