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Abstract:

The main content of this report includes i) Growth of mid-IR GeSn/SiGeSn materials using Ultra-high-
vacuum Chemical Vapor Deposition, ii) In-depth characterizations of GeSn materials using different
techniques, and iii) Development of GeSn mid-IR detectors and emitters. For material growth work,
buffer free growth of Ge, SiGe, SiSn, GeSn, and SiGeSn on Si substrate has been demonstrated. Both
SnCl,; and SnD, are used as Sn precursors for GeSn and SiGeSn growth. So far 276 wafers have been
grown. The GeSn/SiGeSn material characterizations have been performed via X-ray diffraction, Raman,
ellipsometry, Rutherford backscattering spectra (RBS), and high resolution transmission electron
microscopy (TEM). The XRD result clearly shows GeSn, SiGe, and SiGeSn peaks indicating the success
of the growth. The highest Sn incorporation is determined to be 7% for GeSn materials and the
substitutional incorporation of Sn for SiGeSn varies from 2% to 5%. The reciprocal space map shows
that the as-grown GeSn layers are relaxed. The TEM image shows that the misfit dislocations are
localized at the interface between Si and epitaxy layer. Room temperature photoluminescence (PL) from
GeSn and SiGeSn samples have been observed. The PL peak positions agree well with the theoretical
prediction. High quality GeSn samples grown by ASM have been comprehensively characterized. A
direct bandgap GeosSnoa alloy has been identified which is the first report of direct bandgap GeSn
alloy. Moreover, bandgap shrinkage has been observed in heavily doped n-type samples. GeSn samples
have been fabricated into photoconductive detectors, avalanche photo diodes, and light-emitting diodes
(LEDs) and in-depth study has been conducted. The responsivity of 1.63 A/W at 1.55 pm has been
achieved with a Gey9Sho.1 photoconductor at 77 K, which is higher than that of market dominating Ge and
InGaAs detectors. The team has done for the first time a side by side comparison for specific
detectivity (D*) between GeSn and other market dominating infrared detectors in short wavelength
infrared range. An improved responsivity of 2.85 A/W has been achieved on Geo9Sho1 photoconductors
at 1.55 um and 77 K by using an interdigitated electrode design.  Temperature-dependent
electroluminescence and power output from Ge/GeSn/Ge double heterostructure n-i-p surface and edge
emitting LEDs have been studied for samples with Sn composition up to 10%. The peak emission
power of 0.1 W (8% Sn surface emitting LED at 800 A/cm? and 350 K) and 50 mW (8% Sn edge
emitting LED at 1600 A/cm? and 300 K) have been achieved, respectively. An optical pumping
characterization system for edge-emitting lasers has been constructed and the preliminary results from a
11% GeSn sample have been obtained showing the promise of achieving lasing at low temperatures.
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I.  Material growth and characterization of mid-IR Si-Ge-Sn material system by UHV-CVD

GeSn alloys have been grown directly on Si substrate at low temperatures using two different Sn
precursors (SnCls and SnDs) via a cold-wall ultra-high-vacuum chemical-vapor-deposition system (UHV-
CVD). Moreover, growth of SiGeSn alloys has been successfully demonstrated. In-depth material
characterization has been conducted. A list of work performed by Arktonics, LLC and University of
Arkansas (UA) as a team in the phase | period and highlights of results are given below.

e Both SnCls; and SnD, as Sn precursors are used for GeSn and SiGeSn growth (The only team in
the world demonstrated such growth capability for both precursors);

® No buffer layer needed during the GeSn growth (First demonstration in the world using these
precursors, see Table | for the uniqueness of this work);
GeSn alloys have been successfully grown on Si with Sn composition up to 7%;
Growth of SiSn and SiGe have been demonstrated; Material characterization of SiGe have been
conducted;

e Growth of SiGeSn has been demonstrated. The incorporation of Si and Sn in Ge has been identified
(see Table Il for all sample growth summary);
Detailed material characterizations of GeSn and SiGeSn have been conducted;
PL spectra of GeSn and SiGeSn samples with different Sn compositions have been obtained;
GeSn photoconductor device has been fabricated and the device shows room temperature photo
response;

e Totally 276 rounds of growth have been done.

Table | A brief summary of material growth using CVD methods by different research groups

Growth team Growth system | Ge precursor | Snprecursor | Carrier gas | Buffer layer | SiGeSn growth
Arizona State | v cvp Different SnDs H: No Yes
University chemistries
ASM/UA RP-CVD GeHq SnClg Na2/H: Ge Yes
IMEC AP-CVD GezHs SnCl4 N2/H2 Ge No
Applied
Materials RP-CVD GezHs SnCla Ar/N2/H: Ge No
Peter Griinberg | oo oy GeoHs SnCls ArlH, No Yes
Institute
Hot wall
Translucent UHV-CVD GeHs SnD4 N. A. No Yes
UA/ Cold wall
Arktonics UHV-CVD GeHa SnCls/SnD4 No No Yes

Table Il A brief summary of material growth for Ge, SiGe, SiSn, GeSn, and SiGeSn by UA/Arktonics

Epitaxy layer Ge SiGe SiSn GeSn SiGeSn
Precursors GeHs SiHa4, GeHa, Ar | SiHs, SnCla GeHs SiH4, GeHa
Sn precursor SnCla SnD. SnCls SnDs
Number of round
(Jul.~Sep. 2014) 40 10 10 40 0 15 0
Number of round %
(Oct~Dec. 2014) | ° 34 0 2 34 12 22
Number of
round ox
(Jan.~Mar. 4 0 0 43 5 0 0
2015)
Total
Number of round 49 44 10 85 39 27 22

* Using Ar as carrier gas. ** Using N as carrier gas.
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i) Growth and characterization of GeSn
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Fig. 1. (a) Sn incorporation percentage and film thickness as the functions of deposition pressure. The fixed gas flow ratio of
GeH4/SnCl4=1.6. Films were etched off when pressure was higher than 1 Torr. (b) Sn incorporation percentage and film
thickness as the functions of gas flow ratio. The fixed deposition pressure is 0.5 Torr.

The study of growth mechanism using SnCl, and GeH. as precursors for GeSn deposition has been
conducted. Fig. 1(a) shows the GeSn thin films grown on Si at different pressures. Growth starts
happening from 0.1 Torr and continues until the pressure reaches 1 Torr. When the pressure is higher
than 1 Torr, the films are etched off. Fig. 1(b) shows GeSn growth results at different gas flow ratios of
GeH4/SnCls. The pressure is fixed at 0.5 Torr. A paper reporting the growth results and the growth
mechanism currently has been accepted in Frontiers in Materials (In Press).
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Fig. 2. (a) Symmetric (0 0 4) 26-» scan of GeSn films. The peak at 69° is attributed to Si substrate and the peaks between 66-
65° belong to GeSn films. (b) Reciprocal space map (RSM) from asymmetrical plane (-2 -2 4) for Geo.eaSnoos. The RSM
shows that the film is strain relaxed on Si substrate. (c) TEM images of Geo.osSno.os film. The arrows show misfit dislocations
formed at GeSn/Si interface due to the large lattice mismatch between Si and GeSn.

Material characterization results are summarized in Fig. 2. Analysis of Sn mole fraction, lattice constant,
growth quality and strain in the GeSn films has been performed using high resolution X-ray diffraction
(HRXRD) and high resolution transmission electron microscopy (TEM). In Fig. 2(a), the gradual shift of
GeSn peaks in HRXRD indicates the increase of Sn composition. The results show GeSn with Sn
compositions from 1% to 7% (Note, the sample with 5% Sn is not shown due to low quality). In Fig. 2(b),
the RSM shows that the GeSn layer is strain relaxed grown on Si substrate. In Fig. 2(c), the TEM image
shows that the misfit dislocations are localized at GeSn/Si interface.
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Fig. 3. (a) Raman spectra of the GeSn films. The shift in Ge-Ge peak results from the incorporation of Sn in Ge lattice which
changes the bond size of Ge-Ge lattice. Ge-Sn peaks are shown at lower wavenumber due to a weaker bond. (b) Room
temperature photoluminescence spectra of the GeSn films with Sn compositions of 2, 4, 6, and 7 %. Incorporation of Sn has
shifted bangap towards lower energies. (c) Room temperature photoconductor spectrum response for a device fabricated
using a 4% GeSn sample grown by UA.

