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GeSn lasers enable the monolithic integration of lasers on the Si platform using all-group-IV direct-bandgap
material. The GeSn laser study recently moved from optical pumping into electrical injection. In this work,
we present explorative investigations of GeSn heterostructure laser diodes with various layer thicknesses and
material compositions. Cap layer material was studied by using Sij 3Geg goSng oz and Geg 95Sng o5, and cap layer
total thickness was also compared. The 190 nm SiGeSn-cap device had threshold of 0.6 kA /cm? at 10 K and a
maximum operating temperature (7',,,) of 100 K, compared to 1.4 kA /cm? and 50 K from 150 nm SiGeSn-cap
device, respectively. Furthermore, the 220 nm GeSn-cap device had 10 K threshold at 2.4 kA /cm? and T, at
90 K, i.e., higher threshold and lower maximal operation temperature compared to the SiGeSn cap layer, indicat-
ing that enhanced electron confinement using SiGeSn can reduce the threshold considerably. The study of the
active region material showed that device gain region using Gejg;Sng ;3 had a higher threshold and lower T,
compared to GegySng ;1. The performance was affected by the metal absorption, free carrier absorption, and
possibly defect density level. The maximum peak wavelength was measured as 2682 nm at 90 K by using
Gey.g7Sng 13 in gain regions. The investigations provide directions to the future GeSn laser diode designs toward
the full integration of group-IV photonics on a Si platform. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.443144

1. INTRODUCTION

SiGeSn alloys have attracted considerable attention in recent
years as a versatile material system enabling all-group-IV-based
optoelectronic device integration [1,2]. Specifically, direct-

comparison between ridge waveguide lasers and micro-disk
lasers provided further insight into the importance of optical
confinement and heat dissipation [10]. Studies of the optically
pumped lasers ranged from bulk lasers [11] to heterostructures

bandgap GeSn offers a route toward monolithic integration
of light sources on Si for mid-infrared applications [3]. The first
set of GeSn lasers was demonstrated under optical pumping at
temperatures up to 90 K [4]. Since then, the studies of GeSn
lasers have made inspiring leaps in maximum operating temper-
ature (7',,) up to near room temperature [5—7], with ex-
panded wavelength coverage up to 4.6 pm [8], and with
reduced thresholds of continuous-wave operation [9]. The

2327-9125/22/010222-08 Journal © 2022 Chinese Laser Press

[6] and multiple-quantum-well lasers [12,13]. The threshold
was reduced by introducing carrier-confinement structures.
Furthermore, an increase in the Sn composition of the GeSn
active region led to lasing at elevated temperatures [6,7]. All
these effects were studied under optical pumping.

The electrically injected GeSn laser diode is of even greater
interest, as it can be fully integrated on the Si-based group-IV
photonics platform. However, to achieve lasing under electrical
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injection involves more challenges than that under optical
pumping. For example, extra sources of optical loss are
introduced by the metal contacts and doping. The metal is
highly absorptive so that extra layers are needed to isolate
the metal away from the optical mode while maintaining a de-
cent electrical conduction. Such layers require more precise
control during the material growth. Another challenge is the
increased free carrier absorption (FCA) loss due to increased
doping for more effective carrier injection through a pn junc-
tion, which increases laser threshold in comparison with opti-
cally pumped lasers, where carrier injection is easily achieved
with the optical absorption of the pump light.

Such differences illustrate the need to design and evaluate
the laser structures under electrical injection. Recently, an elec-
trically pumped laser operational up to 100 K was demon-
strated [14]. The devices had a minimum threshold at
0.6 kA/cm? and maximum peak power output of 2.7 mW
per facet at 10 K. Compared to using n-type contact on the
top surface, placing p-type contact on the top limited the hole
leakage from the type II band alignment between the cap layer
and the active region. The thick active region and the low re-
fractive index cap layer offered an optical confinement factor of
75%. Although this specific design leads to demonstration of
electrically pumped lasers, still uncharted are the effects of layer
thicknesses and alloy gain medium/barrier material selections,
which offers fundamental guidance for future GeSn diode laser
design.

