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ABSTRACT

Energy-efficient integrated circuits for on-chip or clhdpehip data transfer via photons could be
tackled by monolithically grown group IV photonic devices. The major goal here is the realization of
fully integrated group 1V room temperature electrically driven lasers. An approach beyond the already
demonstrated optically-pumped lasers would be the introduction of GeSn/(Si)Ge(Sn) heterostructures
and exploitation of quantum mechanical effects by reducing the dimensionality, which affects the
density of states. In this contribution we present epitaxial growth, processing and characterization of
GeSn/(Si)Ge(Sn) heterostructures, ranging from GeSn/Ge multi quantum wells (MQWS) to GeSn
guantum dots (QDs) embedded in a Ge matrix. Light emitting diodes (LEDs) were fabricated based
on the MQW structure andtructurally analyzed via TEM, XRD and RBS. Moreover, EL
measurements were performed to investigate quantum confinement effects in the wells. The GeSn
QDs were formed via Sn diffusion /segregation upon thermal annealing of GeSn single quantum wells
(SQW) embedded in Ge layers. The evaluation of the experimental results is supported by band
structure calculations of GeSn/(Si)Ge(Sn) heterostructures to investigateapipdicability for
photonic devices.

Keywords: GeSn, Direct bandgap, Optoelectronics, Silicon photonics, Group IV alloys, Ligtingndiodes, Multi
guantum wells, Quantum dots

1. INTRODUCTION

The concept of fully integrated light emitters on Si is a promising fmtlards energy-efficient electronic photonic
integrated circuits (EPICs) due to their CMOS compatiBilijhe main hindrance, however, is the absence of a direct
bandgap in Si and Ge semiconductdetrimental for efficient radiative recombination. Substitutional incorporafi@m
atoms and the introduction of tensile strain into the Ge lattice are two paxsiloles to overcome this obstadieading

to afundamental direct bandgap in the Ge-based striécturasingin a fundamental direct bandgap group IV GeSn alloy
has already n demonstratednaking this material system very interesting for optoelectronic dévices

Cubic GeSn becomes a direct bandgap material for Sn concentrations abéve Bhas. transition is attributed to the
effect that substitutional Sn atoms in the Ge lattice pull down the condbetimat theT" point faster than that at L.
Additionally, tensile strain enhances this tendency, while the compeestsain works against'it

While room temperature electroluminescence at low current densities énmmjunction light emitting diodes (LEDS)
relying on the direct band gap, has already been demonéttatgudically-pumped lasers still suffer from low maximum
operating temperaturésThose maybe overcome by decreasing the residual compressive strain in the device oy mor
elaborate geometries, like under-etched micro-disk resonators, or byqusintym effects in heterostructures, where

Further author information:
D. Rainko: E-mail: d.rainko@fz-juelich.de



charge carriers are confined in a quantum well or a quantuth'ti&t Size-quantization effects influence both the
recombination transition energy, i.e. the emitted wavelength, and also the déskitgs, which may lead to improvement
of the lasing parameters, e.g. reduction of the threshold current den&itypvas from the history offl -V lasers®.

Concerning GeSn active layers, obvious choices for barrier materials asnds&iGeSn due to their epitaxial
compatibility. In this contribution, therefore, we will show temperatigpendent light emission from compressively
strained GeSn/Ge MQW LEDs with Sn concentrations around 8 at. %. Ineageweral discussion, we also investigate
computationally the suitability of GeSn/Ge heterostructures in a range of straiticcanand compositions, and compare
these with band alignment and barrier offsets achievable in GeSn/SiB¢SThe formation of GeSn quantum dots
(QDs) via annealing of compressively strained GeSn/Ge single QWs (SQW)mwitinBentrations of 10 &.and their
structural and optical characterization will also be discussed

2. METHODS

a. Epitaxial growth and device processing

All (Si)GeSn/Ge heterostructures were grown using an industry-compatible AXTRduced pressure CVD reactor on
200 mm Ge virtual substrates (Ge-\8) Si(001) wafers. The growth temperature ranged between 36%°G7&rC.

Both the dihydrides Gels and SiHe, as well as Sn@lwere used as precursor gases, which enable growth at low
temperatures and allow the incorporation of large amounts'af/Rw LED fabrication the active layers were sandwiched
between p- and n-doped carrier injection GeSn layers.

Two different types of structures are discussed in this contributimmely GeSn/Ge multi quantum well LEDs and
undoped GeSn/Ge single quantum wells.

