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Abstract

This final report presents results obtained and progress made during September 20™", 2017 to March
19, 2019. This project is a part of the greater effort for the development of Si photonics that
broadens the reach of Si material and technology beyond electronics. The focus of the project is
the development of photonic devices based on the group-1V alloys, SiGeSn and/or GeSn that can
be integrated with the CMOS Si technology. In this project, we have made progress on three fronts.
One is on the GeSn quantum structures that can benefit a range of photonic devices. The second
is on light emitting diodes whose emission can be in-plane coupled into group-1V waveguides and
subsequently be detected by GeSn based waveguide detectors. The third includes the
demonstration of GeSn based vertical light emitters and optically pumped lasers. This report
highlights the main achievements in these three areas.

1) GeSn-based quantum well structures and type-I carrier confinement

The GeSn-based quantum wells (QWSs) have been the focus of this study for the achievement of
direct bandgap QWs with type-I band alignment that improves carrier confinement [1, 2]. Such
QWs are particularly important for developing efficient light emitting devices such as LEDs and
lasers. In this work, we conducted the systematic study of light emission from the
Geo.91SN0.09/Geo.g5SN0.15/Ge0.91SNo.09 double QW structure. Two double QW samples, with the
thicknesses of Geo.gsSno.1s well of 6 and 19 nm, were investigated as shown in Fig. 1, along with
their HRXRD 26-® scans and SIMS plots.
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Figure 1. (al) (a2) HRXRD 26-w scan of samples A and B. The black and red curves are measured data
and simulation results, respectively. Inset: The RSM contour plot; (b1) (b2) SIMS of samples A and B
showing the Sn composition in each layer; (c1) (c2) TEM images of samples A and B.

Band structure calculations revealed that both samples feature type-I band alignment as shown in
Fig. 2. By increasing the Sn composition in GeSn barrier and quantum well, the QW layer featured
increased energy separation between the indirect and direct bandgaps towards a better direct gap
semiconductor. Moreover, the thicker well sample exhibited improved carrier confinement
compared to the thinner well sample due to lowered first quantized energy level in the I valley.

a b) c) d)
oso |2 1F - AE(R 1F 1 F
lﬁEg’B AE(.. 93 meV £UB
r 17mev) r 11'“" LB M . EMB L-LH
o b 13 1L _ 1 LL Eifhe Eillum 1 ILEC L—LH |
) _‘___ mr _ T _ _ 1 __\___‘—v_ - _ 4 LY __——— A 14
l T "gUT
LB INg 33 meV
oss L |Er=Hu 1 L|gee 1L I8 DN ] N N eme
: T—LH N & = @
R ow IR S & 5 N 3 ~
eI ESY (& TR g IR 77 |z 3 77 |5 ] 2|7
020fF|5 z ] 3 r-14 |5 JL |3 ] 3 >
3 3 = 3 3
[| _ Duna L3 _1pbd_- 1L R I S IR IR
o010} 1 F 1L | ] _I A
HH s s 4 J HH fsamev 1 I
E E g o g 3-8 LH AE#B 54 meV LH ;‘92;';\’
of 32 283 [&° 1t AEYP 1t a'E]
= 7 = u
. 2, . . . . . . . LB . . . ,
75 0.0 75 15.0 75 0.0 75 15.0 75 0.0 7.5 15.0 75 0.0 75 15.0
position (nm) position (nm) position (nm) position (nm)

2

DISTRIBUTION A Distribution Approved for Public Release: Distribution Unlimited



0.70 |

LB MB
L ErZw ElCiw

oes I’ |35 mev

056 || Er-aH N N
PAL] L = o
w0 EW| 3 1 <~
020 F| & El
w p=}
= 3 3
MHH
a10 | _—
HH =]
) 0 |3T MEB LH
B = 3= £ |59 ALY
wof@ 2 5 a = ]
O = - 3 N B 7
3
o % 2
= 166 meV A pUB
et TSI T et et B ST T I
7 0 18 20 385 420 7 0 18 20 385 420 7 0 18 20 385 420 7 0 18 20 385 420
position (nm) position (nm) position (nm) position (nm)

Figure 2. Top: for sample A. Band diagram calculated based on measured material data, showing the carrier
confinement and the possible band-to-band optical transitions between (a) I'-HH; (b) I'-LH; (c) L-HH; and (d)
L-LH. (Unit: meV). Bottom: for sample B. (e)-(h) The similar band diagram and optical transition calculations.