In this work, several electrically injected GeSn heterostruc-
ture laser diodes with different cap layers and active layer ma-
terials were compared. Increased cap thickness improves the
optical confinement factor in the gain region and reduces
the optical loss from the metal contact significantly. The devices
with a thicker cap layer demonstrated reduced threshold, com-
pared to the devices with a thinner cap. Cap layer materials with
different conduction band barrier heights were also studied.
The Sig03Geg g9Sng os capped devices with a 114 meV barrier
height exhibited a lower threshold and higher 7°,,, compared
to the devices with GeygsSng s cap with a 58 meV barrier
height, which is due to the improvement on the electron con-
finement. Devices with 11% and 13% Sn composition in the
GeSn active region are compared to probe the effect of intrinsic
GeSn gain within the laser diode. Beyond the observation that
lasing at a longer wavelength was recorded at 2682 nm at 90 K,

(a) (b)
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p*~(Si)GeSn cap |
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n**-GeSn buffer

n**-Ge buffer

Si substrate

the increase of Sn composition did not show improvement on
threshold and 7', implying that extrinsic structure property
deteriorates the performance.

2. EXPERIMENT

A. Layer Structure of the Laser Diodes

The sample structures were grown on the 200 mm Si (100)
wafer using reduced pressure chemical vapor deposition.
The five layers were epitaxially grown in the sequence of
(i) a 500 nm Ge buffer, n-type doped (phosphorus) at
1 x 10" cm™?; (i) a 700 nm spontaneous-relaxation-enhanced
GeSn buffer, n-type doped at 1 x 10" cm™3; (iii) a 1000 nm
GeSn active region, undoped; (iv) the first GeSn or SiGeSn cap
layer with p-type doping (boron) at 1 x 10'® cm™; (v) 250 nm
(Si)GeSn cap layer with p-type doping at 1 x 101 cm™. The
GeSn buffer layers had a varied Sn composition: 7%-11% in
samples A to D and 10%-13% in sample E. The GeSn active
region had a composition of 11% in samples A to D and 13%
in sample E. The dislocations induced by the crystalline strain
relaxation are expected within the GeSn buffer layer. The re-
laxation leads to a Sn gradient within the GeSn buffer. The
dislocations are expected to cause a Sn gradient within the
GeSn buffer and confined within some few hundreds of nano-
meters. The GeSn active region was then grown with the same
recipe and low defect density. The standard in sizu dopant gas
was introduced to form the n-type and p-type regions. A
schematic of the laser structure is described in Fig. 1(a).
The device actual thickness, composition, and the correspond-
ing conduction band barrier height AE, between the cap layer
and active region are summarized in Table 1.

B. Device Fabrication

The laser diode devices were fabricated into ridge waveguide
laser structure. The 80 pm wide ridge structure was formed by
standard photolithography and wet chemical etching. The ridge
was etched to the n-type GeSn buffer (200 nm etched into the
buffer layer). The metal contacts (10 nm Cr + 350 nm Au)
were deposited by using an electron beam evaporator. The Si
substrate on the back side was reduced to ~140 pm thickness
by lapping, followed by a cleaving to form the facets. The cavity
length falls between 1.2 and 1.7 mm. The laser diodes were
wire-bonded onto a Si carrier with isolated Au bonding pads.

Cap total thickness: thicker vs thinner

*SiGeSn cap: Sample A (190 nm) versus Sample B (150 nm)
*GeSn cap: Sample C (220 nm) versus Sample D (100 nm)

Cap material: SiGeSn vs GeSn

o Thicker cap: Sample A versus Sample C
e Thinner cap: Sample B versus Sample D

Active region Sn composition :
11% vs 13%

e SiGeSn cap: Sample A versus Sample E

Fig. 1. (a) 3D schematic of the ridge waveguide laser designed structure; (b) three experiment groups are studied with tuning of the total cap

thickness, cap layer material, and active region Sn composition.
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Table 1. Summary of Laser Structure

p-type Cap GeSn Active Region n-type Buffer
Sample Material Thickness (nm) AE} (meV) Sn Composition (%) Thickness (nm) Material Thickness (nm)
A Sig.03Geg.g9Sn9 08 190 114 11.2 610 Geg 935100 97 950
B Si0'03G60‘895n0'08 150 1 14 10.8 430 GCO'93SHO'07 670
C Geg95Sng o5 220 58 11.2 520 Geg 935100 g7 650
D Geg 95509 o5 100 58 11.5 450 Geg 935100 g7 610
E Si0'03G6048()Sn0'08 180 131 131 540 Geo'93Sn0'O7 540