Optical characterization of the GeSn samples has been performed using Raman and photoluminescence
(PL) spectroscopy as shown in Fig. 3(a) and (b), respectively. Fig. 3(a) shows that the Ge-Ge peak in the
GeSn films are shifted to lower wavenumbers due to the induced strain by incorporation of Sn atoms.
The Ge-Sn peaks for different Sn mole fractions are observed at 250-260 cm™ also shown in the figure.
Fig. 3(b) shows the normalized PL emission for different samples. From the spectrum, it is clear that as
Sn composition increases, the PL peak shifts toward to longer wavelength as a result of bandgap energy
reduction. The sample with 4% Sn has been fabricated into photoconductor devices with our previously
developed process. The device spectrum response at 300K is shown in Fig. 3(c) with response going
beyond standard Ge detector long wavelength cut-off and extending to 2.4 pm. The longer wavelength
response beyond the material bandgap is attributed to thermal effect and defects.

The team has conducted study of GeSn growth using SnD4 as Sn precursor. Since SnD; is fairly unstable
at the room temperature, the vendor (Voltaix) initially could not guarantee the gas quality. The team has
come out a solution to obtain the SnD,4 with a low temperature package, which could maintain it to be
chemically stable but it is in liquid phase. A special gas cabinet was built with a Dewar (filled with dry
ice) to bring the SnD4cylinder to around -50°C so that a stable vapor gas pressure could be maintained.
Then Argon gas was brought in to mix with SnD4 and the mixed gases were delivered to the growth
chamber through a mass flow controller (MFC). This gas delivery method is different from what Arizona
State University used for their GeSn growth and is more manufacture friendly.

Due to the fast decomposition of SnDy in the delivery line and MFC walls, the flow rate readings are not
accurate. Therefore, a pressure-based system is adopted for accurate measurement of SnD, flow as well
as all other precursors and Ar. The deposition pressure of the system is controlled by a throttle valve
which is placed before the turbo-pump. In order to calibrate the flow rates with the deposition pressure in
the system, the throttle valve is place at different positions and the flow rates of the gases can be changed.
For example, at 1% open position of the throttle valve, the flow rate of Ar has changed from 1 to 25 sccm
and the corresponding pressure has been recorded. The same procedure has been adopted for germane
and silane. The partial pressures of all gases are measured by capacitance monometer pressure gauge in
the vacuum chamber. In order to determine the partial pressure of SnD4 a needle valve is placed on the
delivery line to control the gas flow in the chamber (Figure 4). In addition, SnD4 is kept in the
temperature around -50 °C to maintain its liquid form. The vapor pressure of the gas is led to the chamber
through a needle valve. By opening the needle valve at different positions, the partial pressure of the gas
is controlled from 0 to 1.5 mTorr. After recording all the partial pressures for different gases, the
chamber is set to the desired pressure and temperature the experiments are carried out under different
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conditions. The typical temperature range was set to 300-450 °C and the deposition pressure was kept
between 0.1 to 10 Torr. Using this method, SnD4 purchased from Voltaix could be used to up to three
months. The team initially submitted an invention disclosure for this technique, but eventually withdrew
it after careful consideration because the team feels that there is still a lot of room to improve the setup for
much more accurate control of gas delivery.

Gas Entry
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pump —D{—I

Turbo
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Mechanical
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Fig. 4. (a) Cold wall UHV-CVD system with SnDs in-situ gas mixing. The samples are loaded in the load-lock chamber and
after pumping down to 10-8 Torr pressure it is transferred to the growth chamber. The growth chamber is pumped down with a
turbo-molecular pump and a cryogenic pump. Gases are entered in the chamber through a MFC and a final entry valve. The
SnD4 gas is kept in dry ice Dewar and the vapor pressure is mixed with the gases before entering the chamber through a needle
valve. Partial pressure of SnDs gas as well as silane, germane, and argon are measured by a vacuum gauge. (b) The needle valve
is placed after the gas regulators in order to control the SnDa flow.
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Fig. 5. 26-o scan of GeSn using SnD4 as Sn precursor. Material growth at different temperatures at the pressure of (a) 0.5

Torr and (b) 1 Torr. The GeSn peak shifts to lower angle as Sn composition increases.
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Analysis of Sn mole fraction and growth quality of the GeSn films has been performed using high
resolution X-ray diffraction (HRXRD). Fig. 5(a) and (b) show the 26-® scan of GeSn thin films grown
on Si at the pressures of 0.5 and 1 Torr using SnDa, respectively. The growth temperature was also
shown in the figures, which was kept below 450 °C to be compatible with a Si complementary metal-
oxide-semiconductor (CMOS) process. The GeSn peaks shift toward lower angle in HRXRD indicating
the increase of Sn composition. The growth has been conducted with chamber pressure from 0.1 to 1
Torr. The GeSn growth does not require a prior growth of a Ge buffer layer.
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Fig. 6. (a) Raman spectra of the GeSn films. The shift in Ge-Ge peak is due to the incorporation of Sn in Ge lattice which
changes the bond size of Ge-Ge lattice. Ge-Sn peaks are shown at lower wavenumber due to a weaker bond. Inset: peak
positions of Ge-Ge and Ge-Sn. (b) Room temperature photoluminescence spectra of the GeSn films with Sn compositions
from 0.5 to 2 %. Incorporation of Sn has reduced the bangap energy and therefore shifted the PL peak from 1583 nm (0.5%
Sn) to 1648 nm (2% Sn).

Optical characterization of the GeSn samples has been performed using Raman and photoluminescence
(PL) spectroscopy as shown in Fig. 6(a) and (b), respectively. In Fig. 6(a), the Ge-Ge peaks in the GeSn
films are shifted toward lower wavenumbers due to the induced strain by incorporation of Sn atoms. The
Ge-Sn peaks also shift toward lower wavenumbers as Sn composition increases. The summarized peak
positions are shown in Fig. 6(a) inset. Fig. 6(b) shows the normalized PL emission from GeSn films with
Sn compositions from 0.5 to 2%. As Sn composition increases, the PL peak shifts toward longer
wavelength as a result of bandgap energy reduction.

i) Growth and characterization of SiGe
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Fig. 7. 26-» scan of SiGe. (a) SiH4/GeH4=0.25 and pressure of 0.5 Torr . (b) SiH4/GeH4=0.1 and pressure of 0.5 and 0.1 Torr.

In order to demonstrate growth of SiGeSn, the study of SiGe growth was firstly conducted (followed by
the Sn incorporation to finally achieve SiGeSn growth). The growth mechanism has been investigated
and the results are summarized below. Figure 7 shows the 26-® scan of SiGe thin films. At high
SiH4/GeH, ratio of 0.25, the Si compositions are from 12 to 18%, as shown in Fig. 7(a). At low
SiH4/GeHj, ratio of 0.1, the Si composition varies from 1 to 5 % at pressure of 0.1 Torr and from 1 to 7 %
at pressure of 0.5 Torr, respectively, as shown in Fig. 7(b). Increase in SiH4/GeH, ratio and chamber
pressure results in higher Si incorporation. Furthermore, the Si composition increases as growth
temperature increases. All growth temperatures in this study were kept below 450 °C.
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iii) Growth and characterization of SiGeSn
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Fig. 8. SiGeSn growth mechanism. (a) Sn incorporation percentage and film thickness as the functions of gas flow ratio.
The fixed deposition pressure is 0.1 Torr and the fixed ratio of SnCls/GeHa is 0.2. (b) Sn incorporation percentage and film
thickness as the functions of deposition pressure. The fixed gas flow ratio of SiH4/GeH4/SnCl4=2/10/1. The solid and dashed
lines show substitutionally incorporated Sn and total incorporated Sn in SiGe lattice, respectively.

The growth of SiGeSn has been successfully demonstrated. The SiHa4, GeHa, and SnCl, are used as Si,
Ge, and Sn precursors, respectively. The study of growth mechanism has been conducted, as shown in
Fig. 8. Fig. 8(a) shows the SiGeSn growth at different SiH.s/GeH. ratios. The pressure is fixed at 0.1 Torr
and SnCls; flow was fixed as SnCls/GeH,=0.2. Increase in SiHs4 flow results in increase in Sn
incorporation. The solid and dashed lines show substitutionally incorporated Sn and total incorporated Sn
in SiGe lattice, respectively. The deviation of two curves indicates that part of Sn interstitially
incorporated into the SiGe lattice. Fig. 8(b) shows SiGeSn growth results at different chamber pressures.
The fixed gas flow ratio is of SiH4/GeH4/SnCl,=2/10/1. Increase in chamber pressure results in higher Sn
incorporation in the film. Growth starts at 0.1 Torr and continues until the pressure reaches 1 Torr. When
the pressure is higher than 1 Torr, the films become amorphous.
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Fig. 9. 20-® scan of SiGeSn films using SnCla as Sn precursor. The peak at 69° is attributed to Si substrate and the peaks
between 66.5-65° belong to SiGeSn films.