At 300 K, the QW emission peaks at 2560 nm and 2800 nm for samples A and B were observed,
respectively. The peak intensity increased dramatically as temperature decreased to 10 K,
indicating a typical direct bandgap behavior. The transitions from Ge and GeSn barriers were also
obtained and the peaks are partially overlapped due to small energy separation. Comparing
samples B to A, the higher Sn composition in well and increased well layer thickness lead to the
bandgap more directness and significantly enhanced carrier confinement of sample B. Particularly
at lower temperature, the sufficient carrier confinement of sample B results in hundreds times
integrated PL intensity increase under CW pump lasers, and the QW emissions dominating the PL
under both CW and pulse pump lasers.

2) Room-temperature GeSn light-emitting diode for in-plane coupling to group-1V
waveguides

This work is a study on a Si-based GeSn p-i-n homojunction light-emitting diode (LED) designed
as an on-chip light source for integrated-photonic applications such as chem-bio sensing and short-
reach optical communications [3]. The room-temperature LED emits primarily in-plane, unlike the
prior-art Ge/GeSn/Ge heterojunction PIN diodes that emit mainly vertically into free space. The
schematic of the LED structure is shown in Fig. 3, which is deliberately constructed to have the
following features: (1) ease of manufacture in a foundry via a simple epitaxial structure, (2) ease
of end-fire coupling into on-chip transparent Ge or Si waveguides in close proximity, (3) emission
in the new 2-pum communications band where new low-loss fibers operate, (4) ion implanted P and
N doping, (5) ease of making source arrays, (6) monolithic construction for the “all-group-1V”
photonics scenario, and (7) compatibility with photonic and optoelectronic circuits.
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Figure 3. Schematic of the GeSn-based mesa diode that couples into an in-plane waveguide.

Because the index of refraction of the intrinsic GeSn region is higher than that of its surroundings,
light is partially confined in that GeSn “core”, giving channel waveguiding that causes
directionality of infrared emission along the long axis of the mesa. We estimate that 30% of the
total 4z steradian emission is emitted from each of two end facets, and that 40% of the total is
emitted into the substrate-and-superstrate regions. The end-fire emission from a facet is ideal for
direct butt-coupling to an adjacent inline transparent Si or Ge channel waveguide. The present
mesa is a low-Q Fabry Perot cavity with uncoated mirrors.
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Figure 4. Temperature-dependent electroluminescence spectrum of the sample.

The EL spectra under injection, with a current density of 0.362 A/cm? are plotted in Fig.4 across
the spectral window of 0.58 to 0.70 eV. At room temperature, a broad feature is observed with a
peak energy at 0.63 eV (1.968 um). This is below the indirect bandgap of bulk Ge of 0.66 eV,
therefore, this observation is attributed to signals originating from the GeSn. As mentioned, the
signal is associated with an indirect optical transition. With a reduction in the temperature, the
peak position of the spectrum progressively shifts to a higher energy, reflecting the characteristic
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of a band-to-band optical transition associated with the increase of the energy bandgap of GeSn,
consistent with previous reports.

This study shows that ion implantation is a practical alternative to the conventional method of
incorporating dopants during epitaxy. The ion technique has several advantages; the fabrication
process is CMOS compatible, the doping level in the area can be increased simply by changing
the dose level (or the energy of the ion beam), and it is not limited by the solid solubility of Sb in
Ge (or B in Ge) which limits conventional doping. The dopant level is important for the case of a
GeSn photodiode because the diode’s responsivity increases as the dopant level at the electrodes
increases. Most importantly, this implies that both emitters and detectors can be fabricated within
the same GeSn layer, providing a path for “complete” integration of group 1V optoelectronics.