C. Experimental Design

Three sets of experiments were designed to study the GeSn laser
structures, summarized in Fig. 1(b). The first set adjusts the
total thickness of the cap layer in order to evaluate the optical
mode-profile effect on the optical confinement factor as well as
the absorption loss. Samples A and C have the designed total
cap thickness of 190 nm compared to 150 nm in samples B and
D, respectively. The second variable is the material used in the
cap layers that changes conduction-band barrier height in the
heterostructure. Sig g3Gegg9Sng g with 114 meV of barrier
height is used in samples A and B, compared to Geg 95Sng o5
with 58 meV barrier height used in samples C and D. The last
experiment evaluates the device performance affected by the Sn
composition in the GeSn active region. Sample E has a nominal
13% of Sn in the active region, compared to 11% in sample A.
Note that sample A, which was reported in Ref. [14], served as a
reference in this work.

D. Experimental Methods

The photoluminescence (PL) was measured from the cap-
removed sample. The heterostructure sample was chemically
etched, the top 600 nm of the structure was removed, and
the active region was exposed at the surface for PL characteri-
zation. The sample surface was excited by using the 532 nm
continuous-wave laser at 500 mW. The emission was collected
through the spectrometer with the InSb detector. The signal
was recorded via a standard lock-in technique.

For the electrically injected laser measurement, the chip was
mounted in a temperature-controlled cryostat for the charac-
terization. The device operated under a pulsed mode to avoid
Joule heating. The pulsed voltage source was used as the pump-
ing source with a 1 kHz repetition rate and 700 ns of pulse
width. The emission power and spectra were characterized us-
ing a grating-based spectrometer equipped with a liquid-nitro-
gen-cooled InSb detector (detection range 1.0-5.5 pm). The
spectra presented in this paper focus on comparing the peak
wavelength and on demonstrating the emission below and
above the lasing threshold. Therefore, the resolution of the
spectrometer is set at 10 nm, which is compromised to obtain
a reasonable signal-to-noise ratio for the spectrum, especially at
the low intensity level below the threshold. The absolute optical
power was measured using a calibrated power meter. The emis-
sion from the facet was coupled by a pair of convex lenses and
focused on the power meter. Note that the reflection and ab-
sorption losses through the cryostat window and lens were cal-
culated and were added to the power meter readout aiming to
report more accurate emission power. The emission was then
guided onto the InSb detector through the spectrometer for the
light output-current injection (L-I) and spectral measurements.

The detailed description of the high-resolution spectra and
the absolute power calibration process can be found in

Ref. [14].

3. RESULTS

A. Observation of Lasing

To validate the lasing operation, the devices characteristics were
measured using the same method that was detailed in Ref. [14].
According to measurement results, all devices show unambigu-
ous lasing characteristics, as the threshold indicating the
onset of lasing, dramatically reduced peak linewidth, and in-
creased peak intensity were clearly observed, which were ac-
knowledged to identify the lasing of sample A in Ref. [14].
The typical characterization results of sample E are shown
in Fig. 2.

Figure 2(a) displays the temperature-dependent L-I curves
for sample E. The threshold characteristic can be clearly
resolved. The lasing was observed at temperatures from
10 K to 90 K, with the threshold from 1.4 to 3.6 kA/cm?.
The characteristic temperature 77, was extracted as 81 K.
The maximum power output was measured of 0.7 mW/facet
under 4 kA /cm? at 30 K. From 10 K to 50 K, the kink can be
observed at ~1.5 x /1, which may be due to the switch of the
lasing mode.