Figure 9 shows the 26-w scan of SiGeSn thin films using SnCls as Sn precursor with Sn compositions

from 2 to 5 %. The Si composition was kept as 4 % (except a little higher one in Sio.05Geo.91Sno.04). AS Sn
composition increases, the SiGeSn peak gradually shifts toward lower angle. Compared to GeSn samples
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(the same Sn composition), these peaks are closer to the Si peak due to the Si incorporation. Therefore the
incorporation of Si and Sn in Ge can be identified by the spectra behavior abovementioned.
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Fig. 10. Rutherford backscattering (RBS) spectra for (a) Sio.osGeo.s5Sno.1 and (b) Sio.osGeo.s4Snosi. The black and red curves
are random and aligned spectra, respectively.

Rutherford backscattering (RBS) spectra were used to identify the elemental content. Two representative
SiGeSn samples are shown in Fig. 10. The black and red curves are random and aligned spectra,
respectively. The ratios of peak heights for Si and Ge indicate that Si occupies substitutional lattice sites.
On the other hand, the ratio of Sn peak heights reveals that not all of Sn atoms are substitutionally
incorporated; some of them are interstitially incorporated into the SiGe lattice. The total incorporated Sn
compositions shown in Fig. 10 are 10% and 31%, respectively. According to XRD measurement results,
the corresponding substitutionally incorporated Sn compositions are 4% and 5%, respectively. The
material quality needs to be further improved. The work of optimizing the growth condition is currently
underway.

T T T
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Fig. 11. (a) Raman spectra of the SiGeSn films. (b) Room temperature PL emissions from SiGeSn samples. Each spectrum is
stacked for clarity.

Figure 11(a) shows the Raman spectra of the SiGeSn films. The shifts in Si-Si and Ge-Ge bonds are due
to the incorporation of Si and Sn in the Ge lattice. The Si-Ge peaks are located between the Si-Si and Ge-
Ge peaks and the Ge-Sn peaks are shown at lower wavenumbers than the Ge-Ge peaks. The peak
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positions are summarized in Table I1l. Some Si-Ge and Ge-Sn peaks cannot be identified due to the low

intensity in Raman spectra.

Table 111 Peak positions of Si-Si and Ge-Ge extracted from Fig. 11(a)

Sample Si-Si Ge-Ge Si-Ge Ge-Sn
Reference 522.357 300.006
Si0.04G€0.91SN0.05 520.526 297.588 399.096
Si0.04G€0.92SN0.04 520.156 297.861 398.735 259.538
Si0.05G€0.92SN0.03 519.723 297.895 259.965
Si0.04G€0.94SN0 .02 519.876 299.695 260.006

Room temperature PL emissions from SiGeSn samples are shown in Fig. 11(b). Each spectrum is stacked

for clarity. The incorporation

of Sn reduces the bandgap energy, which on the contrary is increased by

the incorporation of Si. Therefore the PL peak position is determined by both Si and Sn compositions.

Intensity (arb. units)

Fig. 12. Comparison of 26-w» scans
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between SiGe, SiGeSn, and GeSn samples. The incorporating of Si in the film shifts the

peak toward to Si substrate peak, while incorporating of Sn shifts the peak away from the Si substrate peak, which agrees well

with theoretical study.

Figure 12 shows the comparison of 20-m scans between SiGe, SiGeSn, and GeSn samples. It is clear that
the Si and Sn compositional-dependent peak positions agree well with theoretical predication.

1000000
100000 4

10000 4

Intensity (cps)

D

, 1Ge.99SNg 01

Gey.9955N0.005

4 Sio.1GeggsSNg o1

2Theta (°)

“ 8

ISTRIBUTION A Distribution approved for public release



Contract Number: FA9550-14-C-0044 Contract Line Item Number: 0001AC Report: Final Technical Report
Company: Arktonics, LLC PI: Baohua Li Title: Epitaxial Technologies for SiGeSn High Performance Optoelectronics Devices

Fig. 13. 20-o scan of SiGeSn and GeSn films. The peak positions follow the theoretical study.

The team has also conducted preliminary study of SiGeSn growth using SnDs as Sn precursor. The 26-
o scans of SiGeSn and GeSn films using SnD4 as Sn precursor are shown in Fig. 13. The change of the
peak positions follows the theoretical predication. A paper reporting the growth results and the growth
mechanism of GeSn and SiGeSn using SnD4 as Sn precursor is under preparation.

Il. In-depth study of GeSn optical characteristics

The GeSn samples from UA’s collaborator ASM have been grown using an ASM Epsilon® 2000 Plus
reduced pressure chemical vapor deposition system (RP-CVD). Detailed PL study has been conducted
with a summary given in below.

e PL spectra of unintentionally doped GeSn samples with Sn composition from 1 to 10% with 1%
increment have been obtained at room temperature (Fig. 14);

e Temperature-dependent PL study on GeSn films has been conducted to investigate the peak
competing between direct and indirect bandgap transitions;

e A direct bandgap GeosSng alloy has been experimentally identified (Fig. 15, first demonstration of
GeSn in the world);

e PL peaks of n-type doped samples have been investigated (Fig. 16, 11% Sn has shown PL emission
at 2400 nm, the longest one reported in the world);
Bandgap shrinkage has been observed in heavily doped n-type samples;
Temperature dependent PL study on n-type doped samples has been conducted. The increased PL
intensity at low temperature has been observed.

Energy (eV)

Normalized intensity (arb. units)

Wavelength (um)

Fig. 14. Room temperature PL emissions from unintentionally doped GeSn samples with Sn compositions from 1 to 10%.

Figure 14 shows the PL spectra of GeSn samples with Sn compositions from 1 to 10% at room
temperature. As Sn content increases, the PL peak shifts toward longer wavelength, indicating the
narrowed bandgap due to Sn incorporation. The bandgap energy is also affected by strain, therefore 7%
Sn sample shows narrower bandgap than 8% Sn sample because of the higher compressive strain of 8%
Sn sample. At low Sn composition, two peaks corresponding to direct and indirect bandgap transitions
can be identified clearly because of the sufficient energy separation. At higher Sn composition, these two
peaks cannot be identified due to the reduced bandgap energy difference, resulting in only a single peak to
be observed.
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Temperature-dependent PL study on GeSn films with Sn compositions of 0.9, 3.2, and 6.0% has been
conducted to investigate the peak competing between direct and indirect bandgap transitions, as shown
in Fig. 15 (a), (b), and (c), respectively. In (a) and (b), two emission peaks in PL spectra can be clearly
seen at 300 K. The high energy peaks are attributed to the direct band transition, while the lower
energy peaks are ascribed to the indirect band transition. The energy differences which reflect the T'-
and L-valley separation are lower than that in Ge due to the incorporation of Sn. At 300 K, the PL
intensity of direct transition is stronger than that of indirect transition because of the thermal excitation
of electrons into the higher I'-valley albeit still a small fraction of electrons occupying the I'-valley — a
direct result of strong radiative recombination of direct bandgap transition. The PL intensity of the
indirect peak, on the other hand, is weaker at 300 K because of the less efficient phonon-assisted
indirect radiative recombination. The PL intensity decreases as the temperature decreases with more
rapid drop of the direct peak than the indirect peak. At 225 K, the direct peak almost disappears while
the indirect peak is still recognizable, and as temperature decreases further the indirect transition
completely dominants the PL. This can be explained by the fact that less electron occupation of the I'-
valley as the result of reduced thermal excitation from the lower L-valley at lower temperature. In
Figure 15(c), since the peak energy difference of direct and indirect transition is small, the two peaks
are mostly overlapped. At 300 and 275 K, the main peaks are attributed to the direct transition, while
the indirect peaks almost disappear, indicating the direct transition dominates the PL at high
temperature. As temperature decreases, the high energy direct peak drops more rapidly than the low
energy indirect peak, and the direct peak was not observed when temperature is lower than 100 K (data
not shown here), implying the indirect transition becomes the dominating the PL at low temperature.
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Fig. 15 Temperature-dependent PL spectra of (a) 0.9 % Sn sample; (b) 3.2 % Sn sample; and (c) 6 % Sn sample. Each curve is
stacked for clarity. The direct peaks are marked by upwards arrows, while downward arrows indicate the indirect peaks.

