| 924 Vol. 7, No. 8 / August 2020 / Optica

Research Article

Check for
updates

Electrically injected GeSn lasers on Si operating up
to 100 K
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Monolithic lasers on Si have long been anticipated as an enabler of full photonic integration, and significant progress
in GeSn material development shows promise for such laser devices. While there are many reports focused on optically
pumped lasers, in this work, we demonstrate electrically injected GeSn lasers on Si. We grew a GeSn/SiGeSn heterostruc-
ture diode on a Si substrate in a ridge waveguide laser device and tested it under pulsed conditions, giving consideration
to the structure design to enhance the carrier and optical confinement. The peak linewidth of 0.13 nm (0.06 meV) and
injection current curves indicated lasing, which was observed up to 100 K with emission peaks at 2300 nm. We recorded
a threshold of 598 A/cm? at 10 K. The peak power and external quantum efficiency were 2.7 mW/facet and 0.3%,
respectively. The results indicate advances for group-IV-based lasers, which could serve as a promising route for laser

integration on Si.
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1. INTRODUCTION

Research advance in GeSn semiconductors has opened a new
avenue for the development of Si-based optoelectronic devices
[1-3]. With Sn content over 8%, GeSn turns into a direct
bandgap material, which is essential for efficient light emis-
sion. Furthermore, the GeSn epitaxy is monolithic on Si and fully
compatible with complementary metal-oxide semiconductors.
The broad wavelength coverage also makes it versatile for mid-
infrared applications, such as bio/chemical sensing, spectroscopy,
and pyrometry [4,5]. All these advantages make GeSn material
a promising candidate for the integrated light source on the Si
platform that enables the system to be more compact, low cost,
efficient, and reliable.

In the last few years, there was considerable progress in the
development of optically pumped GeSn lasers. The first GeSn
laser was presented with a 12.6% Sn composition operating at
temperatures up to 90 K [6]. Later, higher Sn incorporation was
reported to be beneficial on elevating the lasing temperature [7,8].
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Further attempts on 20% Sn incorporation resulted in near-room-
temperature lasing operation [9]. SiGeSn/GeSn heterostructure
and multiple-quantum-well lasers were achieved with reduced
threshold [10,11] as well as elevated operating temperatures [12].
Efforts on strain engineering of the GeSn lasers showed great
improvements in device performance as an alternative route to
incorporating more Sn. Chrétien e a/. showed the laser operating
temperature as high as 273 K with 16% Sn composition [13]. A
continuous-wave optically pumped laser was reported with Sn
composition as low as 5.4% in a tensile strained disk structure
[14]. Thus far, all GeSn lasers were reported using optical pumping
and how to achieve electrically injected lasers as predicted earlier
[15,16] remains elusive.

Here we present the first demonstration of electrically injected
GeSn diode lasers. The GeSn/SiGeSn double heterostructure was
grown, which ensures the carrier-and-optical confinement. To
address the hole leakage due to a type II band alignment between
GeSn and the top SiGeSn barrier, the p-type top SiGeSn layer

was designed to facilitate the hole injection. The ridge waveguide
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GeSn lasers were fabricated, and pulsed lasing was observed up to
100 K. The threshold was measured at 598 A/cm? at 10 K. The
characteristic temperature 7; was extracted from 76 to 99 K at the
temperature range of 10 to 77 K for different devices.

2. EXPERIMENT

The laser diode structure was grown via an industry-standard
chemical vapor deposition reactor using commercially available
precursors on a 200 mm (100) Si substrate. Five epitaxial layers
were grown from bottom to top: i) a nominal 500 nm thick strain-
relaxed Ge buffer layer, with n-type doping of 1 x 10! cm™3;
i) a 700 nm thick GeSn buffer layer using the spontaneous
relaxation enhanced growth method [17], with nominal Sn
composition from 8% (bottom) to 11% (top) and n-type dop-
ing of 1 x 10Y cm™3; i) a nominally intrinsic 1000 nm thick
Gep39Sng.11 active layer; iv) a 170 nm Sig03GeggoSno s cap
layer with p-type doping of 1 x 10" cm™; and v) a 70 nm
Sig.03Gep 89Sng,0s ohmic contact layer with p-type doping of
1 x 10" cm™3. All doping growth was done 7 situ by introducing
corresponding doping gases. The cross-sectional schematic of the
laser device is shown in Fig. 1(a). The compositions of Sn and the
layer thickness were measured by x-ray diffraction and transmis-
sion electron microscopy techniques (see Supplement 1 Sections 1
and 2 for details).