Figure 2(b) shows the emission spectra below and above the
lasing threshold at 10 K. The PL spectrum at 10 K was also
plotted for comparison (dotted line). Compared to the PL peak,
the significantly reduced emission peak linewidth indicates the
onset of lasing. Note that based on our previous study [5,7,14],
the devices feature multimode operation, and therefore the ob-
served peak actually consists of multimode peaks [e.g., see the
spectra in Fig. 2(b) for 1.2x /4 and that in Fig. 2(c) for
1.0 x /], which cannot be further resolved due to the spec-
trometer resolution of 10 nm. As current injection increases
to above threshold, a narrower linewidth peak sitting on back-
ground spontaneous emission emerges, whose intensity dramati-
cally increases at 1.2 x /. This trend indicates the unambiguous
lasing characteristic. The lasing peak wavelength was measured as
2654 nmat 1.2 x /4, and 10 K. The emission spectra at 90 K are
plotted in Fig. 2(c). The spontaneous emission (at 0.9 x /)
from the active region cannot be resolved due to the low inten-
sity. In a semi-log plot, below threshold (0.9 x /), a broad peak
at ~2600 to 3000 nm with relatively weak intensity was ob-
tained, suggesting the spontaneous emission. The linewidth dif-
ference between stimulated and spontaneous emission can be
clearly identified from the semi-log spectra. The intensity of
the broad emission peak has barely changed intensity as the in-
jection increased, which is due to the pinning of the carrier
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Fig. 2. Characterizations of sample E. (a) Temperature-dependent L-I curve. (b) Lasing spectra under injections below and above threshold at
10 K. The PL spectrum was also plotted for comparison. (c) Emission spectra under injections below and above threshold at 90 K; inset: semi-log

plot of the spectra.

density contributing to the spontaneous emission. The lasing
peak can be clearly identified at injection above the threshold.
Under injection of 1.2 x Jy at 90 K, the lasing wavelength
was measured as 2682 nm.

B. Light Output-Current Injection Characteristics

The L-I curves of all devices at 10 K are plotted in Fig. 3(a).
Sample A features the lowest threshold while sample D has the
highest threshold, which are 0.6 and 3.4 kA /cm?, respectively.
It is worth noting that regarding the curve slope above the
threshold, samples A, C, and E exhibit similar slope, which
is higher than that of samples B and D. Sample A reached
the maximum power output of 2.25 mW/facet under
3.5 kA/cm?, which is the highest among all five samples.
Sample C has the second highest maximum output power at

1.05 mW/facet under 5.5 kA /cm?.

As temperature increases, sample D stops lasing above 10 K.
Figure 3(b) shows L-I curves of all other samples at 50 K. The
lowest and highest thresholds are 0.8 kA/cm? (sample A) and
2.5 kA/cm? (sample C), respectively. Sample B shows a lower
curve slope above the threshold compared to the other three
samples.

As temperature further increases, sample B stops lasing
above 50 K. The L-I curves of samples A, C, and E at 90 K
are shown in Fig. 3(c), with the corresponding thresholds of
1.8, 5.1, and 3.6 kA/cm?, respectively. The maximum opera-
tional temperature of samples C and E is 90 K, while for sample
A it is 100 K, which has been reported in Ref. [14].

Figure 4 shows the laser peak emission under injection of
1.1 x J, as a function of temperature. At 10 K, the lasing peak
of sample A was obtained at 2240 nm. For samples B, C, and D
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Fig. 3. L-I curves of each sample at (a) 10 K, (b) 50 K, and (c) 90 K.
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Fig. 4. Normalized spectra showing the lasing peaks under 1.1 x /,
injection for each sample at the corresponding operational
temperatures.

the lasing peaks were observed at ~2270-2290 nm. This is due
to the slight difference of Sn compositions in the active region.
The lasing peak of sample E is at 2654 nm, much longer than
the rest of the samples due to the higher Sn composition (13%
versus 11%) in the active region. As the temperature increases,
the peak emission shifts toward longer wavelength as expected,
which represents a narrower bandgap at higher temperature.
At 90 K, the lasing peak was obtained at 2682 nm for sample
E. Note that the lasing spectral peak shift is almost equivalent to
the temperature shift of bandgap energy, i.e., following
the Varshni relation: Egegy(7T) = Egesn(0) - aT? /(T + p),
where EGes,(0) is the bandgap energy at 0 K, and a and
are the material-dependent parameters. The values of a and
were studied in our previous work [15], which are comparable
to a III-V material system (o ~ 10* eV/K? and  ~ 200 K).