A direct bandgap GeosSho1 alloy has been identified by temperature-dependent PL study based on the
single peak spectrum and the narrow line-width. Room temperature PL emission as long as 2230 nm has
also been observed from the same sample. In Fig. 16(a), the indirect and direct regions correspond to the
indirect and direct bandgap materials, respectively. The uncertain region reveals the discrepancy of
theoretical calculations due to various models and fitting parameters. Materials located in the uncertain
region could be either direct or indirect bandgap material. The insets in indirect and direct regions show
the schematic band diagrams of Gei.xSny alloy and the mechanism of PL spectra formation for indirect
and direct bandgap materials, respectively. Fig. 16(b) shows temperature dependent PL spectra of a 10%
GeSn sample in which only a single peak with narrowed line-width was observed. This PL linewidth
reduction compared with that of lower Sn composition PL (for example 8 and 9%, not shown in this result)
in combining with the PL linewith forming mechanism shown in Fig. 16(a) indicating the 10% GeSn is a
direct bandgap material. In Fig. 16(c), the line-width of 8 and 9 % Sn samples are nearly twice that of 10%
Sn sample at the temperature range from 300 to 100 K, confirming that sample D is a direct bandgap
material. In Fig. 16(d), region (i) and (ii) correspond to indirect bandgap material, while region (iii)
corresponds to direct bandgap material. The solid and open symbols represent the direct and indirect
bandgap energies, respectively. The 10% Sn sample is located in region (iii), which is determined as a
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direct bandgap material. The solid and dashed lines are eye guidance of direct and indirect bandgap
energies, respectively.
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Fig. 16. (a) The effect of compressive strain and Sn composition in the indirect-to-direct bandgap transition at room
temperature. (b) Temperature-dependent PL spectra of 10% Sn sample. (c) The line-width of the PL peaks as a function of
temperature for samples with Sn compositions of 8, 9 and 10%. (d) Sn composition-dependent bandgap energies at room
temperature.
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Fig. 17. Comparison of PL spectra between unintentionally doped and heavily doped n-type GeSn samples with Sn composition
of (a) 5%, (b) 8% and (c) 10%. The bandgap shrinkage due to high doping is observed.

Fig. 17 (a)-(c) show the PL spectra of n-type doped GeSn samples and their comparison with
unintentionally doped samples with similar Sn composition. The doping level for samples with Sn
compositions of 5.5, 8.2, and 10% are 6.5x10'°, 1x10'°, and 0.3x10%%/cm™®, respectively. Comparing with
the unintentionally doped samples, the bandgap shrinkage due to the n-type doping is observed as 18, 26,
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and 61meV for 5.5, 8.2, and 10% Sn samples, respectively. While the result is expected, this is first time
observed in GeSn material system.
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Fig. 18. Temperature dependent PL of n-type doped (a) 10% Sn (b) 11% Sn samples.

Figure 18 shows temperature dependent PL spectra of 10 and 11% n-type doped GeSn samples. As
temperature decreases, the PL intensity dramatically increases, indicating these samples are direct
bandgap materials. The optically pumped lasing might be expected from these samples. More
experiments are underway.

111. Development of high performance GeSn mid-IR detectors and emitters

GeSn samples have been fabricated into photoconductive detectors, avalanche photo diodes (APDs), and
light-emitting diodes (LEDs). Characterization of these devices has been conducted.

i) High performance GeSn photodetectors

By leveraging the high quality GeSn material growth capability, the team has developed a set of processes
for different photo detectors. In-depth of study has been conducted for GeSn photo conductors and
preliminary study has been done for GeSn photodiodes and avalanche photodiodes (APDs). A summary
of the photo detector work is given in Table IV and the significant results are given in below.

e Spectral photo response of photoconductors with Sn compositions up to 10% has been
investigated with longwave cutoff extended to 2.4 um;

e Temperature-dependent characterization of photoconductors has been conducted and the
increased responsivity and specific detectivity (D*) with decreased temperature has been
observed;

e The responsivity of 1.63 A/W at 1.55 um has been achieved with a Geo9Snoi Standard
photoconductor at 77 K, which is higher than that of market dominating Ge (0.8 A/W) and
standard InGaAs (1.05 A/W) detectors at the same wavelength;

¢ A side by side comparison for D* between GeSn and other market dominating IR detectors in
short-IR wavelength. This is the first time reported D* of a GeSn detector as a function of
wavelength;

e A newly designed photoconductor with interdigitated electrodes has been fabricated and
characterized. Due to the reduced carrier transit time, a high gain is achieved. As a result, a
measured responsivity of 2.85 A/W at 77 K has been obtained at 1.55 pm.
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Table IV Summary of photo detector devices

Type of photo | Top view of

) ) -t' -f- t-
detector device image Sn composition Specifications
Standard ® GeSn bulk samples;
1-10% e For baseline study of photo response, carrier
Photoconductor

lifetime and material quality evaluation.

GeSn bulk samples;
Newly designed high gain photoconductor;
e |nterdigitated electrodes with spacing of 6, 12,
1-10% and 24pm;
e Effective carrier lifetime evaluation;
e Capability of high speed operating
measurement.

Interdigitated
photoconductor

® Ge/GeSn/Ge n-i-p DHS;
Photo diode 6, 8,9, 10% e | ow dark current;
® Low voltage operation.

GeSn/Si Separate SACM structure;

Avalanche 0 (Ge), 7% e Taking advantage of excellent optical

photo diode ’ absorption of GeSn and the outstanding carrier
multiplication properties of Si.
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Fig. 19. (a) Room temperature spectral photo response of standard photoconductors with Sn compositions up to 10 %. (b)
Responsivity measured at 77 K for each mesa size of GeosSno.1 photoconductor. Representative responsivities of InGaAs and
Ge detectors are given for comparison.

Photoconductors: Room temperature spectral photo response of standard photoconductors has been
measured as shown in Fig. 19(a). As Sn composition increases, the cutoff wavelength shifts towards to
longer wavelength and the longest cutoff wavelength of 2.4 um is observed for a 10 % Sn device.
Temperature dependent responsivity for different device sizes and bias voltages are conducted thoroughly.
Typical GeosSno1 photoconductor responsivity result measured at 1.55 wm under 77 K is shown in Fig.
19(b). The saturation of the responsivity is due to the carrier sweep-out effect. The peak responsivity
value of 1.63 A/W measured at 77 K, was observed at 50 V bias on a 1 mm mesa device. At 77 K, the
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responsivity of GeosSno1 photoconductors exceeds that of commercially available InGaAs and Ge
photovoltaic detectors at 1.55 pm.
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Fig. 20. (a) D* measured for 77 K at a 1.55 wm wavelength. Measurements were conducted on each mesa size as a function of
the applied voltage bias. (b) D* for 300, 220, 160, and 77 K were measured with a 10 volt DC bias across the 2.0 mm mesa
device. D* for other detectors in the same spectral range are plotted for comparison.

Using the 1 Hz equivalent noise bandwidth of the measurement setup, the known device area, and the
calculated noise current, the D* in Fig. 20(a) is calculated based on the measured AC responsivity values
from Fig. 19(b). The responsivity saturates at high voltage, while the noise component increases as VY2
leading to the overall decreasing D* for further increased bias. The peak D* value 5x10° cm*HzY2*W-!
of the 2.0 mm detector occurs at an applied bias of 25 V, followed by a decrease in D* for further
increasing bias. The spectral D* in Fig. 20(b) for different temperatures shows the comparison of these
devices with other mature detector technologies. Note that the D* of Geo9Sno1 is only one order-of-
magnitude lower than that of Ge, extended-InGaAs, and PbS detectors in the short wavelength IR range.
A reduction of the device dark current through thicker active layers and a decrease of the dominant noise
by reducing defects at the growth interface would dramatically improve the D* for these types of Ge1-«xShx
detectors, making their performance superior to the commercially available IR detectors in the same
wavelength range.
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Fig. 21. (a) The dark resistance of the 0.5 mm mesa device. Insets: Optical image top view of the device and linear behavior
of dark I-V indicates good Ohmic contact. (b) Comparison of responsivities between the devices with and without
interdigitated electrodes.

Photoconductor with interdigitated electrodes: In order to obtain a high gain photoconductor, a newly
designed photoconductor with interdigitated electrodes has been fabricated and characterized. Figure
21(a) plots the resistance value extracted from the dark I-V measurement at temperatures from 300 to 77
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K. The linear I-V shown in the inset indicates good Ohmic contact. As the temperature decreases, the
resistance increases as a result of the decreasing number of activated carriers in the device. The
responsivities of the GeosSngi photoconductor with and without interdigitated electrodes at room
temperature are shown in Fig. 21(b). The newly designed interdigitated photoconductor allows an
enhancement factor of 8 for the 0.5 mm mesa device and 5.6 for the 1 mm mesa device under 5 V bias,
respectively.
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Fig. 22. (a) Responsivity measured for the 0.5 mm mesa device at temperatures from 300 to 77 K. Responsivities for other
detectors at 1.55 pm are plotted for comparison. (b) D* of the 0.5 mm mesa device at temperatures from 300 to 77 K.