After the growth, the sample was fabricated into ridge wave-
guide laser structures and then cleaved into individual devices
with the cavity lengths of 0.3, 0.5, 0.8, and 1.7 mm. The 80 um
wide ridges were formed by wet etching. The etching depth was
controlled at 1.4 pm to expose the GeSn buffer layer for metal con-
tacts. Electron beam evaporated Cr and Au were deposited as both
2 and 7 electrodes through a liftoff process with the thickness of
10 nm and 350 nm, respectively. The Si substrate was lapped down
to 140 um thick, followed by cleaving to form the Fabry—Perot
cavity. Finally, the devices were wire-bonded to a Si chip carrierand
mounted in a cryostat for low-temperature measurements.

The current-voltage (IV) measurement was performed using
a direct current source measurement unit. For the pulsed mea-
surement, a pulsed high-compliance voltage source was used to
drive the laser, and the current was monitored by a calibrated mag-
netically coupled current meter. The repetition rate of 1 kHz and
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Fig. 1. (a) Cross-sectional schematic of laser device; (b) Calculations
of band structure and profile of fundamental TE mode. Band structure
shows type Il alignment between GeSn active and SiGeSn cap layers at LH
band. Mode profile shows 75% of the optical field overlapped with the
GeSn active region.

pulse width of 700 ns were used for the spectra and light output
versus injection current (LI) measurements. The electrolumines-
cence and photoluminescence (PL) emission signal was collected
and analyzed through a monochromator (10 nm resolution) and
liquid-nitrogen-cooled InSb detector (response range 1-5.5 um).
The high-resolution spectra were obtained by using a Fourier-
transform infrared spectroscopy (FTIR) instrument equipped
with the InSb detector. Step-scan mode was used with a 0.25 cm ™!
resolution for the measurement.

3. RESULTS

The device band edge diagram at 300 K was calculated based on
the method described in Ref. [18] and plotted in Fig. 1(b). Four
subbands including indirect L (E 1) and direct I' (E.r) valleys in
the conduction band (CB) and heavy hole (E,4) and light hole
(Eyn) in the valence band (VB) were considered. The following
features are obtained from Fig. 1(b): i) the GeggoSng11 active
layer has a direct bandgap with the energy difference of 92 meV
between the L and T valleys. The high degree of relaxation in this
layer results in the small difference between heavy hole (HH)
and light hole (LH) band. ii) In the CB, both the I and L valleys
feature type I alignment due to the wider bandgap energies of
the Sig.03Gep g9Snp s cap and the GeSn buffer. Note that the Sn
composition increases in the GeSn buffer (8%~11%) along the
growth direction, leading to the decrease of both I" and L valleys
in energy with I' more rapidly than the L valley. iii) In the VB, the
HH band features type I band alignment. The LH exhibits type II
band alignment at the cap/active layer interface due to the tensile
strain within the Si0.03G60.895n0.08 cap.

The fundamental TE mode was plotted (dashed curve) to show
the optical field distribution. The refractive index for each layer was
taken from our previous study [19]. The optical confinement fac-
tor (optical field confined in the Geg g9Sng 17 active region) was cal-
culated as 75% using the wavelength at 2.3 um.

The typical pulsed LI curves from the 0.8 mm cavity length
device were plotted in Fig. 2(a) at temperatures from 10 to 100 K
(maximum lasing temperature). The threshold current densities
are measured as 0.74 and 3.9 kA /cm? at 10 and 100 K, respectively.
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Fig. 2.  (a) LI curves of the 0.8-mm cavity length device from 10 to

100 K; (b) LI curves at 77 K for four devices with different cavity lengths;
(c) Threshold of each device at 77 K; (d) Temperature-dependent IV of
the 0.8-mm cavity length device.
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At 10 K, the emission shows a saturation feature at 7.5 kA/cm?.
The maximum peak power was measured as 2.7 mW/facet.

The LI characteristics of devices with different cavity lengths
were studied, as shown in Fig. 2(b), at 77 K. The threshold cur-
rent densities were measured as 2.4, 1.6, 1.5, and 1.4 kA/cm? for
devices with cavity lengths of 0.3, 0.6, 0.8, and 1.7 mm, respec-
tively, as shown in Fig. 2(c). As cavity length (L) increases, the
decreased lasing threshold is mainly due to the reduced mirror loss
(o< 1/L). The 1.7 mm device has the lowest threshold among four
devices, with the value of 598 A/cm? at 10 K. The temperature-
dependent thresholds for all four devices were extracted and
summarized (see Supplement 1 Section 6 for details). Moreover,
the saturated emission intensity increases as L increases, except
for the 1.7 mm device (no higher current could be applied due to
device damage).