For the GeSn/Ge MQW LEDs, the p-doped GeSn bottom layers were grown aboertital thickness for strain
relaxation, reducing the compressive strain in the GeSn QW subsequently. gvimreover, the strain releasing
dislocations are confined to the interface betweeG®' S and the doped GeSn contact layer and guarantee a low defect
density in the active regiénThe G&SnWGe MQW consists of several GeSn quantum wells, about 20 nm skjchrated

by 14 nmGelayers acting as barriers. The residual strain in the GeSn wells 186@viiereas the Ge barriers are tensely
strainedto +0.48%. On top of these layees)n-doped GeSn layer was grown for electron injection into the actiienreg

The formation of the LEDs was performed using standard Si technaoagptive ion etching (RIE) of mesas usiGty/Ar
plasma followed by the surface passivation by atomic layer deposition (&.1) nm AbOs at 300°C and subsequent
plasma enhanced CVD (PECVD) of 150 nm S#&b 300°C. After contact window opening via optical lithography and
CHF; RIE, NiGeSn contacts were formed by sputtering of Ni and formingryasaling at 32%C1°. The last metallization
step consists of 200 nm Al.

For the investigation of quantum dot formation, a GeSn layer with 10 @&h%nd thickness of 17 nm was grown on top
of a Ge-VS and capped by a 23 nm thick Ge layer. The samples wemgtthtifferent rapid thermal annealing pro@sss
in atemperature range between 400°C and 500°C under Ar ambient$ar@D120 s (see table 1).

Table 1. Experimental parameters for the RTP of GeSn SQW samples.

Sample Annealing Temp. [°C] | Annealing time [s]
RTP_O1 400 60
RTP_02 450 60
RTP_03 500 60
RTP_04 400 120
RTP_05 450 120
RTP_06 500 120




b. Structural characterization and electroluminescence measurements

Structural characterization of the LEDs was performed via Rutherfordststtéring spectrometry (RBSk-ray
diffraction (XRD), transmission electron microscopy (TEM) and secondary ion massapetry (SIMS). RBS spectra
were measured using 1.4 Me¥e* ions under 170° scattering angle, which gives information abimithiometry,
thickness and crystalline quality of the grown layers. X-rayraliffon reciprocal space mapping (XRD-RSM)
measurements were performed using a Bruker D8 high-resolutfoactiimeter and the Jwvavelength of Cu around the
(224) reflections. From these, thre and outef-plane lattice constants and, therefore, strain in the GeSn and Ge layers
were identified. The sharpness of the interfaces and the distrilmfititoping elements was analyzed by TEM and SIMS.
For TEM measurements the cross sectional specimens have beergiBparinding and Ar ion milling. Investigations

of the structural properties and local composition were performed with FBRITE20 and FEI Titan 80-200 equipped
with Super X EDX detector, respectively.

Light emission from the MQW LEDs as well as from the annealeghG@Ds was studied with a Bruker VERTEX80
FTIR spectrometer in step scan mode. Spectra were recorded in a terepenager betweend and room temperature
(300 K) using a liquicHe cold finger, on which the samples were mounted. The samples were dxcRadHz pulses
with 50% duty cycle, and the emitted luminescence was detected by a nitamged-InSb detector, while a cut-off filter
at around 3imensured a minimized influence of thermal radiation.

c. Numerical calculations

The band structure and alignment of heterostructures, including the GeSn/Ge adQW) as the bulk materials were
also investigatedomputationally, with the structural parameters coming from the layer’s structural characterization. The
band energies of the bulk material were calculated using the deformpatemntials, and 8x8 k- p method including strain
effects, with the parameters of Si, Ge and Sn taken from litetatUr€oncerning the quantum well structures,
guantization energies were calculated using the effective mass method fimmslét L andl” bands, and the 6x6 (k-
method for LH, HH and SO bands.