Figure 22(a) shows a clear enhancement of responsivity with decreasing temperature for the 0.5 mm mesa
device. A maximum responsivity of 2.85 A/W under 5 V bias at 77 K was achieved, which is three times
of commercially available InGaAs and Ge photovoltaic detectors at 1.55 um. As temperature decreases,
the activated background carrier concentration is reduced while the effective carrier lifetime increases,
resulting in the improvement of the responsivity at low temperature. The D* was consequently calculated
based on measured responsivity at different temperatures, as shown in Fig. 22(b). For this set of devices
wherein the dark current is high, the shot noise dominates over other noise mechanisms. As applied
voltage increases, the noise current increases proportionally with V¥2 while the responsivity saturates.
Therefore the D* decreases after a certain applied voltage. At 77 K, the peak D* value of 3.81x10°
cm*HzY2*W? was observed at 1 V. The D* can be improved by optimizing the geometry parameters of
interdigitated electrodes to allow high responsivity and low noise current.

Photodiodes: The team has developed GeSn photodiode detector, which is a more commonly used
photodetector architecture. The Ge/GeSn/Ge NIP (double heterostructure) DHS samples were fabricated
into photodiodes. The electrical and optical characterization including temperature dependent I-V,
spectrum response, and noise measurement have been conducted.
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Fig. 23. (a) Spectral response of the 6 % Sn p-i-n photodiodes with 1 and 2 mm mesa sizes. (b) Spectral response of 6% Sn photo
diode compared with 3.2 and 7.0 % Sn photoconductors. (c) D* of 6% Sn photo diode detector. The D* of photoconductor is

(N 15

DISTRIBUTION A: Distribution approved for public release



Contract Number: FA9550-14-C-0044 Contract Line Item Number: 0001AC Report: Final Technical Report
Company: Arktonics, LLC PI: Baohua Li Title: Epitaxial Technologies for SiGeSn High Performance Optoelectronics Devices

plotted for comparison.

As shown in Fig. 23(a) and (b), photo response up to 2 um has been observed for a 6 % GeSn photo diode
and the response was compared with two different photoconductors (3.2 and 7% Sn). Since our GeSn
photodiode has much lower dark current (at reverse applied voltage) compared to photoconductor, the D*
of photo diode is two order of magnitude higher than that of photoconductor, as shown in Fig. 23(c). The
preliminary result shows great promises of GeSn photodiode to achieve high performance.

APD: Avalanche photo diode based on Separate Absorption-Charge-Multiplication (SACM) structure has
been grown by ASM. The design (shown in Fig. 24(a)) takes advantage of the excellent optical
absorption of GeSn at mid-IR range and the outstanding carrier multiplication properties of Si. In the
high-electric-field gain region of Si, photogenerated electrons from the GeSn absorption layer undergo a
series of impact ionization processes, which consequently amplifies the photocurrent and improves the
sensitivity. Figure 24(b) shows a schematic of the cross-section for the APD device. Due to the current
growth limitation, GeSn layer (7% Sn) was grown on a thick Ge buffer layer not directly on Si. The
preliminary testing results of the temperature dependent I-V curves have shown device breakdown
behavior in Fig. 24(c). However, the device spectrum response does not show any IR response due to
GeSn or Ge absorption. It is believed that the conduction band discontinuity might be the reason to stop
electron propagating to Si for avalanche process. A possible solution is to engineer the local doping
profile so that the electron could be easily collected. More through characterizations will be conducted
and new generation of devices will be designed and fabricated.
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Al 294K Sn=7% ]
i-Ge, .S, absorption, 300 nm e Al ‘ on 1
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p-Ge charge layer, 700 nm eS| 7K 1
__[Boron 1x10'] —_—" |
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\ :
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Fig. 24 (a) Schematic cross-section of a GeSn/Si APD with a SACM structure and its internal electric field distribution. (b)
Structure of GeSn avalanche photo diode (APD) with a SACM structure. (c) Temperature dependent 1-V of 7% Sn APD indicates
the breakdown voltage. Inset: Optical image of the device.

ii) High performance GeSn emitters

On the basis of the existing Ge/GeSn/Ge DHS samples, both proof-of-concept and high power surface
emitting LEDs were fabricated. In addition, the samples were also fabricated to edge-emitting devices
and the similar process is intended to be used for future laser fabrication. Table V lists the research
summary of GeSn LED and the significant results are listed below.

Table V Summary of GeSn based LED

- ——— 3
Type of LED device Top view of Sn composn!o_ns. _6, 8,9, 10%
device image Specifications
esr?]ir{gﬁe 1%t generation e For baseline study, material quality evaluation;
LED 9 g ® Device sizes from 0.5 to 2mm in side length.
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e For in-depth study. Extended metal pads for wire
bonding;

® High power emission;

® Device sizes from 50 to 250um in radius.

2" generation

o

® Fishnet top contact design for uniform current flow;

3" generation ® ‘ ® High power emission;

® Device sizes from 0.5 to 2mm in side length.

¢ Pioneer study of group IV based electrical injection laser;

e Light source for On-chip integration sensing system
applications;

® Device sizes from 80 to 120um in cavity width, and
500~800 pum in cavity length.

Edge emitting LED

e Room temperature EL spectra of the 1% generation LEDs with Sn compositions from 6 to 10% have
been investigated. The red-shift of EL peak with higher Sn composition has been observed. The
peak power is ~28 mW for a 10% Sn LED;

e Temperature-dependent EL emissions from the 2" generation LEDs with Sn compositions of 6 and
8% have been investigated. The blue-shift of EL peak with decreased temperature has been
observed. A peak power of 0.1 W was measured for a 8% Sn LED;

e Edge emitting LEDs have been fabricated and characterized. The EL spectra agree well with surface
emitting LED at same Sn composition. A peak power of 50 mW has been achieved for a 8% Sn
LED;

e Temperature-dependent EL emissions from edge emitting LEDs with Sn composition of 8% have
been measured.

1%t generation LED: Fig. 25(a) shows the normalized EL spectra for 1% generation surface emitting LEDs
at room temperature. As Sn composition increases, the EL peak position shifts to longer wavelength.
The EL emission at 2380 nm was observed from 10% Sn LED. For the devices with 9 and 10% Sn LEDs
the PbS detector (cut-off at 3 um) is applied to measure the spectra, whose signal-to-noise ratio is lower
than that of the InGaAs detector (cut-off at 2.3 um) which is used to measure the EL of LEDs with 6 and
8% Sn LEDs.
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Fig. 25. (a) Normalized EL spectra of 1t generation LEDs at 300 K. (b) The peak emission power of 6, 8, 9, and 10% Sn LED
at 20 °C.

The emission power measurement has been performed by using a pulsed current source in order to
eliminate the contribution from Joule heating. Figure 25 (b) shows the peak emission power for 6, 8, 9
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and 10% Sn 1% generation LEDs (0.5 mm square mesa device) at 20 °C. With a 2% duty cycle and 1 us
pulse width of current source, the maximum peak power of ~28 mW at 800 A/cm? has been obtained from
a 10% Sn LED.

120
—8-290K 4o LED —=-350K  Max. =102 mW @ 800 A/cm?
8—-300K Device diameter=250pm = 100 L~ 340K 8o LED =
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g 4 /A/l/ c —
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—h @
2} e ” E sl
of = ‘l/. ﬂ
0 : i y i : .
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Fig. 26. The peak emission power of (a) 6% Sn and (b) 8% Sn 2" generation LED under different current injection at
temperatures from 290 to 340 K.

2" generation LED: The 2™ LEDs show similar Sn composition dependent spectra behavior.
Temperature-dependent power measurement has been conducted for 6 and 8% Sn LEDs with 250 um in
device diameter from 290 to 350 K, as shown in Fig. 26. Current with 1% duty cycle and 2 ps pulse
width was applied. As temperature increases, the peak emission power increases under the same current
injection level. This is due to the more injected carriers populate the 7" valley with increased temperature;
therefore the radiative recombination was enhanced, resulting in the increased emission power. The peak
emission power of 0.1 W has been achieved for a 8% Sn LED at an injection of 800 A/cm? and a working
temperature of 350 K, as shown in Fig. 26(b).
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Fig. 27. Characteristics of 2" generation 6% Sn LED. (a) The temperature-dependent 1-V characteristic. Inset: Optical image
top view image of the device. (b) The temperature-dependent EL emission spectra (c) Peak position as function of temperature
extracted from (b).