For samples A to E, the full widths at half-maximum
(FWHMs) incorporating all lasing modes were measured as
32,29, 18, 34, and 16 nm (under the 10 nm resolution spec-
trometer), respectively, at 10 K. Note that these FWHMs re-
present the gain spectral width rather than the true lasing peak
width since each incorporates a series of longitudinal modes
that cannot be resolved at 10 nm resolution. Our previous stud-
ies revealed that due to the relatively large area of the cross
section, all laser devices feature multimode operation. The
high-resolution lasing spectra showing well-resolved muldi-
peaks of sample A were reported in Ref. [14]. The character-
istics for all laser devices are summarized in Table 2.

Table 2. Summary of Laser Characteristics®

4. DISCUSSION

A. Thickness of Cap Layer [First Experimental Group
in Fig. 1(b)]

The total thickness of the cap layer considerably affects the las-
ing performance. Both comparisons (A versus B and C versus
D) show the same trend, no matter whether SiGeSn or GeSn is
used as cap layer material—that a thicker cap device has a lower
lasing threshold as well as higher maximum operating temper-
ature: at 10 K, sample A has a threshold that is 0.43 of that of
sample B, while sample C has a lower threshold that is 0.70
of sample D. For the maximum operating temperature, 100 K
for sample A versus 50 K for sample B, and 90 K for sample C
versus 10 K for sample D, were observed. The change of cap
layer thickness affects the laser performance by the following
factors: (i) optical loss from the metal contact playing the major
role, (ii) FCA within the heavily doped cap layers, and (iii) the
optical confinement factor in the active region.

The optical loss on the metal contacts was originated from
the imaginary part of the refractive index [16]. The metal ab-
sorption was extracted from the dielectric waveguide simula-
tion. Using the structure in sample A, the metal absorption
loss is plotted as a function of SiGeSn cap total thickness in
Fig. 5. The metal absorption loss is reduced from 1287 to
554 cm™! (from sample B to A) and from 1724 to 720 cm™
(from sample D to C) when the cap thickness increases from
~100 (B and D) to ~200 nm (A, C, and E). As the cap layer
thickness increases from 100 to 1200 nm, the absorption loss
decreases to as low as 1 cm™'. The calculated metal absorption
loss for each sample is summarized in Table 3. Compared to
other sources of optical loss, the metal absorption is the domi-
nating loss mechanism in the structure. Note that the metal
scattering loss is not counted here.

The FCA loss for each layer was calculated based on the
doping level and the carrier injection [17] as summarized in
Table 3. A considerable amount of FCA is introduced in
the active region, serving as the second dominating loss mecha-
nism. The n-type-doped GeSn buffer shows a relatively small
value (6-11 cm™) in each sample, while the p-type-doped cap
layer exhibits higher values (36 and 72 cm™). In the active re-
gion, the FCA level is taken, assuming high injection at
5.0 x 101® cm™. Sample E exhibits a higher FCA loss due
to a longer emission wavelength. In Fig. 5, the FCA in the
p-type cap was plotted as a function of cap thickness using
the structure of sample A. The FCA in the cap increases as
the cap thickness increases. The combination of metal absorp-
tion and FCA in the cap can be reduced to ~110 cm™! as the

Cap Layer Threshold Threshold Lasing
Thickness Sn Composition in  at 10 K at 77 K Wavelength
Sample Cap Layer Material (nm) Active Region (%) (kA/cm?) (kA/cm?) T K) T% (K) at 10 K (nm)
A Sig.03Geg.g9Sng 03 190 11 0.6 1.4 100 76 2238
B Sio'oaGCO'sgsno'Og 150 11 14 NA 50 1 19 2281
C GCOA9SSHOA05 220 11 24 3.1 90 123 2294
D Geg95Sng o5 100 11 3.4 N.A. 10 N.A. 2272
E Sio'oaceo_ggsno'og 180 15 14 2.9 90 81 2654

“T is extracted from 10 K to the maximum lasing temperature (7).
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Fig. 5. Calculated metal absorption loss and FCA loss in p-type cap
layer for sample A as functions of SiGeSn cap layer total thickness.

cap thickness reaches beyond 800 nm. This promises that the
total loss for sample A can be reduced by half at the threshold.

