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ABSTRACT

Interest in next generation devices that integrate photonic and electronic functionality is
focused on extending the capability of existing group IV material systems while maintaining
compatibility with existing processing methods and procedures. One such class of materials
which has been recently developed, Ge,..,SixSn, ternary alloys, is being investigated for
integrated Si photonics, solar cell materials, telecommunication applications, and for IR
photodetectors. These alloys afford the opportunity to decouple the band gap energies and lattice
constants over a wide range of values, potentially yielding direct and indirect character that can
be coupled with a variety of different substrates dependent on composition.

In the present work, we report X-ray photoelectron spectroscopy (XPS) characterization of
Ge.xySixSny alloys grown by gas-source molecular beam epitaxy (GS-MBE) and investigate Ni-
Ge.xySiySny bilayer reactions with x-ray diffraction (XRD). The surface oxidation of samples
stored in ambient conditions were measured with XPS. High resolution spectra showed chemical
shifts of Ge, Si and Sn peaks consistent with Ge-O, Si-O and Sn-O bond formation. Depth
profiling indicates a homogeneous composition throughout the bulk of the sample with surface
oxidation confined to the top few nanometers. A highly tin-enriched layer was indicated at the
surface of the material, while silicon was observed to be either enriched or depleted at the
surface depending on the sample.

To study the interaction of the ternary with an ohmic contact commonly used in device
fabrication processes today, nickel layers 30 nm thick were evaporated onto the alloys and were
annealed in nitrogen up to 400 °C for periods as long as 1 hour. The XRD data show that the
Niy(Gejx.ySixSny) phase forms first followed by Ni(Gej.x.,SixSny).

INTRODUCTION

Recently, a new material system has emerged as a potential candidate for various electronic
and optical applications. The ternary alloy system comprised of Ge, Si, and Sn (Ge|.,Si,Sny) is
able, in principle, to span a wide range of electronic and structural properties including a
fundamental direct gap and lattice constants ranging from silicon to tin. [1-4] The system also
affords the opportunity to decouple the band gap and lattice parameter [5] which may allow a
wide variety of materials to be grown epitaxially with great potential for strain engineering and
buffers [6]. Potential applications for these materials include novel on-chip components via
integration with Si photonics, multi-junction solar cells, telecom, and infrared sensing [7-9].

The recent emergence of these materials and growth methods means much work still
remains in the electronic and structural characterization of this ternary alloy through the range of
compositions available. To conduct such studies, electrical contact materials and processing
required to produce test devices must be developed. Of particular concern for contact formation



to alloys with high Sn content is preventing Sn precipitation because the equilibrium solubility of
Sn in Si and Ge is very low.

A promising contact material is Ni, which has been reported to form a low resistivity ohmic
contact on Ge when annealed at low temperatures (300-500 °C), perhaps low enough to prevent
Sn precipitation. The Ni>Ge phase forms initially followed by NiGe.[10-12] The formation
temperature of the low resistivity phase would seem ideal for contact formation with Ge;.
ySixSny alloys. However, no studies of interactions between Ni contacts and Ge;..ySi,Sny alloys
have been conducted.

The formation of good contacts to a material is sensitive to the composition and oxidation
of the material surface. In this work we investigate the surface oxidation of Ge;.x.,SixSny alloys
on 6° miscut Ge(100) stored in an ambient environment before and after treatment etching with
5% HF/DI water. We also study the interaction of Ni with Ge.x.,SixSny alloys grown by GS-
MBE and annealed at temperatures ranging from 200 °C to 400 °C.

EXPERIMENT

Alloys with Ge compositions of 85-90%, Si from 8-12%, and Sn 1.9-3 % were grown with
GS-MBE. Details of the growth process have been previously reported [13,14]. Thin layers of
Ni (30nm) were evaporated onto 900 nm thick Gey g5Sio.12Sng 3 after etching with buffered HF.
The Ni films were then annealed in a tube furnace under flowing nitrogen at temperatures up to
400 °C for up to an hour. A sample of the same composition with no Ni deposited was cleaned in
5% HF/DI water and rinsed with DI water and isopropyl alcohol baths. It was immediately
inserted into the XPS to investigate the effectiveness of wet etching to remove surface oxidation.

XPS spectra were collected using a PHI (Perkin Elmer) 5500 spectrometer equipped with a
hemispherical analyzer using an Al K, x-ray source operated at 350 W. Depth profiles were
measured using a rastered 5 kV argon ion sputter beam. Atomic concentrations were determined
from integrated core-level XPS peaks of high resolution spectra using known sensitivity factors
[15].

X-ray diffraction measurements were performed using a PANalytical Empyrean
multipurpose x-ray diffractometer with Cu source, and x-ray mirror incident beam optic. Grazing
angle of the incident (3°) beam 20-scans with parallel plate collimator, Ni-f filter, and
proportional detector were used to collect the spectra. Measurements were taken with a low
incident angle (3°) to maximize the sampled volume.

RESULTS and DISCUSSION

XPS Surface Analysis

A representative XPS survey spectrum highlights the spectral features used in the
quantitative analysis (Fig. 1). High resolution spectra of Ge 2p3/, Sn 3dsy, and Si 2ps/, peaks at
the surface of Ge.«,SixSny alloys maintained in an ambient atmosphere show that all species are
oxidized at the surface; however, the oxide layer only persists for a few nanometers as evidenced
by the presence of the vanishing O 1s peak, and the chemical shifts of Ge, Si and Sn peaks from
higher to lower binding energies.
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Figure 1. Representative XPS spectra of Ge;.x.ySixSny alloy with high germanium content. It
shows the qualitative position and intensity of the peaks used in analysis.
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Figure 2. The surface (A) and bulk (B) composition profile of a Gey gSio.11Sng 01 alloy measured
by XPS. These bulk values are consistent with the film composition Ge g5Sig.12Sng 03 determined
by RBS.