The temperature-dependent behaviors of 2" generation GeossSnoos LEDs have been investigated at
temperatures from 80 to 300 K. The current-voltage characteristic and optical image top view of the
device are shown in Fig. 27(a). The clearly rectifying behavior is observed at temperatures from 80 to
300 K. The decrease in device resistance by increasing the temperature is due to the increasing number of
activated carriers in the device. Figure 27(b) shows the temperature-dependent EL spectra of Geg.eaSno.os
LED from 80 to 300 K at an injection level of 600 A/cm? The peak shift to shorter wavelength at lower

2
temperature is observed, which is consistent well with Varshni’s relation: Eg(T) = E;4(0) — % where

G
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E,4(0) is the bandgap energy of GeogsSnoos at zero K, T is temperature, and « and S are fitting parameters.
Based on the E,;(0) = 0.63 eV and the peak position varying from 1980 nm at 300 K to 1900 nm at 80 K,
the « and f are fitted as 3.2 x 10 eV/K and 275 K, respectively, which agrees with previous study on
temperature-dependent PL spectra of 6% Sn sample. A small peak at around 1550 nm in most EL spectra
is attributed to EL from the Ge layer, whose direct bandgap energy is 0.8 eV at room temperature. The EL
peak position as function of temperature is summarized in Fig. 27(c).

Current Density (A/cm?)
3

———d=500um
—d=250um
| = d=100um 3

3 2 A1 0 1 2 3
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Fig. 28. Current-voltage curves of 10% Sn 3 generation LED with fishnet top contact structures.

3" generation LED: For the 3" generation LED, the fishnet structure is used for top contact in order to
improve the uniformity of current injection. Moreover, the high power emission can be expected with
larger active area of emitter. The preliminary current-voltage results are shown in Fig. 28. Detailed

characterization is underway.
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Fig. 29. (a) Schematic of the device; (b) I-V characteristics. The inset shows top view image of the device.
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Fig. 30. (a) Room temperature EL spectra of 6 and 8% Sn edge emitting LEDs; (b) Peak emission powers of 6 and 8% Sn
LEDs at room temperature.
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Edge emitting LED: The samples were also fabricated to edge-emitting devices. Figure 29(a) shows the
schematic drawing of the device. The current-voltage characteristic and optical image top view of the
device are shown in Fig. 29(b) (W=80 um, L=800 pum). The clearly rectifying behavior is observed,
indicating the good Ohmic contact. As Sn composition increases, the current density increases under the
same forward voltage due to the narrowed bandgap with higher Sn composition.

Figure 30(a) shows normalized EL spectra of 6 and 8% Sn LEDs at room temperature. As the Sn
composition increases, the EL peak shifts towards longer wavelength due to the reduced bandgap energies.
The EL emission at 1950 and 2050 nm were observed from 6 and 8% Sn LEDs, respectively. These
results are consistent with surface emitting LEDs. Figure 30(b) shows the peak emission power as a
function of current injection densities at room temperature. For each LED, the emission power increases
as current increases. A saturation power was observed at 1600 A/cm? which is due to the voltage
compliance of the current source. As Sn composition increases, the peak power increases under the same
current injection. The peak emission power of 50 mW has been achieved for a 8% Sn edge emitting LED
at an injection of 1600 A/cm?,

50

—300 K

175} —— 300k
150 —— 250k aor ;gg E
rep —— 200k —— 150 k

100r —— 150k
8 —— 100k
I —— 80k

O 400K

T
i
i
I
i
i
I
i
i 20t
!

Current Density (Alcmz)
3
EL Intensity (uV)

%5 0 05 00 05 10 15
Voltage (V)

1400 1600 1800 2000 2200 2400

Wavelength (nm)

(@) (b)
Fig. 31. Temperature dependent (a) current voltage and (b) EL spectra of 8% Sn edge emitting LED.

The temperature-dependent behaviors of edge emitting Geo92Snees LED have been investigated at
temperatures from 80 to 300 K. The current-voltage characteristic and optical image top view of the
device are shown in Fig. 31(a). The clearly rectifying behavior is observed at temperatures from 80 to
300 K. Figure 31(b) shows the temperature-dependent EL spectra of Gep.92Snoes LED from 80 to 300 K
at an injection level of 600 A/cm?. The peak shift to shorter wavelength at lower temperature is observed,
which is consistent well with Varshni’s relation.

iii) Optically pumped GeSn lasers

The team has built an optical pumping setup in order to study the GeSn lasing characteristics. Since
the recent demonstration of GeSn lasers were conducted on a F-P cavity structure pumped with a
Nd:YAG pulsed laser, we adopted a similar approach while using the fs Ti:Sapphire laser which could
provide sufficiently high pumping power. The mirrors of the F-P cavity was formed by lapping the Si
substrates and then cleaving of end facets. Figure 32(a) shows the schematic of the optical pumping F-
P cavity experiment with pumping light collimated to a narrow stripe using a cylindrical lens. As
temperature decreases, the PL intensity dramatically increases and the peak becomes symmetric as
shown in Fig. 32(b), indicating the lasing can be expected at lower temperature with improved light
confinement. More experiments are underway.
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Fig. 32. (a) Schematic of the optical pumping experiment for an F-P laser. (b) Edge emitting PL spectra of 10% Sn n-type
doped sample at 77 and 300 K.

IV. Others

Kick-off meeting
e A kick-off meeting was held on July 17", 2014 at AFOSR. Prof. Shui-Qing (Fisher) Yu on

behalf of Arktonics, LLC attended the meeting and had a fruitful discussion with the program
manager Dr. Gernot Pomrenke.

Highlights
® The GeSn detector work from Yu’s group published in early this year was reported by several
media including Laser Focus World and Science Daily to show the visibility of GeSn material
and devices to the community. While this work is not directly related to this project, Arktonics
was mentioned in the report as a collaborator for future commercialization. We are confident that

the outcome from this SBIR project will achieve the same level of publicity. Several links for the
report are given in below:

http://www.pddnet.com/news/2014/09/germanium-tin-cheaper-smartphones
http://phys.org/news/2014-09-germanium-tin-cheaper-infrared-cameras.htmi
http://www.azom.com/news.aspx?newsiD=42434
http://www.newswise.com/articles/germanium-tin-could-mean-better-and-cheaper-infrared-
cameras-in-smartphones
http://www.laserfocusworld.com/articles/2014/09/cmos-compatible-germanium-tin-on-silicon-
could-make-inexpensive-ir-camera-sensor.html
http://www.opli.net/opli_magazine/eo/2014/germanium-tin-could-mean-better-and-cheaper-
infrared-cameras-in-smartphones-sept-news/

http://www.sciencedaily.com/releases/2014/09/140918121338.htm

e The paper “Shortwave-infrared photoluminescence from Ge;xSnx thin films on silicon”
published in Journal of Vacuum Science & Technology B was selected as Featured Letters.

e The paper “Competition of optical transitions between direct and indirect bandgaps in Ge1xSny”
published in Applied Physics Letters was highlighted for the latest research in thin film by AIP.

Facilities update

® A new continuous wave laser (operating at 532nm) with maximum power of 500 mW has been
installed and used for GeSn optical characterization.
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e A new spectrometer (Not funded by this project) has been installed in a standalone EL
measurement system. The low temperature and pulsed EL measurement with a high injection up
to 3 A has been performed (see LED characterization results).

e A low temperature optical pumping setup for edge-emitting lasers using a fs Ti:Sapphire laser
was constructed and the initial testing result was obtained and reported (see optically pumped
GeSn laser results)

e Arktonics, LLC has full access to these UA research facilities through agreement with UA as an
external user.
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gﬁ;m Material growth technique by using UHV-CVD
&
GeSn/SiGeSn alloys have been grown directly on Si substrate at low
temperatures using an cold wall ultra-high vacuum chemical vapor

deposition (UHV-CVD) system. The unique growth technique features:

+ Both SnCl, and SnD, as Sn precursors are used (The only team in
the world with this growth capability);

* No buffer layer needed.

Gas Entry

Cold wall UHV-CVD system with SnD, in-situ gas mixing. Gases are entered in the chamber
through a MFC and a final entry valve. The needle valve is placed after the gas regulators in
order to control the SnD, flow.

/,4:»‘/ Applied Nano & Bio Photonics Group @ UARK A\R'” fal |§ O

Left: Cold wall UHV-CVD system with SnD, in-situ gas mixing. The samples are loaded in
the load-lock chamber and after pumping down to 10 Torr pressure it is transferred to the
growth chamber. The growth chamber is pumped down with a turbo-molecular pump and
a cryogenic pump. Gases enter in the chamber through a MFC and a final entry valve. The
SnD, gas is kept in dry ice Dewar and is mixed with the gases before entering the chamber
through a needle valve. Partial pressure of SnD, gas as well as silane, germane and argon
are measured by a vacuum gauge.