Opverall, it can be seen that the higher total loss results in a
larger threshold, comparing B to A (or D to C). The metal
absorption loss dramatically decreases as the cap layer thickness
increases, while the FCA loss shows limited change. As a result,
the total loss would not further decrease with the thicker cap.
Moreover, with very thick cap layer (~1000 nm), the optical
confinement in the active region may decrease due to the rel-
atively small refractive index difference (~0.2) between the ac-
tive region and cap. On the other hand, since the critical
thickness of the SiGeSn cap on GeSn is less than 100 nm,
the further relaxation of SiGeSn would result in material deg-
radation due to the generation of dislocations.

B. Cap Layer Materials [Second Experimental Group
in Fig. 1(b)]

The cap layer also serves as the top energy barrier with respect
to active region. The Sij3Gegg9Sngos and GeggsSng s are
compared as the cap layer materials. Note that both cap ma-
terials feature tensile strain due to relatively smaller lattice con-
stants with respect to the active layer, leading to type II band
alignment being obtained in the light hole (LH) in the valence
band (VB) at the cap/active interface, which creates a hole leak-
age channel. This issue was addressed by injecting holes from
the top so that the holes flow from the p-type cap layer toward
the n-type GeSn buffer, where the barrier at the active/GeSn
buffer interface could confine the holes in the active region
as described in Ref. [14]. Therefore, the electron confinement
offered by cap layers is a focus in this experiment.

Table 3. Calculated Loss and Threshold at 10 K

) O Vol. 10, No. 1 / January 2022 / Photonics Research 227
—

The conduction band (CB) barrier height of each sample
was calculated. For both comparisons (A versus C and B versus
D: Sig 03Ge.g9Sng og versus Geg9sSng gs), regardless of the cap
layer thickness, the samples using Sig g3 GeggoSng g cap have
the barrier height of 114 meV, while the samples using
Gey95Sn0 95 cap show a lower barrier height of 58 meV. The
higher barrier height improves the device performance due to
better electron confinement. (i) At 10 K, sample A has a much
lower threshold that is 0.25 of that of sample C, while sample B
has a threshold that is 0.41 of sample D. The similar threshold
reduction was also reported on III-V laser devices [18]. (ii) For
the maximum operating temperature, 100 K for sample A ver-
sus 90 K for sample C, and 50 K for sample B versus 10 K for
sample D, were obtained. As temperature increases, due
to increased thermal energy k37 that can be absorbed by
carriers, the electron confinement capability is weakened,
leading to the result that the samples using Geg95Sng 5 cap
(lower barrier height) stop lasing prior to those using
Sig.03Gep g9Sngog cap (higher barrier height). Note that, for
sample D, because of its thin Gejg5Snggs cap (100 nm), it
can only lase at 10 K.

The VB barrier height between the GeSn active and the
GeSn buffer was calculated for each sample as well. Samples
A to D show similar hole barrier height of ~30 meV. At room
temperature, such a barrier is merely more than one 437", and
therefore it is insufficient for hole confinement. A wider
bandgap material, i.e., SiGeSn, can be used to replace the
GeSn buffer for higher band barrier height in VB, to enhance
hole confinement.

Note that the accurate band offset has not been experimen-
tally verified so far, and the actual band alignment remains
uncertain. However, the difference between barrier height
has its significance to show the general laser structure behavior
qualitatively.

C. Sn Compositions in the Active Region [Third
Experimental Group in Fig. 1(b)]

Samples A (Geg g9Sng 1) and E (Geg g7Sn, ;3) are compared for
the active region materials. Our previous studies on GeSn op-
tically pumped lasers indicated that the increase of Sn compo-
sition in the active region led to the increase of the maximum
operating temperature and reduction of lasing threshold [5-7].
This is attributed to the higher-Sn-induced greater directness of
bandgap in the active region, which facilitates the electron pop-
ulating the I' valley. However, in this experiment, the electri-
cally injected device with higher Sn composition neither shows
reduced threshold nor exhibits increased operating tempera-

ture: at 10 and 77 K, the thresholds of sample E (1.4 and

Active Region N-type Threshold
Metal Absorption P-type Cap FCA FCA Loss Buffer FCA Mirror Loss Total Loss at 10 K