Figure 2a shows an XPS depth profile of the composition in the surface region (top 6 nm)
of a Gey 5Sig.12Sn¢ 03 sample compared with the composition through the entire film thickness
(Fig. 2b). The oxygen content quickly decreases after 1.5 nm and is eliminated by 6 nm while
the Ge concentration increases from 30% to 90%. Interestingly, the Si concentration is depleted
to 2.5% and quickly increases to a steady 7-8% within the surface region. Sn shows the opposite
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effect; it is greatly enhanced (near 15%) at the surface but quickly reduces to the bulk value of
3%. This Sn enhancement has been observed in all samples under study and has been as high as
25% for some material. Silicon was observed to be either depleted or enriched at the surface
depending on the sample. Analysis of the depth profile data from the bulk material beyond 6 nm,
indicates a homogeneous composition throughout. The average composition was calculated to be
Geo.s3Sio.11Sn0,01. The data is consistent with the composition determined by RBS that indicates a
composition of Geg gsSio.12Sn0 03

As noted above, surface Ge, Si, and Sn species were oxidized. To determine a process for
removing the oxide from the surface prior to metals deposition, a sample of the material was
dipped in 5% HF/DI water for 2 minutes and rinsed in DI water and isopropanol. XPS spectra
were taken before and after cleaning and indicated the surface oxide was eliminated. The XPS
spectra show a chemical shift of Ge, Sn, and Si peaks to higher binding energies before the
cleaning as is characteristic of oxidized species (Figure 3). After etching all oxide has been
removed.
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Figure 3. Spectrum of Ge2P3/», Sn 3ds), and Si 2P, peaks before (top) and after (bottom) HF
etching. The data shows removal of all surface oxide species.

XRD analysis of Ni-GeSiSn interaction

Reactions of Ni and Ge are known to produce Ni rich phases ultimately leading to NiGe
under constant temperature ramp and isothermal conditions.[10-12] In this work an alloy with
composition Gey ssSig.125n0,03 was reacted with Ni layers by annealing at temperatures up to 400
°C for times up to 1 hour. The alloy is lattice matched to Ge using the 4:1 ratio of Si and Sn
respectively. Representative diffraction patterns are shown in Figure 4.
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Figure 4. XRD scans at a fixed grazing incidence (3°) of a Geg.35Sio.12Sn0.03 alloy with Ni
contacts subjected to different anneals. Orthorhombic Niy(Gey 35Sio.12Sn9.03) or monoclinic
Nis(Geo gs5Sio.12Sn0.03); forms during a 5 minute anneal at 300 °C while continued annealing at
this temperature or higher forms Ni(Gey s5Sig.12Sn0.03)-

For short anneals at 300 °C, Ni(Geg g5Sio.12Sn0,03) was observed to form with
Nix(Geg.5Sio.12Sn9,03) or Nis(Ge0_85Si0_12$no_03)3 quickly followed by elimination of the Ni-rich
phase as temperature or time increases. The peaks corresponding to the Ni(Geg g5Sig 12Sn¢.03)
alloy are found at 20 positions 34.7°, 36.7°, 45.6°, and 53.6°, and can be best seen for the sample
annealed at 400 °C in Fig. 4. The peaks are assigned based on the expected structural similarity
of the quaternary alloy to NiGe. The Bragg peaks forthe (11 1),(211), (02 0)and (2 1 2), and
(1 0 2) planers of NiGe at 260 angles of 34.6°, 36.7°, 45.6°, and 53.4°[16]. Some evidence for
texturing was found in symmetric scans of material annealed for an hour at 400 °C which only
showed the (1 1 1) peak.

Only observed in anneals at low temperature and short time, the peak at 47.3° is consistent
with Nia(Geo s5Sio.12Sn0.03) (0 2 0) or (1 1 3) which are found at 47.4° and 47.8° respectively in
Ni,Ge.[17] However, the most intense peak in NisGes (3 3 1) is found at 46.7°, and given the
uncertainty in strain state and microstructure Nis(Geo 35Si9.12Sn0,03)3 cannot be ruled out either
[17]. Adding to the difficulty assigning this peak is that the most intense peaks in Ni;Ge overlap
with peaks from B-Sn which also overlap with the most intense peak in Ni. Additionally, the
presence of substrate effects at 51° and the absence of the Ni (0 0 2) peak, expected at 51.9°,
appear in the spectra, but do not affect the analysis.

Due to the Ge lattice matched composition of the alloy, the diffraction data is consistent
with both substitutional Sn and Si on Ge lattice sites of NiGe, and also with NiGe phase
segregation. While there is no evidence for binary Ni-Sn and Ni-Si compounds in the diffraction
data, phase segregation of Ge cannot be ruled out.
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CONCLUSIONS

We used XPS to show that the surface of GeSiSn alloys can have vastly different
compositions than the bulk material, and that each species is oxidized in an ambient
environment. The surface oxide extends for the first 6 nm and can be removed completely by
etching in dilute HF. We have also shown using XRD that bilayer reactions of Ni and Ge;.
ySixSny alloys at temperatures as low as 300 °C are consistent with pseudomorphic NiGe. The
alloy forms through Nis(Ge|.x.ySixSny)3 or Nix(Ge1-«ySixSny) and ultimately leads to Ni(Ge.x-
ySi,Sny) with longer annealing times or higher temperatures. The low temperature formation
indicates a good candidate for ohmic contact formation with Ge;x.,SiSny alloys with high Sn
contents.
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