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Monolithic lasers on Si are ideal for high-volume and large-scale electronic—photonic integration. Ge is an
interesting candidate owing to its pseudodirect gap properties and compatibility with Si complementary
metal oxide semiconductor technology. Recently we have demonstrated room-temperature photolumines-
cence, electroluminescence, and optical gain from the direct gap transition of band-engineered Ge-on-Si us-
ing tensile strain and n-type doping. Here we report what we believe to be the first experimental observation
of lasing from the direct gap transition of Ge-on-Si at room temperature using an edge-emitting waveguide
device. The emission exhibited a gain spectrum of 1590—1610 nm, line narrowing and polarization evolution
from a mixed TE/TM to predominantly TE with increasing gain, and a clear threshold behavior. © 2010

Optical Society of America
OCIS codes: 130.5990, 160.3380, 250.5960.

Monolithically integrated lasers on Si have long been
one of the biggest challenges for Si-based electronic—
photonic integration [1]. Previous investigations in-
clude Si and SiGe nanostructures [2-4], Er doped Si-
based materials [5,6], GeSn [7,8], B-FeSi, [9], and
hybrid III-V lasers on Si [10,11]. Recently, our theo-
retical analysis has shown that Ge, traditionally con-
sidered an indirect gap material, can be band engi-
neered to behave like a direct-gap material by using
tensile strain and n-type doping to compensate the
energy difference between the direct and indirect
conduction valleys [12]. Indeed, direct gap photolumi-
nescence (PL) [13,14], electroluminescence (EL) [15],
and optical gain [16] at room temperature have been
demonstrated in tensile-strained n* Ge-on-Si. Here
we report the first (to our knowledge) observation of
lasing from the direct-gap transition of Ge-on-Si at
room temperature using an edge-emitting waveguide
device. The emission exhibited a gain spectrum in the
wavelength range of 1590—1610 nm, line narrowing
and polarization evolution from a mixed TE/TM to
predominantly TE with increasing gain, and a clear
threshold behavior.

The device used in the experimental study of lasing
from tensile strained n* Ge consists of trench-grown
multimode Ge waveguides with mirror-polished fac-
ets monolithically integrated on an Si wafer. The Ge
waveguides were selectively grown epitaxially on Si
by ultrahigh vacuum chemical vapor deposition using
an SiO, mask layer. Details about the selective
growth were reported earlier [17]. The Ge material
was fully relaxed at the growth temperature of
650°C, and 0.24% thermally induced tensile strain
was accumulated upon cooling to room temperature.
The tensile strain shrinks the direct gap of Ge to
0.76 eV so that its difference from the indirect gap is
reduced. The Ge material was in situ doped with 1
X 10 ¢cm™3 phosphorous during the growth to fur-
ther compensate the energy difference between the
direct (I') and indirect (L) conduction valleys and sig-
nificantly enhance the direct gap light emission
[13,14,16]. A cross-sectional scanning electron mi-
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croscopy (SEM) picture of the Ge waveguide is shown
in the inset of Fig. 1. The width of the Ge waveguide
is 1.6 um, and the height is 500 nm. The relatively
large cross-sectional dimensions were selected con-
servatively to guarantee >90% optical confinement
in the Ge gain medium for demonstration of lasing,
without optimization for the minimal threshold. The
edges of the samples were mirror polished to obtain
vertical facets for reflection mirrors on both ends of
the waveguides. The length of the waveguides is
4.8 mm. Such a long waveguide was chosen to guar-
antee a mirror loss of <10 cm™!, which is much
smaller than the optical gain of Ge [16]. The reflec-
tivity at an ideal facet is estimated to be 37%, consid-
ering the index contrast between Ge and air, corre-

sponding to a mirror loss of 2 cm™'.
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Fig. 1. (Color online) Edge-emission spectra of a Ge wave-
guide with mirror polished facets under 1064 nm excitation
from a @-switched laser with a pulse duration of 1.5 ns and
a repetition rate of 1 kHz. The spectral resolution of the
measurement was 2 nm. The three spectra at 1.5, 6.0, and
50ud/pulse pumping power correspond to spontaneous
emission, threshold for lasing, and laser emission. The ar-
row indicates the peak optical gain wavelength reported in
[16]. The inset shows a cross-sectional SEM picture of the
Ge waveguide and a schematic drawing of the experimen-
tal setup for optical pumping.
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The experimental setup for optical pumping is
schematically shown in the inset of Fig. 1. The entire
waveguide was excited by a 1064 nm @-switched la-
ser with a pulse duration of 1.5 ns and a maximum
output of 50 ud/pulse operating at a repetition rate of
1 kHz. The pump laser was focused into a line of
~7 mm long and ~0.5 mm wide by a cylindrical lens
and vertically incident on top of a Ge waveguide, as
schematically shown in the inset of Fig. 1. Consider-
ing ~10% coupling losses due to lenses and mirrors
in the system, ~37% reflection loss at the Ge surface,
and an absorbance of ~0.6 for 500-nm-thick Ge at
1064 nm wusing an absorption coefficient of
16000 cm™! reported in [18], the actual peak pump
power density absorbed by Ge is ~300 kW/cm? for
50 u J/pulse output power. The pulsed edge emission
from the Ge waveguides is collected into a monochro-
mator and detected by an InGaAs photomultiplier.