Right: The needle valve is placed after the gas regulators in order to control the SnD, flow.
Note: The SnD4 gas delivering method is different from what ASU is using. Our method is
more manufacture friendly. The team tested this method for three months and believes
that it is patentable after some further improvement for accurate gas flow control.
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_ﬂ{uﬂ Material growth and characterization of mid-IR GeSn
=

Summary of GeSn
growth using SnCl,
as Sn precursor:

(a) HRXRD results for

different samples;

XRD Intensity (arb. units)

e () TEM image of a
E (eV Ge, 045N, o film;
10 00 08 o:“ a(m;.es ) 058 0.94710.06 !

1 ) | (c) RSM for a 8% Sn
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i 1
e e i s
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() |
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Bn,, sample;
% Gesn ™
; (d) Room temperature
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Normalized PL Intensity
] e
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.-'| . PL spectra for different
= T T T T T .-i:.l )
Q,(J('IUOU (riu) a 15.00 1s‘ou z|‘uo u.nn 2700 Samples.
Wavelength (nm)
) <4 Applied Nano & Bio Photonics Group @ UARK KR AN RS

(a) Symmetric (0 0 4) 26-w scan of GeSn films. The gradually shift of GeSn peaks indicates
the increase of Sn composition. The results show GeSn with Sn compositions from 1% to
7% (Note, the sample with 5% Sn is not shown due to low quality).

(b) TEM images of Ge, 4,Sn, ¢ film. The arrows show misfit dislocations formed at GeSn/Si
interface due to the large lattice mismatch between Si and GeSn.

(c) The RSM shows that the GeSn layer is strain relaxed grown on Si substrate.

(d) The normalized PL emission for different samples. As Sn composition increases, the PL
peak shifts toward to longer wavelength as a result of bandgap energy reduction.
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[N Material growth and characterization of mid-IR GeSn
GeSn growth using SnD, as Sn precursor.
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(a) The 28-w scan of GeSn thin films grown on Si at the pressures of 0.5 using SnD,. The
growth temperature was also shown in the figures, which was kept below 450 °C to be
compatible with a Si complementary metal-oxide-semiconductor (CMOS) process. The
GeSn peaks shift toward lower angle in HRXRD indicating the increase of Sn
composition.

(b) Raman spectra of the GeSn films. The shift in Ge-Ge peak is due to the incorporation of
Sn in Ge lattice which changes the bond size of Ge-Ge lattice. Ge-Sn peaks are shown
at lower wavenumber due to a weaker bond. Inset: peak positions of Ge-Ge and Ge-Sn.

(c) Energy dispersive X-ray(EDX) spectroscopy of the samples showing Ge and Sn
incorporation in the films.

(d) Room temperature photoluminescence spectra of the GeSn films with Sn compositions
from 0.5 to 2 %. Incorporation of Sn has reduced the bangap energy and therefore
shifted the PL peak from 1583 nm (0.5% Sn) to 1648 nm (2% Sn).
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ﬂ"-'-"-i& 4 Material growth and characterization of mid-IR SiGeSn

SiGeSn growth

| using SnCl, as Sn
{ precursor: (a) XRD
| results of SiGe; (b)
- Rutherford

back-
scattering spectra
for Sip 0sGeg g55n0 1;

(c) XRD results of

SiGeSn; (d) Room
temperature PL
spectra.

UNIVERSITY OF

RKANSA

)

In order to demonstrate growth of SiGeSn, the study of SiGe growth was firstly conducted

(followed by the Sn incorporation to finally achieve SiGeSn growth).

(a) The 26-w scan of SiGe thin films. At low SiH,/GeH, ratio of 0.1, the Si composition varies
from 1 to 5 % at pressure of 0.1 Torr and from 1 to 7 % at pressure of 0.5 Torr, respectively.

(b) The ratio of Sn peak heights reveals that only part of Sn atoms are substitutionally

incorporated.

(c) 26-w scan of SiGeSn thin films using SnCl, as Sn precursor with Sn compositions from 2
to 5 %. The Si composition was kept as 4 % (except a little higher one in Si; ;sGeg ;5N 04)-

As Sn composition increases, the SiGeSn peak gradually shifts toward lower angle.

Compared to GeSn samples (the same Sn composition), these peaks are closer to the Si

peak due to the Si incorporation. Therefore the incorporation of Si and Sn in Ge can be
identified by the spectra behavior.

(d) The incorporation of Sn reduces the bandgap energy, which on the contrary is increased
by the incorporation of Si. Therefore the PL peak position is determined by both Si and Sn

compositions.
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[

4l Material growth and characterization of mid-IR SiGeSn

The team has also conducted study of SiGeSn growth using SnD, as Sn
precursor.

- EDX spectroscopy of the samples showing Si, Ge, and Sn incorporation
in the films; (left figure)

* Incorporation of Si has resulted in a shift towards higher angles for
SiGeSn peaks, which follows the theoretical predication. (right figure)
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Energy dlsperslve x_ray(EDx) Spectroscopy The 26-w scans of SiGeSn and GeSn
films. Inset shows the Raman spectra
of 1% Sn sample.

/,‘b/ Applied Nano & Bio Photonics Group @ UARK &R\RI]\(!RWS‘){”

oty (3%

i

W ;

/X Rearan Snft tem ')
O X

Intensity (cps)

willl o

3 o 2Theta ")

DISTRIBUTION A: Distribution approved for public release



m’ﬂ“ 4 In-depth study of GeSn optical characteristics

=

PL of unintentionally doped samples with Sn composition from 1 to 10%
have been comprehensively investigated.
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Room temperature PL emissions from unintentionally Temperature-dependent  PL

doped GeSn samples with Sn compositions from 1 to 10%. spectra of 10% Sn sample.
A7 Applied Nano & Bio Photonics Group @ UARK B SRR

The samples were grown by ASM.

Left: As Sn content increases, the PL peak shifts toward longer wavelength, indicating the
narrowed bandgap due to Sn incorporation. The bandgap energy is also affected by strain,
therefore 7% Sn sample shows narrower bandgap than 8% Sn sample because of the higher
compressive strain of 8% Sn sample. At low Sn composition, two peaks corresponding to
direct and indirect bandgap transitions can be identified clearly because of the sufficient
energy separation. At higher Sn composition, these two peaks cannot be identified due to
the reduced bandgap energy difference, resulting in only a single peak to be observed.
Right: Temperature dependent PL spectra of a 10% GeSn sample in which only a single peak
with narrowed line-width was observed. This PL linewidth reduction compared with that of
lower Sn composition PL (for example 8 and 9%, not shown in this result).
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(a)

(b)

(c)

(d)

& " i s
N e In-depth study of GeSn optical characteristics
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~ - el | alloy has been identified;
E 2 ozl i \L“ (First direct bandgap GeSn
£ g " ~ 1 alloy reported in the world)
H : .AAA ~
£ ] . B4 2 1 )
= H b [ "4 A L | Bandgap shrinkage has been
a0 @ 1men A ® | observed in heavily doped n-
e e ® 1L | type samples from PL.
= b e s el i e 0 2 4 & ] 10
Temperature (K} Sn compaosition (%)
Energy (eV) (a) The line-width of the PL
450 08075 0.7 065 06 085 05 160000 S . . . peaks,
(e) (o agipadip (d) - o ; 1 (b) Bandgap energies for
g e ' different Sn compositions
= 150 AE=18meV £ 1 =i ] : po: .
= £ o 150K | (c) Comparison of PL
g : = | between 5% Sn doped
s '® i K | and undoped samples.
= E (d) Temperature dependent
" L PL spectra of a heavily
doped 10% n-type
e Ea T I M e e, Bample;
Wavelength (nm) Wavelength (nm)
" Applied Nano & Bio Photonics Group @ UARK $ UNIVERSITY OF
pp P@ D ARKANSAS

The line-width of 8 and 9 % Sn samples are nearly twice that of 10% Sn sample at the
temperature range from 300 to 100 K, indicating that 10% Sn sample is a direct
bandgap material.

region (i) and (ii) correspond to indirect bandgap material, while region (iii) corresponds
to direct bandgap material. The solid and open symbols represent the direct and
indirect bandgap energies, respectively. The 10% Sn sample is located in region (iii),
which is determined as a direct bandgap material. The solid and dashed lines are eye
guidance of direct and indirect bandgap energies, respectively.