Sample Loss (cm™) Loss (cm™) (cm™) Loss (cm™) (cm™) (cm™) (kA /cm?)
A 554 39 383 6 6 988 0.6
B 1287 51 320 7 8 1673 1.4
C 720 72 443 9 8 1252 2.4
D 1724 36 341 11 8 2120 3.4
E 1557 70 753 11 8 2399 1.4
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2.9 kA /cm?) are doubled compared to those of sample A (0.6
and 1.4 kA/cm?); the maximum lasing temperature of 90 K
for sample E is 10 K lower than that of sample A. This can
be interpreted as follows. (i) The total loss is calculated higher
in sample E than in sample A. This is mainly due to the thinner
well of sample E that leads to larger modal overlap with metal
layer and elevated FCA loss at longer emission wavelength.
(i) The optically pumped lasers rely on optical absorption
to collect the carriers. For a certain wavelength of incident light,
the absorption coefficient increases as Sn composition in the
GeSn active region increases due to narrower bandgap.
However, for electrically injected lasers, the carrier injection
efficiency does not show obvious improvement with sample
E. Characterization of band offset could provide more detailed
information. (iii) The GeSn active region with higher Sn com-
position has a larger lattice constant. The increased lattice mis-
match between the active region and the buffer leads to
increased dislocation density in the active region. Such dislo-
cations serve as the nonradiative recombination center that re-
duces the carrier injection efficiency. Recent studies on GeSn
double heterostructure LEDs show similar issue that an in-
crease of Sn composition does not directly improve the emis-
sion intensity [19,20]. Therefore, a higher Sn composition in
GeSn buffer might be helpful to maintain the high-quality ac-
tive region. (iv) Sample A has a slightly larger cavity length of
1.7 mm compared to 1.3 mm for sample E. The longer cavity
features reduced mirror loss, leading to a better performance.
Note that the difference of mirror loss between samples A and E
is relatively small (6 cm™ versus 8 cm™') compared to other
loss, and thus it is not a dominant factor in this experiment.

D. Additional Consideration

In addition to the abovementioned loss mechanism, other fac-
tors that affect the device performance are elaborated as follows.
(i) Active layer thickness. In this work, the design of sample
structure is inherited from the former optically pumped lasers,
in which a thicker active layer is preferred, aiming to have
higher light absorption. However, such absorption enhance-
ment with a thicker active layer does not apply to electrically
injected lasers. In fact, growing a thinner active region could
effectively reduce the threshold [21]. (ii) Absorption loss in
the GeSn buffer and the SiGeSn/GeSn cap. Since the GeSn
buffer is almost relaxed and heavily doped, the high density
of dislocations due to lattice mismatch would create defect en-
ergy levels in the bandgap, resulting in additional absorption
loss. The absorption tails have been reported in GeSn materials,
which leads to below-bandgap absorption with the orders of
1-10 cm™! for extra loss [22,23]. Likewise, once the thicker
cap layer beyond the critical thickness is employed, the gradu-
ally relaxed material would introduce a considerable density of
dislocations. Therefore, the lattice-matched cap layer is desir-
able, which again relies on the advance of SiGeSn material
growth capability. (iii) The scattering loss induced by sidewall
roughness. The relatively rough sidewall would result in addi-
tional scattering loss, especially for the device with a relatively
narrow ridge. Reducing the sidewall roughness by improving
the fabrication procedure is a viable solution to reduce the scat-
tering loss.

5. CONCLUSIONS

In conclusion, electrically injected GeSn laser diodes were stud-
ied with an evaluation of three factors in the structure: cap layer
thickness, cap materials, and active region materials. The
thicker capped devices feature lower metal absorption loss, of-
fering a reduction of threshold and an elevation of maximum
operating temperature. The devices with a Sig y3GejgoSng og
cap show lower threshold and higher maximum operating tem-
perature compared to the devices using a GejosSnggs cap,
which is due to the higher barrier height at the active/cap inter-
face when employing the Sij o3 Geg g9Sng g cap. The 13% Sn in
the active region, however, does not improve the device perfor-
mance in terms of lasing threshold and temperature compared
to an 11% Sn device, when the same Sij o3Geg goSng o3 cap was
used. The performance of high-Sn composition devices can be
improved by employing a thinner active layer and a cap with
less lattice mismatch, which could reduce the dislocation den-
sity. The maximum lasing peak wavelength was measured as
2682 nm at 90 K from the devices with Gej;Sng ;3 in the
active region.
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