3. RESULTS AND DISCUSSION

The MQW LED is schematically shown ingre 1 together with structural characterization by TEM, RBS and XRD.
Cross-sectioal TEM (XTEM) micrographs (inset in Fig. 1a) show sharp interfacesdsst Ge barriers and GeSn wells.
Moreover, a high concentration of threading dislocations at the GeSn:P/Ge inteitfamg propagation into the MQW
region were found. This indicategpartial relaxation of the doped GeSn:P buffer layer, which reduces the aessiver
strain in the GeSn wells. To investigate the crystal quality of the layer selRBS measurements have been performed,
at which the MQW structure was either aligned randomly to the 1V Nl beam, or along the lattice channeling
direction. The ratio between the number of scatteredintcizanneling and random measuremenis determined behind
the surface peak, is correlated with the atom substitutionalitye investigated layer. The minimum channeling yield of
6% evidences a high crystal quality with large substitution of Sn atorhe 1&¢ lattice (Figure 1 (b)figure 1 (c) shows
RSM measurements, where the periodicity of the MQW as well as thetifleoming from the p-doped GeSn buffer
and the Ge-VS are visible. Strain values of -@74nd +0.486 are extracted for the GeSn wells and Ge barriers,
respectively. The dashed line in Figure 1 (c) shows that the complete M@We samim-plane lattice constant as the
partially relaxed p-doped GeSn buffer, meaning that it is pseudomorphicaiiy gin top of the GeSpuffer. The partial
relaxation of the buffer is also indicated by the wiiten from theGe-VS, which is not aligned with the refiéon from

the overgrown structure.
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Figure 1 (a) Device design of the MQW LED with XTEM micrograph of the GeSWIEAV as inset. (b) RBS spectrum
revealing high crystal quality withygin of 6%. (c) XRD reciprocal space map image of the MQW to idethtéyn-plane
and outef-plane lattice constants of the layer structure.

Figure 2 (a) shows EL spectaha current density of 420 A/cm? for temperatures betwleand 300 K of the GeSn/Ge
MQW. The emission peak centered at &6(at 300K) shifts abou0 meV at 4 K, due to the temperature dependence
of the bandgap. The calculated electronic band structure of the MQW (Fiduder@veals a weak carrier confinement. It
indicaiesthat both GeSn and the Ge barriers are indirect semiconductors, émel letergy lies below tHeband energy.
More important from the carrier confinement point of view, Tymidnment is not achied for electrons. The GeSn
“well” serves as a quantum well only for holes, but not farelectrons; those are actually confined within the Ge barrier.
In conclusion, the interplay between compressive strain in the well and térsiarsthe barrier cause only a small band
offset in the conduction band and, therefore, poor carrier confiremen
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Figure 2. (a) Temperature dependent EL spectra of the GeSn/Ge IWBANd structure calculations based on the
thickness, stoichiometry and strain information of the MQW.

In order to get a more general idmawhich layer composition creates a band structure suitable for efficientniggien,
calculations have been performed for pseudomorphically grown GeSn/Gs tayéully relaxed GeSn buffer (Figure
3 (a)). The Sn concentration of both the buffer and top GeSn wellvagee in the rang@-— at.%, which is experimentgl
accessible in epitaxial growth In recent publications we have examined the region where the GeSmdeaiboes a



transition from indirect to direct bandgap depending on the Sn concemiratie GeSn buffer and welf. If we exclude

the parameter configurations in which the GeSn well has an indirect, thelGeaw a direct bandgap and where the
alignment for the T bands is not of type I, only a small parameter space is left, suitable for carrier confinentern(grea,
Figure 3 (b)). The DHS in this remi should exhibit a high offset between the well and the barrier in compacdgbe
thermal energy at 300 K for application in efficient light emittémsFigure 3 (c) the barrier heighfsr I'-electrons, in

units of kT at 300 K, are plotted for different Sn concentrations in the Ge8ar and well. In this regime only low
barrier heights with a maximum of only ~1.5Tkcan be obtained, so that the material system GeSn/Ge can be excluded
as an efficient group IV heterostructure for light emitters.
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Figure 3. (a) Layer structure of GeSn/Ge DHS. (b) &egwhere the GeSn well of the structure has a direct/indirect
bandgap (blue/red area), where the Ge barrier becomes a direct banddaq éska), and where the alignment of barrier

and well is type | (green area)) (Cband barrier heights relative tos @ 300 K for the green area of)(kd) Band profile
of a GeSnodSixGeSmn.osDHS.

SiGeSn is a more suitable barrier material for carrier confinemedeSn heterostructu®'$. Figure 3 (d) shows band
profiles of GeSn/SiGeSn double heterostructures (DHS), where bulk GeSn with Sn catmerdf around 8 &% is
deposited in between two SiGeSn layers with a Si concentration varyingdretlv andl4 at% and a fixed Sn
concentration of 8 at.% he SiGeSn barriers are indirect alloys while the GeSn well is dirgee | alignment, with band
offsets up to 263 meV for thE band edges andi7 meV for the L bands, is here possibléese results indicate the
prospects of using GeSn/SiGeSn heterostructure configurationsifteréffseSn LEDs and LDs.