PL spectra of n-type doped GeSn sample and its comparison with unintentionally doped
samples with similar Sn composition. The bandgap shrinkage due to the n-type doping
is observed as 18, 26, and 61meV for 5.5, 8.2, and 10% Sn samples, respectively. The
figure shows a comparison of PL spectra for 5% doped and undoped samples.
Temperature dependent PL spectra of a 10% heavily doped n-type GeSn samples The
room temperature PL peak position of the sample is around 2400nm, which is the
longest wavelength reported so far.

DISTRIBUTION A: Distribution approved for public release



structures;

the first time.
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Temperature-dependent characterization of GeSn
photoconductors has been conducted.

* The responsivity of 1.63 A/W at 1.55 ym has been
achieved at 77 K with 10% Sn sample;
= An improved responsivity of 2.85 A/W has been achieved
at 1.55 pym and 77 K with

* A side by side comparison for D* between GeSn and
other market dominating IR detectors has been done for

interdigitated electrode

o +—2.0 mm

“—1.0 mm

a';:.‘...l/ (b} =—1.5mm

ﬁm Characterization of GeSn mid-IR photoconductors
&

1

3
107k inGaAs, 205K
\

| InAs, 77 K
L rmmmmammsmmmmmaeeaal
e PbS, 77 K

3
o )
i
%
B
uh
=

Detectivity (cm*Hz'"**W")

Wavelength (um)

Spectral D*
JTHNC 285AW
Measure: .88 pm
280K R S T

e O

Responsivity (AW)

¥ & EstinGans

e "’“ 1 0.2 —+—0.5mm e
M‘.s 16 1T 18 18 20 21 22 : 25 Duu 10 20 30 40 50 “a 4 2 5_4_ 57;
Wavelength (um) Applied Bias (V) Applied Bias (V)
Spectral photo response Responsivity at 77 K Responsivity at 77 K
= Applied Nano & Bio Photonics Group @ UARK ARKANSAS

(a) Room temperature spectral photo response of standard photoconductors. As Sn

(b)

(c)

(d) The spectral D* for different temperatures shows the comparison of these devices with
other mature detector technologies. Note that the D* of Ge, 4,Sn, ; is only one order-of-

composition increases, the cutoff wavelength shifts towards to longer wavelength and

the longest cutoff wavelength of 2.4 um is observed for a 10 % Sn device.

Responsivity for standard Ge, 4Sn, ; photoconductor measured at 1.55 pm and 77 K.
Responsivities of InGaAs and Ge are plotted for comparison. Insets: Optical image of

the device.

Responsivity for Ge, 4Sn, ; photoconductor with interdigitated electrode was measured

at 1.55 um and 77 K.

magnitude lower than that of Ge, extended-InGaAs, and PbS detectors in the short

wavelength IR range.
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- Characterization of GeSn mid-IR photodetectors
Photodiode detectors and avalanche photo diode (APD) have been
characterized and preliminary results have been obtalned

~10"
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(a) Spectral response up to 2 um has been observed for a 6 % GeSn photo diode and the
response was compared with two different photoconductors (3.2 and 7% Sn).

(b) GeSn photodiode has much lower dark current (at reverse applied voltage) compared
to photoconductor, the D* of photo diode is two order of magnitude higher than that
of photoconductor.

(c) Schematic of the cross-section for the APD device. Absorption-Charge-Multiplication
(SACM) structure has been used, which takes advantage of the excellent optical
absorption of GeSn at mid-IR range and the outstanding carrier multiplication
properties of Si.

(d) The preliminary testing results of the temperature dependent |-V curves have shown
device breakdown behavior.
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mﬂ Characterization of GeSn mid-IR emitters
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(a) Normalized EL spectra for surface emitting LEDs at room temperature. As Sn

composition increases, the EL peak position shifts to longer wavelength. The EL
emission at 2380 nm was observed from 10% Sn LED. For the devices with 9 and 10%
Sn LEDs the PbS detector (cut-off at 3 um) is applied to measure the spectra, whose
signal-to-noise ratio is lower than that of the InGaAs detector (cut-off at 2.3 um) which
is used to measure the EL of LEDs with 6 and 8% Sn LEDs.

(b) The emission power measurement has been performed by using a pulsed current

(c)

source in order to eliminate the contribution from Joule heating. The peak emission
power of 0.1 W has been achieved for a 8% Sn surface emitting LED at an injection of
800 A/cm? and a working temperature of 350 K.

Normalized EL spectra of 6 and 8% Sn edge emitting LEDs at room temperature. These
results are consistent with surface emitting LED.

(d) The peak emission power of 50 mW has been achieved for a 8% Sn edge emitting LED

at an injection of 1600 A/cm?.

Note: (Results are not shown here) Temperature-dependent EL emissions from the surface
emitting LEDs with Sn compositions of 6 and 8% have been investigated. The blue-shift of
EL peak with decreased temperature has been observed.
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w Characterization of GeSn mid-IR emitters

Temperature-dependent EL
emissions from edge emitting
LED with Sn composition of 8%
have been observed.

An optical pumping setup was
built to study the
characteristics of GeSn edge-

emitting laser. The preliminary
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(a) The current-voltage characteristic. The clearly rectifying behavior is observed at

temperatures from 80 to 300 K.

(b) The temperature-dependent EL spectra of Ge; 4,50, o5 LED from 80 to 300 K at an

injection level of 600 A/cm?2. The peak shift to shorter wavelength at lower

temperature is observed.

(c) The team has built an optical pumping setup in order to study the GeSn lasing

characteristics. The mirrors of the F-P cavity was formed by lapping the Si substrates
and then cleaving of end facets. The fs Ti:Sapphire laser which could provide sufficiently

high pumping power was used as pump laser.

(d) As temperature decreases, the PL intensity dramatically increases and the peak
becomes symmetric, indicating the lasing can be expected at lower temperature with

improved light confinement. Further study is ongoing.
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Abstract

The main content of this report includes i) Growth of mid-IR GeSn/SiGeSn materials using
Ultra-high-vacuum Chemical Vapor Deposition, ii) In-depth characterizations of GeSn
materials using different techniques, and iii) Development of GeSn mid-IR detectors and
emitters. For material growth work, buffer free growth of Ge, SiGe, SiSn, GeSn, and
SiGeSn on Si substrate has been demonstrated. Both SnCl4 and SnD4 are used as Sn
precursors for GeSn and SiGeSn growth. So far 276 wafers have been grown. The
GeSn/SiGeSn material characterizations have been performed via X-ray diffraction,
Raman, ellipsometry, Rutherford backscattering spectra (RBS), and high resolution
transmission electron microscopy (TEM). The XRD result clearly shows GeSn, SiGe, and
SiGeSn peaks indicating the success of the growth. The highest Sn incorporation is
determined to be 7% for GeSn materials and the substitutional incorporation of Sn for
SiGeSn varies from 2% to 5%. The reciprocal space map shows that the as-grown GeSn
layers are relaxed. The TEM image shows that the misfit dislocations are localized at the

interface between Si and epitaxy layer. Room temperature photoluminescence (PL) from
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GeSn and SiGeSn samples have been observed. The PL peak positions agree well with
the theoretical prediction. High quality GeSn samples grown by ASM have been
comprehensively characterized. A direct bandgap Ge0.9Sn0.1 alloy has been identified
which is the first report of direct bandgap GeSn alloy. Moreover, bandgap shrinkage has
been observed in heavily doped n-type samples. GeSn samples have been fabricated
into photoconductive detectors, avalanche photo diodes, and light-emitting diodes
(LEDs) and in-depth study has been conducted. The responsivity of 1.63 A/W at 1.55 um
has been achieved with a Ge0.9Sn0.1 photoconductor at 77 K, which is higher than that
of market dominating Ge and InGaAs detectors. The team has done for the firsttime a
side by side comparison for specific detectivity (D*) between GeSn and other market
dominating infrared detectors in short wavelength infrared range. An improved
responsivity of 2.85 A/W has been achieved on Ge0.9Sn0.1 photoconductors at 1.55 um
and 77 Kby using an interdigitated electrode design. Temperature-dependent
electroluminescence and power output from Ge/GeSn/Ge double heterostructure n-i-p
surface and edge emitting LEDs have been studied for samples with Sn composition up
to 10%. The peak emission power of 0.1 W (8% Sn surface emitting LED at 800 A/cm2
and 350 K) and 50 mW (8% Sn edge emitting LED at 1600 A/cm2 and 300 K) have been
achieved, respectively. An optical pumping characterization system for edge-emitting
lasers has been constructed and the preliminary results from a 11% GeSn sample have
been obtained showing the promise of achieving lasing at low temperatures.
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