The typical IV characteristics of the 0.8 mm cavity length device
were measured at various temperatures as plotted in Fig. 2(d). The
series resistance is extracted as 1.2 €2 at 10 K. The IV characteristics
are consistent with our previous GeSn diode studies [20,21], where
the detailed IV analysis was reported. Under the pulsed current
operation, low duty cycle and short pulse width were chosen to
minimize the joule heating.

The emission spectra below and above threshold were investi-
gated. Figure 3(a) shows the spectra of the 0.3 mm cavity length
device under various current injection levels at 10 K. Below the
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Fig.3. Emission spectra at various current injection levels. (a) 0.3-mm
device at 10 K. Inset: extracted FWHM versus current density (spectral
resolution of 10 nm); (b), (c), and (d) 1.7-mm device at 10 K, 77 K, and
100 K. Inset in (d): extracted FWHM vs current density; (e) log-scale plot
of spectra in (d); (f) far field pattern from 1.7-mm device at 77 K.

threshold, the peak full width at half-maximum (FWHM) was
64 nm, while above the threshold the FWHM became ~20 nm as
shown in Fig. 3(a) inset. Note that the relative broad peak linewidth
of 20 nm is due to the spectral resolution of 10 nm. At 10 K, the
lasing emission peak was observed at 2250 nm.

Figures 3(b)-3(d) show the emission spectra of the 1.7 mm
cavity length device at 10, 77, and 100 K, respectively. At each
temperature, as the injection current density increases from below
to above the threshold, the significantly increased peak intensity
and reduced FWHM were observed, both being evidence of the
lasing characteristic. At 10 K, the measured peak position is the
same as for the 0.3 mm device, i.e., at 2250 nm. At 100 K, the las-
ing peak redshifts to 2300 nm as expected due to the narrowed
bandgap. The log-scale plot of Fig. 3(d) is shown in (). Above the
threshold, the stimulated emission peak stands out from the broad
spontaneous emission.

The far-field pattern was measured at the cross-section plane
4 cm away from the laser facet. Two major peaks were observed,
indicating multimode operation as shown in Fig. 3(f). The
FWHMs of the major peak at the center are estimated around 16
and 12 deg along the fast and slow axis, respectively.

To further study the lasing characteristic, high-resolution spec-
tra were measured using a FTIR. Figure 4 shows the spectra of the
0.8 mm cavity length device at 77 K under various current injec-
tions. Above the threshold, the multimode lasing characteristic
was clearly observed. The minimum FWHM of the individual
peak is measured as 0.13 nm (or 0.06 meV). The dramatically
reduced peak linewidth under higher injection is one of the lasing
characteristics. At above 1.42 X threshold, the peak at 2307 nm
dominates the lasing spectrum.

The temperature-dependent threshold for each device was
analyzed. The characteristic temperature T, was extracted using
the empirical relation [22] J,;, = Joexp(T/Ty), where [, is the
threshold current density, Jy is a constant, and 7 is the temper-
ature. For each device, two regions, from 10 K to 77 K and from
77 K to 100 K can be clearly observed as shown in Fig. 5 (except
the 0.3 mm device, whose maximum lasing temperature is 90 K).
From 10 K to 77 K, three devices (0.3, 0.6, and 0.8 mm) exhibited
T, above 90 K, while the 1.7 mm device showed T of 76 K. From
77 K to 100 K, three devices show T values close to ~30 K as a
result of the significantly increased threshold.
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Fig.4. High-resolution spectra of 0.8-mm cavity length device at 77 K

under various current injections.
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Fig. 5. Extracted 7; for each device. For the 0.3-mm device, the data
point of threshold at 90 K was excluded from data fitting.