3) GeSn based vertical light emitters and optically pumped lasers

We have demonstrated the first electrically-injected GeSn vertical-cavity surface emitter (VCSE)
grown on SOI substrates [4]. We introduce a vertical cavity with the GeSn active layer to enhance
the light emitting efficiency. Figure 1(a) illustrates a schematic diagram of the p-i-n Ge/GeSn/Ge
double barrier heterostrucrure (DHB) VCSE grown on an SOI substrate via a virtual substrate
(VS). The p-i-n structure features a GeSn active layer with reduced energy difference between the
direct and indirect conduction band edges, compared to pure Ge for enhancing direct transitions.
In addition, the buried oxide (BOX) layer and the deposited SiO> layer serve as the top and bottom
reflectors, respectively, because of their much lower refractive index (~1.45) compared to the
GeSn p-i-n structure (~4.2), creating a vertical Fabry-Perot-like cavity for the GeSn active layer to
enhance the light emission. Figure 1(b) shows a schematic band diagram of the GeSn active layer.
The introduction of Sn into the active layer lower the energy difference between the direct and
indirect conduction band edges for enhancing light emission accomplished by direct transitions.
In addition, growing GeSn layers on Ge VS induces an important compressive strain which lifts
the degeneracy of the heavy-hole (HH) and light-hole (LH) bands. As the result, the top valence
band is HH band and the lowest direct transition is from the I'-conduction band to HH band
(cI'—-HH) which dominates the light emission process under current injection.

Figure 6(a) shows the measured room-temperature EL spectra under different continuous-wave
(CW) injected forward currents. It is seen that the emission spectra exhibit clear oscillation features
with a free spectral range of ~110 nm, providing evidences for the longitudinal resonant cavity
modes in the GeSn vertical cavity. Among these emission peaks, two distinguishable strongest
emission peaks located at A1~1767 nm and A>~1886 nm are found, labeled as peaks 1 and 2,
respectively. Measured EL spectrum and the mode envelops at 1=250 mA are shown in Fig. 6(b).
To extract the GeSn direct bandgap energy, Figure 6(c) shows the envelopes of the EL emission
spectra under different injected currents, where the envelope maximum (%) is indicated by gray
dots, which represents the lowest direct bandgap (cI'—HH) of the GeSn active layer. The envelope
maximum as a function of the injected current is depicted in Fig. 6(d). For low injected current
<100 mA, the envelope maximum is located at 1780~nm, corresponding to the cI'—>HH direct
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transition energy of 0.696 eV. As a result, peak 1 is the cavity mode near the band edge (<1781
nm) that dominates the emission process. As the injected current increases, a redshift of the
envelope is clearly observed and it becomes more apparent at higher injected currents, indicating
important bandgap narrowing (BGN). Although higher injected current (carriers) will decrease the
refractive index in the cavity that will result in blue shift of emission spectra, the observed BGN
here is mainly attributed to the increased junction temperature resulting from the Joule heating
effect. Because of the BGN effect, peak 2 becomes the cavity mode near the band edge at higher
injected currents and then dominates the radiative processes. Figure 6(e) presents the integrated
EL intensity (L) as a function of the injected current at room temperature. The L-I curve shows
that the integrated EL intensity increases rapidly with increasing injected current. The L-I curve

can be characterized using L =Al"  where A is a constant and the m factor is related to the light
emission efficiency. The extracted m-factor at different injected currents is displayed in Fig. 6(f).
The m factor increases rapidly from 1.88 at I=60 mA to 4.43 at 1=240 mA, highlighting higher EL
efficiency at higher currents. This EL enhancement is attributed to the increased junction
temperature caused by the Joule heating effect that not only reduces AEr. (discussed later), but
also thermally excites more electrons from the L-conduction band to the I'-conduction band,
enhancing the direct-gap transitions.