Figure 1 shows the light emission spectra of a Ge
waveguide under different pumping levels with a
spectral resolution of 2 nm. At 1.5 uJ/pulse, the emis-
sion from the waveguide shows a broad band with a
maximum around 1600 nm, consistent with PL and
EL spectra of 0.2% tensile strained Ge reported ear-
lier [13-15]. Clearly, at this stage spontaneous emis-
sion dominates the spectrum. As the pump power in-
creases to 6.0 ud/pulse, emission peaks emerge at
1599, 1606, and 1612 nm, and a shoulder appears at
1594 nm. This change in the emission spectrum oc-
curs at the pump power corresponding to the thresh-
old behavior in Fig. 2, marking the onset of transpar-
ency from —100 cm™! loss to ~50 cm™! gain [16]. The
emergence of emission peaks between 1600 and
1610 nm at the threshold of lasing is also remarkably
consistent with the optical-gain spectrum peaked at
1605 nm reported in [16]. As pump power increases
to 50 ud/pulse, the widths of the emission peaks at
1594, 1599, and 1605 nm significantly decrease,
while the polarization evolved from a mixed TE/TM
to predominantly TE with a contrast ratio of 10:1 ow-
ing to the increase of optical gain, as expected for
typical lasing behavior. The strongest emission peak
blueshifts from 1600 nm to 1594 nm, and two new
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Fig. 2. Integral emission intensity from the waveguide fa-
cet versus optical pump power showing the lasing thresh-
old. The pump pulse width is 1.5 ns, and the absorbed
pump power density at threshold is 30 kW/cm?. The spec-
tral resolution of the measurement was 2 nm.

peaks appear at shorter wavelengths. This result is
consistent with the fact that the gain spectrum shifts
to shorter wavelengths with the increase of carrier
injection due to occupation of higher energy states in
the direct I' valley [12]. The two strongest and nar-
rowest emission lines at 1593.6 and 1599.2 nm are
most likely due to higher gain coefficients compared
to other wavelengths. This explanation is also consis-
tent with typical bell shapes of gain spectra, where
maximum material gain is achieved at photon ener-
gies slightly larger than the band gap (~17 meV
above the band gap in this case). The multiple emis-
sion peaks are most likely due to multiple guided
modes in the Ge waveguide. In fact, nine guided
modes are supported in the Ge waveguides used in
this study because of the high index contrast between
Ge (4.2) and air (1.0). The effective refractive indexes
of the first six modes are very close, ranging from
4.08 to 3.82. Coexistence of lasing modes can be en-
abled by a broad-enough gain spectrum under a high
excitation of 300 kW/cm? in this case. Indeed, similar
behavior has been observed in an early work on
multimode III-V semiconductor lasers, where two
modes of comparable emission intensity were ob-
served in the spectrum with a separation of 10 nm
[19].

Figure 2 shows the integral emission intensity ver-
sus pump power. An obvious threshold behavior is
demonstrated. The threshold pumping energy is
~5ud, consistent with the emission spectrum in Fig.
1 under 6 wJ optical pumping that shows the emer-
gence of emission peaks between 1600 and 1610 nm.
The absorbed pump power density at threshold is
~30 kW/cm?, corresponding to ~35 kA/cm? injection
current density in electrical pumping. The threshold
current density is expected to decrease to several
kA/cm? with increased n-type doping concentration
in Ge [12]. The n-type doping level of low 10! cm~2 in
this study is limited by the out-diffusion of phosphor-
ous during the Ge growth and can be improved by
process optimization considering that the solubility
of P in Ge is larger than 10%° cm=2 [20].

Figure 3 shows a high resolution scan of the emis-
sion line at 1593.6 nm using the highest available
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Fig. 3. (Color online) High-resolution scan of the emission
line at 1593.6 nm using the highest available spectral res-
olution of 0.1 nm. Longitudinal Fabry—Perot modes are
clearly observed, and the period is consistent with the Ge
waveguide cavity length of 4.8 mm.



resolution of the measurement system of 0.1 nm. Pe-
riodic peaks corresponding to longitudinal Fabry—
Perot modes are clearly observed in the spectrum,
similar to early reports on III-V semiconductor la-
sers with Fabry—Perot cavities under short pulse op-
tical pumping [21,22]. The linear fit shown in the in-
set of Fig. 3 indicates a longitudinal mode spacing of
0.060+0.003 nm, in good agreement with the calcu-
lated Fabry—Perot mode spacing of 0.063 nm for a
4.8-mm-long Ge waveguide cavity. The incomplete
separation of the longitudinal modes is typical of
short pulse pumping owing to transient changes in
gain spectrum and refractive index [20,21], convolved
with the resolution limit of the system in this case.

In conclusion, we have demonstrated an optically
pumped edge-emitting multimode Ge-on-Si laser op-
erating at room temperature with a gain spectrum of
1590-1610 nm. Evidence of lasing consists of line
narrowing and polarization evolution from a mixed
TE/TM to predominantly TE with increasing gain,
and a clear threshold behavior marking the onset of
transparency. The gain spectrum is remarkably con-
sistent with the band structure of tensile strained Ge
observed previously [16]. Considering that Ge has al-
ready been applied to Si CMOS electronics and inte-
grated photonic devices, a Ge-on-Si laser is a desir-
able choice for monolithic electronic—photonic
integrated circuits.
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