4. DISCUSSION

In comparison with obtaining optically pumped lasers, there are
special considerations for both carrier confinement and optical
confinement in this work for the device structure design. In con-
sidering the carrier confinement in these laser devices, the result of
the band structure calculation shown in Fig. 1(b) reveals thata type
II band alignment between the GeSn active and SiGeSn cap layers
in LH at VB. The type II alignment is originated from the tensile
strain of the SiGeSn cap lifting the LH band above that in the GeSn
active layer. As a result, the hole leakage at the top surface could
lead to an increase in the lasing threshold. Therefore, this design
is not ideal for optically pumped devices. However, for electrically
injected devices, in order to address this poor hole-confinement
issue, the top SiGeSn layer was intentionally doped as p type in
this work. As the holes are injected from the top SiGeSn cap layer,
they are forced to flow to the GeSn active region. Since there are
hole barriers in both HH and LH bands at VB between GeSn active
and GeSn buffer layers, the holes could be confined in the active
region to facilitate the population inversion. While the electrons
are injected from the bottom GeSn buffer with the n-type contact,
the electron barrier in I' valley (lower band than L valley) in CB
between the GeSn active and the top SiGeSn cap prevent the leak-
age of electrons and confine them in the active region. This p-i-n
device structure design, rather than the n-i-p structure, which may
utilize the p-type unintentional background doping of the GeSn
buffer, effectively minimizes the hole leakage and enhances the
carrier confinement. Similar asymmetric confinement structure
design can be found in early III-V double-heterostructure lasers
[23,24].

In order to increase the optical confinement, it is necessary to
address the small difference in the refractive index between Ge
(4.03 at 2.3 um) and GeSn (4.1~4.2 with different Sn %). To
increase the mode overlap with the GeSn active layer, an overall
240 nm thick SiGeSn cap layer was grown on top of the GeSn
active layer, which pushes the peak intensity of the optical field
into the active region, resulting in a 75% mode overlap with the
GeSn core layer whose thickness is 1000 nm as shown in Fig. 1(a).
For optically pumped laser devices, the optical field can be well
confined since there is nothing but the air above the cap layer.
However, for the electrically injected laser devices, due to the metal

contact above the cap layer, the thickness of the SiGeSn cap needs
to be carefully optimized to minimize the optical loss via the metal
thin film. The current thickness is selected as a compromise of the
SiGeSn growth capability and the metal optical loss.

The lasing spectra were further examined with the PL study
of the active region (see Supplement 1 Section 4 for details). The
lasing peak from the 0.8 mm cavity length device features a nar-
row linewidth (~23 nm) compared to that of the PL spectrum
(205 nm). In addition, the 77 K high-resolution spectra in Fig. 4
reveals the details of the spectrum, where the multiple longitudinal
peaks (with subnanometer individual peaks) form an envelope that
shown as a single peak in the low-resolution measurement. The
dramatic reduction of peak linewidth indicates the onset of lasing.

7y of ~90K in the temperature range below 77 K is com-
parable with earlier reported III-V double heterostructure laser
diodes [23,25]. As temperature increases above 77 K, the carriers in
the GeSn active region could gain sufficient thermal energy to over-
come the barriers and leak into the SiGeSn cap and GeSn buffer
layers, resulting in significantly increased lasing threshold. This
leads to the considerably reduction of 7 above 77 K, ranging from
25 K to 37 K as shown in Fig. 5. By optimizing the design of the
cap and buffer layers, the improved carrier confinement at higher
temperatures can be obtained, and thus higher 7 is expected.

Note thatalthough 2.7 mW/facet peak power was obtained, the
external quantum efficiency (EQE) was estimated as 0.3% (both
facets power counted), which is relatively low even compared with
early reported III-V double-heterostructure lasers [23]. This might
be attributed to low injection efficiency due to the material band
structure (close to indirect bandgap), current leakage due to poor
carrier confinement, and the high internal optical loss. A thorough
study will be the next step to quantitatively investigate the origin of
low EQE.

To further improving the device performance, investigations of
new structure designs are underway, which include: i) increasing
the Sn content to increase the bandgap directness so that injection
efficiency can be increased; ii) adding an SiGeSn buffer on the
n layer to enhance the hole confinement; iii) improving mate-
rial quality and fabrication technique to minimize the interface
defects and surface roughness so that internal optical loss can be
reduced; and iv) reducing doping levels to minimize the free carrier
absorption.

5. CONCLUSION

We have demonstrated electrically injected GeSn/SiGeSn
heterostructure lasers that were grown on a Si wafer using a com-
mercial CVD reactor. The narrow peak linewidth of 0.13 nm
(0.06 €V) and LI curve characteristics evidentially confirm the
lasing. The multimode lasing characteristics were observed by
high-resolution spectra. The lasing threshold of 598 A/cm? at
10 K was obtained. The maximum lasing temperature was mea-
sured as 100 K with 2300 nm peak wavelength. The p—i—n
structure design enhances the carrier confinement by reducing the
hole leakage through the type II band aligned cap layer. The peak
power was measured as 2.7 mW/facet at 10 K, corresponding to
calculated EQE of ~0.3%.
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