Sol
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| so,

Figure 5. (a) Schematic of our GeSn p-i-n hetero-diode vertical-cavity surface emitter grown on
silicon-on-insulator substrates. The buried oxide serves as the bottom reflector and the deposited
SiO2 layer serves as the top reflector, creating a vertical cavity for enhancing the light emitting
efficient of the GeSn active layer. (b) Schematic band diagram of the Geg.969Sno.031 active layer.

The room-temperature EL experiment demonstrates clear resonant cavity modes which
considerably enhance the light emitting efficiency. Analysis of optical gain suggests important
absorption bleaching at room temperature in the GeSn cavity, towards achieving net optical gain
in the devices. In addition, temperature effects on optical gain and loss are discussed for achieving
net optical gain in the GeSn cavity. These results pave the way towards electrically-injected GeSn
lasers operating at room temperature or higher for practical EPIC applications.
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Figure 6. (a) Room temperature EL spectra of the GeSn VCSE measured under different injected
currents. (b) Measured EL spectrum and the mode envelops at 1=250 mA. (c) Mode envelopes at
different injected currents. The peak wavelength of the mode envelope is indicated by gray dots.
(d) Peak wavelength of the mode envelope, (e) integrated EL intensity, and (f) m factor extracted
from the EL spectra as a function of injected current density.

The TEM image showed a two-layer GeSn film, where a defect-free top GeSn layer was obtained.
A wet chemical etching process was developed to fabricate the ridge waveguide with smooth
sidewalls achieved. Temperature-dependent characteristics of laser-output versus pumping-laser-
input were investigated. The unambiguous lasing operation was observed up to 110 K. The laser
mode was analyzed via high-resolution PL spectra, which revealed the multimode operation of the
laser. The lasing threshold and operation wavelength were measured as 68 kW/cm? and 2476 nm
at 10 K, respectively. Based on the temperature-dependent threshold, a characteristic temperature
of 65 K was extracted. According to the band structure calculation and the lasing mode profile
analysis, the optimizing solution for laser structure was proposed, which could reduce the lasing
threshold and increase the operating temperature. The capability of producing the GeSn laser in a
“manufacture ready” process (industry reactor, low cost precursor, and single run epitaxy process)
indicates the great potential of GeSn to be easily adopted by future foundry for integrated photonics
applications when the material is mature.

We have also investigated optically pumped GeSn lasers with ridge and planar waveguide
structures were investigated [5-7]. The GeSn samples were grown using a multiple-step Sn-
enhanced growth recipe via industry standard CVD reactor with low-cost SnCls and GeHa
precursors. The maximum Sn composition of 20% was obtained. A wet chemical etching process
was developed to fabricate the ridge waveguide with smooth sidewalls achieved. Temperature-
dependent characteristics of laser-output versus pumping-laser-input were investigated. The
unambiguous lasing operation was observed up to 110 K. The laser mode was analyzed via high-
resolution PL spectra, which revealed the multimode operation of the laser. The lasing threshold
and operation wavelength were measured as 68 kW/cm? and 2476 nm at 10 K, respectively. Based
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on the temperature-dependent threshold, a characteristic temperature of 65 K was extracted.
According to the band structure calculation and the lasing mode profile analysis, the optimizing
solution for laser structure was proposed, which could reduce the lasing threshold and increase the
operating temperature. Our latest result shows that maximum operating temperature of 270 K was
achieved. At 280 K, stimulated emission spectrum was observed with intensive pumping power
density. Our systemic study of the four optically pumped laser devices with various ridge width
reveals that the reduced side-wall surface recombination and better heat dissipation are key factors
to achieve near room temperature operation. We predict that room temperature GeSn lasers can be
demonstrated by: i) surface passivation (adding Ge cap layer) to further reduce the surface
recombination and ii) optimization of the ridge width to strike a balance between the heat
dissipation and optical confinement. The demonstration of planar waveguide laser structure in this
study points at the great potential of GeSn lasers being advanced towards high-performance Si-
based monolithically integrated mid-infrared coherent light sources.
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