Another type of structure, which modifies the material propediesquantum dots embeddedierystalline matrixWith
sufficiently small sizes o0®Ds one can get well separated discrete bounded states with a 0D typsitf dkestates. By
changing the dot size an additional tuning of bandgap and, therefitite emitted wavelength is possible. These structures
are very interesting for photonic applications, in particular for detectd laser applicatioffs*

There are several ways to create QDs, from direct over-growth on temsplag&rates to controlled diffusion and
segregatioft-? The low solubility of Sn in Ge can be used fdd€Jormation by simply annealing the GeSn layers, which
causes the precipitation 8?4 Following this approach to form GeSn QBs grew Ge/GeSn/Ge single quantum wells
(SQW), as depicted in Figure 4 (a), before performing rapid thermal ammaatemperatures between 40Gand 500°C

to create GgSn, precipitations in the bulk material (Table 1). The untreated SQW show# aryigtal quality, with a



channeling minimum yielgmin of 4.5% (Figure 4 (b)), while TEM micrographs show shatprfaces without misfit
dislocations (Figure 4 (c)). All annealed samples show quanttifeheation within the initial GeSn well (Figure 4 (d))
The occurrence of Moiré patterns on XTEM micrographs indicate their crytaliind also reveal the fact that the dots
are not coherently oriented to the surroundbggattice.
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Figure 4. (a) Layer structure of the GeSn SQW surrounded by Gs.l@eRBS spectrum of the SQW indicating a high
crystal quality. (c) XTEM micrograph showing the GeSn well and &gdys. (d) GexSrk precipitates inside of the GeSn
well after the annealing process.

To acquire more information about the GeSn dots, energy dispersivesgaetyoscopy (EDX) mapping was performed.
Figure 5 (a) shows a high angle annular dark field micrograph (HAAihere heavier elements i.e. Sn produce brighter
contrast. The corresponding EDX map of the Ge and Sn absorption edgesplagedisn Figure 5 (b)Clearly, an
increased amount of Sn is revealed inside the dots indicating that¢heycreated due to precipitation of Sn inside the
SQW (Figure 5 (b)) However, the absolute Sn concentration cannot be derived from this eraastr since the
surrounding matrix obscures the detection of the EDX signals stemminyg folal the QDs. Further experiments are
needed for evaluation of Sn content as well as the crystal structure.

Figure 5. (a, b) HAADF micrograph of severaliG®rk precipitates and the corresponding EDX maps of Ge and Sn.

PL measurements on thsgrown and annealed SQWSs have been performed and are showrune @)igTrhe spectra of
the asgrown SQW show three distinct peaks at energies of e¥).5-0.59eV and ~0.43 eV. From band structure
calculations the first two may be associated with transition from I" and L, respectively, to the heavy hole band. The last
peak, since positioned below the bandgagy be ascribed to defettafter the annealing process only one peak, at about
0.48eV is visible. Moreover, the peak positioraia lower energy, indicating a lower effective band gap. Band structure
calculations for unstraineGeoSrvas SQW indicate a bandgap of 5Q.eV, which would even increase if the Sn



concentration decreases due to the precipitation of lgmefbre this PL emission peak cannot directly be attributed to the
strain relaxation of the initial GeSn layer. In the formed QD the Sn content isexkpede higher and the competition
between high Sn content and compressive strain may lead to emissoaweatenergies. Nevertheless, no radiative
transitions can be exactly attributed to the quantum Batsher experiments and calculations will provide more evidence
on the compositional and electronic properties of these precipitates.
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Figure 6 Temperature dependent PL spectra of the as-grown GeSn SQWd @) annealed sample with quantum dots (b).

4. SUMMARY AND OUTLOOK

In this contribution we present growth and characterization of GeSn MQW and &@hédded im Ge matrix Structural
characterizations of the MQW device reveal a structure with sharp layerasmsand high crystal quality. EL spectra
could be measured in the temperature range between 4 and 386 K: p and effective mass method calculations show
a generdy weak carrier confinement in GeSn/Ge heterostructures. Furthermore, thetearspace for type | alignment
with epitaxially reasonable Sn concentrations is very small, making GeSn/Ge thettuoss unsuitable for efficient light
emitters. SiGeSn is introduced as barrier material, where band structure calc@atianswuch larger barrier heights
predicting a more efficient carrier confinement of charge carriers in the cordbetial.

Finally, formation of GeSn quantum dots is demonstrated, with precipit#t®n inside the GeSn SQWs. From mapping
analysis an increased amount of Sn could be measured. However, firengentslo not reveal any radiative transitions
originating in the QDsStill, a more detailed investigation of composition and electronic structure of GeSn iPbes w
necessary.
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